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StuDIeS Of Structural featureS Of jOIntS Of raIlS 
Of r260Mn graDe In flaSh-butt welDIng
V.I. Shvets, O.V. Didkovskyi, I.V. Zyakhor, E.V Antipin, L.M. Kapitanchuk

e.O. Paton electric welding Institute of the naSu 
11 Kazymyr Malevych Str., 03150, Kyiv, ukraine

ABSTRACT
the properties and features of the microstructure of joints of the rail steel of r260Mn grade with an elevated content of 
manganese produced by flash-butt welding with pulsating flashing were investigated. The formation of martensitic-austenitic 
structures due to non-uniform distribution of austenitic stabilizing manganese is shown. a number and sizes of isolated mar-
tensitic-austenitic structures is insignificant and does not critically affect the joint test results. The control of the segregation 
inhomogeneity of manganese is achieved by improving the metallurgical process.

KEYWORDS: flash-butt welding, rails of R260MN grade, hardness distribution, martensitic-austenitic structures, segregation 
inhomogeneity

INTRODUCTION
an increase in speed and load capacity of trains re-
quires improvement of service characterisitcs of the 
rails. the possibilities of heat treatment of pearl-
ite rail steels are limited. One of the ways to solve 
this problem is to improve the chemical composition 
of rail steel by changing the ratio of basic elements 
(carbon, manganese, silicon) and additional alloy-
ing. In pearlite rail steel of M76 grade, the content 
of carbon is estimated in the amount of 0.69‒0.82 %, 
manganese — 0.75‒1.05 % and silicon — 0.18‒0.4% 
(table 1). carbon, manganese and silicon increase 
the resistance of overcooled austenite. the pearlite 
transformation occurs in the area of lower tempera-
tures with the formation of lamellar structures with 
a high dispersion and, accordingly, strength. Vanadi-
um, titanium and niobium microalloying provides a 
dispersion hardening of pearlite with a simultaneous 
decrease in the interlamellar distance and refinement 
of the microstructure [1, 2]. In the rail steels of grades 
e76f, K76f, M76f and e76t, K76t, the service char-
acteristics are noticeably increased. the known are 
pearlite rail steels of grades M76KhSf and e76KhSf, 
where as alloying elements vanadium and chromium 
were used. alloying with chromium improves the 
hardness of rails that increases their wear resistance.

In the course of works on the improvement of rail 
steels, the possibilities of increasing carbon content 
over eutectoid (> 0.82 %) was considered. The content 
of carbon in such rails of grade areal 136he-370 
produced by the japanese corporation nippon Steel & 
Sumitomo metal group amounts to 0.99‒1.0 %. In [3], 
we showed that in flash-butt welding (FBW) of rails 
of hypereutectoid composition, a redistribution of car-
bon in the microstructure of joints occurs. the decay 

of hypoeutectoid carbide phase is accompanied by 
the formation of carbon inclusions. the latter caus-
es a decrease in carbon content in the matrix and the 
formation of the structure of the joint similar to that 
of pearlite rails of the hypoeutectoid composition. It 
should be noted that in the area of coarse grain in the 
joint, the hardness as compared to the base metal is 
slightly reduced and amounts to HV 3900 MPa. the 
reason for this is the lack of hypoeutectoid carbide 
phase on the boundaries of primary austenitic grains.

One of the directions of improving the wear re-
sistance of pearlite surface hardened rails was an in-
crease in the content of manganese, which increas-
es by calcination. these include rails of r260Mn 
grade, the upper limit of the content of manganese is 
1.34 wt.% (Table 1).

At the PWI, the technology of flash-butt welding 
of high-strength rails r260 and r350nt with pul-
sating flashing was developed and successfully used 
that provides stable mechanical properties at the lev-
el of the base metal. according to the thermokinetic 
curves, the decay of austenite in the thermodeforma-
tional conditions of fbw of the mentioned rail steels, 
the formation of martensite in the joints does not oc-
cur [4]. the microstructure of the joints is pearlite, 
which differs in different areas of haZ with a degree 
of dispersion. the properties of joints meet the re-
quirements of european standards [5, 6].

using previous developments after optimiza-
tion of the mode, welding of the batch of rails of 
r260Mn(60e1) grade produced by the metallurgical 
company arcelorMittal was carried out. the tests of 
welded joints on fatigue, static bending and hardness 
distribution carried out at the rails expertise centre 
SncS (france) recognized that the parameters and 
test results meet the requirements of the european 
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standard [7]. at the same time, a small number of 
structural components were found in the microstruc-
ture of joints of some batches of rails, whose hard-
ness is ~ 776‒900 HV 0.1, which does not meet the 
requirements of the european standard.

The aim of this work was to find the features of 
the microstructural state of haZ of joints of rails of 
r260Mn(60e1) grade.

PROCEDURE AND EQUIPMENT
the joints of rails of r260Mn(60e1) grade with the 
content of manganese of 1.45 wt.% (Table 1) were 
considered. the joints were produced in the K1000 
machine for flash-butt welding with pulsating flash-
ing. after optimization of the mode, the recom-
mended parameters should be within the following 
ranges: welding time — 70‒90 s, welding current — 
360‒390 A, tolerance for flashing — 10‒14 mm, val-
ue of the upsetting — 11‒14 mm.

the macrostructure of the joints was detect-
ed in accordance with the requirements of gOSt 
R51685‒2013 on a full-profile template, cut out in the 
transverse direction. the etching of polished speci-

mens was carried out with an aqueous out polished of 
chlorine iron.

Metallographic examinations were performed in 
the optical neOPhOt 32 microscope equipped with 
a digital camera. Microstructure was revealed by etch-
ing of preliminary polished specimens in a 4 % alco-
hol hnO3 solution. to analyse the microstructure and 
determine the chemical composition of the structural 
components, the auger-microprobe jaMP 9500f of 
jeOl company (japan) and X-ray energy dispersion 
spectrometer jnca Penta fet x3 of Oxford Instru-
ment company were used. the energy of the primary 
electron beam was 10 keV at a current of 0.5 na for 
SeM and ePMa methods. before examinations, the 
surface of the specimens was subjected to cleaning di-
rectly in the analysis chamber of the device by etching 
with argon ions ar+ with the energy of 1 keV during 
10 min. the rate of etching over the reference SiO2 
specimen was 4 nm/min. the vacuum in the analysis 
chamber was within 5∙10‒8‒1∙10‒5 Pa.

the Vickers hardness was measured in the hard-
ness meter nOVOteSt tc-gPb with a load of 
292.4 n (30 kg). the distribution of hardness in the 
joint was investigated at a distance of 5 mm from the 
rolling surface of the rail.

RESEARCH RESULTS AND DISCUSSION
Metallographic examinations of joint macrostructure 
showed (figure 1) that the haZ is symmetric rela-
tive to the weld line. Its width was 30‒40 mm and is 
within the limits admitted by the european standard 
[7] – 20‒45 mm. The macrostructure of the HAZ is 
typical for similar joints of pearlite rail steels and con-
sists of a weld zone, to which the area of coarse grain 
is adjacent. further, the areas of small grain, partial 
recrystallization and tempering are located. Defects in 
the structure are absent.

according to the distribution curve (figure 2), 
the hardness in the joint grows in the area of coarse 
grain and reduces in the tempering area. the level of 
deviation from the hardness of the base metal meets 
the requirements of the european standard: the maxi-
mum hardness should not exceed the hardness of the Figure 1. Macrostructure of joint of rails of r260Mn grade

Table 1. Chemical composition of rail steels (wt.%)

М76
c Mn Si P S cr al ni ti V

0.71‒0.82 0.75‒1.05 0.25‒0.45 ≤0.035 ≤0.04 ‒ ‒ ‒ ‒ ‒

areal 136 he-X 
(nipponSteel, japan) 0.99‒1.00 0.69‒0.71 0.50‒0.52 ≤0.030 ‒ 0.21‒0.22 ≤0.005 ‒ ‒ 0.04

r260 0.60‒0.82 0.65‒1.25 0.13‒0.60 <0.03 <0.03 <0.15 <0.004 <0.1 <0.025 <0.03
r260Mn standards of manu-
facturer arcelorMittal, Spain 0.66 1.34 0.27 0.018 0.008 0.03 0.001 0.22 0.22 0.04

rail r260Mn(60e1) 
which was investigated 0.75 1.45 0.28 0.017 ‒ 0.35 ‒ 0.03 ‒ ‒
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base metal by 60 HV 30, the minimum one should 
not be lower than the hardness of the base metal by 
30 HV 30 [7]. examinations of the joint microstruc-
ture showed that the base metal is hardening sorbite 
with some hypoeutectoid ferrite on the boundaries of 
primary austenitic grains (figure 3). the contamina-
tion with nonmetallic inclusions is insignificant and 
corresponds to the grain size number 3‒4 according 
to GOST 1778‒70. Nonmetallic inclusions are repre-
sented by sulfides of a globular shape or which are 
elongated along the rolling direction with embeddi-
ments of oxides and carbonitrides. Single globular 
inclusions of oxides are observed.

In the haZ, microstructure represents mainly a 
lamellar pearlite of varying degree of dispersion (fig-
ure 4). the size of the interlamellar distance in pearl-
ite affects the values of hardness: reduction in the in-
terlamellar distance leads to an increase in hardness. 
the exception is the tempering area. the microstruc-
ture of the tempering area is granular sorbite formed 
as a result of coagulation of carbide plates. along the 
joint line in the band with a width of ~ 200 μm, pri-
mary austenitic grains are edged by the precipitations 
of hypoeutectoid ferrite. the size of primary austen-
itic grains corresponds to the size number 3‒4 on the 
aStM scale.

a characteristic feature of the joint microstructure 
is the formation of light areas in the haZ, which are 
well distinguished against the background of pearlite. 

their size varies from tens to hundreds of microns. 
these structural components are observed along the 
rolling bands (figure 5, b) and in the form of volu-
metric formations of arbitrary shape (figure 5, c) at a 
distance of 1‒5 mm from the joint line. Examinations 
in the electron microscope revealed similar structural 
components also on the boundaries of primary aus-
tenitic grains (figure 5, d). the presence of acicular 
and lens-like inclusions within these structures with 
a hardness of 901‒928 HV 0.1 and 762‒776 HV 0.1 
respectively gave reason to claim that these structural 
components represent residual austenite with decay 
products, in particular, acicular martensite, so-called 
martensitic-austenitic structure.

Figure 2. Distribution of hardness in the joint of rails of r260Mn 
grade

Figure 3. Microstructure of base metal of the rail of r260Mn(60e1) grade: a — ×100; b — ×1000

Figure 4. Microstructure of joint of rails of r260Mn grade: a — transition zone base metal-haZ; b — joint line, ×100
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while studying microstructure in the scanning 
electron microscope, the area presented in figure 
6, a, was considered. It was found that lens-like in-
clusions in residual austenite are bainite (figure 7). 
bainite is formed both in the volume of residual aus-
tenite (figure 7, a) as well as on its boundary with 
the matrix (figure 7, b).  the features of bainite mor-
phology and carbon distribution between ferrite, car-

bides and adjacent residual austenite are presented 
in figure 7, b. analysis of the structure parameters 
showed that the interlamellar distance in the pearlite 
of the matrix varies within 0.102‒0.123 μm (Figure 6, 
c). this is commeasurable with the parameters of the 
structure of ordinary rail joints — 0.8‒0.12 μm [8]. It 
should be noted that in the microstructure, there are 
areas with a higher degree of pearlite dispersion, in 

Figure 5. Martensitic-austenitic structure in the joint of rails of r260Mn grade: a — general appearance; b — rolling bands; c — vol-
umetric formations; d — boundaries of primary austenitic grains
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Figure 6. Pearlite in the microstructure of joints of rails of r260Mn grade: a — area of analysis; b — matrix; c, d — results of mea-
suring interlamellar distance

Figure 7. bainite in the microstructure of joints of rails of r260Mn grade: a — in the volume of residual austenite; b — on the bound-
ary of residual austenite and matrix; c — results of X-ray microanalysis of structural components (at.%)
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particular, on the boundary with residual austenite — 
0.057‒0.093 μm (Figure 6, d).

It is known that under other equal conditions, the 
nature of the decay of austenite during cooling is af-
fected by the chemical composition [9]. the lack of 
systematic formation of residual austenite areas gives 
grounds to suggest about the chemical inhomogeneity 
of the joint metal. In the comparative analysis of the 
chemical composition of the matrix and residual aus-
tenite, an increased content of manganese in the latter 
was noted: 2.63‒2.34 and 1.62‒0.76 at.% (Figure 8, 
a) and 2.25‒2.22 and 1.42‒1.49 at.% (Figure 8, b), 
respectively. this is agreed with the fact that manga-
nese is an austenite stabilizing element. the inhomo-
geneity of the distribution occurs due to the tenden-
cy of manganese to dendritic and zonal segregation 
during crystallization of steel castings [10]. the ini-
tial inhomogeneity is to some extent preserved after 
rolling and heat treatment, although it is converted. 
In the metal it is observed near the separate volumes 
enriched with manganese of the rolling band.

the effect of heat treatment on the possible trans-
formation of martensitic-austenitic structures was 
studied. the following modes of the specimen heat 

treatment were used: T = 850 °C, t = 4 min; T = 920 °C, 
t = 4 min; cooling in the air. the comparative analysis 
of microstructures showed that normalization does not 
eliminate martensitic-austenitic structures. Moreover, 
martensitic-austenitic structures were manifested in 
the base metal (figure 9). Obviously, the mentioned 
modes do not affect the inhomogeneity of manganese 
distribution. the elimination of inhomogeneity re-
quires a homogenization tempering, which is hardly 
probable in the conditions of rail production.

It is known [11] that the degree of inhomogene-
ity depends mainly on the rate of cooling of castings 
in the production of steel. Probably, to eliminate the 
nonuniform distribution of manganese, it is necessary 
to control and improve the metallurgical process.

It is interesting to note about the inhomogeneity 
of the joint microstructure caused by nonmetallic in-
clusions. Thus, if manganese sulfides and oxides do 
not affect the structure formation (figure 10, a, b), 
then, around complex nonmetallic inclusions, whose 
composition includes chromium oxicarbides, an area 
with a low carbon content is observed (figure 10, c). 
the linear size of the area corresponds to the size of 
nonmetallic inclusions and amounts to ~100 μm. Re-

Figure 8. Results of X-ray microanalysis of chemical inhomogeneity in the region with martensitic-austenitic structures (at.%)

Figure 9. Microstructure of base metal after heat treatment on the mode: T = 850 °C, exposure is 4 min, cooling in the air
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duction in carbon content shifts the transformation of 
austenite into a region of higher temperatures. this 
finds its reflection in the microstructure (Figure 10, d).

CONCLUSIONS
1. formation of joints of the rails of r260Mn grade 
with an elevated content of manganese in fbw as 
compared to the rails of r260 grade is satisfactory and 
similar to that one observed in typical pearlite rails.

2. In the joints of the rails of r260Mn grade, 
there may be the formation of martensitic-austenit-
ic structures along the rolling bands, on the bound-
aries of the primary austenitic grains, and also in 
the form of volumetric formations of an arbitrary 
shape at a distance of 1‒5 mm from the joint line. 
the appearance of martensitic-austenitic structures 
is caused by the inhomogeneity of the distribution 
of an austenitic stabilizing manganese in the metal 
of the rails, which is prone to dendritic and zonal 
segregation during crystallization of steel castings. 
the presence of martensitic-austenitic structural 
components does not meet the requirements of the 
european standard for microstructure.

3. normalization does not eliminate the inhomo-
geneity of manganese distribution in the joints of the 
rails of r260Mn grade. Preventing the inhomogene-
ity of manganese distribution and the formation of 
martensitic-austenitic structural components in the 
microstructure requires the control and improvement 
of the metallurgical process in steel production.
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ABSTRACT
features of metal structure in 09g2S steel welded joints were studied in welding with application of a longitudinal external 
electromagnetic field. The influence of field frequency (f = 2; 12; 50 hz) on phase composition, microstructure and microhard-
ness of welded joint metal was studied. It was found that significant changes of structural parameters in the weld metal and in 
the subzones of the heat-affected zone (HAZ) take place in the studied frequency range. The influence of frequency of electro-
magnetic effect in low-alloyed steel welding is more pronounced in the metal of the weld and haZ in the overheated subzone 
(coarse grain). application of f = 12 hz ensured a uniform microhardness level both in the weld metal and in the haZ subzones, 
as well as grain structure refinement in the overheated subzone (І HAZ) of 09G2S steel welded joint.

KEYWORDS: 09G2S steel, welded joints, external electromagnetic impact, longitudinal magnetic field, frequency, heat-af-
fected zone, phase composition, microstructural parameters, microhardness

INTRODUCTION
to control the processes of melting electrode and base 
metals, as well as the process of weld pool metal crys-
tallization, it is promising to use external magnetic 
fields affecting the drop, arc and liquid metal pool [1, 
2]. In arc welding, longitudinal magnetic fields (LMF) 
and transverse magnetic fields (TMF) are used. In the 
first ones, an induction vector is parallel and in the 
second ones, it is perpendicular to the electrode and 
arc axis. Magnetic control has advantages over me-
chanical methods, because it is carried out without a 
direct contact of the control devices with the surfacing 
(welding) zone [3].

the use of lMf and tMf in arc surfacing and 
welding allows intensifying the process of melting the 
electrode, regulating the efficiency of the base metal 
penetration, influencing the process of the weld metal 
crystallization [4, 5]. there are many studies devoted 
to the analysis of the physics of the process of metal 
penetration under the external electromagnetic effect 
(eee), distribution of pressure over the radius of the 
arc, movement of the electrode drop, flows of liquid 
metal in the welding pool, metal crystallization, as 
well as mechanisms of refining the structure of welds 
metal, including cluster theories of liquid metal crys-
tallization [4, 6–8]. Namely, refinement of the met-
al structure leads to an increase in the level of metal 
strengthening (according to the hall–Petch depen-
dence [9]), and also will ensure its crack resistance 
[4, 10, 11]. Of course, the structural state, which is 
formed in the metal of welded joints under the impact 

of thermodeformation conditions of welding, affects 
their physical and mechanical properties.

As is known, the frequency of current significantly 
affects the nature of the power action of the electro-
magnetic field on the liquid metal [8]. With a decrease 
in the frequency, on the one hand, the electromagnetic 
interaction of the inductor with the melt deteriorates 
and on the other — the area of action of volumetric 
electromagnetic forces in a liquid metal expands.

If we change the polarity of switching windings 
with a certain frequency, then the direction of flows 
of molten metal will also change. this movement of a 
liquid pool in the real process of arc welding (surfac-
ing) promotes refinement of metal grains in the pro-
cess of its crystallization. when interacting along the 
OX axis with the component of current density in the 
pool metal, the induction component Bx of tMf gen-
erates an electromagnetic force that directs the flow 
of a liquid metal along the OY axis. additionally, a 
vertical component of electromagnetic force (Fz) ap-
pears from the interaction of current density jy in the 
side edges of the pool with the induction component 
Bx. when the polarity changes, a liquid metal is mixed 
across the pool axis [7].

the impact of alternating tMf leads to widen-
ing of the deposited beads [12, 13]. at a frequency 
f = 50 hz, widening of the bead occurred in proportion 
to induction. however, it should be taken into account 
that tMf variable with a frequency of up to 1 hz pro-
vides a wavy transverse movement of the bead axis, 
and to eliminate this drawback, it is necessary to use 
the tMf frequency from 2 hz and higher.
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In [14], it was studied how in arc welding the ac-
tion of alternating magnetic fields with low frequen-
cies affects the microhardness, parameters of micro-
structure of metal of 09g2S steel welded joints and 
the dimensions of the haZ. however, the effect of the 
external electromagnetic field frequency on the struc-
ture of welded joints, generated in the welds and haZ 
metal, has not been studied so far.

