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IMPACT OF TECHNOLOGICAL PARAMETERS 
OF ARC DEPOSITION OF AN ANTICORROSION LAYER 

IN THE VESSEL OF WWER-1000 REACTOR 
ON RESIDUAL STRESS DISTRIBUTION

O.V. Makhnenko and O.S. Kostenevych
E.O. Paton Electric Welding Institute of the NAS of Ukraine 

11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine. E-mail: office@paton.kiev.ua
Substantiation of extension of safe operating life of the vessels of WWER-1000 reactors in service requires taking into 
account the residual stresses, arising during fabrication as a result of heating at welding or surfacing heating and their 
redistribution after heat treatment. Automatic submerged-arc surfacing with strip electrodes was used for the cylindrical 
part of the vessels, and manual coated electrode arc surfacing was applied for the nozzle zone surface (internal surface 
of nozzles Dn850 and their fillets), as well as other difficult-of-access places of the vessel. The process and parameters 
of the mode of anticorrosion arc surfacing can markedly influence the microstructural phase composition of the HAZ 
of base material, 15Kh2NMFA vessel steel, as well as residual stress distribution. Mathematical modeling was used 
for prediction of microstructural phase transformations in the HAZ, at deposition of the protective anticorrosion layer, 
based on experimental welding thermokinetic diagram of austenite decomposition of 15Kh2NMFA steel, and distri-
bution of residual stresses in WWER-1000 reactor vessel was derived, allowing for microstructural transformations at 
different technological modes of arc surfacing. Comparison of the results on residual stress distribution after deposition 
and heat treatment at different technological modes showed the presence of the zone of compressive stresses, which 
arise in the HAZ of 15Kh2NMFA steel, as a result of martensite-bainite transformation. 24 Ref., 6 Tables, 15 Figures.

K e y w o r d s :  reactor vessel, WWER-1000, anticorrosion arc surfacing, heat-treatment, residual stresses, microstruc-
tural phase transformations, mathematical modeling, thermokinetic diagram, 15Kh2NMFA steel

The majority of nuclear power reactors in Ukraine be-
long to WWER-1000 type, where the vessel is made 
from thick-walled forged shells from low-alloy high-
strength steel of 15Kh2NMFA grade, which are joined 
by circumferential welds. For corrosion protection the 
internal surface of the vessel is coated with an anticor-
rosion layer from austenitic material.

At present the most important scientific-engi-
neering task is extension of safe operating life of the 
reactor vessels (RV) in service. Its substantiation re-
quires taking into account the residual stresses (RS) 
arising as a result of heating at welding or surfacing, 
and their redistribution after heat treatment. Techno-
logical parameters of anticorrosion arc surfacing can 
greatly influence the microstructural phase composi-
tion of the heat-affected zone (HAZ) of base material 
of 15Kh2NMFA vessel steel, as well as residual stress 
distribution.

In accordance with normative documentation re-
quirements [1], automatic submerged-arc surfacing 
with a welding strip (the main recommended method), 
or manual coated electrode arc surfacing or argon-arc 
surfacing should be used for deposition of anticorro-
sion coatings on the reactor vessel. In keeping with 

manufacturing plant documentation [2], automatic sub-
merged-arc surfacing with strip electrodes was used for 
the RV cylindrical part, and manual coated electrode 
arc surfacing was applied for the nozzle zone surface 
(internal surface of nozzles Dn850 and their fillets), as 
well as for other difficult-of-access places.

RV anticorrosion surfacing was performed in 
two layers: first layer from austenitic material with 
increased content of chromium and nickel, Sv-
07Kh25N13, second layer also from an austenitic 
material Sv-04Kh20N10G2B (Sv-08Kh19N10G2B), 
ensuring the general thickness of the deposited layer 
of 9 mm [1, 2]. Manual arc surfacing was performed 
with coated electrodes ZIO-8 (first layer) and EA-
898/21B (second layer).

Technological parameters for automatic sub-
merged-arc surfacing (OF-10) with strip electrodes 
were as follows: [1, 3–6]: current Iw = 600–750 A, 
voltage Ua = 32–36 V, strip electrode width b = 40–
60 mm, preheating and concurrent heating tempera-
ture Th = 100–250 °C, deposition rate vd = 7–10 m/h; 
for manual coated electrode arc surfacing [1, 7, 
8]: current Iw = 130–150 A, voltage Ua = 26–30 V, 
4–5 mm dia electrodes, preheating and concurrent 

O.V. Makhnenko — https://orcid.org/0000-0002-8583-0163, O.S. Kostenevych — https://orcid.org/0000-0002-7427-2805

© O.V. Makhnenko and O.S. Kostenevych, 2020



3ISSN 0957-798X THE PATON WELDING JOURNAL, No. 12, 2020

SCIENTIFIC AND TECHNICAL                                                                                                                                                                                                    

                                                                                                            

heating temperature Th = 100–250 °C, deposition rate 
vd = 3 m/h.

After processing of the internal surface RV was 
subjected to heat treatment by high-temperature tem-
pering mode for residual stress relaxation. Maximum 
heat treatment (HT) temperature could reach 610 °C 
[2, 6], 620 °C [2, 5], 650–670 °C [1, 9] and soaking 
duration could be from 5 to 20 h.

Composition of RV base material of 15Kh2NMFA 
steel (Table 1) was to meet the requirements of TU 
108-765–78 [10]. Thermophysical and physicome-
chanical properties of base material and deposit mate-
rial are given in [11, 12], depending on temperature.

The work provides comparative analysis of the re-
sults of calculations to determine the microstructural 
phase composition and mechanical properties of the 
HAZ of RV base material, as well as distribution of 
residual stresses at different technological modes of 
anticorrosion surfacing and subsequent heat treat-

ment. The influence of technological parameters of 
arc surfacing on residual stress distribution was stud-
ied, using finite-element model of the nozzle zone of 
WWER-1000 RV, which includes characteristic sec-
tions of surfacing the VR cylindrical part and internal 
surface of nozzles Dn850 (Figure 1).

Modeling was performed assigning the follow-
ing technological modes (Table 2): for automatic sub-
merged-arc surfacing of the nozzle zone cylindrical 
shell, variation of strip electrode width b and preheating 
temperature Tpr, as well as soaking duration at heat treat-
ment was performed. For the internal surface of nozzles 
Dn850, including the fillets, manual coated electrode arc 
welding at the nominal mode was modeled.

Two models of surfacing heating source were ap-
plied: strip — for automatic submerged-arc surfacing 
of RV cylindrical shell and spot (or normal-circular), 
simulating manual coated electrode arc surfacing of the 
internal surface of nozzle Dn850, as well as the fillets. 

Table 1. Chemical composition of 15Kh2NMFA steel, wt.% [10]

C Si Mn Cr Ni Mo Cu S P V As Co

0.13–0.18 0.13–0.37 0.3–0.6 1.8–2.3 1.0–1.5 0.5–0.7 <0.3 <0.02 <0.02 0.10–0.12 <0.04 <0.03

Figure 1. Schematic of location of the zones of manual and automatic surfacing of WWER-1000 RV with an anticorrosion layer and 
finite-element model of the nozzle zone [1, 2]
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The problem of nonstationary heat conductivity in arc 
surfacing was solved in a two-dimensional definition 
with the assumption of a fast moving heat source and 
axial symmetry at sequential deposition of surfacing 
passes with step-by-step tracing in time from the start 
of heating of metal in each deposited pass to cooling to 
the temperature of concurrent heating. Distribution of 
thermal power of strip source W1 and point source W2 
in the two-dimensional definition in a cylindrical sys-
tem of coordinates can be represented by the respective 
dependencies (1) and (2) [13]:
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where r, z are the coordinates (radial and axial) of 
the considered RV point; r0, z0 are the coordinates of 
the center of moving heat source; Kr, Kz are the con-
centration coefficients of the specific heat flow; th is 
the heating time; Q is the effective power of the heat 
source (Q = hIwUa); h is the coefficient of heat source 
efficiency; vd is the deposition rate; b is the strip elec-
trode width. 

Derived calculation results of maximum tempera-
ture distributions and characteristic thermal cycles at 
deposition allowed evaluation of the dimensions of 
the fusion zone (FZ) and HAZ, as well as cooling rate 

Table 2. Modes of arc surfacing and HT assumed in calculations

Current Iw, А Voltage Ua, V
Efficiency 

coefficient η
Effective heat 
input, kJ/mm

Deposition rate 
vd, mm/s

Bead width 
b, mm

Preheating tem-
perature Tpr, °С

Soaking time at 
HT, h 

(Т = 650 °С)

Manual coated electrode arс surfacing
150 30 0.75 4.066 0.83 15 250 20
150 30 0.75 4.066 0.83 15 250 10
150 30 0.75 4.066 0.83 15 250 5

Automatic submerged-arc surfacing with strip electrodes
650 32 0.9 9.360 2.0 40 250 20
700 32 0.9 14.608 1.4 60 150 20
700 32 0.9 14.608 1.4 60 250 20
700 32 0.9 14.608 1.4 60 250 10
700 32 0.9 14.608 1.4 60 250 5

Table 3. Results of calculation of HAZ size and cooling rates at different technological parameters of surfacing

Bead width b, mm
Preheating temperature 

Tpr, °С
FZ depth, mm

HAZ depth in base 
material, mm

Cooling rate w 
(800–500 °С), °С/s

15 (manual surfacing) 250 1 7 8–11
40 250 1 9 4–5
60 250 1 10 3–4
60 150 1 8 5–7

Figure 2. Characteristic thermal cycles at variation of: a — bead width; b — preheating temperature, Tpr
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of the metal in reactor vessel surfaced zones at differ-
ent technological modes (Figure 2, Table 3). Results 
were obtained for different bead widths b: at automat-
ic arc surfacing with strip electrodes — 40, 60 mm, at 
manual coated electrode arc welding — 15 mm, and 
at different preheating temperatures Tpr for automatic 
surfacing that are equal to 150 and 250 °C.