Therefore, the aim of this work was to find the reg-
ularities of influence of the frequency of the external 
electromagnetic field, namely LMF on the structural 
and phase composition, microhardness and micro-
structure of welded joints of low-alloy 09g2S steel.

MATERIAL AND PROCEDURES
to generate lMf, the procedure was used described 
in [9]. as a result of welding structural low-alloy 
09g2S steel (4 mm thick) with the use of additive Sv-
08A wire (3 mm diameter) (flux AN-348), the weld-
ed joints were produced using lMf on the following 
welding modes: current I = 360 a; arc voltage U = 
= 30–32 V; welding speed v = 30 m/h; reverse po-
larity; on a copper flux baching. The joint type is C4 
(GOST 8713–78). Magnetic induction in the zone of 
the welding pool was 20–25 mt. the welded joints 
of two variants were produced at different frequen-
cy: f = 12 and f = 50 hz. the results of experimental 
examinations of microstructure of welded joints pro-
duced with the use of lMf at the mentioned frequen-

cies were further compared with the experimental 
data produced at f = 2 hz [14].

Microstructure examinations were carried out us-
ing the methods of light microscopy (microscopes 
neophot-32 and Versamet-2, japan). the Vicker’s 
hardness was measured in the hardness meter M-400 
(leco company, uSa) at a load of 0.1 kg. the mor-
phology of ferrite (f) and perlite (P), grain sizes (Dg), 
width of crystallites (hcr), thickness of ferritic interlay-
ers (hi) and microhardness (HV) were studied. In the 
welded joints, the base metal (bM), the weld metal, 
the fusion line (fl), the haZ over the subzones: I — 
overheating (coarse grain); II — normalization (com-
plete recrystallization); III — partial recrystallization; 
IV — recrystallization were studied.

RESULTS AND THEIR DISCUSSION
the structure of the base metal of 09g2S steel is ferrit-
ic-pearlitic at Dg(F) = 10–20 μm, Dg(P) = 40–80 μm and 
HV = 1650–1760 (figure 1, a). the structure of weld 
metal is also ferritic-pearlitic (f–P), figure 1, b–d. the 
width of the crystallites of the P-component at f = 2 and 
f = 12 hz is almost the same (figure 1, c, table 1). how-
ever, at f = 50 hz, hcr(P) increases in average by 48 % 
(figure 1, d) with a decrease in microhardness by 10 % 
(as compared to the mode f = 2 Hz) and by 17 % (as 
compared to the mode f = 12 hz, table 1). the f-com-
ponent is finer with approximately the same size for all 
modes and lower microhardness than pearlitic one. an 

Figure 1. Microstructure (×250) of base metal (a) of 09g2S steel and welds (b–d) produced at different frequency: b — f = 2 hz; c — 
12; d — 50
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increase in the width of crystallites at an increase in f 
correlates with the data of [14]. however, at f = 50, the 
structure is finer in average by 17 % as compared to the 
mode without the use of eee [14].

Of course, an increase in the width of crystallites 
occurs at the stage of crystallization. If the axis of ad-
jacent dendrite does not match the direction of a heat 
flow, it grows faster. In this case, the latent heat of 
melting, released into the surrounding liquid pool be-
fore the growing dendrites reduces the value of over-
cooling and will help to reduce the growth of adjacent 
ones [15]. thus, a slow cooling of metal occurs.

In all cases, near the fusion line (fl), as compared 
to the weld metal, the width of crystallites is reduced 
(figure 2, a, table 1), which is associated with more 
intensive metal cooling in this subzone. In the speci-
men produced at f = 2 hz near fl, a slight increase in 
HV (by 5 %, Table 1) is observed. At f = 50 hz, in this 
zone, an average HV does not change, but the most 
uniform level of HV during the transition from the 
weld metal to lS is observed in the welded joint pro-
duced with the use of  f = 12 hz. It should be noted, 
that in all welded joints in the fusion line subzone, i.e., 
during the transition from the weld metal in I haZ, 
single cold cracks are formed.

Studies of haZ of specimens with the use of lMf 
at different frequency showed that in I haZ of speci-
mens on all modes a P-structure with ferrite interlay-

ers is formed (figure 2, b). In I haZ of specimens at 
f = 12 and 50 hz as compared to the specimen pro-
duced at f = 2 Hz, P-structure is refined (Table 2). The 
maximum grain size and the thickness of ferrite inter-
layers decrease, respectively, by 17 and 29 %. At the 
same time, the microstructure is slightly reduced — in 
average by 5 %. In II–IV HAZ in all modes, the struc-
ture is refined with the further uniform reduction in 
HV (figure 2, c–e).

the studies of haZ metal also revealed that during 
LMF, the frequency of the external electromagnetic field 
has an effect on the size of haZ subzones (table 2). In 
the studied welded joints at f = 12 and f = 50 hz as 
compared to the welded joint produced at f = 2 hz, the 
width (δ) of I HAZ increases by 25 and 8 %. This is 
associated with the more intensive movement of liquid 

Table 1. width of crystallites (hcr, μm) and microhardness (HV, 
MPa) of metal of welded joints at different frequency (f) of lMf

Zone
hcr(f) hcr(P) HV(f) HV(P)

f = 2 hz

weld 40‒100 100‒160 1760‒1930 1990‒2080
fl 20‒40 60‒140 1680‒1990 1990‒2280

f = 12 hz
weld 20‒100 80‒160 1760‒1930 2210
fl 20‒60 60‒140 1860 2060‒2280

f = 50 hz
weld 20‒100 100‒300 1650‒1760 1810‒1870
fl 50‒100 60‒200 1560‒1700 1870

Figure 2. Microstructure (×250) of fusion line of 09g2S steel welded joints produced at different frequency: a — f = 2 hz; b — 12; 
c — 50
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metal in the welding pool with an increase in f and, 
accordingly, with the thermal deformation conditions 
of structure formation in the haZ metal.

an increase in the parameters of I haZ, namely, 
in the overheating subzone can occur by changing the 
conditions of the process of melting and metal crystal-
lization, namely, increasing the rate of heating liquid 
metal in the welding pool, as well as the temperature 
of its heating under the action of current pulses. ac-
cordingly, this has an impact on an increase in the size 
of the overheating subzone (I haZ) with an increase 
in the parameter f. the resulting temperature gradient 
contributes to an increase in the degree of overcool-
ing and the rate of crystallization of the metal of the 
overheating subzone (I haZ). this, in turn, leads to 
grain refinement of the structure in this subzone. In 
this case, an increase in width of I haZ, which oc-
curs with an increase in f will not negatively affect the 
properties of welded joints due to the refinement of 
the structure, as well as almost twice equalization of 
the gradient (Δδ) across the width of this zone — from 
Δδ = 600 μm (f = 2 Hz) to Δδ = 300 μm (f = 12 hz) 
and Δδ = 400 μm (f = 50 hz) (table 2). this will pro-

vide a more uniform level of mechanical properties of 
the welded joint.

the studies revealed that the effect of the mag-
netic field frequency on structural changes is most 
noticeable in such subzones of welded joints as weld 
and I–II haZ. the highest gradients in size of the 
grain structure are characteristic to the weld metal at 
f = 50 hz (figure 3, a) and metal of I haZ at f = 2 hz 
(figure 3, b). at f = 12 Hz, the refinement of the grain 
structure is provided both in the weld metal as well as 
in the overheating subzone (I haZ).

thus, it was found how the effect of the external 
electromagnetic field, in particular, while using LMF, 
affects the sizes of haZ, microstructure, microhard-
ness of weld and haZ metal in the welded joints of 
low-alloy 09g2S steel. the use of lMf at f = 12 hz 
ensures refinement of grain structure in the weld met-
al and overheating subzone (I haZ) as well as a uni-
form level of microhardness.

CONCLUSIONS
1. It was found that with an increase in the frequen-
cy of the electromagnetic field from f = 2 to 12 and 

Table 2. Width of HAZ subzones (δ, μm), grain size (Dg, μm) and microhardness (HV, MPa) of haZ metal of welded joints at different 
frequency (f) of lMf

Zone δ Dg(f)hi (f)* Dg(P) HV(f) HV(P)

f = 2 hz
I haZ 1300 30‒70* 100‒360 1810‒1990* 2130‒2210
II haZ 1200 30‒70 30‒80 1870‒1930 2060
III haZ 1000 20‒30 10‒40 1810‒1930
IV haZ 800 20‒50 10‒50 1870

f = 12 hz
I haZ 1650 20‒50* 100‒300 1760‒1860* 2060
II haZ 1000 50‒100 30‒100 1860 2060
III haZ 1250 30‒50 20‒40 1700‒1930
IV haZ 950 30‒70 20‒50 1650‒1870

f = 50 hz
I haZ 1400 20‒50* 140‒300 1810‒1870* 1890‒2210
II haZ 1500 20‒80 50‒100 1810‒1870 2060
III haZ 800 20‒50 10‒30 1760‒1990
IV haZ 800 20‒50 10‒40 1600‒1990

Figure 3. change in structural parameters in the metal of 09g2S steel welded joints produced: with the use of lMf at different fre-
quency f: a — width of crystallites (hcr) in the weld metal; b — size of pearlite grains (Dg(P)) and thickness of ferrite interlayers (hi(f)) 
in I haZ
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50 hz, the microhardness and parameters of the mi-
crostructure of the weld metal and haZ of 09g2S 
steel welded joints change. In this case, the phase 
composition of the base metal, the weld and haZ 
metal is the same — ferritic-pearlitic.

2. at f = 50 hz, in the weld metal, the width of 
the crystallites of the perlite component increases in 
average by 48 % with a decrease in microhardness by 
10 % (as compared to the mode f = 2 Hz) and by 17 % 
(as compared to the mode f = 12 hz). however, at 
f = 50, the structure is finer by an average of 17 % as 
compared to the mode without the use of eee.

3. In the specimen produced at f = 2 hz near fl, 
a slight increase in HV (by 5 %) is observed, and in I 
haZ the most coarse grained structure is formed.

4. In I haZ of the specimens at f = 12 and 50 hz 
as compared to the mode f = 2 hz, the structure is 
refined, respectively, by 17 and 29 %. Moreover, mi-
crohardness is reduced slightly — in average by 5 %.

5. Increase from f = 2 to 12 and 50 hz leads to 
an increase in width of I haZ in average by 25 and 
8 %, but this will not negatively affect the properties 
of welded joints due to the structure refinement, as 
well as equalization of the gradient across the width 
of this zone from both sides of welds.

6. It was found that the mode at f = 12 hz provides 
the most uniform level of microhardness both in the 
weld metal as well as over the subzones of haZ and 
the formation of a fine-grained ferritic-pearlitic struc-
ture in the welded joint.
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ABSTRACT
the elements of repair technology of electron beam welding in the manufacture of a metal-ceramic cathode unit of a powerful 
welding electron beam gun are considered. a low degree of heat generation at the place of weld overlapping inherent in electron 
beam welding reduces the risk of buckling parts being joined and provides the maximum compliance with the required sizes 
of the unit. the need in repair of the cathode unit was determined by the cases of supplying imported insulators with defects in 
the form of deviations of a thickness from 0.5 to 1.0 mm in the wall of the metal flange (“collar”) in the brazed joint with the 
insulator. It was necessary to eliminate the consequences of a violation of the mechanical treatment of the insulator collar after 
brazing. the possible ways and schemes of repair technologies of such units are shown that allow avoiding the rejection of 
valuable parts and transferring them to the category of those subjected to restoration. the presented repair technologies involve 
the use of circumferential inserts-bandages of different configuration for two variants to eliminate welding defects associated 
both with local repair of the edge as well as with repair of its quite elongated areas. Due to a correct choice of the shape of repair 
inserts, the use of some technological methods and observance of the accuracy of assembly and the sequence of repair welding, 
it became possible to preserve geometric dimensions and to ensure the functionality of the welded assembly as a whole.

KEYWORDS: electron beam welding, pulsed mode, nickel alloy, cathode unit, repair circumferential shaped insert, schemes 
of joints of different welding stages

INTRODUCTION
In electronic devices the types of joints are used in-
herent in general engineering (butt, overlapped and 
fillet), but the shape of prepared edges in some cas-
es is significantly different from the conventional 
one. These are joints with edges flanging instead of 
overlapped or butt joints. Such joints allow reducing 
the total heating of welded parts, reducing the total 
deformation of the assembly and restoring joints af-
ter cut out for repair [1, 2]. for joints the tolerances 
on assembly sizes over edges flanging are less rigid, 
which makes them more challenging in manufacture 
and repair of thin-walled joints [3].

In repair works, where it is necessary to provide a 
minimal heat impact on a product (in our case, cathode 
unit (cu) of the electron beam gun (ebg), the use of 
electron beam welding (ebw)) is challenging [4].

Since fusion welding of electronic devices is per-
formed without filler material and the weld is formed 
from the metal of melting edges of welded products, 
the accuracy of grooving welded edges (thickness of 
machined edges around the perimeter of the circum-
ferential joint) becomes essential.

the need to consider the variants of restorative repair 
of this expensive unit was determined by the cases of 
import delivery of sets of insulators with different thick-
ness of the flange — “collar” brazed-in to the wall for 
welding ebg. taken into account a high cost of ebw 

equipment, the possibility to avoid rejection of individ-
ual ebg units and transfer them to the category of those 
subjected to restoration by repair, is very relevant.

for repair it is necessary to form a defect-free weld-
ed joint without damage to adjacent brazed areas. the 
repair of such joints was not previously carried out, so 
the development of elements of repair technologies on 
the example of assembling the joint of the “leg” (CU) 
into the brazed “collar” of the ceramic insulator of EBG 
becomes relevant. Welding on the edges flanging did 
not cause difficulties until there was a need to produce 
a vacuum-tight weld on flanging in the presence of dif-
ferent thickness of the wall of the “collar” of the insula-
tor along the perimeter as a result of its machining after 
brazing with the violation of technological mode. In the 
process of welding in the places of thinning of the wall 
of the joint, there was a local burnout with the violation 
of vacuum tightness of the weld, there were undercuts, 
loss of weld shape (figure 1, a, b). this variant is pos-
sible and almost inevitable as a result of a violation of 
the mode of mechanical treatment of the “collar” of the 
insulator after brazing and before welding. repeated, 
“cosmetic” pass in this case appeared to be ineffective, 
which required the development of other methods of 
repair technologies.

the following technological repair methods and 
rules found a real embodiment in our work:

● prevention of burnout and flashing of thin edges 
in the weld zone by increasing the intersection of parts 
by inserts to remove the edge from the welding zone;



17

technologIeS of repaIrIng cathode unIt of electron beaM gun                                                                                                                                                                                                    

                                                                                                                                                                               

● removal of defects by repeated passes with 
mounting gaskets — circumferential inserts of differ-
ent configuration;

● pulsed mode that provides minimal specific heat 
input to the welding zone and accurate power adjust-
ment, minimizes the risk of burn-through and buck-
ling of thin-walled joints (less than 1‒2 mm);

● obtaining the required weld shape to eliminate 
root defects. It is mainly realized by the choice of lev-
el of beam focusing and electron beam scanning;

● providing local rigidity of the joint fixation by 
mounting numerous tacks, i.e. by preliminary welding 
of edges at several points along the length of the joint.

Development of the tooling with an accurate fixing 
of parts by the clamp with efforts that do not exclude the 
possibility of free shrinkage and prevents the develop-
ment of hot cracks during welds shrinking. I.e., it pro-
vides a decrease in rigidity of fixing welded workpieces.

the aim of the work is the development of repair 
technology of assembly and welding of cu, which is 
a part of welding ebg, taking into account the need to 
eliminate the consequences of violation of the mode 
of mechanical treatment of the “collar” of the insula-
tor after brazing.

the task was to develop a repair technology, 
which due to the rational designing of welded repair 
elements, the use of technological ebw methods and 
the use of modern welding equipment will significant-
ly reduce the cost of manufacture and repair of elec-
tronic equipment units.

MATERIALS AND RESEARCH PROCEDURE
the studies were performed in the laboratory installation 
of ul-112 type for ebw designed by the PwI of the 
naSu, which has a working chamber with inner sizes 
of 600×600×600 mm. the installation has a relatively 
simple design with a stationarily fixed outer welding 
gun, equipped with a manipulator that provides a linear 
movement of the table along the coordinates X, Y. as 
a structural material for the manufacture of cu, kovar 
29nK alloy was used. to work out the technique of 
welding-in CU in a thin-walled flange (“collar”) of the 
insulator, the rotator of the installation was provided with 

a high-precision cnc-controlled electric drive (comput-
er numerical control). a high-voltage power source with 
a power of 15 kw was used at an accelerating voltage of 
60 kV. the emission system of the welding gun provided 
an electron beam current of up to 250 ma. to combine 
an electron beam with a welded joint, a coaxial televi-
sion monitoring system was used. the use of a coaxial 
television system allows realizing accurate positioning 
of an electron beam axis with a welded joint [3].

EXPERIMENTAL PART AND DISCUSSION
The influence of preparing welded edges on the qual-
ity of welded joints was revealed. to provide the 
high quality of the weld, the joined surfaces should 
be obligatory subjected to cleaning from conservation 
means, contaminants, rust and oxide films. Imme-
diately before welding, the outer surface of welded 
parts in the joint area can be cleaned with a low-power 
scanning electron beam, preventing flashing edges to 
enable the software adjustment of the electron beam 
position relative to the joint during welding.

when developing the welding technology, simu-
lator specimens for practicing welding modes did not 
fully reflect the stress-strain state of the real welded 
joint [5]. however, previous experience in welding 
parts of such type allowed minimizing the number 
of adjustable parameters to produce a quality weld. 
They include the range of admissible specific heat in-
put from the so-called elimination of overheating and 
violation of vacuum tightness of the weld (welding in 
the pulsed mode), the minimum value of the gap in 
the joint, angle and place of guiding of the electron 
beam into the welded joint. the maximum penetra-
tion depth without splashing of metal can be achieved 
at an optimal combination of increased pulse duration 
and reduced power density. The coefficient of over-
lapping of adjacent spots is an important criterion that 
affects the quality of welds. to produce dense welds, 
its recommended values are from 50 to 80 % [2, 6]. 
the choice of welding speed was performed empiri-
cally on simulator specimens. for the analyzed thick-
nesses, the choice of welding speed in the region of 
10 mm/s increased the possibility of producing quali-

Figure 1. Defects of welded joint formation caused by violation of the technological mode of assembly and welding: a — leaking of 
weld metal down the inner side wall; b — loss of weld shape, undercut of the inner edge
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ty weld formation. On the basis of the carried out cal-
culations and experiments, the following parameters 
of the pulsed mode of ebw were determined:

accelerating voltage Uacc, kV . . . . . . . . . . . . . . . . . . . . . . . . . . 60
beam current, ma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13.5‒15.0
working distance, mm  . . . . . . . . . . . . . . . . . . . . . . . . . . . 70‒300
frequency of passed pulses f, hz . . . . . . . . . . . . . . . . . . . . . . . 30
Pulse duration τpulse, ms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16.5
Pause duration τpause, ms  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16.5

for successful welding with full penetration and 
lack of fusion of the edges, it is necessary to defocus 
the electron beam so that on the welded surface of edg-
es the focal spot was not less than 0.8 mm and not more 
than 1.0 mm. the size of the focal spot was set experi-
mentally. The focus of the beam was pulled on 1‒2 mm 
relative to the surface of the welded edge (sharp fo-
cusing Ifo plus 15‒25 mA). Adjusting these values can 
significantly increase the stability of the welding pool 
and eliminating metal splashes. the lack of splashing 
of the welding pool metal significantly improves the 
aesthetic appearance of the product, and also reduces 
the probability of surface corrosion appearance.