From the viewpoint of microstructural transforma-
tions, important is the size (depth) of the HAZ in base 
material. As after the second deposited layer the HAZ 
shifts by the value of the first layer width, the depth 
of the HAZ in base material is actually determined as 
a result of deposition of the first layer. One can see 
by the results (Table 3, Figure 2) that the minimum 
HAZ size in base material (up to 7 mm depth) and 
maximum rate of HAZ metal cooling in the tempera-
ture range of 800–500 °C (8–11 °C/s) were derived 
for manual coated electrode arc surfacing of nozzle 
Dn850. Rather high cooling rate (5–7 °C/s) was ob-
tained for arc surfacing with strip electrode of width 
b = 60 mm at preheating temperature of 150 °C. The 
lowest cooling rate (3–4 °C/s) and the greatest depth 
of the HAZ in base material (up to 10 mm) were ob-
tained for the mode of arc surfacing with strip elec-
trode at b = 60 mm and preheating temperature of 
250 °C (Figure 3).

FZ chemical composition can differ essentially 
from that of the filler material, as a result of mixing 
with the base metal. In keeping with [7], the mixing 
ratio g0 (%), namely the fraction of base metal in the 
deposited metal depends on the deposition mode and 
is determined as follows:

 
100 %,BM

0
BM d

F
g F F=

+
 

(3)

where F0 is the cross-sectional area of molten base 
metal; Fd is the cross-sectional area of the deposited 
metal.

Microstructural phase composition in FZ taking 
into account the mixing of base and filler metal, can 
be approximately determined according to Schaeffler 
structural diagram [14] based on the values of equiva-
lent nickel and chromium:

 

% 30 % 0.5 %
.

% % 1.5 % Si 0.5 %
eq
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Ni Ni C Mn

Cr Cr Mo Nb

= + ⋅ + ⋅ 
 
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(4)

Results of calculation of mixing ratio and approx-
imate microstructural phase composition in the FZ, 
according to Schaeffler diagram, are given in Table 
4 at increase of the heat input from the nominal value 
by 10, 20, 30, 40 %.

Calculation of microstructural phase composition, 
according to Schaeffler diagram [14] for different FZ 
regions at essential deviations of the heat input values 
from the nominal one, showed that in terms of forma-
tion of an austenitic structure in FZ, 30 % increase 
of the heat input is a critical value for automatic sub-
merged-arc surfacing with strip electrode and 40 % 
increase is a critical value for manual coated electrode 
arc surfacing. This is indicative of reliable formation 
of austenitic structure in the FZ (up to 5–10 % con-
tent of ferrite) at nominal values of the heat input. At 
mathematical modeling of temperature distributions, 
it was found that the critical value of the mixing ratio, 

Figure 3. Characteristic dimensions of FZ (T > 1500 °C) and HAZ (1500 °C > T> 800 °C) for submerged-arc surfacing with strip 
electrodes of: a — first layer; b — second layer
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non-exceeding which ensures formation of the auste-
nitic structure in the FZ, is equal to g0 = 38–39 % at 
nominal values of g0 = 13–16 % (Table 4). Therefore, 
further mathematical modeling of microstructural 
phase composition, mechanical properties and stress-
strain state in RV surfaced zone did not take into ac-
count the filler material mixing with base metal in the 
FZ or the change of chemical composition of austen-
itic deposit material.

Modeling of microstructural phase transforma-
tions in low-alloy steel HAZ during welding or sur-
facing can be performed using the approach based 
on application of parametric (regression) equations 
derived at PWI [15, 16]. In this work, mathemati-
cal modeling of microstructural transformations in 
the HAZ of 15Kh2NMFA steel was performed with 
application of thermokinetic diagram (TKD) of aus-

tenite decomposition for characteristic welding/
surfacing cycles exactly for 15Kh2NMFA steel. For 
this purpose, physical modeling of microstructural 
transformations in the HAZ of RV base material at 
arc surfacing in Gleeble3800 unit, and metallograph-
ic analysis of 15Kh2NMFA steel samples were per-
formed [13]. Physical modeling results are presented 
in [13] in the form of two plotted TKD of austenite 
decomposition for characteristic cycles of welding/
surfacing at different cooling rates wj in the tempera-
ture range of 800–500 °C and at different maximum 
heating temperatures (1000 and 1350 °C). For conve-
nience of mathematical modeling of microstructural 
transformations in the HAZ of 15Kh2NMFA steel, 
the welding TKD of austenite decomposition, aver-
aged relative to maximum heating temperature, which 
is proposed in [17], was used. It is plotted for differ-
ent cooling rates wj in the characteristic temperature 
range of 800–500 °C (Figure 4, Table 5).

The numerical data of TKD of 15Kh2NMFA steel 
[17] (Table 5) allow deriving the interpolation depen-
dencies for all the TKD parameters (temperature of 
the start of bainite Bs and martensite transformation 
Ms, finish of bainite Bf and martensite transforma-
tion Mf, maximum fraction of martensite Vm.max 
and Vb.max) for intermediate cooling rates w.

It was experimentally established that the initial 
microstructure of samples from 15Kh2NMFA steel 
is bainite with a small fraction of martensite of up 
to 3–5 % (Figure 5). Hardness of Vickers samples is 
HV1 = 315–325 kgf/mm2 (3150–3250 MPa). Bain-
ite grain size is 15–20 mm (8–9 grain size number to 
ASTM). Experimental data are in good agreement 

Table 4. Determination of mixing ratios at heat input variation

Increase of heat 
input against 

nominal value, %

Area of deposited 
bead, mm2

Area of molten 
base metal, mm2

Mixing 
ratio g0, %

Nieq Creq

Austenite 
in FZ, %

0
180 (automatic submerged-arc 
surfacing with strip electrode 

b = 40 mm)

26 13 14.7 22.5 90–95
10 52 23 13.7 20.3 95–100
20 86 32 12.8 18.1 100
30 110 38 12.2 16.8 а+m+f
0

67 (manual coated electrode 
arc surfacing

13 16 14.3 21.7 90–95
10 21 23 13.7 20.2 95–100
20 27 28 13.2 19.0 95–100
30 36 35 12.5 17.6 100
40 43 39 12.1 16.6 а+m+f

Table 5. Numerical data from TKD of austenite decomposition in 15Kh2NMFA steel under characteristic thermal cycle of welding/
surfacing conditions

Cooling rate wj, 
°С/s

Transformation temperatures at cooling stage, °С Bainite Vb/martensite 
Vm fraction, %

Hardness HV1, 
kgf/mm2

Bs Bf Ms Mf

3 485 315 343 315 98/2 383
4 478 343 343 280 80/20 380
5 468 425 425 298 10/90 426

Figure 4. Thermokinetic diagram of austenite decomposition in 
15Kh2NMFA steel for characteristic cooling cycles at welding 
[17]
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with the available data [18, 19] as to the initial micro-
structural state of 15Kh2NMFA steel.

Figures 6 and 7 show the derived results of calcu-
lation of the weight fraction of each microstructural 
phase during surfacing and in the final microstructure 
of base material HAZ after cooling, according to nu-
merical data of 15Kh2NMFA steel TKD.

Calculated data according to Figure 6, obtained on 
the base of experimental TKD of austenite decompo-
sition in 15Kh2NMFA steel showed that heating at 
submerged-arc surfacing with strip electrodes (b = 
= 60 mm) resulted in formation of a small fraction of 
martensite of up to 15 % at preheating temperature 
Tpr = 250 °C (cooling rate of 3–4 °C/s) and formation 
of a predominant content of 90 % martensite in the 
final microstructure at preheating temperature Tpr = 
= 150 °C (cooling rate of 5–7 °C/s) (Figure 6).

Comparison of the results for the two values of 
strip electrode width (Figure 7) at anticorrosion sur-
facing showed that at the width b = 40 mm the frac-
tion of martensite formed in the HAZ is 70–90 %, and 
at the width of b = 60 mm — it is up to 15 % mar-
tensite. At manual coated electrode arc surfacing (b = 
= 15 mm) martensite content in the final microstruc-
ture after cooling is equal to 90 %.

Results of mathematical modeling of microstruc-
tural phase composition of 15Kh2NMFA steel HAZ 

after two layers of anticorrosion surfacing for differ-
ent technological modes are summarized in Table 6.

Derived calculation data on formation of bain-
ite-martensite microstructure of 15Kh2NMFA steel, 
as a result of RV anticorrosion surfacing, agree quite 
well with published results [9, 20, 21].

Change of microstructural phase composition 
leads to a change of mechanical properties in HAZ of 
RV base material. The yield limit of each microstruc-
tural phase was determined, depending on chemical 
composition and temperature, based on the parametric 
regression equations [16].

The stress-strain state of material in RV surfaced 
zone was modeled using the thermo-viscoplasticity 

Figure 5. Initial bainite microstructure (×500) of 15Kh2NMFA 
steel samples

Figure 6. Results of prediction of the kinetics of austenite decomposition in HAZ metal at arc surfacing with strip electrode (b = 
= 60 mm) with preheating up to 250 (a), 150 (b) °C

Table 6. Results of calculation of microstructural phase composition in the HAZ of RV base material (15Kh2NMFA steel) for different 
technological modes of surfacing

Technological mode
Calculated data acc. to TKD, %

Martensite Bainite

b = 15 mm (manual surfacing), Tpr = 250 °С, w = 8–11 °С/s 90 10

b = 40 mm, Tpr = 250 °С, w = 4–5 °С/s 70–90 10–30

b = 60 mm, Tpr = 250 °С, w = 3–4 °С/s 15 85

b = 60 m, Tpr = 150 °С, w = 5–7 °С/s 90 10
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model [22], for which the solution of the fundamental 
equations was derived by the finite element method.

Obtained were the results for residual stresses, 
allowing for microstructural phase transformations, 
based on application of experimental TKD at differ-
ent technological modes of arc surfacing. Allowing 
for microstructural transformations and periodicity 
(in the transverse direction) of bead deposition on 
RV surface leads to nonuniform distribution of RS, 
appearance of compressed zones in base metal HAZ, 
and also influences the quantitative value of stresses. 
Figures 8–10 show the distribution of RS circumfer-
ential sbb and axial szz components in characteristic 
sections 1–1, 2–2.

Comparing calculation results at different widths 
of the deposited bead b = 15, 40, 60 mm (Figure 9, 
a, b) it was established that after two layers of depo-
sition for all the cases of bead width, compressive 
circumferential RS of up to (–300– –600 MPa) were 
obtained in section 1–1 in base material HAZ; and 
the width of the compressive stress zone is equal to 
the depth of HAZ in the base material, while in sec-
tion 2–2 we have tensile circumferential RS of up to 
600 MPa in the HAZ.

After manual arc surfacing (b = 15 mm), the max-
imum value of tensile circumferential RS is up to 
750 MPa, HAZ depth is up to 7 mm and the depth of 

Figure 7. Results of prediction of the kinetics of austenite de-
composition in HAZ metal at arc surfacing with preheating to 
250 °C for different width of deposited bead b: a — 15 (man-
ual surfacing); b — 40; c — 60 mm

Figure 8. Distribution of circumferential RS sbb in the cross-section of RV surfaced zone: a — for automatic arc surfacing with strip 
electrodes; b — for manual coated electrode arc surfacing
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tensile stress zone is up to 28 mm from the deposition 
surface.

At surfacing with strip electrode at bead width b = 
60 mm, the depth of base material HAZ is much great-
er and is equal up to 10 mm, at b = 40 mm it is equal 
up to 9 mm, the depth of tensile stress zone is equal 
up to 36 mm (section 2–2) — 42 mm (section 1–1) 
and 34 mm (section 2–2) — 36 mm (section 1–1), 
respectively, from the deposition surface. Maximum 
tensile circumferential RS for both the values of strip 
electrode width are close in value (600–650 MPa).

For different temperature of preheating and con-
current heating at surfacing with strip electrodes of 
width b = 60 mm it was found (Figure 9, c, d) that 
after surfacing at preheating temperature of 150 °C 
compressive circumferential RS of up to –570 MPa 
form in section 1-1 of base material, HAZ depth in 
base material is up to 8 mm, while at preheating tem-
perature of 250 °C lower compressive RS — on up to 
–330 MPa level were obtained, but in a wider zone 
of base material HAZ, of up to 10 mm. Tensile cir-
cumferential RS in base material in the case of ap-
plication of electrode of width b = 60 mm at preheat-
ing temperature of 150 °C locally reach the value of 
840 MPa, at the temperature of 250 °C they do not ex-

ceed 600 MPa, while the depth of tensile stress zone 
reaches 42 mm from the deposition surface.

As regards axial component szz, Figure 10 shows 
RS distribution after surfacing by the thickness RV 
cylindrical part in characteristic sections 1–1, 2–2, 
depending on the width of strip electrode and preheat-
ing temperature. Base material HAZ in RV cylindrical 
part has compressive RS (up to –400– –825) MPa in 
section 1–1, up to (–30– –200) MPa in section 2–2. 
Magnitude of tensile RS in the base material, allow-
ing for microstructural transformations, is equal up 
to (500–620 MPa) in section 1–1 and up to (250–
300 MPa ) in section 2–2.

At modeling of the technological process of gener-
al (furnace) heat treatment (HT) the high-temperature 
tempering mode at the temperature of 650 °C for up 
to 20 h was specified. Stress relaxation was modeled, 
using the function of temperature creep of material, 
which in [23] was determined based on available ex-
perimental data for 15Kh2NMFA steel [9]. In partic-
ular, calculation of creep strains by the finite element 
method was performed using the equation correlating 
the rate of equivalent creep strain c

eq
dε  with stress 

intensity si in the form of Norton–Bailey law [24]:

Figure 9. Distribution of circumferential RS sbb by RV thickness after surfacing. Variation of bead width: a — section 1–1; b — 2–2. 
Variation of preheating temperature: c — section 1–1; d — 2–2
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,c

eq
n
id A dtε = s

 
(5)

where A, n are the material constants, taking into ac-
count [9, 23] for 15Kh2NMFA steel A = 0.17∙10–20(1/
(MPa6∙s), n = 6.

HT by high-temperature tempering mode markedly 
lowers the level of residual stresses in RV base mate-
rial, caused by anticorrosion surfacing. Figures 11–15 
give the distributions of the circumferential and axial 
components of residual stresses by RV thickness after 
surfacing and HT performance for different techno-
logical modes. Tensile stresses on the level of austen-
itic material yield limit (up to 400 MPa) remain in the 
austenitic deposit material, because of the difference 
from the base material in the coefficients of tempera-
ture expansion.

Comparison of the results on circumferential RS, 
obtained by modeling the HT by the high-tempera-
ture tempering mode (T = 650 °C, 20 h soaking) at 
different width of the deposited beads and preheating 
temperature Tpr = 250 °C at surfacing showed (Fig-
ure 11, a, b) that manual arc surfacing with coated 
electrodes (b = 15 mm), compressive residual stress-
es of up to –325 MPa were obtained in base material 
HAZ. At automatic surfacing with strip electrode of 

width b = 40 mm a zone of compressive stresses of 
up to –330 MPa (section 2–2) and up to –500 MPa 
(section 1–1) was obtained in base material HAZ; at 
b = 60 mm the compressive stress zone (–200 MPa) 
(section 1–1) and the zone of tensile stresses on the 
level of 50 MPa (section 2–2) was formed in base ma-
terial HAZ. Maximum value of tensile circumferen-
tial RS in the base material is not more than 170 MPa.

The level of circumferential residual stresses in the 
compression zone after HT by the mode of high-tem-
perature tempering at a lower preheating temperature, 
Tpr = 150 °C, at surfacing is higher than that of stresses 
at Tpr = 250 °C, due to formation of a greater fraction 
of martensite. At automatic surfacing with strip elec-
trodes of width b = 60 mm at preheating temperature 
Tpr = 150 °C the maximum compressive circumferen-
tial stresses can be up to (–370– –450 °C) MPa, width 
of the compressive zone can reach 3 mm (section 
2–2) — 7 mm (section 1–1) of base material, and the 
depth of tensile stress zone almost does not change: 
up to 35 mm (section 2–2) and up to 42 mm (section 
1–1) from the deposit surface (Figure 11, c, d).

Figure 12 presents the distribution of RS axial 
component szz by the thickness of RV cylindrical part 
in characteristic sections 1–1, 2–2 after surfacing and 

Figure 10. Distribution of axial RS szz by RV thickness after surfacing. Variation of bead width: a — section 1–1; b — 2–2. Variation 
of preheating temperatures: c — section 1–1; d — 2–2
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HT by high-temperature tempering mode. The mag-
nitude of compressive axial residual stresses, allow-
ing for microstructural transformations in the HAZ, 
reaches (–220– –550) MPa in section 1–1, and (–50– 
–500) MPa in section 2–2. Maximum value of tensile 
axial residual stresses in base material does not ex-
ceed (100–120) MPa (section 1–1).