It is also necessary to consider the fact (related to the 
features of the ebw method itself), that with an increase 
in gaps over a certain limit, it is almost impossible to 

produce satisfactory formation of welds without under-
cuts and burnouts. the sizes of the gaps are very criti-
cal because the thickness itself of the wall of the brazed 
flange–collar is only 0.5 mm in some places. The devel-
oped designs of assembly and welding equipment pro-
vided the addition of a butt joint with minimal (not more 
than 0.08 mm) gaps on the end surfaces and guaranteed 
tension over cylindrical ones [1, 5]. the negative impact 
of gaps on the shape of the weld was eliminated. check-
ing the accuracy of assembly was carried out with tem-
plates and probes. In order to provide that in the welding 
process the set gaps and position of thin-walled parts are 
not changed, preliminary tacking of the parts is made 
before welding. the tacks are designed to position the 
joined elements maintaining their shape and dimensions 
before the final EBW [4, 5]. In order to avoid overheat-
ing of the product and violation of the tightness of the 
welds, it is necessary to reduce the feeding and removal 
of the current while producing tacks. the length of each 
of two linear tacks should be at least 2‒5 of the thick-
nesses of the base metal. the dimensions of the tacks 
section should be such that they are melted completely 
during overlay of the main welds (figure 2).

as the distance between the tacks decreases, the 
maximum displacement of the joint decreases during 
the main welding pass with the electron beam [4]. the 
priority of spot tacks over linear in terms of minimizing 
heat input into the weld and reducing deformations is 
emphasized. therefore, most often at a considerable dif-
ference in the thickness of the walls of the parts instead 
of linear tacks to be welded, numerous spots were used. 
It is recommended to reduce the heat input of spot tacks, 
which are placed diametrically opposite (criss-cross) in 
the amount of 8‒16 pcs. The current of the focusing lens 
corresponded to the sharp focusing at a set working dis-
tance — 200 mm (Ifo = 600 ma plus 25 ma).

the mode of producing welding tacks is given in 
tables 1 and 2.

the formation of the weld of the required shape 
with a smooth (without undercuts) transition from the 
weld surface to the base metal was carried out due to 
the correct distribution of the electron beam concen-
tration. In all cases, the joint is performed by ebw 
with a requirement (justification) of minimum admis-

Figure 2. Initial fragment of the weld (a) and the tack (b)

Table 1. Parameters of the mode of producing welding spot tacks 
(without modulation)

beam current 
Ib, ma

current of 
focusing lens 
on the surface 

Ifo, ma

Operating cur-
rent of focusing 

lens If, ma

working 
distance, mm

4 600 625 200

Table 2. Parameters of the mode of producing welding spot tacks 
(with modulation)

beam 
current Ib, 

ma*

current of 
focusing 

lens on the 
surface Ifo, 

ma

Operating 
current of 

focusing lens 
If, ma

working dis-
tance, mm

welding 
speed vw, 

mm/s

8 600 625 200 10

*welding in a pulsed mode.



19

technologIeS of repaIrIng cathode unIt of electron beaM gun                                                                                                                                                                                                    

                                                                                                                                                                               

sible sizes of welds and limitation of the number of 
repeated passes (figure 3). to reduce the probability 
of pores and cracks formation, edges flashing with 
the loss of their shape, the number of repeated repair 
passes should not exceed two.

ASSEMBLY FOR WELDING, APPROPRIATE 
TECHNOLOGICAL EQUIPMENT, CHOICE 
OF WELDING MODES BY TWO VARIANTS
Fundamental features of methods of fixing CU ele-
ments during its assembly for welding and the main 
provisions of technology of ebw of cu were devel-
oped previously in [3].

for two variants of eliminating welding defects, re-
pair technologies at the final stage of the operation of 
producing joints of “CU as an assembly” involve the 
use of circumferential inserts of different configuration 
and use of them as a bandage to provide the calculated 
strength and accuracy of the sizes of the assembly.

the similar designs of inserts are simple and ad-
vantageous in the fact that they provide sufficient vol-
ume of additional metal, fixation and dense contact 
of the joined parts. a scheme of welded repair joints, 
fundamentally independent of this was developed ir-
resective of a local or elongated defect.

before welding cu, it should be mounted into the 
mandrel and each time the radial beating should be 
checked, which should not exceed ± 0.05 mm.

let us consider two repair variants in more detail.

VariaNT No. 1
Welding-in of CU into the brazed flange of the ce-
ramic insulator of EBG in the presence of flange 
vertical wall thickness different along the perimeter 
(0.5‒1.0 mm) in two stages. here, it is possible to pro-
duce a vacuum-tight weld after a proper preparation 

of the welding place, butt mounting of a remained 
shaped circumferential insert with the edges flanging, 
followed by ebw on both sides in a pulsed mode.

the assembly and welding device represents a sup-
port mounted and fixed on the rotator. The insulator 
for ebw assemblled on it with a shaped circumfer-
ential insert is fixed by a flange and studs. Protection 
of the ceramic surface of the insulator from spraying 
with metal vapors in ebw at the working power was 
carried out by aluminium foil outside and by inserts of 
nonmagnetic material directly in the joint area.

The circumferential insert in the first variant was 
applied based on the need to give the edges approxi-
mately the same cross-sectional size (figure 4).

Such an insert is intended to reduce the criticality 
of the failure to keep with the same (1.0 mm) thickness 
around the perimeter of the wall of the thin-walled “col-
lar” brazed-in to the insulator. The use of this shape of 
technological insert provides an accurate fixation of 
welded edges with the minimum gap and provide their 
parallelism. In the process of welding, the heat source 
(electron beam) affects mainly on the flange of the 
shaped substrate, which significantly reduces the over-
heating of welded parts and makes it possible to avoid 
the appearance of burnouts in the joint. During weld-
ing-in of the “leg” to the repaired insulator, the protec-
tion of the ceramic surface of the insulator in the form 
of a shielding device of nonmagnetic material was used. 
Atop over the studs, the elastic “rocker” serves as a fix-
er of the whole structure in the conductor and through 
it grounding of all elements of cu is performed. the 
choice of rational (in terms of reduction of residual 
welding deformations) sequence of overlaying repair 
welds during welding on the facial and back side of the 
joint “CU-insulator”. Initially, the operation of fixing the 

Figure 3. Transverse macrosections on specimens-simulators of different modes of electron beam weld with two-sided edge flanging 
with one and multiple repair passes: ebw in a standard mode (a), pulsed ebw (b), double remelting in a pulsed mode (c), triple re-
melting in a pulsed mode (d)
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shaped circumferential insert to the defective “collar” of 
the insulator (weld no. 1) was performed. then, after 
removing tolerance on mechanical treatment, the oper-
ation of final assembly and welding-in was performed 
using EBW of the “leg” to the insulator (weld No. 2).

The mode of producing the first welding pass 
(weld no. 1) is presented in table 3.

the mode of the second welding pass (weld no. 2) 
is presented in table 4.

VariaNT No. 2
Restoration of the “leg” after its cutting from the as-
sembly weld with the elongated linear defect. In this 
case, the restoration was subjected to the “leg”, not 
the “collar” of the insulator. To carry out this repair 

Figure 4. Stages of repair works according to the variant no. 1: a — assembly and welding device with a subassembly of insulator 
with a shaped circumferential insert for ebw according to the variant no. 1; b — appearance of the weld with a shaped circumferen-
tial insert according to the variant no. 1 after ebw and after machining the weld in size; c — fragment of circumferential joint of the 
“collar” with a shaped insert according to the variant No. 1 and final assembly

Table 3. Parameters of mode of producing welding pass with modulation (weld no. 1)

beam current 
Ib, ma*

current of focusing 
lens on the surface 

Ifo, ma

Operating current of 
focusing lens If, ma

working 
distance, mm

welding speed vw, 
mm/s

angle 
of product inclination 

α°

13.5 600 615 260 10 5

Notes. *welding in a pulsed mode. Ifo = 600 ma corresponds to the sharp focusing of the electron beam on the welded surface. the size of 
the working distance is 260 mm.



21

technologIeS of repaIrIng cathode unIt of electron beaM gun                                                                                                                                                                                                    

                                                                                                                                                                               

operation, it is necessary to cut out the “legs” of the 
insulator and, after welding-in of insert-bandage, re-
peated assembly-welding should be performed.

the shape of the bandage was different from the 
variant No. 1 by the absence of a horizontal flange and 
the presence of rest to the wall of the “leg” for bet-
ter fixation, preservation of rigidity of the assembly. 
the center of the heating spot is shifted toward a ban-
dage-insert that has a larger thickness (figure 5, a).

the parameters of the mode of this variant of weld-
ing were set on the basis of the conditions of producing 
a vacuum-tight weld with a good outer formation with-
out undercuts, penetration depth of at least 2.0 mm and 
the absence of root defects. choosing the optimal ban-
dage-insert for ebw according to the variant no. 2 and 
the corresponding parameters of welding mode allowed 
solving the problem of restoration of geometric dimen-
sions of the “leg” cut out from the insulator.

In welding-in the insert according to the variant 
no. 2, the angle of inclination of the product from the 
vertical should be different from zero. the need in in-
clination is explained by the proximity of the upper 
vertical wall of the assembly to the welding zone, as 
a result of which the probability of shielding a part of 
the electron beam by the wall increases. the weld was 
located on the end surface of the two-sided flanging 
with a slight deviation from the vertical. It was ex-
perimentally established that the value of the external 
elimination of the electron beam axis from the inner 

edge of the end of the bandage in the case of the angle 
of inclination of the product α within 5‒10° from the 
vertical, should be 0.3 mm. these conditions provide 
a guaranteed penetration of the required shape. Such 
negligible values of removing an electron beam are 
convenient to control with the use of coaxial televi-
sion monitoring system (figure 5).

The mode of the “leg” restoration by welding-in 
a bandage on it without modulation on a normal, not 
pulsed mode, is shown in table 5.

FiNal aSSEMBly oF CU
In the final stage (after welding-in repair inserts and 
their machining in size), welding was carried out with 
two-side edges flanging, which eliminates the need in 
inclination of the product, maintaining all the benefits 
of this scheme (figure 6).

The final operation mode of welding-in “leg” (CU) 
to the brazed “collar” of the ceramic insulator of EBG 
is shown in table 6.

the availability of modern welding equipment in 
combination with a preliminary thought out and veri-

Table 4. Parameters of mode of producing welding pass with modulation (weld 2)

beam current 
Ib, ma*

current of focusing 
lens on the surface 

Ifo, ma

Operating current 
of focusing lens 

If, ma

working 
distance, mm

welding speed vw, 
mm/s

angle 
of product inclination 

α°

15 700 715 70 10 10

Note. Ifo = 700 ma corresponds to the sharp focusing of the electron beam on the welded surface. the size of the working distance is 70 mm.

Table 5. Parameters of mode of producing welding pass without modulation

beam current 
Ib, ma*

current of focusing 
lens on the surface 

Ifo, ma

Operating current 
of focusing lens 

If, ma

working 
distance, mm

welding speed vw, 
mm/s

angle 
of product inclination 

α°

12 635 650 130 10 5–10

Note. Ifo = 635 ma corresponds to the sharp focusing of the electron beam on the welded surface. the size of the working distance is 130 mm.

Figure 5. Scheme of welding-in insert according to the variant 
no. 2 (a) and “leg” of CU after EBW and finishing machining of 
welded-in insert (b)

Table 6. Parameters of the mode of welding-in “leg” (CU) to the 
brazed “collar” of ceramic insulator of EBG

beam current 
Ib, ma*

current of focusing 
lens Ifo, ma

welding speed vw, 
mm/s

12 Ifo + 20 10

Notes. *welding in a pulsed mode. Ifo = 600 ma corresponds to the 
sharp focusing of the electron beam on the welded surface. the size 
of the working distance is 220 mm.
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fied design of the welded assembly, a properly select-
ed type of a weld, allowed eliminating deformation of 
the part and minimizing the percentage of rejection. 
the geometrical tolerances of cu after completion of 
all stages of welding were observed. the shapes of the 
product are preserved.

the technology was checked during the work of 
standard products in real production conditions. the 
use of developed ebw technology after repair was 
proved by a continuous operation of cu for 40 h.

Production and delivery of such assemblies can 
be carried out by the designing companies, manufac-
turers of power units and installations for ebw and 
small business enterprises.

CONCLUSIONS
1. In the work, the method of technological inserts is 
substantiated, which allows eliminating not only de-
fects of welding the cathode unit, but also producing 
high-quality vacuum-tight joint on an expensive part, 
made with violation of geometric dimensions during 
its mechanical treatment (deviation in the sizes of the 
vertical wall thickness along the perimeter of the in-
sulator flange).

2. the technology of repair of two types of defects 
was mastered in the presence of different thickness 
of the vertical wall of the flange along the perimeter 
and after its cut out from an assembly weld behind an 
elongated linear defect. the repair of both types of 
defects is carried out by means of inserts–rings of a 
different configuration.

3. the adopted welding technology was success-
fully applied during repair of cu. Such properties as 
quality, fatigue life, reliability were confirmed during 
operation of repaired real products and became the 
criterion of correctness of the developed technology.
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ABSTRACT
technology and equipment for high-frequency welding and treatment (coagulation, cutting) of live tissues in surgery is ever 
wider used in medical practice of many countries of the world. this work, which has been performed on the base of both the 
materials posted on the Internet and authors’ own materials, is a general review of the most typical representatives of such 
basic equipment, which is proposed by the leading world manufacturers. the main features and advantages of the respective 
equipment are given as claimed by its developers. the work is designed both for users and for developers of new equipment.

KEYWORDS: electric welding surgery, high-frequency welding of live tissues, equipment, world manufacturers

INTRODUCTION
technology and equipment for high-frequency (hf) 
welding and treatment (coagulation, cutting) of live tis-
sues in surgery is ever wider applied in medical practice 
in many countries of the world. It should be noted that 
although the “welding” term initially applied for join-
ing live tissues in medicine in ukraine is more and more 
often used in foreign publications, in this or that form, 
there it mostly pertains to vessel closure. In ukraine the 
term “welding” of live tissues has a broader meaning. 
ukraine certainly is the world leader by the diversity of 
electrosurgical welding procedures [1‒4].

at present a large number of high-quality elec-
trosurgical equipment is manufactured in the world, 
including welding equipment, which is continuously 
evolving and is being improved. the actual need for 
such equipment is constantly growing, and the world 
market volume reaches billions of uS dollars [5]. by 
our approximate estimatation, the potential volume of 
the ukrainian market of welding electrocoagulators is 
equal to approximately 1.5–2.0 thou pcs.

GENERAL CHARACTERISTICS 
AND REQUIREMENTS. DESIGN FEATURES 
AND COMPONENTS
In the general case, the equipment for live tissue 
welding is an hf generator, usually of output power 
of 15–300 w, with the necessary tools connected it, 
through which the HF current directly influences the 
biological tissues at monopolar (figure 1, a) or bipo-
lar (figure 1, b) connection circuits [6].

a fundamental difference in the connection cir-
cuits in case of application of a monopolar variant, in 

the fact that just one generator output (one electrode) 
is connected to the organ being operated on, while the 
second electrode is placed under the patient’s body. 
In case of application of a bipolar variant, both the 
generator outputs (both the electrodes) are connect-
ed directly to the tool. accordingly, the current runs 
between the tool electrodes in a very limited zone, 
where surgery is performed (figure 2).

both the circuits have their advantages and dis-
advantages and are widely used in practice, comple-
menting each other. the working frequency of cur-
rent at generator output is in the range from 300 Khz 
and higher, and it is usually equal to 400–500 khz. 
the lower frequency threshold and other restrictions 
on the use of frequency ranges are due to limitations 
imposed by the respective norms and standards [6]. 
It should be noted, however, that there is positive 
practical experience of application of 66 khz working 
frequency at bipolar circuit of tool connection that is 
due, among other things, to reduction of losses in the 
tool connection cables with lowering of current fre-
quency. It is especially noticeable when working with 
high power. the working voltage and current, sup-
plied into the zone of impact, are selected, proceeding 
from the nature of the live tissue being operated on, 
connection circuit, etc.

MAIN MANUFACTURERS
nowadays the electrosurgical equipment which is 
used or can be used for live tissue welding is man-
ufactured by many leading companies in different 
countries of the world. These are, first of all, Medtron-
ic and johnson-and-johnson (uSa), erbe, Martin 
and bOwa (germany), etc. [7]. among them there 



24

g.S. Marynskyy et al.