Nonuniformity of RS distribution (Figure 8, Fig-
ure 13) after surfacing (Tpr = 250 °C) and HT (T = 
650 °C, soaking for 20 h) in the transverse direction 
of bead deposition (section 3-3), at 12 mm depth for 
the deposit surface) is represented by periodicity of 
values of circumferential RS from –200 to 50 MPa 
(strip electrode width b = 60 mm) and from –570 to 
310 MPa (strip electrode width b = 40 mm). For the 
case of manual arc surfacing (b = 15 mm) we have an 
almost uniform compression zone of circumferential 
RS on the level of –350 MPa and slight periodicity 
of distribution of axial RS from –420 to –350 MPa. 
Axial residual stresses in the case of surfacing by strip 
electrodes change from –230 to –50 MPa (b = 60 mm) 
and from –500 to –375 MPa (b = 40 mm).

Thus results of distribution of the circumferen-
tial and axial components of residual stresses by 
RV thickness and in the transverse direction of bead 

deposition after surfacing and HT by the mode of 
high-temperature tempering for different technolog-
ical modes showed that reduction of preheating tem-
perature at surfacing from 250 to 150 °C leads to the 
HAZ narrowing and simultaneous significant increase 
of the magnitudes of compressive circumferential and 
axial RS in base material HAZ and of the width of 
compressive RS zone due to increase of the volume 
fraction of martensite component in the final micro-
structure. Increase of strip electrode width at surfac-
ing leads to greater depth of the HAZ in base material, 
as well as of tensile RS zone. Here, narrowing of the 
compressive RS zone and lowering of the magnitude 
of compressive RS, both circumferential and axial, in 
the HAZ, was established due to reduction of volume 
fraction of the martensite component in the final mi-
crostructure.

According to Table 2, soaking duration was varied 
when modeling the technological operation of HT by 
high-temperature tempering mode at temperature T = 
= 650 °C, namely 5, 10 and 20 h. The results of cal-
culation of the distribution of circumferential residual 
stresses by thickness, depending on soaking duration 
at HT are shown in Figure 14 for the case of surfacing 
with strip electrode b = 60 mm and in Figure 15 for 

Figure 11. Distribution of circumferential RS sbb by RV thickness after surfacing and HT (T = 650 °C, 20 h soaking). Variation of bead 
width: a — section 1–1, b — 2–2. Variation of preheating temperature: c — section 1–1; d — 2–2
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the case of manual surfacing with coated electrodes, 
b = 15 mm.

The results (Figure 14) show that the maximum level 
of tensile RS in base material after 5 h soaking at HT 
decreased to 220 MPa, after 10 h — to 200 MPa, and 
after 20 h — to 170 MPa (section 1–1). Maximum mag-
nitudes of compressive stresses in the HAZ were also 
obtained at 5 h soaking duration, namely –235 MPa.

For coated electrode manual arc surfacing (Fig-
ure 15), lowering of the maximum level of tensile RS 
in base material to 200 MPa was obtained at HT after 
5 h soaking, to 175 MPa after 10 h, and to 150 MPa 
after 20 h (section 1–1). In base material HAZ lower-
ing of maximum magnitude of compressive stresses 
to –330– –350 MPa was achieved at 5 h soaking du-
ration.

Figure 12. Distribution of axial RS szz by RV thickness after surfacing and HT (T = 650 °C, 20 h soaking). Variation of bead width: 
a — section 1–1; b — 2–2. Variation of preheating temperature: c — section 1–1; d — 2–2

Figure 13. Distribution of circumferential sbb (a) and axial szz (b) RS after RV surfacing and HT (T = 650 °C, 20 h soaking) in base 
material HAZ in section 3–3 (in transverse direction of bead deposition, at 12 mm depth from deposit surface)
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Conclusions

1. For WWER-1000 RV made from low-alloyed high-
strength 15Kh2NMFA steel, on the internal surface of 
which an anticorrosion layer from austenitic material 
was deposited by two different technologies: automat-
ic submerged-arc surfacing with strip electrodes of RV 
cylindrical part and manual coated electrode arc sur-
facing of the internal surface of the nozzles, calculated 
data were obtained as regards the kinetics of temperature 
distribution, cooling rates, FZ and HAZ dimensions and 
kinetics of microstructural phase transformations.

2. As a result of modeling the microstructural 
phase composition by the data of welding TKD for 
15Kh2NMFA steel, martensite content from 15 to 90 % 
in base material HAZ was obtained for submerged-arc 
strip surfacing of RV cylindrical part, and predominant 
martensite content of up to 90 % for manual coated 
electrode arc surfacing of the internal surface of nozzle 
Dn850. Thus, technologies of arc surfacing with an an-
ticorrosion layer of the internal surface, currently used 

in WWER-1000 RV manufacture, despite preheating 
up to 150–250 °C led to formation of a phase struc-
ture with high martensite content to the depth of up to 
10 mm in base material HAZ.

3. A significant influence of variation of techno-
logical parameters of the surfacing and heat treatment 
process (strip electrode width, preheating tempera-
ture, soaking duration at heat treatment) on RS dis-
tribution in the surfaced zone of WWER-1000 RV 
was revealed. Analysis of the comparison of calcu-
lated RS distribution, allowing for microstructural 
phase transformations, showed the following main 
features, namely owing to the periodicity of deposi-
tion of the surfacing passes (beads) and formation of 
bainite-martensite microstructure, the base material 
HAZ develops a significant nonuniformity of RS dis-
tribution in the transverse direction of deposition and 
a zone of compressive stresses on the level of (–200– 
–550) MPa of up to 7 mm width at the depth from 9 
to 16 mm from the deposit surface. Then, at the depth 

Figure 14. Distribution of circumferential RS sbb by RV thickness for two characteristic sections at variation of heat treatment mode 
(soaking duration at T = 650 °C) for the case of submerged-arc surfacing with strip electrode b = 60 mm: a — section 1–1; b — section 
2–2

Figure 15. Distribution of circumferential RS sbb by RV thickness in two characteristic sections at variation of heat treatment mode 
(soaking duration at T = 650 °C) for the case of manual arc surfacing with coated electrodes b = 15 mm: a — section 1–1; b — section 
2–2
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from 16 to 42 mm they change to tensile stresses of 
the maximum level of up to 170 MPa. In the austenitic 
deposited material tensile stresses on the level of the 
austenitic material yield limit (up to 400 MPa) remain 
even after HT, because of the difference in thermal 
expansion coefficients with the base material.

4. It was found that lowering of preheating tem-
perature from 250 to 150 °C at surfacing leads to an 
essential increase of volume fraction of martensite 
component in the final microstructure and increase of 
the magnitude of compressive circumferential and ax-
ial RS in the HAZ, as well as to increase of the width 
of the compressive RS zone.

5. Increase of the strip electrode width to b = 
= 60 mm at surfacing leads to a significant increase 
of the width of the HAZ, as well as tensile RS zone 
in base material. Here, a lowering of the magnitude of 
compressive RS, both circumferential and axial in the 
HAZ, and reduction of the compressive RS zone was 
found at reduction of the volume fraction of marten-
site component in the final microstructure.

6. Increase of soaking duration at high-tempera-
ture annealing temperature of 650 °C promotes RS 
relaxation in the base material, particularly, lowering 
of the magnitude of maximum tensile circumferential 
stresses from (220–200) MPa at 5 h soaking to (170–
150) MPA at 20 h soaking.
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The paper presents the results of studying mechanical properties of joints of 1460 alloy and joints of 1460 + 1201 
dissimilar alloys, produced by EBW at room and cryogenic temperatures. It is shown that the strength of joints of 
1460 alloy, welded using filler material from 1201 alloy at a temperature of 77 K rises by 10 %, and at a temperature of 
20 K — by 20 % as compared to the joints welded without using filler material. Mechanical properties of welded joints 
of 1460 + 1201 dissimilar alloys at the test temperatures of 20, 77 and 293 K are on the level not lower than those of the 
joints of 1460 alloy, welded with the application of 1201 filler material. Welding technology is described and chemical 
composition of weld metal is given. 12 Ref., 3 Tables, 9 Figures.

K e y w o r d s :  electron beam welding, aluminium-lithium alloys, filler material, mechanical properties, welded joints, 
cryogenic temperatures

Aluminium alloys of Al–Cu–Li system have higher 
mechanical properties and a lower specific weight as 
compared to traditional alloys of Al–Cu system. Rus-
sian 1460 and 1469 alloys are designed to replace 1201 
alloy in welded structures of aircraft and space engi-
neering operating at normal and cryogenic tempera-
tures [1, 2]. Similarly, 2090 and 2195 alloys, which are 
produced in the USA, replaced 2219 alloy. The chem-
ical composition of the alloys is presented in Table 1.

American aluminium 2090 and 2195 alloys of Al–
Cu–Li system have long been successfully used in air-
craft and space engineering [1, 3]. In particular, while 
replacing 2219 alloy with 2195 alloy in welded struc-
tures of fuel tanks of the Space Shattle spaceship, the 
weight of the product was reduced by approximately 
3000 kg. There are examples of successful applica-
tion of 1460 alloy for the manufacture of mockups of 
welded structures for cryogenic purposes [1].

The estimates of weldability of 1460 alloy are con-
tradictory. In [4], the data are given that it is satisfacto-
rily welded by both argon arc as well as electron beam 
welding. The author of [5] considers its weldability 
unsatisfactory. The main problems that arise during 
fusion welding are tendency to hot crack formation 
and insufficiently high mechanical properties of weld-
ed joints. The new V-1469 alloy also has reduced 
characteristics of weldability. In [6] it is noted that 
during electron beam welding in welds the formation 
of cracks is possible and the strength of welded joints 
amounts to 50 % of the strength of the base metal.

To improve the weldability of 1460 and 2090 al-
loys during fusion welding, filler materials of Al–Cu 
alloying system are used. For welding of 1460 alloy, 
the filler wire Sv1201 [7, 8] is used, and for welding of 
2090 alloy, the filler 2319 is used [9]. During welding 
using these filler materials in the weld metal the copper 

Table 1. Chemical composition of alloys of Al–Cu and Al–Cu–Li systems for welded structures of cryogenic purpose

Alloy grade
Alloying elements, wt.%

Cu Li Zr Ti Mn Sc Mg Ag

1201 (USSR) 5.8–6.8 – 0.1–0.25 0.02–0.1 0.2–0.4 – < 0.02 –
2219 (USA) 5.8–6.8 – 0.1–0.25 0.02–0.1 0.2–0.4 – – –

1460 (USSR) 2.6–3.3 1.9–2.3 0.1 0.1 0.05–0.1 0.06–0.1 0.06–0.1 –
2090 (USA) 2.4–3.0 1.9–2.6 0.1 0.15 0.05 – 0.25 –

В-1469 (Russia) 3.2–4.5 1.0–1.7 0.02–0.26 0.05–0.07 0.05–0.08 0.02–0.28 0.01–0.5 0.45
2195 (USA) 3.7–4.3 0.8–1.2 0.12 0.1 0.25 – 0.25–0.8 0.25–0.6
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content is increased and the lithium content is reduced. 
Such a change in chemical composition helps to im-
prove mechanical properties and reduce the suscepti-
bility to hot crack formation in the weld metal.

In [10], the susceptibility of alloys of Al–Cu–Li–
0.12Zr system to hot crack formation during weld-
ing depending on the content of copper and lithium 
in them was investigated. It was found that with a 
decrease in the content of copper <3 % and lithium 
<1.5 %, the susceptibility to crack formation increases 
sharply. The results of these studies (Figure 1) should 
be taken into account during welding of Al–Cu–Li al-
loys using filler material.

The aim of this work is to show the possibility of 
improving mechanical properties of Al–Cu–Li sys-
tem alloys at cryogenic temperatures by changing the 
chemical composition of the weld metal due to the use 
of filler material from 1201 alloy on the example of 
EBW of 1460 alloy.

Welding of all semi-finished products was carried 
out after a full heat treatment (hardening + artificial 
aging). Parameters of welding conditions were select-
ed in such a way as to provide a full penetration of a 
butt in a one pass with the formation of reinforcement 
and a reverse weld bead. To control the shape of the 
penetration zone, a system of program distribution 
of electron beam power density within the spots and 
heating was used. Mechanical properties of welded 
joints were investigated at the temperatures of 293, 77 
and 20 K. Ultimate tensile strength at room and cryo-
genic temperatures was determined by tensile test-
ing of standard round specimens (GOST 11150–84, 
type 1) with a working part diameter of 4 mm. To de-
termine the sensitivity to stress concentrators, round 
specimens with a notch were tested on tension. The 
impact toughness was determined on specimens with 
a Charpy notch throughout the weld metal. All the test 
specimens were cut out across the weld, placing the 
weld in the center of the specimen. The hardness of 
the weld metal and the heat-affected-zone was mea-
sured with a Rockwell instrument with a load on a 
steel ball of 600 N on a B-weighted scale with a ball 
diameter of 1 mm.

At the first stage, the strength of the base metal 
and welded joints of Al–4 % Cu–1 % Li alloys and 
1460 alloy at temperatures of 20, 77 and 293 K was 
investigated. Specimens for tests were cut out from 
the joints welded previously by EBW method while 
studying weldability of these alloys [11]. The test re-
sults are shown in Figures 2 and 3.

From Figure 2 it is seen that the ultimate tensile 
strength of the base metal of Al–4 % Cu–1 % Li alloy 
and its welded joints at a decrease in the test tempera-
ture from 293 to 20 K rises by 180–190 MPa and reach-

Figure 1. Dependence of weldability Acr of alloys of Al–Cu–Li 
system on copper and lithium content [10] (with an increase of Acr 
susceptibility to hot crack formation decreases)

Figure 2. Ultimate tensile strength of specimens made of base 
metal (1) and welded joints (2) of plates of Al–4 % Cu–1 % Li 
alloy with a thickness of 40 mm depending on test temperature

Figure 3. Ultimate tensile strength of specimens made of base 
metal (1) and welded joints (2) of rolling rings of 1460 alloy with 
a thickness of 72 mm depending on test temperature
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es 650 and 455 MPa, respectively. The ultimate tensile 
strength of the base metal of 1460 alloy (see Figure 3) 
increases from 520 MPa at a temperature of 293 K to 
645 MPa at 20 K. In the welded joints of 1460 alloy 
low-temperature hardening is extremely small. In this 
regard, during further investigations it was decided to 
increase the strength of welded joints of 1460 alloy at 
cryogenic temperatures to reduce the content of lithium 
and increase the content of copper in the weld metal. It 
should be noted that during EBW of Al–4 % Cu–1 % 
Li alloy, the weld metal was proned to microcrack for-
mation [11], which is agreed with the data presented in 
[10]. Therefore, in order to increase the low-tempera-
ture hardening of the joints and at the same time not to 
provoke the formation of hot cracks in the weld metal, 
it was decided to increase the content of copper to 4 % 
and limit the content of lithium to 1.5 %.

The conventional method of changing the com-
position of weld metal during fusion welding is the 
use of filler materials. In our case the most suitable 
filler material from the existing aluminium alloys is 
1201 alloy because as compared to 1460 alloy it has 
an increased content of copper (5.8–6.8 %) and do not 
have lithium in its composition.

Plates of 1460 alloy with a thickness of 40 mm 
were welded both with the use of filler material from 
1201 alloy, as well as without it. Without a filler, hor-

izontal butts joints were welded using a horizontal 
beam, and in case of using filler material, welding was 
performed by a horizontal beam in an uphill mode. 
The filler material was introduced into the welding 
pool using a molten insert made of 1201 alloy of 
1.8 mm thickness. As was previously determined, the 
welding pool should contain about 4 % of copper and 
about 1.5 % of lithium. From Figure 4, it follows that 
to obtain such a chemical composition in the forma-
tion of the weld, about 30 % of the filler from 1201 
alloy should be involved.

Taking into account a high elasticity of lithium va-
pors in vacuum, and as a consequence, its inevitable 
evaporation losses, it was decided to limit the share 
of 1201 alloy in the welding pool formation to 25 %. 
Therefore, with an insert width of 1.8 mm, the width 
of the weld with parallel side walls should be about 
8 mm. EBW conditions are given in Table 2.

In order to exclude preliminary melting and leakage 
of the insert material from the butt, a beam scanning 
trajectory in the form of a semicircle while directing 
the branches of the semicircle in the direction of weld-
ing was used. The scanning amplitude was 3.5 mm. 
The power density of the electron beam was distribut-

Figure 4. Dependence of calculated copper and lithium content in 
weld metal of 1460 alloy on the amount of 1201 alloy which par-
ticipates in the welding pool formation during EBW of 1460 alloy 
with 1201 filler and during EBW of dissimilar 1460 + 1201 alloys

Figure 5. Scheme of EBW of butt joint of plates of 1460 alloy with 
filler of 1201 alloy (Q(x, y) — distribution of beam density power; 
Vw — welding direction; A — amplitude of beam scanning)

Table 2. Conditions of EBW of plates of 1460 alloy and plates of dissimilar 1460+1201 alloys

Material Thickness, mm

EBW conditions

Welding speed, 
mm/s

Accelerating voltage, 
kV

Scanning amplitude, 
mm

Beam current, 
mA

1460 40 11 60 1.5 320
1460 with 1201 filler 40 5.5 60 3.5 250

1460 + 1201 18 11 30 2.0 350
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ed along the scanning trajectory in such a way that the 
edges to be welded amounted to about 85 % of the total 
power and about 15 % for the tail part of the pool. The 

scanning parameters of the electron beam were calcu-
lated according to the procedure described in [12]. The 
welding scheme is shown in Figure 5.

Cross-sections of joints and the results of hardness 
measurements are presented in Figure 6.