                                                                                                                                                                                       

                                                                                                                                                                                                    

are also Ukrainian manufacturers such as “Contact” 
Company and ISPC “Scientific-Research Institute of 
Applied Electronics Soc.”  (Ukraine), “Patonmed” 
(ukraine) and some others.

american corporation Medtronic plc is one of the 
world’s largest manufacturers of medical equipment, 
having its operational and executive headquarters in 
Minneapolis, Minnesota (uSa). In 2015 Medtronic 
announced a successful completion of acquisition of 
covidien plc company. In keeping with the terms of 
acquisition agreement, Medtronic Inc. and covidien 
plc are merged into Medtronic plc company. today, 
according to published data, the company has about 
90 thou employees, including more than 11 thou of 
scientists and engineers. It is present in the market 
of more than 150 countries. last year its income was 
equal to 31.69 bln USD [8].

covidien company, and now Medtronic plc pro-
poses ValilabtM units, which realize the ligaSuretM 
technology [9]. ligaSure technology is that of bipolar 
closure of vessels by hf current. the feedback pro-
gram used for controlling the applied amount of ener-
gy depends on the scope of the tissue, vessel density 
and it realizes the limitation of heat evolving in the 
target tissue. as stated by the developers [10], liga-
SuretM technology, which is based on ValeylabtM en-
ergy platforms, still remains the most advanced tech-
nology of vessel welding and dissection in the world.

the developers guarantee that:

● in one second LigaSuretM measures the tissue 
impedance 434000 times, calculates and regulates the 
level of applied energy by a unique algorithm;

● in two seconds LigaSuretM reliably and stably 
closes vessels of up to 7 mm diameter, which can 
stand 3 times the normal systolic pressure;

● in three seconds the surgeon, using LigaSuretM 
technology, can close the vessel, dissect it and safely 
go over to the next part of the procedure, due to a 
short cooling time (to < 60° in less than one second), 
which is achieved, among other things, also by appli-
cation of a unique nanocoating.

note that comparative testing, conducted in March, 
2018 with the authors’ participation in Medtronic 
center in Shanghai, showed that the local vessel clo-
sure technology, realized in EKVZ-300 “Patonmed-
tM” units is not inferior to LigaSuretM technology.

as an example of this company equipment, we can 
mention ValleylabtM ft10 unit (figure 3), which re-
alizes ligaSuretM technologies [12].

as claimed by the developers [11], this device pro-
vides:

● improved efficiency of LigaSuretM electroliga-
tion system;

● TissueFecttM system scans the tissue resistance 
and adapts the characteristics of energy applied with 
the frequency of 434 khz;

Figure 2. Current flowing in monopolar (a) and bipolar (b) circuits

Figure 1. hf generator: a — monopolar circuit; b — bipolar circuit
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● automatic identification of the tool and automat-
ic adaptation of power minimizes the time of the unit 
adjustment before and during surgery;

● one sensory screen with simplified control;
● internet connection and exclusive ValeyLabtM 

exchange system of updating the software;
● unique ValeyLabtM mode for improvement of 

dissection with hemostasis;
● REMtM adaptive system (system of following 

the patient’s neutral electrode);
● Autobipolar mode, Soft coagulation mode;
● 10.1 kg weight;
● 368×462×178 mm dimensions.
an example of a more accessible and compact 

instrument of this company is ValleylabtM lS10 
unit (figure 4) [12], designed for vessel closure. 
with a weight of 5.5 kg, its overall dimensions are 
300×377×105 mm, and it is easy to transport. It en-
sures fast (in 2–4 s) welding of up to 7 mm vessels. It 
uses optimal energy characteristics to achieve weld-
ing up of vessels and tissue masses with minimal heat 
propagation. The unit has a simplified control panel 
with one on/off button and one socket for tool con-
nection by the “plug in and work” principle. The unit 
identifies, which tool is connected at this moment, and 
automatically adjusts the instrument operational pa-
rameters for fast and stable result of vessel closure.

a more complex multifunctional instrument of the 
company is the forcetriadtM device (energy plat-
form) (figure 5) [13, 14].

this is a fully functional electric surgery system, 
which ensures electrosurgical cutting, coagulation 
and bipolar sealing of vessels in one ligaSuretM gen-
erator.

the energy platform of this device is designed for 
open and laparoscopic surgical procedures and it in-
cludes:

● TissueFecttM sensing technology for all tissue 
types;

● ValleyLabtM mode for electric surgery;
● LigaSuretM closure technology for vessel sealing.

as claimed by the developers [14, 15], force 
triadtM energy platform is the only fully functional 
energy platform in the field, with the capabilities of 
remote updating of the software. using the software 
updating system ValleylabtM exchange, the device 
can be readily updated in site, opening up the most 
advanced technology capabilities for surgeons, medi-
cal nurses and patients.

tissuefecttM sensing technology is a covidien 
control system, designed for accurate control of ener-
gy supply, creating a range of variants to achieve the 
desired effect on the tissue.

the improved ligaSuretM tissue welding technol-
ogy can join up to 7 mm diameter vessels inclusive 
and tissue bundles.

bipolar resection with programmed addition of 
physiological solution allows the surgeons perform-
ing various urological and gynecological procedures 
in a saline environment.

Automatic tool identification is realized in the unit. 
the device, designed by all-in-one principle, is com-
patible with the regular electrosurgical tools and all 
the currently available and new liga SuretM tools.

welding cycles are faster, than those in the original 
generator at ligaSuretM vessel sealing. ValleylabtM 

mode ensures a unique combination of monopolar he-
mostasis and dissection.

ethicon company, which is part of such a giant 
as johnson&johnson corporation [15], whose prod-
ucts are known all over the world, is represented on 
the market of welding electrocoagulators by Mega-
DYnetM unit [16] (figure 6). as claimed by its de-
velopers, owing to optimized convenient design and 

Figure 3. appearance of ValleylabtV ft10 unit

Figure 4. appearance of ValleylabtM lS10 unit

Figure 5. appearance of forcetriadtM unit
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optimized energy supply, MegaDYnetM electrosur-
gical generator is a simple, but smart choice among 
the monopolar and bipolar power sources for perfor-
mance of diverse medical procedures.

this device, which envisages operation in the 
monopolar and bipolar modes, has large displays, 
which are easy to read, and an intuitive power set-
ting mode. It provides visual indication of the work-
ing current. there is also the function of calling the 
last used mode. the display is large and bright. the 
generator weight is 7.7 kg with overall dimensions of 
368×439×179 mm.

KlS Martin group corporation (germany, uSa), 
has its branches and representative offices all over the 
world, and offers numerous equipment and tools on 
the market, including electrosurgical units for hemo-
stasis and closing of vessels [17‒21]. Among such 
equipment we will focus on their most recent devel-
opment — maXium® Smart c unit (figure 7).

as claimed by the developers [21], maXium® 
Smart c unit combines a proven maXium® user inter-
face with maXium® power adjustment effect, used at 
coagulation, thus ensuring maximum efficiency in all 
the power ranges.

SealSafe® Iq bipolar system of vessel sealing, 
used in this device, allows efficiently sealing vessels 
or tissue bundles without any required prior prepara-
tion or detailed exposure of the tissue to be sealed. 
Owing to SealSafe® Iq program of providing precise 
current, specially adapted to such a type of applica-
tion and special tools, just the tissue located between 
the tool jaws is sealed. It results in lower side thermal 
damage to the adjacent tissues.

maXium® Smart c unit is available in three versions 
and it offers: informative screen, memory of previous 
settings (up to 500 words of memory), continuous dis-
playing of the main parameters of the instrument.

In addition to the high-frequency part, maXium® 

Smart c units can be combined with argon feed system 
to solve the problems associated with extended superfi-
cial bleeding in parenchymatous tissues, which is diffi-
cult to cope with using classical coagulation. thus, in the 
opinion of the authors, argon-plasma coagulation is an 
ideal complement to usual hf methods.

In combination with maXium® Smart line series, 
it additionally incorporates the following elements: 
a system to provide efficient hemostasis, and it can 
be used in several ways; maXium® beamer system, 
which reduces tissue carbonization during surgery, 
thus accelerating the wound healing process. the 
risk of perforation is also greatly reduced, owing to a 
small depth of hf current penetration.

bOwa MeDIcal company [22] is a leading 
supplier of the entire spectrum of innovative ener-
gy-based surgical systems, produced in germany. as 
claimed by the developers [22], the products and sys-
tems are ideally adapted to the requirements of daily 
medical care in hospitals, and they impress with their 
high frexibility and safety. unlike the global market 
leaders, the bOwa company product line is not large, 
but it is focused on electrosurgery. and their target 
markets are the european union (mostly germany), 
east european, asian and cIS countries and ukraine.

among the instruments produced by bOwa com-
pany, we will consider the arc series units (fig-
ure 8). This series consists of several modifications, 
which differ by their maximal output power (from 100 
to 400 w) and functionality.

So, arc100 unit has maximal power of 100 w, 
and it is fitted with medical tools designed for this 
power (pincers and monopolar scalpels).

higher power units, for instance arc400, have great-
er functionality and they are fitted with tools, designed 
for 400 W power (up to 280 mm clamps, ERG310, 
night nIff, lIgatOr special tools, bipolar scissors, 
etc.). Output powers and software allows these units to 
be applied in surgery, gynecology and urology [22].

the following convenient functions are realized in 
arc series units: dialogue control and adaptive dis-

Figure 6. MetaDYnetM electrosurgical generator

Figure 7. appearance of maXium® Smart unit [21] Figure 8. unit of arc series
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play; reading information from the unit and software 
updating using programs, saved on uSb-carriers. It 
greatly simplifies the daily work of the hospital staff. 
ARC new generation is easy to operate. Five configu-
ration options are available, depending on the require-
ments to surgical intervention. the number of connec-
tors (monopolar or bipolar) varies from one to two of 
each (figure 9).

the unit has cOMfOrt function for automatic 
identification of tools and controlling the application 
cycles. “Setting up Master” program helps creating 
and optimizing the ARC unit configuration in the di-
alogue mode.

Power is maximal in MOnOPOlar mode at 
400 w (for 200 Ohms), and in bIPOlar mode it is 
200 w (for 75 Ohms). unit weight is 12.5 kg, its over-
all dimensions are 430×140×470 mm.

UKRAINIAN COMPANIES
“Contact” Company, based in Kiev, has been on the 
market of high tech endoscopic equipment for mini-
mally invasive surgery since 2001 [23]. the compa-
ny is developing and manufacturing endoscopic units 
and systems for laparoscopy, arthroscopy, rhinoscopy, 
thoracoscopy, gynecology and urology. the compa-
ny now has the following units in its arsenal: elec-
trosurgical units eKOnt-0201.1, eKOnt-0201.2 
(figure 10) and eKOnt-0201.3 (figure 11), which is 
positioned by the developers as expert-class modern 
electrosurgical system [23].

these multifunctional units have maximal output 
power of up to 300 w.

here are some of the features and advantages of 
eKOnt-0201.3 system, claimed by the developers.

Special features of eKOnt-0201.3 system are as 
follows: two monopolar channels; one bipolar chan-
nel; colour tft display; neutral electrode circuit 
control system (anecS); wide range of modern elec-
trosurgical modes; interactive visual system of help 
during operation (InVinS help); continuous self-con-

trol of critical systems (art-ScS); 100 sets of modes 
(programs), which are saved.

advantages of eKOnt-0201.3 system are as fol-
lows: special modes of argon-plasma coagulation (aPc) 
for general surgery, laparoscopy and flexible endoscopy 
with maintenance of argon-plasma discharge starting 
from 5 w and up to 15 mm distances to the treated tis-
sue; special mono- and bipolar modes for arthroscopy; 
special mono- and bipolar modes for urology and gyne-
cology; fully automated system of vessel welding; spe-
cial modes of polypectomy/papillotomy.

by the information of the developers [23], among 
its advantages are special aPc modes for general sur-
gery, laparoscopy and endoscopy with maintenance of 
argon-plasma discharge. It has special mono- and bi-
polar modes for arthroscopy, urology and gynecology.

given below are some main modes for bipolar cut-
ting, coagulation and welding.

bipolar cutting/(hemostasis of 0–7 mm), 100 w. 
bipolar coagulation: micro — 60 w, 100 Ohms; stan-
dard — 100 w, 100 Ohms; auto — 300 w, 20 Ohms. 
Vessel welding: 5 mm laparoscopic tool — 100 w, 
20 Ohms; 10 mm laparoscopic tool — 300 w, 
20 Ohms; general surgery — 300 w, 20 Ohms.

general characteristics are as follows: working 
frequency of 440 khz, supply voltage of 220 V, con-
sumed power of 690 W, weight of 8.0 kg, and overall 
dimensions of 350×140×350 mm.

ISPC “Scientific-Research Institute of Applied 
Electronics” Soc., Kyiv, is represented in the local 
market by electrosurgical units called “Nadiya-4” 
[24]. at present it is a whole line of units, differing 
both by their power and technological capabilities 
given in the table 1. as one can see from the pre-

Figure 9. front panel of arc unit with different number of con-
nectors

Figure 10. appearance of ecOnt-0201.2 unit

Figure 11. appearance of ecOnt-0201.3 unit together with the 
argon station
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Figure 14. appearance of mobile variant of eKVZ-300 unit in 
transportation (a) and working (b) position

Figure 15. appearance of eKVZ-300-2 unit

sented materials, although the developers do not po-
sition these units as welding equipment, they largely 
meet the requirements made, which was the base for 
inclusion of this equipment into this review. note, 
that units operating at the frequency of 1.76 Mhz and 
even 3.5 Mhz, are presented, alongside units with 
working frequency of 440 khz, which can be regard-
ed as a standard one for this type of equipment. figure 
12 gives the appearance of “Nadya-4” unit.

PwI, Kyiv, offers in the local market electrosurgi-
cal tools under “PatonmedtM” trade name. Today PWI 
is represented by eKVZ-300 unit (high-frequency 
welding electrocoagulator). this device, the design of 
which was developed in 2010–2011, has been used 
with success in practical medicine in ukraine, starting 
from 2012 in many specialities: from abdominal sur-
gery to ophthalmology.

Its design features are multifunctionality, which is 
ensured by the capability of programming to accom-
modate the peculiarities of application in medical or 
veterinary science, as well as the needs of an individ-
ual user (surgeon).

eKVZ-300 functional diagram ensures operation 
in the following modes: bipolar cutting, manual weld-
ing — pulsed coagulation, controlled by the surgeon, 
and automatic welding.

a capability of simultaneous connection of two 
tools is envisaged with their switching and their one-
time operation in the mode of one control pedal.

Working frequency of EKVZ-300 “Patonmed” 
unit is 440 khz, its maximum output power is 300 w. 

Its weight is 7.5 kg, and overall dimensions are 
410×400×130 mm.

from the time of its development, the unit has been 
continuously improved (figure 13) [25]. at present, it 
has a great diversity of operating algorithms and pa-
rameters, depending on the type of surgical to be per-
formed. this unit allows adaptation, correction and 
loading of additional programs by user preference. 
The capability of saving and using “favourite” pro-
grams and algorithms is envisaged. Other manufac-
turers’ tools can be applied.

the operating algorithm of modern eKVZ-300 
units, which is described in sufficient detail in the pat-
ent [25, 26], and the respective proprietary software 
guarantee a reliable performance of the necessary 
tasks in live tissue welding. 

In addition to the stationary variant, its mobile 
variant (Figure 14) and other modifications were de-
veloped. the mobile variant, having the same techni-
cal characteristics as the stationary one, is convenient 
in case of the need to frequently transport the unit and 

Figure 12. Appearance of “Nadiya-4” EKhVCh unit

Figure 13. appearance of eKVZ-300 unit
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at operation outside a stationary operating room, for 
instance, in veterinary medicine.

a further development of this series is eKVZ-300-2 
“PatonmedtM” unit, which realizes novel welding al-
gorithms, based on multilevel feedbacks. It provides a 
stage-by-stage assessment of the quality of the tissue 
being welded and power feed regulation (figure 15). 
It ensures improved functional performance of the tis-
sue joint. this instrument has a large lc display. In 
this unit a function of the connected tool identification 
is realized, as well as automatic change of operating 
parameters and algorithms, in keeping with the pecu-
liarities of the connected tool. It has a built-in sys-
tem of self-control and activation of prompts for the 
surgeon, and controls the condition of the connected 
tool. It enables visualization of the changes in tissue 
parameters during joining, which allows conducting 
research and having the joint quality feedback.

note that within one article it is impossible to 
describe the entire range of equipment for such a 
promising field as live tissue welding in medical and 
veterinary science. the authors presented the most 
characteristic samples.

CONCLUSIONS
1. the large number of models is indicative of intense 
competition in the market of electrosurgical equip-
ment, which has already become habitual.

2. all the considered units without exception 
have similar claimed technical characteristics, which 
are due to the requirements to technical parameters 
of medical radiofrequency equipment, and they dif-
fer mainly by ergonomics, design and their inherent 
functions.

3. Most of the units combine the possibility of op-
erating both by bipolar and monopolar circuit. appli-
cation of a monopolar tool is due to popularity and 
familiarity for the surgeon of a fine fast cutting impact 
of such a tool.

4. In some units, the high-frequency module is 
combined with other technological modules, for in-
stance, argon-plasma or module for convection-infra-
red treatment of the tissue, targeting special branches 
of surgery, which require a powerful impact over an 
area to a small depth (for instance, liver surgery).

5. all the manufacturers are trying to achieve 
maximal automation of the process, minimizing the 
performer impact on evaluation of the tissue internal 
characteristics. the application principle consists in 
involving the surgeon into correct selection of the 
mode and tool, in accordance with the conditions of 
using the units in surgery, specified by the manufac-
turer. at the same time, evaluation of the tissue condi-
tion during its treatment and dosing of the impact on 
it are assigned to the unit algorithms.

Table 1. Comparative characteristics of “Nadiya-4” electrosurgical units

Maximal power 
in modes

eKhVch- 
3000rK

eKhVch-300 
Model-200

eKhVch-200 eKhVch-120

Model- 
200rKh Model-120 Model- 

120rKh/1.76
Model 

120rKh/3.5

Monopolar cutting-1 300 w 300 w 200 w 200 w 120 w 120 w 120 w
Monopolar cutting-2 

(mixed) 200 w 200 w 200 w 200 w 120 w 120 w 120 w

bipolar cutting-1 300 w – – – – – –
bipolar cutting-2 

(closure) 300 w – – – – – –

Monopolar 
coagulation-M – 200 w 120 w 120 w 120 w 120 w 120 w

Monopolar 
coagulation-M1 250 w – – – – – –

Monopolar 
coagulation-M (forced) 120 w – – – – – –

bipolar coagulation b – 120 w 120 w 120 w 120 w 120 w 120 w
bipolar coagulation b1 120 w – – – – – –

bipolar coagulation 
b2 (with higher tissue 

resistance)
120 w – – – – – –

consumed power 600 w 600 w 450 w 450 w 450 w 300 w 300 w
working frequency 440 khz 440 khz 440 khz 1.76 Mhz 440 khz 1.76 Mhz 3.5 Mhz

Overall dimensions
electronic module – (290×215×125) mm –

control pedal – (230×195×45) mm –
complex weight <6 kg <4.5 kg
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6. the eKVZ-300 series units developed at PwI 
meet the highest world standards by their technical 
characteristics.

7. the functional of PwI electric welding units 
of eKVZ-300 series incorporates programs based of 
the results of developments by ukrainian researchers 
and doctors in the fields of abdominal surgery, thorac-
ic surgery, proctology, ophthalmology, neurosurgery, 
oncology and gynecology.
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ABSTRACT
Statistical data of many national registers and medical societies show that aseptic instability of the hip joint prosthesis is one of 
the main obstacles in the path to application of orthopedic implants. One of the causes for aseptic instability is manifestation 
of stress shielding effect, which is due to mismatch of the moduli of elasticity of the implant and bone tissue. Methods are 
considered, which allow lowering the modulus of elasticity of the metal implant, bringing it closer to the respective modulus 
of elasticity of bone tissue. It is found that reaching the posed goal by replacement of the traditional metals, which are used for 
implant manufacture, by alloys with much lower modulus of elasticity, is a task, which has not been solved technologically in 
their mass production. the currently most common methods of lowering the modulus of elasticity of orthopedic implants were 
analyzed, and their advantages and short-comings are indicated. the most serious problem in mass application of advanced 
additive technologies in implant manufacture is their labour- and material consumption. It is found that application of surface 
modification technologies, in particular plasma methods of porous coating deposition is the most affordable and effective 
method of lowering the modulus of elasticity of the implant surface, contacting the bone, with a high probability of reduction 
of the stress shielding effect manifestation.