The welding process both using filler material as 
well as without it proceeded steadily without spattering 
and without leakage of liquid metal. The width of the 
weld produced without filler material was about 4 mm, 
and that with a filler was about 8 mm. The welds had 
almost parallel fusion lines with a slight expansion in 
the upper part. The hardness of the weld metal was 
HRB 73–76 and did not depend on chemical compo-
sition of the weld. The width of the heat-affected-zone 
(HAZ) for the weld without filler was about 12 mm. 
The weld produced with the filler of 1201 alloy had a 
HAZ width of about 20 mm, which is predetermined 
by the expansion of the molten zone and a lower weld-
ing speed. Cracks in the welds and in the HAZ were not 
detected. The chemical composition of base and filler 
metal, as well as welds is presented in Table 3.

Mechanical properties of the joints of 1460 alloy at 
room and cryogenic temperatures of tests are shown 
in Figure 7.

During welding without filler material, the ulti-
mate tensile strength of the joints rises from 280 to 
330 MPa when the test temperature is reduced from 
293 to 20 K. The ultimate tensile strength of the spec-
imens with a notch is reduced from 315 to 285 MPa. 
This indicates an increase in the sensitivity of the weld 
metal to stress concentrators. The impact toughness of 
the weld metal is low and is at the level of 2–3 J/cm2 
in the entire range of tests.

Reduction in the content of lithium and increase in 
the content of copper in the weld metal during weld-

Figure 6. Cross-sections and distribution of hardness in the joints of plates of 1460 alloy of 40 mm thickness welded without filler (a) 
and with filler material of 1201 alloy (b)

Figure 7. Dependence of mechanical properties of joints of 1460 
alloy, welded without filler (a) and with filler from 1201 alloy (b) 
on test temperature: 1 — ultimate tensile strength of plane speci-
mens (σt); 2 — ultimate tensile strength of specimens with a notch 
(σt.notch); 3 — impact toughness (KCV)
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ing using filler made of 1201 alloy allows a signifi-
cant improvement in mechanical properties of joints at 
cryogenic temperatures. The strength of joints welded 
using filler material at a temperature of 77 K, rises by 
10 %, and at a temperature of 20 K, it sies by 20 % as 
compared to the joints welded without filler. Thus, the 
ultimate tensile strength of the joints at a decrease in 
the test temperature from 293 to 20 K, rises from 285 to 
405 MPa. The specimens without a notch during test-
ing at temperatures of 20 and 77 K fractured along the 
fusion line. The ultimate tensile strength of the speci-
mens with a notch is everywhere higher than the ulti-
mate tensile strength of plane specimens. When using 
filler of 1201 alloy, the impacct toughness of the weld 
metal increases by 3–10 times. It amounts to 25 J/cm2 
at a temperature of 293 K and 7.6 J/cm2 at 20 K.

Also, experiments on EBW of dissimilar 1460 + 
1201 alloys were performed. The welding conditions 
are given in Table 2. In order to control the degree of 
participation of alloys to be joined in the formation of 
the weld, the shift of the electron beam relative to the 
butt line is usually used. During EBW of butts from 
1460 + 1201 alloys, the beam was not shifted relative 
to the butt, and the distribution of beam power density 
was controlled along the scanning trajectory in such 
a way that in the weld formation 75 % of 1460 alloy 
and 25 % of 1201 alloy took part. At such a ratio, it 
was expected to obtain about 4 % of copper content 
and about 1.5 % of lithium content in the weld metal. 

The parameters of the beam scanning were calculated 
according to the procedure described in the work [12].

Cross-sections of joints, results of hardness mea-
surements and mechanical properties of joints of 
1460 + 1201 alloys are shown in Figures 8 and 9.

The hardness of the base metal of 1460 alloy is 105 
HRB and 95 HRB for 1201 alloy at 73 HRB of a weld 
metal hardness. The width of HAZ on the side of 1460 
alloy does not exceed 12 mm, and on the side of 1201 
alloy it is 20 mm. In the weld metal, individual pores 
with a diameter of up to 0.5 mm were detected. Lacks 
of fusion and cracks were not detected. The chemical 
composition of the weld metal is given in Table 3.

The ultimate stength of 1460 + 1201 joints at a 
room temperature is at the level of 285 MPa and in-
creases to 445 MPa when the temperature decreases 
to 20 K. The impact toughness decreases from 26 to 
8 J/cm2. At all test temperatures, the ultimate stength 
of specimens with a notch is higher than that of plane 
specimens, i.e. the sensitivity to stress concentrators 
in the weld metal is negligible.

Table 3. Chemical composition of weld metal and base metal during EBW of 1460 alloy using filler material and without it, as well as 
dissimilar 1460 + 1201 alloys

Location of determination
Chemical composition, wt.%

Base Cu Li Sc

1460 alloy Al 3.0 2.15 0.08
1201 alloy Al 6.3 – –

Weld of 1460 alloy, produced without filler Al 3.0 2.10 0.08
Estimated chemical composition of weld metal during EBW using filler of 1201 alloy Al 4.0 1.5 0.056

Weld of 1460 alloy, produced using filler of 1201 alloy Al 3.80 1.45 0.06
Weld of dissimilar 1460 + 1201 alloys Al 4.05 1.35 0.05

Figure 8. Cross section and hardness distribution in welded joint 
of plate of 1460 alloy with a thickness of 18 mm with the plate 
of 1201 alloy

Figure 9. Dependence of mechanical properties of joint of plate 
of 1460 alloy with plate of 1201 alloy on test temperature: 1 — 
ultimate tensile strength of plane specimens (σt); 2 — ultimate 
tensile strength of specimens with a notch (σt.notch); 3 — impact 
toughness (KCV)
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Conclusions

1. Mechanical properties of welded joints of 1460 al-
loy at room temperature and especially at cryogen-
ic temperatures depend on the content of copper and 
lithium in the weld metal. As the copper content in-
creases and the lithium content decreases, the ultimate 
tensile strength of the joints at test temperatures of 20 
and 77 K rises by 20 and 10 %, respectively. Such a 
change in the chemical composition of the weld met-
al in practice can be carried out by using 1201 alloy 
as filler material. Impact toughness of the weld metal 
increases by 3–10 times, and sensitivity to stress con-
centrators decreases.

2. It is rational to introduce filler material into the 
welding pool during EBW of 1460 alloy with the 
use of a molten insert from 1201 alloy. Satisfactory 
welded joint formation during EBW with an insert is 
achieved by such a distribution of beam power densi-
ty, at which about 80 % of the beam power is account-
ed for welded edges of 1460 alloy and the rest 20 % is 
accounted on the tail part of the pool.

3. Mechanical properties of welded joints of dis-
similar 1460 + 1201 alloys at test temperatures of 20, 
77 and 293 K are at a level not lower than the prop-
erties of the joints of 1460 alloy, welded using 1201 
filler material.
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Pulsed-arc welding is characterized by a periodical changing in arc power and, due to its features, it allows solving 
complex technological problems while creating unique structures, increasing efficiency of welding processes while 
maintaining a high level of physical and mechanical properties of welded joints. There are many manufacturers of 
welding equipment, that introduced the idea of using pulsed welding in their production, but data on the impact of 
pulsed-arc welding on parameters of welds have a different nature. For the successful application of pulsed-arc welding 
in modern production, it became necessary to study the influence of pulsed-arc welding conditions on the parameters 
of welds and HAZ as compared to welding using stationary-burning arc, performed using low-alloy welding materials. 
20 Ref., 7 Figures.

K e y w o r d s :  pulsed-arc welding, pulsating arc welding, heat-affected zone, low-alloy welding materials

Pulsed-arc welding is qualitatively different from con-
ventional shielded-gas welding, as well as from man-
ual arc welding at modulated current [1‒5]. This pro-
cess finds ever more application in the manufacture of 
welded structures from aluminium alloys, titanium and 
structural steels with the strength of up to 500 MPa [6, 
7]. This is explained by the fact that pulsed-arc welding 
expands the possibilities of controlling the processes of 
melting and transfer of electrode metal in different spa-
tial positions, improves the formation of welds, reduces 
the volume of stirring of electrode metal with the base 
metal and the size of the heat-affected zone [8–16]. This 
is connected namely with the fact that such well-known 
companies as Fronius (Austria), Böhler (Germany), 
ESAB (Sweden), EWM (Germany) and others pay a 
considerable attention in their activities to the develop-
ment and manufacture of equipment for realization and 
expansion of the pulsed-arc welding process in shield-
ing gases. The technical literature covers the influence 
of PAW parameters on the thermal processes occurring 
in HAZ metal of welded joints much less, as they affect 
the structure and mechanical properties of this metal, 
its resistance to the formation of cold cracks and brit-
tle fracture, etc. In addition, there are differences in the 
control of pulsed-arc welding modes in different man-

ufacturers. Namely, the uncertainty of these issues hin-
ders the use of pulsed-arc welding in shielding gases in 
the manufacture of metal structures from the steels that 
are sensitive to thermal processes and prone to harden-
ing. Therefore, at this stage, the study of the influence of 
pulsed-arc welding modes using EWM Phoenix Pulse 
501 power source on the formation of the weld, thermal 
welding cycles and mechanical properties of welded 
joints of low-alloy steels were carried out.

Procedure of experiment. To solve the task set in 
the work at the first stage, surfacing was performed 
with a low-alloy welding wire G3Si1 with a diameter 
of 1.2 mm, which is an analogous to the well-known 
wire of grade Sv-08G2S. Surfacing was performed on 
10 mm thick plates made of 09G2S steel. The sections 
were made of surfacing plates, on which the parame-
ters of welds and HAZ were measured. The geometric 
parameters of the welds were determined by digitiz-
ing and using special software Axio Vision 4.6. To de-
tect HAZ, the sections were subjected to macroetch-
ing with a solution of ferric chloride.

The record of TWC of HAZ overheating area was 
carried out with the use of chromel-alumel thermocou-
ples of 0.5 mm diameter, while were installed in HAZ re-
gion, which were heated to the temperature of 1200 °C. 
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The key parameters of pulsed-arc welding include: pulse 
current (Ipulse), pause current (Ipause), pulse time (tpulse), 
pause time (tpause). To simplify the characteristics of the 
pulse process, the following fixed auxiliary parameters 
were accepted: mean (Im) and effective welding current 
(Ieff), duty cycle (δ) and frequency (f). To evaluate the 
influence of pulsed-arc welding modes on the weld pa-
rameters, the following conditions were selected: weld-
ing current Im = 120, 140, 160, 180, 200, 220 A, volt-
age U = 21, 22, 24, 26, 28, 30 V, welding speed 15 m/h, 
shielding gas is mixture Ag + 18 % CO2. As a current 
source, an inverter-type rectifier of the EWM Phoenix 
Pulse 501 was used, which will provide a different fre-
quency of pulse passage. Such parameters of pulsed-arc 
welding as duty cycle and pulse frequency for the EWM 
Phoenix Pulse 501 power source during operation in the 
pulse mode are programmed by the manufacturer, the 
user has the ability to control only the value of the mean 
welding current. Therefore, in the future we manipulate 
the value of the mean welding current during pulsed-arc 
welding. It should be noted that with an increase in the 
mean welding current the frequency f increases from 89 
to 153 Hz and the duty cycle δ grows from 0.2 to 0.36.

To determine the welding and technological char-
acteristics (Figure 1) of the current source, a digital os-
cilloscope UТD2000СЕХ-ІІ was used, which allows 
fixing the volt-ampere characteristics within wide 
ranges. To record the oscillograms, a shunt 75ShSM 
with a resistance of 150 μОhm was used, which al-
lows recording the welding current of up to 500 A.

Pulsed-arc welding (f ≥ 25 Hz) and pulsating arc 
welding (f ≤ 25 Hz) are distinguished by the frequen-
cy of pulses. The optimal pulsation modes were se-
lected using a pulsating arc. In this case, the welding 
conditions were as follows: welding pulse current 
Ipulse = 140 A, pause current (base current) was 80 % 
of the pulse current Ipause = 112 A; voltage on the arc in 
the pulse Upulse = 22 V, voltage on the arc in the pause 
Upause = 18 V, welding speed vw = 15 m/h, moreover, 
the pulse time tpulse and pause time tpause, as well as cur-
rent in the pause were varied.

At the second stage, to evaluate the effect of pulsed-
arc welding on the mechanical properties of welded 

joints of low-carbon steels S460M and 14Kh2GMR 
the specimens were welded to. Mechanized welding 
in shielding gases (Ag + 18 % CO2) from joints of 
steel S460M and 14Kh2GMR of 16 mm thickness 
with a V-shaped edge preparation using the wire of a 
solid section G3Sil and Sv-10KhN2GSMFTYuA with 
a diameter of 1.2 mm, respectively. The root passes 
during welding of these steels were produced on a 
copper substrate. Welding using the conventional pro-
cess (by arc that burns stationary) was performed on 
the following conditions: Iw = 180‒200 A, Ua = 26 V, 
vw = 15‒18 m/h. The conditions of automated pulsed-
arc welding were as follows: Im = 220‒240 A, Ua = 
= 26‒28 V, vw = 14‒21 m/h.

In order to conduct mechanical tests and deter-
mine the impact toughness of HAZ metal, standard 
specimens were prepared. For the static (short-term) 
tensile tests, the specimens of type II were mechani-
cally manufactured of steel in accordance with GOST 
6996‒96 (3 specimens for each cooling rate). The 
tests were performed according to GOST 6996‒66 
at a temperature of 20 °C. The impact toughness was 
determined during tests of Charpy specimens with a 
sharp notch (GOST 9454‒78) at the test temperatures 
of ‒40 °C. The resistance to cold crack formation was 
determined using technological Tekken specimens.

Obtained results and their discussion. 
Pulsed-arc welding. When comparing the stationary 
and pulsed-arc welding modes, it is clearly seen that 
in pulsed-arc welding the weld bead is more homoge-
neous and uniform without traces of spattering. The 
measurements of metal losses on spattering showed 
that in pulsed-arc welding they decrease by an order 
of value, from 0.7 % during the stationary process to 
0.07 % during pulsed-arc welding.

Analysis of the cross-section of the deposits (Fig-
ure 2) performed under different conditions showed 
that the penetration depth during pulsed-arc welding 
increases as compared to the stationary welding pro-
cess on the same conditions. Thus the shape of weld 
penetration in pulsed-arc welding considerably differs 
from the process which was performed by a station-
ary-burning arc.

The quantitative analysis showed that with an in-
crease in welding current, the width of the weld also 
increases. The nature of the change in this value is the 
same for welding using a stationary-burning arc, as 
well as for pulsed-arc welding. The similar regularity 
is observed for the height of the weld. As for the pen-
etration depth, in general, with an increase in weld-
ing current, it increases, but in the case of pulsed-arc 
welding, the penetration depth is almost twice higher 
than in the case of stationary arc welding (Figure 3). 
Also in pulsed-arc welding, the cross-sectional area 
of the weld exceeds these indices for welding using 
a stationary-burning arc. The value of HAZ under 
the mushroom-shaped section is comparable for both 

Figure 1. Oscillogram of welding current for pulsed mode: a — 
oscillogram in real time; b — schematic image
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types of welding, and in the weld root of the HAZ 
during pulsed-arc welding it is lower (Figure 3).

Pulsating arc. According to the experiment data, it 
was found that with an increase in the pause current, 
the width of the weld increases, here to smaller values 
of the duty cycle larger values of the weld width cor-
respond (Figure 4). The height of the weld increases 
uniformly with an increase in the pause current. The 
change in the penetration depth has similar regular-
ities, i.e. it increases with an increase in the pause 
current. The change in HAZ parameters under the 
mushroom-shaped section has a monotonous nature. 
The lower duty cycle corresponds to large values of 
HAZ width. It is important to note that the average 
HAZ values under the mushroom-shaped section are 
lower than during welding using a stationary-burning 
arc and pulsed-arc welding. The similar regularities 

are observed for HAZ both in the weld root (Figure 4, 
b) as well as in the surface of the weld.

At the welding conditions at a pulse current Ipulse = 
= 140 A and the pause current Ipause = 112 A (fixed pulse 
time is 0.5 s) with an increase in the pause time, i.e. 
with a decrease in the frequency f and duty cycle δ, the 
weld height increases, the weld width decreases slight-
ly and the width of HAZ decreases, and the penetration 
depth at tpause = 0.5 increases, and then almost does not 
change. In the case of fixing the pause time (0.5 s) and 
increasing the pulse time, i.e. with an increase in fre-
quency f and duty cycle δ, the penetration depth also 
initially increases, and then stabilizes, but to confirm 
this fact the further investigations are required. The 
width of the HAZ varies in a nonlinear form, but in the 
case of a fixed pulse time it is lower than in the case of 
stationary-burning arc welding. In the case of fixing the 
pause time and increasing the pulse time, the width of 

Figure 2. Appearance of macrosections

Figure 3. Quantitative characteristics of parameters of welds produced by pulsed-arc and arc welding: 1 — pulsed-arc; 2 — arc
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the HAZ is larger than for pulsed-arc welding and low-
er than for the welding using a stationary-burning arc.

The analysis of thermal cycles of welding allowed 
establishing the following features: in pulsed-arc 
welding the rate of growing temperature of metal of 
an area of HAZ overheating is higher than in the case 
of welding by a stationary arc; in the high-temperature 
range from 1350 to 1000 °С, the cooling of the metal 
during pulsed-arc welding is faster, and in the tempera-
ture range lower than 1000 °С, it is slower (Figure 5). 
A more detailed analysis of the influence of pulsed 
welding modes on the cooling rate of HAZ metal is 
shown in Figure 6. From the given data it is seen that 
the cooling rate of the metal in the temperature range 
of the lowest resistance of austenite of 600‒500 °C for 

pulsed-arc welding is 1.5 times lower than in the case 
of stationary arc welding, and the time of cooling met-
al in the temperature range of 800‒100 °C τ8/1 has the 
similar values. Peculiarities of running TWC during 
pulsed-arc welding, revealed from the diagram of the 
derivative (Figure 5), confirmed that the cooling rate 
of the metal in the areas of HAZ, which are heated to 
the temperatures higher than 1000 °C is higher than 
during welding with the arc, which burns stationary. 
In HAZ, where the metal is heated to the temperatures 
lower than 1000 °C, the cooling rate of the metal is 
lower than during welding using a stationary-burning 
arc. This contributes to the diffusion processes during 
structural transformations and, as a consequence, the 
formation of a mixed bainitic-martensitic structure.