KEYWORDS: orthopedic implant, titanium alloys, modulus of elasticity, porous coatings, surface modification

INTRODUCTION
Mass commercialization and technological achieve-
ments of the several recent decades shifted dynamics of 
the society to the side of more sedentary life style that is 
related with increased index of body weight which has a 
detrimental effect on a state of locomotor apparatus [1] 
and results in many diseases, including osteoarthritis of 
hip and knee joints [2]. As for 2014 up to 15 % of plan-
et’s population [3] suffered from osteoarthritis [3]. In 
view of global aging of the population and change of the 
life style the scientists predict that more and more people 
will suffer from orthopedic diseases [4] in future.

however, when physiotherapy and therapeutic 
treatment can not improve patient’s state an endopros-
thesis replacement, i.e. replacement of a joint with or-
thopedic implant by means of surgical intervention, is 
used in order to reduce painful sensation and restore 
joint functionality. this allows patients to come back 
to normal quality of life and demand for orthopedic 
implants rises together with intensive development of 
implantation technologies [5].

current technologies of endoprostheses manufac-
ture allow producing standard implants (figure 1, c) 
as well as individual ones, i.e. formed with consid-
eration of all defects of a bone of a specific patient 
(figure 1, d) [6] providing porous or trabecular sur-
face structure. nevertheless, increase of the cases 
of disease among young people provokes a need of 
noticeable increase of endoprostheses life. Virtually, 

most of the young patients with overweight, which 
require replacement of a hip joint, will need that their 
prosthesis operates for 50 and more years [7]. at that, 
the work [8] had an assumption that only 58 % of the 
patients could count on trouble-free operation of an 
artificial hip joint for at least 25 years.

One of the main reasons of implant reject is its asep-
tic loosening due to decrease of density of a bone tis-
sue that is caused by insufficient loading, which affects 
the bone surrounding the endoprosthesis, since the bone 
tissue is formed and fixed in a direction of mechanical 
stress effect [9]. In the literature such a phenomenon is 
called “stress shielding”. It is caused by the fact that the 
implants are made of the metals and alloys the elastic-
ity modulus of which is significantly higher the corre-
sponding characteristic of the bone tissue that results in 
appearance of the tangential stresses in a zone of contact 
between the bone and its substitute [10].

among the metallic materials of biomedical desig-
nation the most widespread are titanium and its alloys 
due to exceptional biocompatibility, excellent corrosion 
resistance and low specific weight in combination with 
high mechanical characteristics [11]. One of the most 
widespread materials being used in manufacture of the 
substitutes of highly-loaded joints such as hip, knee and 
shoulder is the (a+b)-titanium alloy Ti‒6Al‒4V (VT6) 
[13]. It has high indices of mechanical properties due to 
such alloying components as aluminum which greatly 
strengths a-phase and decreases alloy density as well as 
allows reaching significant strengthening with preserva-
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tion of sufficient ductility [14]. However, regardless high 
indices of mechanical strength and wear-resistance the 
service life of any metallic implants rigidly fixed in the 
bone tissue is greatly limited due to unconformity of the 
elasticity moduli of the bone tissue and implant material.

the phenomenon of stress shielding slows down 
the processes of shape restoration and healing of the 
bone that decreases density of the bone tissue with 
increase of its porosity [11]. this can provoke reject 
in implant operation, namely instability of fixation 
of the implant in a bone due its structural changes. 
the instability of endoprosthesis results in increase 
of defectiveness of a bone and requires repeated, i.e. 
revision surgery. at that the revision surgeries are un-
desirable since they have high cost and higher risk of 
the postoperative complications. therefore, search of 
the ways of increase of service life for the endopros-

thesis is a relevant task for today not only in the field 
of medicine, but materials science and mechanical 
bioengineering as well.

MATERIALS AND METHODS
the most widespread methods for shielding stress 
prevention are application of low modulus alloys, 
providing a porous structure to the implants and ap-
plication of the implants with functionally-gradient 
coatings of different porosity.

the current trends towards low-modulus materi-
als resulted in development of new alloys with better 
relationship of bone-implant elasticity moduli. thus, 
there are attempts to replace the main and the most 
widespread (a+b)-titanium alloy ti6al4V by b-tita-
nium alloys, doped with niobium, zirconium and tan-
talum (ti13nb13Zr, ti29nb13ta4.6Zr), the modulus 
of elasticity of which can be lower than 50 gPa[16]. 
at that the values of elasticity modulus of a cortical 
bone tissue is changed from 5 to 23 gPa. this char-
acteristic makes approximately from 112 to 240 gPa, 
respectively (figure 2), for such most widespread 
materials being used for implants’ manufacture as ti-
tanium alloy ti6a14V, stainless steel 316l and co-
balt-chromium alloy cocrMo.

recent results of development of alloy ti35nb7Zr6ta, 
the modulus of elasticity of which was approximated 
to the modulus of elasticity of the cortical bone tissue 
for the purpose of prevention of its resorption, turned 
to be successful [17]. however, b-phase alloys have 
lower strength than alloys with a- and a+b phases 

Figure 1. general view of endoprosthesis 
replacement: a — proximal part of femoral 
bone (1 — whirlbone; 2, 3 — head and stem 
of endoprosthesis respectively); b — femo-
ral bone – endoprosthesis – hip bone system; 
c — standard endoprostheses; d — mock-up 
and X-ray picture of individual endoprosthe-
sis after implanting

Figure 2. Moduli of elasticity of metallic materials for implants in 
comparison with cortical bone tissue [15]
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and their synthesis today is much more expensive in 
comparison with traditional (a+b) alloys [18]. There-
fore, solution of the indicated problem in short-term 
perspective by means of mass application of these low 
modulus alloys is impossible.

the simplest technological solution for suppression 
of the effect of stress shielding and acquiring the pos-
itive results as for extension of their service life is a 
provision of a porous structure [19] to the metallic im-
plants, including using porous coatings [20]. besides, 
it is known that [21] roughness of the implant surface 
promotes its osseointegration. thus, the investigations 
[22] showed improved attachment of the bone to the 
implant due to reproduction of a bone inner porosity on 
its surface. The implant is fixed by means of a joining 
between the bone and its porous matrix as a result of 
bone growth in the implant pores and provides not only 
fixation, but also a system that allows transfer of load-
ing from the implant to the bone [23].

current tendencies of automation development 
and computerization initiated the direction of additive 
manufacturing technologies (at) known as 3D-print-
ing technologies. they are also used for decrease of 
effect of stress shielding by means of production of 
structures with a gradient of size and shape of the pores 
from the surface to the center of the part [24]. Such im-
plants have a series of unique advantages such as high 
biocompatibility, open interconnected structure of the 
pores, which promotes growth of the bone tissue, and 
elasticity modulus close to bone one [25].

the most widespread methods of at for manu-
facture of metallic structures with functional gradient 
are the methods of selective laser and electron-beam 

melting [26]. the gradient structures obtained by at 
methods allow decreasing the elasticity modulus due 
to the presence in them of significant volume of pores 
[27]. there is a wide assortment of the implants with 
through porosity as well as solid base with present po-
rous structure on their surface. they are produced by 
such well-known manufacturers as Zimmer biomet 
trabecular MetaltM, lima corporate trabecular tita-
nium, gruppo bioimpiant fin System, Permedica Or-
thopedics trabecular titanium traSer (figure 3).

The most significant obstacle on a way of mass 
application of at in manufacture of implants is their 
labor intensity and material consumption. at that all 
the manufacture stages should be agreed from the side 
of doctors as well as engineers.

In turn there is a problem of high cost of consum-
ables for manufacture of 3D-implants and their limit-
ed by chemical composition assortment in the market. 
current state of development of at does not allow 
printing using different materials in one stage, and 
their replacement takes place only after complete ter-
mination of the process and performance of operations 
on cleaning from previously used material. therefore, 
today these technologies are profitable only in those 
cases when other methods can not be used or com-
plexity of open surgical treatment requires production 
of individual implants [29].

the powder sintering technologies have also found 
their application for manufacture of implants in ortho-
pedics. these implant production technologies include 
the most widespread processes of pressing, spark plas-
ma sintering and stamping of powder billets. the ad-
vantage of these methods lies in the fact that the raw 

Fiugre 3. Implants of known manufacturers produced using at [25]: a —  Zimmer biomet trabecular Metal tM; b — lima corporate 
trabecular titanium; c — gruppo bioimpiant fin System; d — Permedica Orthopedics trabecular titanium traSer®
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materials are the powders of metals, alloys, ceramics 
and other materials [30]. using them it is possible to 
obtain the products with set characteristics and sizes 
since a wide spectrum of metal powders allows select-
ing the properties of these powders and predict them 
in finished products. Powder metallurgy technologies 
can provide production of high-porosity materials that 
affects the decrease of stress shielding effect. the re-
view [31] shows the positive aspects of application of 
high-voltage current discharge for production of po-
rous materials from powders of titanium, niobium and 
tantalum, which can be successfully used in medicine.

work [32] demonstrates application of a method of 
spark plasma sintering of titanium powders with 110 mm 
average diameter of particles of compacts which had 
porosity at a level of 28 % and compression elasticity 
modulus of 7.9 gPa. Such indices of elasticity modulus 
lie in a range of change of a corresponding characteristic 
of the cortical bone tissue, thus, application of such coat-
ings allows obtaining the significant success in suppres-
sion of the effect of stress shielding.

In work [33] the specimens with open porosity in 
70‒80 % range were made from spherical particles of 
titanium alloy of 0.5–1.0 mm diameter and demon-
strated the value of elasticity modulus of 0.86 GPa, 
close to the indices of a corresponding characteristic 
of the trabecular bone tissue.

the main disadvantage of the methods of powder 
metallurgy lies in the fact that the technological process 
requires long-term holding of the specimens at high 
temperature and the indices of implants’ strength often 
appear to be insufficient. One of the methods for solving 
the problem of increase of mechanical characteristics is 
application of double sintering. this allows increasing 

the strength of porous specimens for more than 2 times 
without noticeable decrease of porosity part [34]. how-
ever, additional technological operations of holding at 
high temperatures for a sufficiently long time rise energy 
capacity of the production process and, as a result, its 
cost and can change structure of the output material.

application of functionally-gradient coatings with 
different volume porosity provides a progressive ap-
proximation of the elasticity modulus from the implant 
to the bone as a result of multilayer coating (figure 4). 
this permits prevention of appearance of the stresses 
which result in its delamination from a core in a zone 
of contact of the first layer with the maximum elasticity 
modulus as well as suppress the effect of stress shielding 
in a zone of contact of the last layer, which has the lowest 
elasticity modulus, with the cortical bone tissue [35].

The high efficiency of application as the implants 
of combined structure is shown by intraosseous plates 
with compact part from Vt1-0 alloy. they were coat-
ed using the method of vacuum sintering by porous 
coating from titanium powder made by the technolo-
gy of cold double sided pressing. as a result the bone 
tissue being formed around the implant actively pen-
etrates inside it, providing, thus, its secondary fixing, 
and presence of porosity in the coating leads to de-
crease of elasticity modulus [36].

In work [34] a double-layer coating with pore sizes 
of 800‒900 and 600–700 mm, respectively (figure 5) 
was formed by means of burning of titanium powders 
on a surface of dental implant at 1233 and 1623 K 
temperatures.

Spark plasma sintering [37] is also used among the 
methods of powder metallurgy for modification of the 
surface of implants by means of deposition of the porous 
layers. bending strength and elasticity modulus of the 
coatings from alloy ti6a14V, produced by this method, 
made 128–178 MPa and 16–18 GPa, respectively, that 
corresponds to a range of changes of respective charac-
teristics of the cortical bone tissue [38].

the main disadvantage of the burning methods for 
production of porous structures from powder materi-
als on the implant surface, as in the case with the pro-
cesses of volume pressing and sintering, is the indices 
of coating strength and the high temperatures of treat-
ment in course of a long interval of time. for example, 
in order to obtain the powder coatings from titanium 
alloy grade 4 (aSMe standard alloy) with a level of 
volume porosity in 30–50 % range, which provides 
the elasticity modulus close to corresponding value of 
the cortical bone tissue, it is necessary to sinter them 
at 1000–1100 °c temperatures during 2 h [39].

A technology of laser modification of a surface of me-
tallic materials became popular in recent time. In it the 
laser is used as a heat source (figure 6). this technology 
of deposition of gradient coatings on the products from 

Figure 4. Distribution of elasticity modulus between the bone and 
the implant
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titanium alloys is considered as a competitive method. 
It allows controlling an accuracy and features of the im-
plant surface being at that high-efficient, eco-friendly 
and economic from point of view of consumables [40]. 
however, adhesion strength of the coatings, deposited 
by laser burning of powder, to the base sometimes is 
not sufficient and applied stresses can exceed it that pro-
motes delamination of the coating from the prosthesis 
surface, thus violating its function [41].

the implants with low elasticity modulus are manu-
facture by a known company Zimmer biomet, a founder 
of patented technology of production of trabecular struc-
ture trabecular MetaltM. this structure is similar to bone 
tissue and consists of porous glass-like carbon coated by 
tantalum with the help of vacuum spraying [42, 43]. the 
produced implants have 80.9 % porosity, 527±27 mm 
size pores and elasticity modulus 3 gPa.

current implants made using at also simulate the 
surfaces with trabecular structure (figure 7). neverthe-
less, presence of the pores in their volume results in de-
crease of strength of such structures. this is the reason 

of their limited application only by those implantation 
places where they do not bear the main service loading. 
a contraindication to application of these implants in a 
practical aspect is the presence of a septic process at in-
tervention since the main disadvantage of the trabecular 
components is the problems with their explantation [25].

In literature there are other approaches to reduction 
of elasticity modulus using current polymer materials 
such as PeeK. thus, work [44] describes an innova-
tive approach to decrease of the elasticity modulus of 
metallic implant due to application of composite car-
bon/polymer material (PeeK), which is formed on the 
surface of hip joints. Performed model experiments 
and numerical results indicate that a composite carbon/
polymer material significantly rises the characteristics 
of fatigue resistance of the surface layers with distribu-
tion of applied load and its transfer to the bone. this de-
creases the effect of stress shielding and provides better 
stability of the implant during the long service life.

however, this idea of application of the coating 
was only modeled and was not proved by practical 
results which can significantly differ from the calcu-
lation ones and their application can reveal a series of 
other problems such as fixation of osteoblasts on the 
surfaces of PeeK material.

In contrast to methods mentioned above today 
a method of plasma spraying (Figure 8) is the most 

Figure 5. Porous coating on dental implant produced by burning 
of layers of titanium powder [34]

Figure 6. Scheme of the process of laser burning of powder

Figure 7. Implant of acetabular cup of hip joint with trabecular structure
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available and technologically simple in realization 
of production of porous structures on the surfaces of 
implants with verified numerous successful results of 
practical application. this method attracted a lot of at-
tention in biomedicine due to low cost, high efficiency 
and wide regulation of coating thickness with possi-
bility of application of different spraying materials on 
the same equipment [46, 47]. Successful application 
of the plasma spraying for coating production is pro-
moted by several factors, namely high efficiency of 
spraying process; relatively insignificant heating of a 
base (to > 200 °c) that decreases possibility of change 
of its properties; simplicity of regulation of coating 
production process (power characteristics of plasma 
can be changed technologically depending on the re-
quirements in the process of coating production); pos-
sibility of application of automated manipulator in the 
process of coating deposition that promotes uniform 
distribution of a sprayed layer over a part surface.

Versatile and flexibility of the technology of plas-
ma spraying allows adjusting it to almost any spec-
trum of materials being sprayed such as metals and 
their oxides, apatites and other materials [48].

There was accumulated a significant experience 
of application of plasma spraying for improve-
ment of the surface of dental implants due to a 
plasma-sprayed layer of titanium and hydroxyap-
atite powder which influences the acceleration of 
osseointegration [49]. among the disadvantages of 
given method of coating deposition are relatively 
not high strength of adhesion of the coating with 
the base as well as low coefficient of material ap-
plication. Particularly, substantial losses of materi-
al will take place at spraying of implants of small 
size (intervertebral cages, dental implants). at that 
overheating of a small-size part is also possible as 
a result of effect of a high-temperature plasma jet. 
In order to reduce losses of the material provoked 
by the fact that part size is smaller than the spaying 
spot it is necessary to try to decrease the diameter 
of the latter.

Solution of some of the issues mentioned above is 
possible with the help of application of a technology 
of microplasma spraying developed at the PwI of the 
naSu. It provides formation of a plasma jet with re-
duced heat power and a spraying spot of small size [50]. 
Structural peculiarity of the equipment, namely micro-
plasmatron in combination with technological approach-
es allow spraying powder as well as wire materials with 
formation of structures with high level of porosity and 
pore size to 300 mm. Such structures increase osseointe-
gration with the bone and provide necessary indices of 
mechanical strength of the coating-base system [51] that 
permits to use them on the surfaces of endoprostheses 
for cementless fixation [52]. Therefore, the technology 
of microplasma spraying is perspective for modification 
of the surfaces of implants since formed by such method 
coatings from alloys based on titanium or zirconium with 
maximum possible level of porosity (25 % for titanium 
and 20.3 % for zirconium alloy) and elasticity modulus 
12 and 5 GPa, respectively [53], allow significantly ap-
proaching them to the corresponding characteristic of 
the cortical bone tissue. this will promote more uniform 
distribution of stresses during operation of the implants.

CONCLUSIONS
1. the analysis of the modern references as for appear-
ance of aseptic instability was carried out and it was 
determined that one of the reasons of its appearance is 
the effect of stress shielding caused by nonconformity 
of the elasticity moduli of the implant and the bone.

2. Such methods as application of low modulus al-
loys, additive manufacturing technologies, powder sin-
tering and plasma spraying were analyzed for reduction 
of the elasticity modulus of the orthopedic implants for 
the purpose of prevention of the effect of stress shielding.

3. It was determined that today the technologies 
of plasma spraying are the most effective and eco-
nomically feasible methods of production of porous 
structures on the implant surfaces. In particular, it 
was shown that application of the technology of mi-
croplasma spraying of the coatings on the implants’ 

Figure 8. Distribution of technology of production of porous structures on implant surface [45]
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surface removes the disadvantages typical for con-
ventional plasma spraying as well as promotes sup-
pression of the stress shielding effect.
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ABSTRACT
the process of welding plastics is determined as a gradual disappearance of the interface between parts to be joined and the 
formation of a transition layer between them, whose structure is significantly different from the structure of the base polymeric 
material. the models of formation of welded joints of polymers existing today are based on different physical phenomena: 
mutual adhesion of substrates, diffusion of macromolecules and melt rheology. the most common is the diffusion model of 
macromolecules reptation in the welding zone, which many researchers refer to in order to explain experimental data. without 
denying the possibility of progressive diffusion of elements of the molecular chain through the fusion surface, the postulate 
that this diffusion provides the main mass transfer during the formation of welded joints of polymers is considered to be con-
troversial. the theory of the formation of welded joints of polymers due to conformational transformations of macromolecule 
fragments, being developed by the Scientific School of the PWI, is more realistic. In the development of this conformational 
theory, the model of homogenization of the transition layer on the interface during welding of polymers is proposed based on 
a vacancy-conformational principle.

KEYWORDS: polymer materials, welding, diffusion of macromolecules, conformational transformations

INTRODUCTION
understanding of the mechanism of polymer welded 
joint formation is required for adequate selection of 
welding technology and mode parameters, as well as 
methods of welded joint quality evaluation. however, 
there is still no common point of view and there ex-
ist several hypotheses for this mechanism. Since the 
80s, the PWI Scientific School has introduced and has 
been developing the theory of formation of polymer 
welded joints due to conformational transformations 
of macromolecule fragments. the objective of this 
work is to review the currently available explana-
tions of the mechanism of producing a welded joint of 
polymer materials, and to give additional arguments 
in favour of the conformational theory.

the physicochemical properties of metals and plas-
tics differ cardinally. however, the processes of weld-
ing these material types have a lot in common, as both 
are solids from the physical point of view. The scientific 
definition of the welding process is as follows: produc-
ing a permanent joint of solids, the monolithic nature of 
which is achieved by ensuring the physicochemical, and 
atomic-molecular bonds between elementary particles 
of the bodies being joined [1]. Or the so-called thermo-
dynamic definition of welding: welding is a process of 
producing a monolithic joint of materials due to supply 
and thermodynamically irreversible transformation of 
energy and substance in the joining point.

a common property of solids, in particular, plastics, 
is preservation of an interface between the contact sur-
faces of individual bodies. that is why the following 

definition of welding of plastics was formulated: it is a 
technological process of producing a permanent joint of 
structural elements by diffusion-rheological or chemical 
interaction of polymer macromolecules, resulting in dis-
appearance of the interface and formation of a structur-
al transition from one polymer element to another one 
[2]. Another variant of such a definition is as follows: 
polymer material welding is a technological process of 
producing a permanent joint of parts and elements of a 
structure, resulting in disappearance of the primary in-
terface between the parts from polymer materials, trans-
forming into a transition layer with a homogeneous or 
heterogeneous chemical structure [3].

the ISO International Standard gives a rather 
simple definition: “welding of plastics is a process of 
joining the softened surfaces of materials, as a rule, 
through application of heat” [4].

thus, blurring and disappearance of the interface be-
tween the parts is regarded as the essence of the weld-
ed joint, unlike an adhesion joint, where the interface 
always remains and is clearly visible. with the start of 
application of the first methods of plastics welding, sci-
entists began putting forward hypotheses of the mecha-
nisms of formation of polymer material welded joints.

MAIN BODY OF THE ARTICLE
In work [5], the researchers when studying the fea-
tures of thermal welding of polymethyl methacrylate 
(PMMa) suggested that the welded joint forms by the 
diffusion mechanism of autohesion (bonding of surfac-
es of one and the same polymer material brought into 
contact). furtheron, the theory of diffusion autohesion 
was developed, mutual movement of macromolecular 
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fragments through the contact surface in welding was 
explained by thermal brownian motion of molecular 
segments and their relative sliding in high-elastic (for 
amorphous polymers) and plastic states [6, 7].

later on, uS researcher r. wool proposed the 
diffusion hypothesis of “crack healing in polymers”, 
which consists of five stages, schematically shown 
in Figure 1 [8]. A dashed line marks the conditional 
dividing line of the joint, and inside the circle is the 
so-called random tangle of the macromolecular chain 
(shown only from one side for the sake of clarity). 
The first two stages are surface restructuring (usually 
melting under the impact of heat) and drawing of the 
surfaces together up to their contact (a, b). the third 
stage is mutual wetting of the surfaces (c), the fourth 

one is the start of diffusion to a certain distance (d) χ 
and the last fifth stage (e) is mutual diffusion to dis-
tance χ∞ and blurring of the interface line.

the structure of amorphous polymers is schemat-
ically represented as a network structure of random 
bonds between the macromolecular chains. there ex-
ist alternative hypotheses of formation of such bonds: 
due to folded cluster structures [9, 10] and through the 
direct engagement of one molecular chain at least one 
with another — the theory of bridge bonds in a polymer 
massive [11]. In keeping with this theory, at formation 
of a welded joint, bridge bonds — engagements should 
also form between the macromolecules along the fu-
sion line, which are schematically shown in figure 2. 
a thick line shows a minimal structure of the molecu-
lar bridge through the interface line, which is required 
to form the weld. this model is used for explaining 
the mechanism of formation of structures of different 
strength along the fusion line, depending on thermo-
physical condition of the welding process [12].

In Western publications the “healing” term is used 
within the diffusion hypothesis for description of the 
process of formation of polymer welded joints, which 
is illustrated in figure 3 [13]. after formation of con-
tact between the partially melted surfaces of polymer 
elements being joined, the process of molecular chain 
diffusion through the butt surface and their entangling 
begins. It is shown that a rather long time of the poly-
mer staying in the molten state, when the processes 
of macromolecule displacement are active, should be 
regarded as the main condition for “healing”. How-
ever, the question of the very diffusion mechanism 
of “healing” (blurring, disappearance) of the fusion 
boundary in the welded joint is still debatable.

Figure 1. block-diagram of stages of welded joint formation by 
r. wool

Figure 2. Illustration of a model of polymer welded joint forma-
tion due to macromolecule engagement in work [11]

Figure 3. Illustration of the diffusion model of polymer welded 
joint formation in work [13]
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to clarify the mechanism of possible self-diffu-
sion of the polymer chain, french physicist Pierre de 
gennes with colleagues developed the reptation theo-
ry. It is believed that the macromolecule is surrounded 
by other chains on all sides, and it cannot move to the 
side, but can move in the longitudinally through such 
a medium as though through a kind of tube or tunnel 
(figure 4). Such a movement of the macromolecule 
was called reptation, and it was conditionally com-
pared with that of a snake crawling through a bunch 
of branches [14]. as under the melt conditions, all the 
molecules are in thermal brownian motion, the chains 
forming the tube walls are constantly renewed.

It is believed that the main factor influencing the 
reptation tube parameters, is density of fluctuation net-
work of engagements of macromolecules, present in the 
polymer melt. For flexible polymer chains, the distance 
between individual engagements is estimated to be in 
the range from 50 to 500 statistical molecular segments. 
It corresponds to rather long segments of the chain of 
length within 104‒105. therefore, it was assumed that 
such long segments add up to form a sequence of sub-
molecular tangles, which is located inside the reptation 
tube (figure 5). the characteristic size of the tangle (1) is 
what determines the average tube diameter d.

It should be noted that within the reptation theory 
the macromolecule mobility essentially depends on 
its length, i.e. molecular mass. It is believed that the 

time of molecule movement during reptation grows in 
proportion to the cube of its molecular mass. there-
fore, such movements are most likely to be observed 
for short molecular chains. however, also considered 
is the possibility of reptation movement of fragments 
of molecular chains of a complex structure, name-
ly branched, starlike and cyclic ones. So, a branched 
polymer chain can draw a side branch into the reptation 
tube during movement with its subsequent new random 
conformation outside. cyclic polymer chains can fold 
into a linear conformation and can perform reptation 
movements in such a form. Owing to a high complex-
ity of movement mechanisms of chains of a non-linear 
shape in the melt, the reptation displacement of macro-
molecules of complex shapes can proceed very slowly.

let us consider the possible alternative mechanisms 
of formation of polymer welded joints. the processes 
of welding polymer materials and metals are similar 
in many cases. In flash-butt welding of metal parts, 
a structure forms which is similar to polymer mate-
rial welds made by hot plate butt welding. figure 6 
shows the microstructure of a flash-butt welded joint 
of hot-rolled layered ferritic-pearlitic steel. In welding 
without flashing (a) the horizontal layered steel struc-
ture changes its orientation, deviating in the vertical 
direction along the joint line. In welding with flashing 
(b) a continuous layer of molten material forms on the 
end faces as a mixture of the melts of both parts, the 

Figure 4. Schematic of formation of a “tube” from molecular chains by reptation theory: 1 — surrounding molecules; 2 — conditional 
boundaries of the tube; 3 — chain, capable of reptation

Figure 5. Molecule, consisting of a sequence of small tangles (submolecules) inside a “tube”: 1 — molecular tangle; 2 — conditional 
boundary of the tube; 3 — polymer chain
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greater part of which is pressed out into flash by upset 
force. At cooling, the metal solidifies to form a weld-
ed joint. It is believed that the first butt joints form in 
the solid phase and the second ones — in a combined 
manner in the solid-liquid phase of the heated material 
[15]. In the latter case, the welded joint forms due to 
solidification of a thin layer of molten metal on the in-
terface. A “rheological concept” of formation of weld-
ed joints of thermoplastic polymers was proposed by 
analogy with this mechanism. It was believed that the 
determinant role in the joint formation is played by 
“rheology”: polymer melt flow at part upsetting under 
the impact of working pressure. here, all the ingredi-
ents, hindering the intermolecular drawing together, 
namely gases, oxidized and contaminated areas, are 
driven out of the contact zone. as the shear rate of 
individual melt layers differs because of a nonuniform 
distribution of temperature and pressure, it causes the 
melt mixing, particularly on the fusion surface. Dif-
fusion of macromolecule segments which occurs at 
the joint cooling, has little influence on the butt joint 
formation and is of a secondary nature [16].

a photo of the cross-section of a butt joint of lay-
ered polymer material cooled at the initial upsetting 
stage, is given to confirm mixing of melt microvol-
umes (figure 7, a). Indeed, one can see from the pho-
to that the polymer material layers are strongly de-
formed, but nothing points to their significant mixing. 
Similar work on hot plate butt welding of coloured 
layered samples of thermoplastics was conducted at 
PwI. In the cross-section of the layered welded joint 
(figure 7, b, c) one can see that all the base material 
layers of the samples completely preserve their se-
quence, even in outer flash, changing just their thick-
ness [2]. Thus, we cannot talk about any significant 
mixing of the melt during melting and deposition.

Yu.S. lipatov with colleagues studied the specif-
ics of interphase phenomena in heterogeneous sys-
tems of polymer-filler and polymer-polymer [17]. It 
was noted that different types of polymers are ther-
modynamically incompatible and they cannot form 
common crystalline shapes. however, different poly-
mers are compatible morphologically, and at contact 
in the molten state they form common supermolecular 
structures as a transition layer. this layer is formed 
both by interdiffusion of the components through the 
interface, and due to one component adsorption on the 
surface of the other.

a polymer is a mixture of molecular chains of dif-
ferent size. Thermal fluctuations on the fusion surface 
lead to molecule differentiation by size and enrichment 
of the transition zone by molecules of smaller mass. lo-
cal diffusion through the surface of interfacial contact 
usually goes to a small depth and forms a transition lay-
er of the thickness of several nanometers. On the other 
hand, different studies report the presence of the tran-
sition zones in polymer-polymer joints of 0.1–1.0 μm 
thickness. It is probable that alongside regular diffusion, 
transfer of rather significant volumes of one polymer 
into the interstructural regions of the adjacent polymer 
takes place in polymer melts at higher temperatures due 
to segmental mobility of macromolecules.

Figure 6. Macrostructure of flash-butt welded joints of pipe steel: 
a — welding without flashing; b — welding with flashing [15]

Figure 7. results of studying the rheological processes in hot plate butt welding of layered thermoplastics: a — in work [16]; b, c — by 
PwI data [2]
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based on experimental data analysis, Yu.S. lipa-
tov developed a model of stage-by-stage formation of 
a transition zone on the contact boundary of the two 
polymers (Figure 8). At the initial stage, a thin transition 
layer forms at contact of molten surfaces due to confor-
mational turns of macromolecule segments. If the tem-
perature in the contact zone remains high enough for a 
certain time, the second stage comes, where not only 
segments, but whole macromolecules move through the 
fusion surface in the form of small supermolecular ob-
jects, under the impact of thermal motion. as a result, a 
much wider layer forms instead of a primary thin tran-
sition layer, where microvolumes of one polymer are 
immersed into the structure of the other one.

Similar processes, apparently, can take place also at 
formation of the welded joint between the contacting 
surfaces of the same polymers. while at joining differ-
ent types of polymers, even with formation of a wide 
transition layer, a pronounced interface always remains, 
in polymers of one type this boundary disappears and 
is blurred during autohesion and diffusion. the welded 
joint strength is mainly influenced exactly by the proper-
ties of this transition structure in the fusion zone.

the general theory of diffusion in any environ-
ments, in particular, in polymers, treats this process 
as a totality of elementary acts of molecular particle 
movement. It is understandable that movement of any 
molecules or its fragment requires free space, into 
which it will be displaced. therefore, the vacancy 
(hole) mechanism is believed to be the base of the 
diffusion process [18]. The elementary act of diffu-
sion consists in formation of a microvoid (hole) near 
the molecule as a result of thermal motion, and their 
subsequent exchange of places. In high-molecular 
polymers the microvoids usually form owing to con-
formational turns of individual chain segments — so-
called kinetic segments. accordingly, assumptions are 
made that formation of a transition structure between 

the polymer parts in welding takes place mainly due 
to segmental interpenetration of macromolecules 
through the joint surface [19]. here, the determinant 
role of temperature in the welding zone and working 
pressure is emphasized, which ensures the necessary 
viscous contact between the molten surfaces.

the conformational theory of polymer welded joints 
was formulated, proceeding from the results of investi-
gations by Yu.S. lipatov and PwI scientists [20]. the 
theory is based on the idea that the thermal movement of 
macromolecules occurs mainly due to conformational 
turns of molecular chains segments, not by translation-
al movement of their ends. therefore, polymer melting 
and solidification should be regarded as disordering 
and subsequent ordering by the conformational mech-
anism. Interpenetration of macromolecule fragments 
through the joint surface in polymer welding (interface 
“healing”) also occurs due to molecular conformational 
turns. Macromolecule diffusion by translational move-
ment of their ends through the joint surface practical-
ly does not influence the “healing”process, because of 
short welding time and small number of free ends of 
molecular chains, compared to the number of segmental 
atomic groups, capable of conformation.

an assumption was also made that the number of 
spherolitization nuclei on the fusion surface has a de-
terminant influence of the final crystalline structure of 
the polymer. In keeping with this statement, a criterion 
of formation of a sound butt welded joint of polymers 
was formulated. In figure 9, a, an optimal number of 
crystallite nuclei is present along the fusion line. It re-
sults in formation of a continuous complete spherulitic 
structure of strength equal to that of the base polymer 
material. figure 9, b shows the case when the thermo-
physical conditions at butt joint formation promoted 
appearance of an excess number of spherulite nuclei. 
It results in formation of a large number of fine incom-
plete spherulites, and of the so-called transcrystalline 

Figure 8. Model of the transition layer on the interface of different objects: a — allowing for only segmental diffusion; b — at dis-
placement of structural elements [17]
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layer along the fusion line. Such a joint has lower 
strength and it fails along the weld line.

the recent studies performed at PwI, allowed 
complementing the conformational theory of polymer 
welded joint formation by new data [21, 22].

It is shown that the welded joint formation is influ-
enced by two main factors — thermal energy t and 
force field P (external pressure and other factors) (Fig-
ure 10). based on the results of comprehensive stud-
ies of the structure and properties of polymer welded 
joints it was assumed that in welding macromolecule 
orientation along the interface takes place in the thin 
melt layer with subsequent blurring of this surface due 
to rotational movements of macromolecule segments, 
i.e. change of their conformations in the transition lay-
er volume [23]. the proposed concept does not deny 
the possibility of interdiffusion of polymer macromol-

ecules, in particular due to reptation. It is believed, 
however, that statistically the conformational rotational 
movements of macromolecule segments occur much 
more frequently, compared to the diffusion ones, so 
that they have a decisive influence on blurring of the 
interface for the short-term joining process (figure 11), 
which polymer welding is in most cases [2]. the base 
of the process of macromolecule fragment movement 
in the melt at thermal motion is exactly the vacancy 
(hole) mechanism. Presence of such vacancies in the 
polymer crystalline structure is envisaged by the clos-
est to reality hosemann paracrystalline model [24].

In keeping with this model, the polymer structure 
contains voids, amorphous regions, single-crystals, frag-
ments of straightened chains and other formations. after 
melting or transition into a viscous state the voids remain 
on the molecular level, similar to some folded or disor-
dered formations capable of conformational transforma-
tions. figure 12 shows a model of gradual disappearance 
of the interface in polymer welding by vacancy-confor-
mational principle. at the stage of wetting and contact 
of the molten surfaces (t = 0) the number of vacancies 
is the greatest exactly near the contact plane. after some 
time (t > 0), the vacancies on the interface are gradually 
filled owing to thermal motion of molecular segments 
(conformations), moving in-depth of the material. If the 
polymer material is in the molten state for some minimal 
time required, vacancy distribution in the melt will be-
come almost uniform, and the interface will be “blurred” 
and will disappear. After solidification of the homoge-
neous melt layer a strong tight welded joint forms. we 
will call this minimum time Tg the homogenization time.

Figure 9. formation of spherulitic structure along the polymer 
fusion line [20]

Figure 10. Process of segmental mobility with the change of macromolecule conformations under the impact of thermal and force 
fields in welding [23, 24]
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We believe that the terms “healing”, and “sealing” 
for the process of disappearance of the interface be-
tween the melts of contacting polymers of one type 
are insufficiently accurate. In reality, even though in-
complete but still equalizing of volume-spatial prop-
erties of molecular structure of molten polymer takes 
place, macromolecule fragment distribution becomes 
more uniform and homogeneous. that is why, the 
process occurring in the thin layer of the transition 
zone should be regarded as equalizing of the melt 
properties. i.e. “homogenization”.

It was noted above that in order to produce a crys-
talline formation at polymer melt cooling, individual 
molecular chains should have the ability to move in 
the melt relative to their neighbours. Macromolecular 
chain movement can have two forms: conformational 

turns of individual parts of the molecule relative to its 
own chemical bonds, and translational movement of the 
chain relative to the common molecular tangle. both 
the movements can be regarded as the phenomenon of 
self-diffusion, initiated by the thermal processes.

note that the proposed model of the transition lay-
er homogenization on the interface in polymer weld-
ing by the vacancy-conformational principle can be 
complemented by development of a mathematical 
model for determination of the appropriate modes of 
welding diverse polymer materials.

CONCLUSIONS
1. It was determined that the process of welding plastics 
is the gradual disappearance at the molecular level of the 
gap between the parts being joined and the formation 
of a transition layer (welded seam) between them, the 

Figure 11. Optical and electron micrographs of polymer welds [25]

Figure 12. Model of transition layer homogenization on the interface in polymer welding by vacation-conformational principle
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structure of which is strong, but significantly different 
from the structure of the main polymer material.

2. nowadays there are several theories as to the na-
ture and mechanisms of the process of plastics welding. 
each of them has indirect experimental substantiation, 
but is not of a general nature. therefore, at present con-
tinuation of investigations of the structure and proper-
ties of plastics welded joints is timely, in order to obtain 
fundamental data for complementing the theoretical 
fundamentals of polymer material welding.

3. a question which remains to be debatable is the 
possibility and mechanism of diffusion of molecular 
chain fragments, which is a decisive point for under-
standing the process of polymer welding. It is obvious 
that “homogenization”, i.e. equalizing of properties, 
will be a more accurate definition for the process of 
“blurring” of the interface in polymer welding, in-
stead of the common definition of “healing”.

4. the currently available models of polymer weld-
ed joint formation are based on different physical phe-
nomena — mutual adhesion of the substrates, mac-
romolecule diffusion and melt rheology. we believe 
that the most realistic is the theory of polymer welded 
joint formation due to conformational transformations 
of macromolecule fragments. In development of the 
conformational theory, being elaborated by PwI Sci-
entific School, a model was proposed of homogeniza-
tion of the transition layer on the interface in polymer 
welding by the vacancy-conformational principle.
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ABSTRACT
The paper gives the results of investigation of the influence of application of two isolated filler wires or embedded elements of 
different chemical composition on the features of formation of D16 aluminium alloy welds in consumable electrode welding. 
Wires of Zv1201, ZvAK5, ZvAK12 grades of 1.6 mm diameter and embedded elements cut out of V92, V96 and 7056 alloy 
blanks with different content of zinc were evaluated. It is shown that ZvAK5 wire ensures reduction of the length of solidifica-
tion cracks and number of pores in welded joints, and welded joint strength becomes higher at addition of zinc into the weld.

KEYWORDS: aluminium alloy, arc welding, consumable electrode, welded joints, filler wires, structure, solidification cracks, 
mechanical properties, investigations

INTRODUCTION
At nonconsumable electrode welding of D16 alloy of 
Al–Cu alloying system solidification cracks are ob-
served along the weld axis and in the zone of fusion 
with the base metal. The joint quality deteriorates. 
the causes for such a phenomenon are the dimensions 
of brittleness temperature range and low ductility of 
metal in this region, particularly, when the alloy is in 
T1 condition, i.e. after artificial aging [1‒8]. At the 
same time, wide industrial application of this alloy in 
flying vehicle structures necessitates a more thorough 
study of the technological capabilities of consumable 
electrode welding of this alloy.

note that the presence of some elements (iron, 
copper, silicon, etc.) causes a nonuniform distribution 
in the aluminium alloy structure, which is often found 
in their semifinished products, and at welding it leads 
to formation of low-melting eutectics in the intergran-
ular and intercrystalline space, expands the solidifica-
tion range, and this way causes higher sensitivity of 
the alloy to the thermal cycle of welding. weld metal 
proneness to solidification crack formation becomes 
greater. Crack dimensions depend on thermophysical 
conditions of consumable or nonconsumable elec-
trode welding, which determine the nature of primary 
phase precipitate distribution.

It is known [4, 9, 10] that the process of weld metal 
solidification is of an intermittent nature, related to an 
abrupt change of the solidification rate and tempera-
ture gradient. Increase of process dynamics leads to 
initiation of sites of transition from one kind of solidi-
fication to another one not only in the weld center, but 
also in the fusion zone. the main precipitation phases 

at process heating of the alloy are Cual2 (θ)-phase 
and al2Cumg (s)-phase. In the case of the ratio of 
Cu/Mg alloying elements ≤ 2.6 formation of S-phase 
is observed in the structure, which is necessary for 
D16 alloy hardening by phase formation. At the ra-
tio of mg/si = 1.73 also mg2si phase precipitates. 
such transitions usually arise in welding alloys with 
relatively high content of alloying elements and ad-
mixtures. The latter, in their turn, influence the shape 
and dispersity of eutectic precipitates in the weld 
structure [1‒7]. The shape and dispersity of the pre-
cipitates are due to metal pool solidification rate. In 
case of its increase, the process of admixtures diffu-
sion on the interphase becomes shorter, narrowing the 
wall of crystallite cells. eutectic phase precipitation 
occurs predominantly on the intercrystalline bound-
ary, particularly at a low welding speed. at the spec-
ified welding mode the solidification rate varies in a 
wide range relative to the weld width. the nature of 
phase precipitates changes considerably at crystallite 
growth. In this case, eutectic precipitates with thinner 
walls of intercrystallite layers are observed in the weld 
center, where the solidification rate is higher, and the 
cell width is smaller than that at the fusion line.

The weld metal solidification process is influenced 
by the pattern of distribution of primary phase pre-
cipitates in the base metal and thermophysical con-
ditions of consumable electrode welding [4‒13]. The 
dynamic nature of the solidification process at weld 
pool cooling leads to formation of centers of transi-
tion from one kind of solidification to another one. 
such transitions take place at welding alloys with a 
relatively high content of alloying elements and ad-
mixtures that affects the shape and dispersity of phase 
precipitates in the weld structure.
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OBJECTIVE OF THE STUDY 
AND EXPERIMENTAL PROCEDURE
One of the possible ways of improvement of structur-
al homogeneity of welds on 6 mm D16 aluminium al-
loy (Table 1) can be simultaneous application of two 
isolated filler wires or embedded elements of different 
chemical composition in the weld pool. here, condi-
tions are in place for physicochemical interaction of al-
loying elements and admixtures of base metal and filler 
wires, which promotes formation of eutectics of a bal-
anced composition and improves the homogeneity of 
the weld structure. Therefore, the objective of this work 
is revealing the structural features of welds produced 
using two filler wires or embedded elements (Figure 1). 
One wire of Zv1201 grade, the chemical composition 
of which is close to that of D16 alloy, will be fed direct-
ly into the arc burning zone, and the other — into the 
weld pool head part, which corresponds to the technol-
ogy of nonconsumable electrode welding.

Transfer of liquid metal drops to the common pool 
will form the required weld volume, and feeding ad-
ditional filler wire will allow modifying its structure. 
the effectiveness of such a technological solution was 
evaluated by comparison with the structure produced 
by the traditional method. The influence of several vari-
ants of batch-produced filler materials was studied to 
determine the components of rational modification of 
the weld structure and to produce the necessary ratio 
of alloying elements, and the most effective, substan-
tiated by the investigation methodology, parameters of 
strength and ductility of the welded joints were selected, 
which ensure the welded structure reliability.

Variants of the studied materials from alloys of 
different alloying systems were selected, namely: 
batch-produced ZvAK5, AVAK12 wires of Al–Si al-
loying system, which retain silicon, as well as embed-
ded elements from V92, V96 and 7056 alloys, which 
retain zinc. Availability of low-melting silicon in the 

additional wire composition will allow a certain in-
crease of the nonequilibrium solidus temperature and 
a reduction of the range of the metal solid-liquid state. 
Zinc presence will promote an increase in the level of 
weld strength in the joints.

During studies the following technological vari-
ants were used: Zv1201 + ZvaK5; Zv1201-avaK12; 
Zv1201 + V92; Zv1201 + V96; Zv1201-7056. The re-
sults were compared with joints produced using one 
batch-produced alloy of Al–Cu alloying system of 
Zv1201 grade. Proceeding from analysis of the features 
of the structure and mechanical properties of specimens 
cut out in different regions of welds, it is intended to de-
termine an optimal combination of the compositions of 
filler wires, used for welding. Their application will al-
low producing permanent joints of D16 alloy in keeping 
with the requirements and structure purpose.

In order to implement the process, the technolog-
ical equipment for simultaneous mechanical feeding 
of two wires into a common pool and the conditions 
of wire feed synchronization were improved, and 
the modes of the process of joining D16 alloy were 
retrofitted. Analysis of chemical composition of the 
wires and embedded elements was conducted by the 
spectral method, using Sprectrovak-1000 equipment 
of Baird Company (Table 2).

Before welding the blanks were treated by 10 % 
NaOH solution and clarified in 13 % HNO3 solution. 
Blanks were welded by a consumable electrode in the 
horizontal position, using studied consumables. The 
wires were fed into the pool in keeping with the stan-
dard requirements, i.e. directly from the face surface.

To diversify the technology variants, embedded 
elements of 2×2×2.5 mm size were used, which were 
placed in the lower section of the butt, as zinc-con-
taining wires do not exist. V92, V96 and 7056 alloys 
with different zinc content were selected. Chemical 
elements (zinc, magnesium, copper, manganese, zir-

Figure 1. Technology variants of welding D16 alloy with two filler wires (a) and embedded elements (b) for weld metal alloying and 
improvement of the mechanical properties

Table 1. Chemical composition (wt.%) and mechanical properties of 6 mm D16 alloy

mg Cu mn si fe Zn E, gPa
σt σ0.2 σ0,01

δ5, %
mPa

1.4‒1.7 4.0‒4.5 0.34‒0.53 0.16‒0.19 0.21‒0.22 0.07‒0.11 67‒71 217‒221 106‒115 79‒89 16‒18
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conium) present in these alloys, ensure the physico-
chemical conditions for formation of fine-grained 
structure of weld metal in welding, and a significant 
effect of their hardening under the conditions of their 
further heat treatment [4‒9].

the welding heat input was selected from the con-
dition of minimal value of electric current, required 
for complete penetration of the alloy. that is why, this 
process was performed in the following mode: Iw = 
= 240–250 a, Ua = 20–21 V; vw = 31–33 m/h. the 
weld width from the face and penetration side was al-
most the same, being in the range of 9–11 mm. The 
process was conducted with application of the form-
ing backing, as it is known that in case of its presence 
the process of crystallization and growth of columnar 
crystallites is two-dimensional, influencing the weld 
quality. Modulation of the main mode parameters with 
cycle time of 2.2 ± 0.2 s created certain thermophysical 
conditions for improved control of the process of drop 
transfer from the main wire, producing the appropriate 
shape of the weld pool and weld structure formation. 
all together, it ensured a greater amount of oversatu-
rated solid solution, higher density of precipitation of 
the dispersed hardening phase particles during the next 
stage (solid solution decomposition), and improvement 
of the joint mechanical properties [5–7].

The quality of weld formation in butt joints of D16 
alloy was assessed visually and by X-ray technique 
(GOST 7512 [13]) in RAP-150/300 X-ray unit. Weld 
metal density was controlled in Densitometer DP-30 
instrument.

specimens for mechanical tests were cut out of the 
welded butt joints in keeping with the normative docu-
ments. Mechanical tests were conducted to GOST 1497 
[14] and GOST 6996‒66 [15] in Instron-1126 machine 
with 6 mm/min traverse travel speed. During testing, a 
personal computer was used for continuous recording 
of the loading and deformation values. these results 
were used for calculation of the respective parameters 
of ultimate rupture strength (ultimate strength of weld-
ed joints (σt

w.j) and weld metal (σt
w.m).

Metallogrpahic analysis of base metal and welded 
joints was performed in MMT-1600V microscope. In-
vestigations were conducted on microsections cut out 
across the sheet rolling direction. the microstructure 

was revealed by electrolytic polishing in a solution of 
the following composition: chloric acid — 1000 cm3 + 
ice acetic acid — 75 cm3.

RESULTS AND THEIR DISCUSSION
Analysis of the obtained results was the base to deter-
mine the effectiveness of the studied filler wires for 
welding D16 alloy, their influence on weld formation 
mechanism, weld form factor, level of mechanical 
properties and features of welded joint structure, de-
pending on chemical composition.

metallographic studies of welded joint microstruc-
ture revealed the presence of a considerable amount 
of precipitates of oversaturated phases, retaining cop-
per. their decomposition occurs under the impact of 
the thermal cycle, which is accompanied by formation 
and coagulation of hardening phases, as well as their 
dissolution in aluminium solid solution.

Welds are tight, no coarse porosity is observed in 
the weld metal or fusion zone (Figures 2‒4), but pres-
ence of low-melting eutectics in the intergranular or 
intercrystalline space is reported, which may be indic-
ative of the heterogeneity of iron, copper and silicon 
distribution in the structure. Eutectic formation tem-
perature, their composition and amount are the deci-
sive factors at selection of the heating temperature for 
hardening and hot deformation [1‒4]. They are also 
the main factors, which determine the behaviour of 
these alloys in fusion welding [1, 3, 11, 12]. Accord-
ing to the data of microstructural analysis, the eutectic 
phase precipitates are recorded predominantly on the 
intercrystalline boundary. As the solidification rate 
changes in wide ranges relative to weld width at the 
specified welding mode, a significant change of the 
nature of phase precipitates with crystallite growth 
is observed. Eutectic precipitates in the weld center, 
where the solidification rate is higher, have thinner 
walls of intercrystalline layers, and the cell width is 
smaller than near the fusion boundary. Partial melting 
is observed near the zone of fusion with the base met-
al, increase of the amount of low-melting eutectics is 
reported, which is a feature of duralumin class.

Comparative analysis of the structure of D16 al-
loy welds produced by both the technology variants, 
shows that a change of liquid eutectic phase distribu-

Table 2. Chemical composition of studied filler materials, wt.%

filler material grade si fe Cu mn mg Zr ti Zn

Zv1201(Al‒Cu) 0.16 0.14 3.8 0.42 0.7 0.08 0.02‒0.1 –
ZvAK5 (Al‒Cu) 0.70 0.15 3.8 0.42 0.63 0.08 0.15 –

ZvAK12 (Al‒Cu) 1.8 0.23 3.0 0.37 0.60 0.07 0.15 –
Embedded element from 
V92 alloy (Al‒Cu‒Mg) 0.17 0.35 2.80 0.31 1.0 – 0.01 0.50

V96 (Al‒Zn‒Cu‒Mg) 0.15 0.14 2.90 0.32 1.0 – 0.04 2.6
7056 (Al‒Zn‒Cu‒Mg) 0.13 0.10 2.80 0.31 0.76 – 0.06 2.4
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tion takes place in the studied welds (figures 2–4). 
It may be due to a change in the temperature inter-
vals of their solidification due to additional modifying 
of weld structure. The length of solidification cracks 
and number of pores in welded joints decreases. Sil-
icon addition in the amount of 5 % enabled avoiding 
cracking both in welds and along the fusion line, due 
to a balanced amount of low-melting eutectic (Fig-
ure 3). This is, probably, due to silicon promoting a 
higher mobility of the liquid eutectic and lowering of 
the temperature of primary dendrite formation in the 
welds [4‒9, 12]. Application of ZvAK12 wire with 
a greater amount of silicon (12 %) does not provide 
the appropriate conditions for producing a permanent 
joint that may be due to an intensive enrichment of 
liquid intergranular interlayers in silicon during weld-
ing of the alloy. It results in widening of eutectic in-
terlayers in this weld region.

analysis of the features of welded joint structure 
showed that zinc addition into the weld metal, having 

the melting temperature of 419 °C, also influenced the 
ability to form a sound joint. Such chemical elements 
as zinc, magnesium, copper, manganese, zirconium, 
present in the composition of embedded elements, 
have different effect on the structure (figure 4). the 
eutectic phase volume is also increased, limiting D16 
alloy susceptibility to solidification cracking both in 
the weld, and in the fusion zone. Owing to an increase 
of the amount of low-melting eutectic and its balanced 
composition, conditions are provided for healing the 
solidification cracks and pores (Table 3). When V92 
and V96 alloys are used, which have 0.50 and 2.4 % 
zinc, respectively, increase of its amount in the fusion 
zone leads to enrichment of the eutectic in the haZ 
subzone where partial melting occurs during welding. 
It widens the eutectic interlayer between the grains. 
A similar effect is also observed at 2.6 % zinc (in 
technology variant of Zv1201 + 7056). A fine-grained 
structure forms in all the welds (figure 4). although 
the quantity of copper varies in the range from 4.8 to 

Figure 2. Microstructure of D16 alloy welded joints made with batch-produced Zv1201 wire in consumable electrode welding (×320)

Figure 3. Microstructure of D16 alloy welded joints made by batch-produced wire Zv1201 + ZvAK5 (a) and Zv1201 + ZvaK12 (b) 
in consumable electrode welding (×320)
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6.2 %, that of silicon from 0.27 to 2.2 %, and that of 
zinc from 0.99 to 3.2 %, their combination ensures 
a significant effect of weld structure hardening under 
the condition of further heat treatment of welded joints 
(Table 4) that coincides with the results obtained in 
works [7 – 10]. Comparative evaluation showed that 
the welded joint strength is equal to 186–188 MPa at 
application of batch-produced ZvAK5 and ZvAK12 
wires with silicon. weld metal strength here varies in 
the range of 180–187 MPa (Table 4). Note that Table 4 
gives the average values of welded joint strength and 
ductility after mechanical tests of three specimens. 
Ductility value (bend angle) is equal to 44° for speci-
mens made by the technological scheme of Zv1201 + 
SvAK5, and 27° with Zv1201 + ZvAK12 that may 

be due to formation of wider eutectic interlayers with 
low cohesion strength between the weld crystallites.

an essential increase of welded joint strength is 
observed, when embedded elements from V92, V96 
and 7056 alloys, which retain zinc, are used as addi-
tional materials. the greatest increase of strength (up 
to 200.0 MPa) of both D16 alloy welded joints and 
weld metal (up to 194.0 MPa) is in place at applica-
tion of V96 alloy, provided the ductility characteristic 
(bend angle) remains on the level of 23°. This is pro-
moted by presence of zinc, which forms such com-
plex intermetallic phase compounds as mg(Zn2alCu) 
ad mg3al2Zn3 during weld metal solidification. The 
strength value limit depends on chemical composition 
of embedded element material.

Figure 4. Microstructure of D16 alloy welded joints made with batch-produced Zv1201 wire and embedded element from B92 (a), B96 
(b) and 7056 (c) alloys in consumable electrode welding (×320)

Table 3. Content of the main chemical elements in the weld metal in D16 alloy consumable electrode welding with two isolated filler 
materials into a common pool, wt.%

technology variants fe Zn mn si mg Cu Zr

Zv1201 0.31 – 0.48 0.27 0.93 6.01 0.08
ZvaK5 0.26 – 0.34 1.02 0.73 4.95 0.08

ZvaK12 0.32 – 0.37 2.2 0.79 5.29 0.07
Embedded element from V92 alloy 0.65 0.99 0.51 0.21 1.12 5.18 –

V96 0.2 2.25 0.36 0.21 1.16 4.9 –
7056 0.27 3.2 0.3 0.46 1.51 4.81 –
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the nature of strength change in different regions of 
welded joints was studied by measuring the hardness 
value in these zones, namely: in the weld, fusion zone 
and HAZ (Table 5). This is due to the known correlation 
of metal strength and hardness in welding aluminium al-
loys [2‒4, 9]. As shown by their analysis in as-welded 
butt joints, i.e. without heat treatment, use of batch-pro-
duced wires ZvaK5 and ZvaK12 containing 5 and 12 
% silicon, respectively, has almost no influence on hard-
ness level in different zones of the joints.

When welding with application of embedded el-
ements from V92, V96 and 7056 alloys as addition-
al materials, metal hardness in different zones of the 
joint rises by 2–5 units, compared to joints made with 
batch-produced ZvAK5 and ZvAK12 wires, con-
taining silicon. the greatest difference is found in 
the weld metal. Hardness value is determined by the 
amount of zinc in the respective additional materials.

In the fusion zone the difference in the hardness 
values is equal to 1–2 units, and in the HAZ these 
values are almost the same (Table 5). Similar to the 
previous case, a 3–5 % increase in the hardness level 
is observed after artificial aging, in keeping with the 
amount of zinc in the additional material. hardness 
increases even more after performance of the oper-
ations of full heat treatment of welded joints. analy-
sis of hardness measurement results shows that such 
a treatment mode is the most suitable for producing 

high values of mechanical properties, namely appro-
priate level of strength alongside sufficient ductility, 
which will ensure the welded structure performance. 
This is also indicated by the microstructure of speci-
mens of welded joints made with two batch-produced 
silicon-containing wires and embedded elements 
from metals alloyed by zinc (Figures 2‒4).

relief of welded joint fracture surface after me-
chanical tests can be conditionally divided into char-
acteristic structural zones: initial, where the microc-
rack initiates, region of its stable growth and region 
of its accelerated growth up to the main crack for-
mation, the appearance of which leads to complete 
destruction of the specimens. microrelief of each of 
the mentioned regions changed under the influence 
of the above technology factors. Realisation of this 
process is due to a considerable intensity of metal 
plastic deformation, when the stress level exceeds the 
value of the forces of cohesion of the matrix and the 
inclusion in the direction, normal to their boundary 
[9, 12]. Microcracks initiate on coarse phase particles 
and intermetallics located along the crystallite bound-
aries. The crack length is determined by its volume 
fraction in the base metal. Partially-melted grains of 
the base metal located near the zone of its fusion with 
the weld, point to a slight overheating of the metal 
in welding. here, development of heterogeneity as to 
the dimensions of excess phases and clusters of inter-
metallic compounds is noted. The above-said is due 
to the respective amount of alloying elements and 
admixtures as a result of their segregation along the 
weld crystallite boundaries and base metal grains, as 
well as formation of individual regions of intergranu-
lar interlayers from oversaturated phases.

Weakly-developed deformation bands are visible 
on the fracture of a flat-ridge region. Cells of predom-
inantly medium size (6–8 μm) are limited by tear ridg-
es and retain broken inclusions of intermetallic phases 
on their bottom. Formation of such local centers of 
destruction in the form of cells can be associated with 
relaxation of compact high-density dislocation clus-
ters and microvoid formation during plastic deforma-
tion. fracture surface relief near the main crack mouth 

Table 4. Influence of technology variants on mechanical properties of D16 alloy welded joints, depending on chemical composition 
of embedded elements* and filler wires**

technology variants σt
w.j, mPa σt

w.m, mPa α, deg

Zv1201 (Al–6.3 % Cu–0.3 % Mn) – base 193.0 186.0 40
Zv1201 + ZvAK5 (Al–5.5 % Si) 188.0 187.0 44
Zv1201 + ZvAK12 (Al–12 % Si) 186.0 180.0 27

Zv1201 + B92 alloy (Al–0.5 % Cu–4.2 % Mg–3.5 % Zn) 190.0 191.0 27
Zv1201 + B96 alloy (Al–2.3 % Cu–2.6 % Mg–8.5 % Zn) 200.0 194.0 36

Zv1201 + 7056 alloy (Al–1.65 % Cu–1.8 % Mg–9.5 % Zn) 190.0 194.0 31
*Fracture occurs through base metal in the HAZ. 
**Fracture occurs along weld axis and fusion boundary of D16 alloy.

Table 5. Influence of chemical composition of silicon-containing 
filler wires and embedded elements from zinc-containing alloys 
on hardness of D16 alloy welded joints (65–67 HB) made by con-
sumable electrode, MPa

technology variants weld fZ haZ

Zv1201 88‒89 60‒89 59‒65
Zv1201 + ZvaK5 89‒90 62‒87 60‒65
Zv1201 + ZvaK12 88‒90 62‒87 59‒65
Zv1201 + (7056) 90‒91 61‒87 59‒65
Zv1201 + (V96) 89‒90 61‒85 59‒65
Zv1201 + (V2) 89‒90 62‒88 60‒65

Notes. 1. brinell hardness HB of welded joints was measured in 
rockwell instrument at load P = 600 N by 1/16″ sphere. 2. The 
grade of the alloy used as embedded element is shown in brackets.
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also contains microtears, arising along the crystallite 
boundaries during deceleration of crack propagation 
(see figure 5). Centers of crack initiation are inclu-
sions which do not dissolve at heating in welding 
and form intermetallic conglomerates. Considerable 
localization of stresses, particularly in the grain join-
ing areas, leads to their destruction. tough cells on 
the relief retain quasicleavage elements that may be 
indicative of ductile shear concentration in individ-
ual most stressed regions of D16 alloy structure. the 
size of facets on the fracture surface varies from 2 to 
5 μm. Their small dimensions are determined by the 
rate of solid solution decomposition under the weld-
ing conditions, when phase transformations do not 
have enough time to develop.

CONCLUSIONS
1. Preliminary studies of consumable electrode weld-
ing of 6 mm D16 aluminium alloy were performed 
using two 1.6 mm filler wires of Zv1201, ZvAK5, 
ZvAK12 grade, as well as embedded elements from 
V92, V96 and 7056 alloys,. Wires were fed into the 
weld pool directly from its face surface. Optimal pa-
rameters of welding mode were determined as fol-
lows: Iw = 240‒250 A; Ua = 20–21 V; vw = 31–33 m/h. 
weld width from the welding face and penetration 
side was almost the same in all the welds. Presence 
of silicon and zinc in the fillers promotes formation 
of a considerable amount of low-melting component 
in the structure that lowers the risks of appearance of 
solidification cracks and pores in the welds.

2. structural analysis of D16 alloy welds produced 
by different fillers showed that a sufficient amount 
of the low-melting component forms at application 
of ZvAK5 wire (5 % Si) and it allows avoiding de-
fects in welds. In case of application of ZvaK12 wire 
(12 % Si) no sound formation of the weld is observed 
that is due to greater width of intergranular eutectic 
interlayers due to enrichment in silicon. a similar 
phenomenon also takes place at application of embed-
ded elements from V92, V96 alloys (0.50 and 2.4 %, 

respectively) and 7056 (Zn = 2.6 %). The amount of 
zinc influences the interlayer width.

3. a dependence of mechanical properties of D16 
alloy joints on chemical composition of the wires and 
embedded elements was established. At application 
of ZvaK5 and ZvaK12 wires the joint strength is 
equal to 186 to 188 MPa, and that of weld metal — 
180–187 MPa. Ductility value (bend angle) is equal 
to 44 and 27°, respectively, which may be associated 
with low cohesion strength of the eutectic interlay-
ers. the joint fails in the haZ, near the weld, where 
a brittle intermetallic network is observed along 
the grain boundaries, because of coagulation of the 
strengthening phases. more over, metal overheating 
takes place with partial melting of the individual com-
ponents, as well as a series of structural transforma-
tions, namely low-temperature recovery, annealing, 
recrystallization, partial hardening. Zinc presence in 
the embedded elements increases the joint strength 
level to 190–200 MPa and of weld metal in the range 
of 191–194 MPa, compared to silicon-retaining wires. 

4. Joints fail through coarse phase particles and 
intermetallics located along the boundaries of weld 
crystallites in the zone of fusion with the base met-
al. The above phenomenon is determined by volume 
fraction in the base metal and the effect of modify-
ing by fillers, which is due to the presence of the re-
spective amount of alloying elements and admixtures, 
their segregation, formation of individual regions of 
intergranular interlayers from oversaturated phases 
in the structure and inhomogeneity of excess phases 
and intermetallic clusters. Partially-melted base metal 
grains, located near the zone of D16 alloy fusion with 
the weld, point to a slight metal overheating in con-
sumable electrode welding.
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Influence Of reSIDual PrOceSS StreSSeS 
On brIttle fracture reSIStance 
Of wwer-1000 reactOr baffle In caSe 
Of an eMergencY
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ABSTRACT
at present, the majority of wwer-1000 reactors in ukrainian nPPs are going through the procedure of extension of their 
service life. reactor internals (rI) are one of the key elements of the structure, which limit the nPP beyond design life. Phys-
ical control of RI condition is rather difficult, and even impossible for some areas, so that mathematical modeling is the main 
method of prediction and analysis of the technical condition. note that most of the studies in this area are limited to modeling 
the normal operation mode, but the project also envisages emergency situations (eS), characterized by a rather abrupt change 
of boundary conditions and loads that promotes formation of quite high stresses. the work analyzes how the residual process 
stresses generated during RI baffle manufacture, can affect the values of stress intensity factor on the contour of postulated 
cracks during ES. A significant influence of RPS on the baffle brittle fracture resistance during ES was revealed that should be 
taken into account at calculation-based substantiation of extension of service life of wwer-1000 type power units.

KEYWORDS: WWER-1000, reactor internals, baffle, residual process stresses, emergency situation, crack-like defect, stress 
intensity factor

INTRODUCTION
Improvement of the methods of extension of the life of 
currently operating nuclear power plants in ukraine is 
one of the urgent tasks in nuclear power sector. an emer-
gency situation (eS) is the operation mode with strin-
gent loading conditions [1]. In some cases the project 
envisages not more than one such scenario during the 
entire term of operation (including operation beyond the 
design life). reactor internals (rI), such as the reactor 
baffle and internal shaft, are some of the key structural 
elements of wwer-1000 power unit, limiting the nPP 
term of operation beyond the design life. Similar prob-
lems of calculation-based prediction of brittle fracture 
resistance (bfr) of rI elements in eS [1] and under 
normal operation conditions were considered earlier [2], 
but the residual process stresses rDS arising during baf-
fle manufacture were not taken into account. Proceeding 
from published results of similar calculations [1], J-in-
tegral values, close to the critical ones, were derived for 
crack-like defects postulated in the baffle. Considering 
the results of recent studies in this field, namely a sig-
nificant influence of RPS on the stress-strain state (SSS) 
of RI baffle under the normal operation conditions [3], 
analysis of RPS influence on SSS and BFR of RI baffle 
under eS conditions will be timely.

EMERGENCY MODE
a big leak at rupture of primary circuit piping of 100–
850 mm conditional diameter was considered as an 

ES. The mathematical model of baffle SSS includes 
allowing for rPS [4], radiation dose accumulated 
over 60 years of operation, as well as temperature dis-
tributions. an emergency situation, considered in this 
work, is accompanied by an abrupt drop of coolant 
pressure and temperature. the initial parameters used 
were the temperature field, generated as a result of 
gamma radiation and contact of the coolant with the 
baffle surface [4], and SSS distribution without allow-
ing for SSS (figure 1, a, c) and allowing for SSS (fig-
ure 1, b, d), which correspond to the normal operating 
mode of the reactor and are described in [3]. Proceed-
ing from the conditions of conservatism, it was as-
sumed in the computation model that the eS mode 
occurs after 60 year of reactor operation. allowing for 
radiation swelling and creep for the entire term of op-
eration is described by mathematical models [5], the 
correctness of which was considered in [6].

Development of an emergency situation is ac-
companied by a change in boundary conditions (heat 
transfer coefficient and coolant temperature) and 
loading (pressure) in time. the laws of boundary con-
dition change are shown in figure 2.

at modeling of the considered eS it was deter-
mined that the maximum stress values are observed 
at moment of time t = 100 s from eS start. the tem-
perature field is sown in Figure 3. Stress distributions 
in the axial direction allowing for rPS and without 
allowing for them were also derived (figure 4).
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as one can see from figure 4, allowing for rtS es-
sentially influences the stress distribution. So, the max-
imal level of axial stresses on the baffle inner surface, 

when allowing for RPS, decreases from 488 to 416 MPa. 
However, in the baffle volume near the outer surface the 
compressive stresses (to 200 MPa), when allowing for 
rPS, turn into tensile stresses (to 50 MPa).

In [1] it was determined that at eS developing in 
zones 1 and 2 (Figure 4) of the baffle cross-section 
under consideration the value of J-integral for the 
postulated cracks is in the critical range. It should be 
noted that the residual process stresses were not taken 
into account here. In this work, the influence of RPS 
on the values of stress intensity factor (SIf) on the 
contour of postulated cracks, which are located in the 
plane of the baffle cross-section, is considered under 
the impact of axial stresses in an eS.

Figure 1. Stress distribution in the baffle in the 60th year of operation: a — axial component without allowing for rPS; b — axial com-
ponent allowing for rPS; c — circumferential component without allowing for rPS; d — circumferential component allowing for rPS

Figure 2. temperature change (a) and heat transfer coefficient (b) of baffle walls during ES: 1 — inner surface; 2 — outer surface

Figure 4. Distributions of axial stresses at t = 100 s since eS start without allowing for (a) and allowing for (b) rPS

Figure 3. Temperature field at moment of time t = 100 s since 
eS start
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DETERMINATION 
OF STRESS INTENSITY FACTOR
SIf determination was performed according to the 
procedures, described in [7] and [8]:

 ,I KK Y a= σ  (1)

where K1 is the stress intensity factor, MPa∙m0.5; σK 
are the stresses reduced to the uniform value, MPa; Y 
is the crack form factor, mm; a — minor half-axis of 
the crack, mm.

as the zone of maximum tensile stresses in the ax-
ial direction is located on the baffle inner surface, and 
when allowing for rPS this zone extends in the direc-
tion of the outer surface, the postulated defects were 
incorporated in the form of a surface semi-elliptical 
and subsurface elliptical crack (figure 5), which are 
located at minimal depth (h ≥ a/9). the ratio of the 
minor half-axis to the major one, in keeping with the 
requirements of [5], is equal to a/c = 1/3.

Stress distribution in the case of postulation of an 
elliptical subsurface crack, given in an arbitrary form, 
in keeping with [7], is calculated for the following co-
ordinates across the thickness xj = h + a/10, where 
j = 0, 1, 2, …, 20, h is the depth of defect location. 
Stresses σj = σK(xj) are determined in each point xj. 

Values reduced to uniform stresses σK(A) and σK(C) 
are calculated by the following dependencies:
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where Aj and Bj are the tabulated values [7].
Determination of stresses σ reduced to the uniform 

value, at their parabolic distribution for a surface 
semi-elliptical crack was performed using the method 
described in [8]:
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form factors for each of the considered cases were 
also determined by different procedures. So, in keep-
ing with [7], for elliptical subsurface cracks:
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Figure 5. geometrical parameters of semi-elliptical surface (a) and elliptical subsurface crack (c) with stress distribution (b, d)

Figure 6. Distribution of axial stresses in baffle sections 1 and 2 at moment of time t = 100 s of eS mode: a — section 1; b — section 2; 
1 — allowing for rPS; 2 — without allowing for rPS
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at a ≤ c, a ≤ 9h, h + a ≤ s/2;
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where s is the baffle thickness, mm.
at postulation of the subsurface semi-elliptical 

cracks in keeping with [8], the form factors were de-
termined by the following dependencies:
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CALCULATION RESULTS
In order to determine the influence of RPS on BFR 
in two sections (figure 4), two defects were postu-
lated in the form of elliptical subsurface cracks. the 

geometrical parameters, as well as form factors, de-
rived from expressions (*) for each of the defects, are 
given in table 1. figure 6 shows the distribution of 
axial stresses at moment of time t = 100 s since the 
emergency start, from which we can see an essential 
influence of RPS on the stress level in the considered 
sections 1 and 2.

table 2 shows the results of calculation of maxi-
mum equivalent stresses and SIf for three character-
istic points of the defects being postulated, at moment 
of time t = 100 s in eS mode.

as one can see from table 2, allowing for rPS, on 
the whole, lowers the values of equivalent stresses, 
irrespective of the location of characteristic points (A, 
B, C and D) and type of postulated defect, leading to 
lowering of SIf value. It should be noted, however, 
that in the case of allowing for rPS, the tensile stress 
zone becomes greater, due to redistribution of stress-
es, permitting the postulated crack dimensions to be 
increased. Increase in the dimensions of the postulat-
ed defect can lead to a higher SIf value.

at postulation of a surface semi-elliptical crack, 
it was determined that in each of the considered sec-
tions when allowing for rPS in points A, SIf values 
decrease significantly, by 30 % for section No. 1 and 
by 34 % for section No. 2. However, an increase by 
23 and 16 % is observed in points B. note that the 
maximal SIf values were determined in points B, so 

Table 1. geometrical parameters of postulated defects

Section number a, mm c, mm h, mm s, mm YA YC/YB
* YD

Surface semi-elliptical crack
1 (without rPS) 21.3 63.9 – 71 1.9 1.24 –

1 (from rPS) 35.5 106.5 – 71 2.13 1.46 –
2 (without rPS) 16.375 49.125 – 131 1.77 1.13 –

2 (from rPS) 35.5 106.5 – 131 1.87 1.22 –
Subsurface elliptical crack

1 (without rPS) 8.875 26.75 1.7 71 2.43 1.86 2.6
1 (from rPS) 17.75 53.25 1.7 71 3.0 2.03 3.52

2 (without rPS) 8.125 24.375 3.3 131 2.06 1.76 2.08
2 (from rPS) 32.75 70.0 3.3 131 2.59 1.82 3.23

Note. *YB – for surface semi-elliptical crack; YC for subsurface elliptical crack (figure 5).

Table 2. results of studying maximal SIf

Section number σK(A), MPa σK(C), σK(B), MPa σK(D), MPa KA, MPa∙m0.5 KC, KВ, MPa∙m0.5 KD, MPa∙m0.5

Surface semi-elliptical crack
1 (without rPS) 157.9 364.7 – 43.8 66.1 –

1 (from rPS) 76.4 296.5 – 30.6 81.5 –
2 (without rPS) 238.1 403.2 – 54.0 58.3 –

2 (from rPS) 100.6 294.1 – 35.5 67.5 –
Subsurface elliptical crack

1 (without rPS) 320.5 83.8 202.2 77.8 24.9 59.1
1 (from rPS) 255.2 55.6 155.4 102.2 17.3 74.8

2 (without rPS) 284.7 68.6 176.6 52.8 12.2 34.0
2 (from rPS) 213.8 45.3 129.6 72.2 3.3 48.0

Figure 7. Distribution of critical SIF values in the baffle material 
at moment of time t = 100 s since eS start
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that from the viewpoint of bfr evaluation the model 
allowing for rPS is more conservative.

at consideration of a subsurface elliptical crack it 
was determined that when allowing for rPS the SIf 
level for points A and D becomes higher, and its slight 
decrease is characteristic for point C. an increase in 
SIf value is observed for points: A and D by 31 and 
27 % in section No. 1, and by 37 % and 41 % in sec-
tion no. 2, respectively (table 2).

the elliptical subsurface crack is more hazardous 
in terms of bfr, and its dimensions may reach critical 
values in an emergency (in section no. 1 at moment 
of time t = 100 s since eS start, K1 = 102.2 MPa∙m0.5 
allowing for rPS). Distribution of SIf critical values 
in the baffle material is shown in Figure 7.

an eS with harder boundary conditions is consid-
ered in [1]. here, in one of the sections, which is in 
an area of significant impact of RPS and corresponds 
to the considered section no. 2, J-integral level reach-
es 12420 j/m2 at critical value Jc = 15400 j/m2. In 
keeping with the data (table 2), SIf value, when al-
lowing for RPS, can rise by approximately 40 %, i.e. 
J-integral values, derived in [1], can be much higher 
than the critical value, when allowing for rPS (J ≈ 
≈ 17000 J/m2). that is, allowing for rPS can enhance 
the conservatism of the approach for bfr evaluation 
and determination of RI baffle life.

CONCLUSIONS
results of the conducted modeling of SSS and evalu-
ation of BFR in WWER-1000 reactor RI baffle during 
an emergency in the mode of a big leak at rupture of 
primary circuit piping with the conditional diameter 
of 100–850 mm, allowing for and without allowing 
for RPS in the baffle showed that:

● at the most hazardous moment of time t = 100 s 
from eS start rather high stresses form in the axial di-
rection in the baffle. Allowing for RPS decreases the 
value of total stresses, but the zone of tensile stresses 
becomes larger due to their redistribution, which per-
mits increasing the size of the postulated crack and 
can lead to SIf increase, respectively;

● subsurface elliptical cracks are more hazard-
ous in terms of bfr than the surface semi-elliptical 
cracks. allowing for rPS leads to an increase in SIf 
for subsurface elliptical cracks up to 40 % at moment 
of time t = 100 s since eS start.

Thus, an essential influence of RPS on brit-
tle fracture resistance of the baffle during ES was 
found, which should be taken into account at calcu-

lation-based substantiation of extension of operating 
life of wwer-1000 type power units.
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