Figure 4. Quantitative characteristics of parameters of welds produced by pulsating arc welding: a, b — pulse time is fixed tpulse = 0.5 s; 
c, d — pause time is fixed tpause = 0.5 s

Figure 5. Thermal welding cycles (a) and rate of temperature change (b) for pulsed-arc welding (1) and arc welding (2)
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Figure 6. Change of time (a) and rate (b) of cooling of area of overheat of HAZ metal in pulsed-arc welding (2) and welding using 
stationary arc (l) at a rate of 15 m/h

Figure 7. Mechanical properties of welded joints of low-carbon high-strength steels 14Kh2GMR and S460M during pulsed-arc weld-
ing (1) and arc welding (2)
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The change in cooling conditions observed during 
the transition from stationary-burning arc welding to 
the pulsed-arc welding suggests that in this process of 
welding in the HAZ metal of high-strength steels with 
σ0.2 > 600 MPa will form a more favorable structure 
with a high stability to cold crack formation and to 
brittle fracture. The work in this direction will be the 
result of our further investigations.

The mechanical properties of welded joints are 
shown in Figure 7. Studies of the effect of pulsed-arc 
welding on the mechanical properties of welded joints 
of low-carbon high-strength steels of grades S460M 
and 14Kh2GMR showed that pulsed-arc welding al-
lows obtaining higher values of static strength of the 
weld metal while maintaining a high level of ductility. 
Moreover, the values of impact toughness KCV‒40 at 
the test temperature of ‒40 °C for both weld metal 
as well as HAZ metal exceed the values obtained by 
welding using a stationary-burning arc. Thus, under 
the conditions of pulsed-arc welding the best values 
of operational characteristics are reached, and the val-
ues of impact energy exceed the requirements of EN 
10025-2 KCV‒20 ≥ 27 J.

The results of tests of welded joints, which were pro-
duced using Tekken technological specimens, testify to 
a sufficiently high resistance to the formation of cold 
cracks of S460M steel both in pulsed-arc welding and 
in arc welding without heating. For stronger steels, such 
as 14Kh2GMR, it is possible to increase the resistance 
of welded joints to a delayed fracture in both pulsed-arc 
welding and stationary arc welding, possibly due to a 
preheating to the temperatures of 90‒100 °C.

Conclusions
Comprehensive investigations of the influence of 
pulsed-arc welding modes using the EWM Phoenix 
Pulse 501 power source on the formation of the weld, 
thermal welding cycles and mechanical properties of 
welded joints of low-alloy steels established that:

● pulsed-arc welding in the specified ranges of fre-
quencies and duty cycle allows reducing the amount 
of metal spattering, the width of the heat-affect-
ed zone, increasing the penetration depth (almost 2 
times) as compared to stationary-burning arc welding. 
The cooling rate of the HAZ metal in the temperature 
range of 600‒500 °C is reduced by almost 1.5 times;

● use of pulsating arc welding allows expanding 
the possibilities of controlling the weld formation 
and increasing the width of the weld and reducing the 
width of the HAZ as compared to welding using a sta-
tionary-burning arc;

● it is shown that the metal of welds and HAZ of 
welded joints of steels S460M and 14Kh2GMR pro-
duced by pulsed-arc welding, have a sufficient re-
sistance to cold crack formation and a higher static 
strength while maintaining a high level of ductility of 
the weld metal.
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DEVELOPMENT OF REMOTELY-CONTROLLED EQUIPMENT 
AND TECHNOLOGY FOR LASER WELDING REPAIR 

AND RESTORATION OF PERFORMANCE 
OF NPP STEAM GENERATORS

V.D. Shelyagin, A.V. Bernadskyi, O.V. Siora, V.A. Kurylo and O.M. Suchek
E.O. Paton Electric Welding Institute of the NAS of Ukraine 

11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine. E-mail: office@paton.kiev.ua
Control straight butt joints of 10Kh18N10T and 10Kh17N13M3T steel blanks were welded in the vertical position 
with incomplete penetration by the thickness. Visual and radiographic examination, and metallographic investigations 
were performed, and welded joint microhardness was determined. Parameters of technological welding modes of the 
studied circumferential welded joints were established. Conditions of compliance with quality category «high B» of 
DSTU EN ISO 13919–1:2015 standard were the criterion for selection of appropriate parameters of the modes of la-
ser welding of circumferential butt joints. As a result of work performance, it is shown that the point of welding start 
influences the dimensions of the weld section, in which the welding process is stabilized, and specified penetration 
depth is achieved. The techniques developed by the authors were verified on simulator-samples during pilot testing of 
the model of remotely-controlled equipment developed for repair and restoration of performance of PGV-1000М type 
steam generators. 18 Ref., 2 Tables, 9 Figures.

K e y w o r d s :  repair of NPP steam generator, heat-exchanger tubes, laser welding, technology, equipment

Heat exchangers are designed for exchange of ther-
mal energy between two or several environments and 
they widely applied in power generation, food, chem-
ical and other industries. Combined assemblies from 
dissimilar metals are quite often used in the structures 
of heat exchangers to enhance their performance that 
allows more fully realizing the advantages of each of 
them. This also raises a difficult issue of fabrication 
and repair of such structures, as, when it is necessary 
to apply welding technologies, the problem of welding 
dissimilar metals has to be solved. Its solution is more 
complicated, compared to similar material welding 
[1–3]. An example of the need to perform such weld-
ing is installing plugs for sealing heat exchanger tubes 
in collectors of steam generators of PGV-1000M type 
for their repair.

In Ukraine 15 nuclear power units are in service 
in the four operating nuclear power plants (NPP), of 
which 13 are of WWER-1000 type and two are of 
WWER-440 type, of the total installed capacity of 
13835 MW [4]. Steam generator of horizontal PGV-
1000M type (further on referred to as SG) is a compo-
nent of NPP circulation loop with water-water energy 
reactor WWER-1000 and it is designed for producing 
saturated steam as part of NPP power unit [5]. At pres-
ent 52 horizontal SG operate in Ukraine, the operating 

time of which is from 10 to 130 thou h [6]. SG body 
in its middle part is welded to two vertical collectors 
of the first circuit designed for connection with 11000 
heat exchange tubes (HET) bent into U-shaped coils 
[5]. The tube bundle with spacing and fastening ele-
ments takes up about 78 % of the area of the cross-sec-
tional part of steam generator body. HET in bundles 
are placed in staggered order with steps of 19 mm by 
height and 23 mm by width between the axes [7], and 
minimum distance between HET outer walls is equal 
to 6 mm (Figure 1). The body of steam generator col-
lector is made from 10GN2MFA steel. The internal 
surface of the collectors is clad by an anticorrosion 
austenitic deposit (1st layer is ZIO-8; 2nd layer is EA 
898/21B), the thickness of each layer is about 3 mm.

The coil ends on SG made before 1990 were insert-
ed into collector holes with further expansion to the 
entire inserted depth by the explosion technique [7]. 
The ends of coils in SG manufactured starting from 
1990 were expanded after insertion into the collector 
holes by the method of hydraulic expansion and me-
chanical final expansion of the outlet section. In both 
the cases, the coil end faces were argon-arc welded to 
anticorrosion deposit.

During SG operation different cases of their failure 
were detected [5–8]. One of the most important con-
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ditions of safe operation of power units with WWER 
type reactors is absence of the coolant flowing from 
the first to the second circuit [8]. Heat exchanger 
tubes transfer the heat from the coolant of the first cir-
cuit to the second one, and act as protection barrier 
between them. HET damage can lead to penetration of 
radioactive first circuit coolant into the second circuit 
that compromises the safety of nuclear power units.

SG HET damage mechanisms are described in de-
tail in the IAEA document [9]. It is shown that the 
main cause of HET damage is general corrosion, pit-
ting, stress corrosion cracking and a combination of 
pitting and corrosion cracking. In most cases, degra-
dation starts from point corrosion. After some time, 
at simultaneous increase of stresses which stretch the 
tubes in the radial direction, corrosion cracking starts 
additionally affecting this part of the tube. It is ex-
actly initiation and intensive growth of cracking de-
fects under normal operation conditions that may lead 

to flows from the first into the second circuit. When 
such a situation arises, the reactor unit is shutdown 
for unscheduled repair. Defective HET are sealed by 
placing a plug (Figure 2), which is welded around by 
argon-arc process. Increase of the number of plugged 
HET can lead both to considerable financial losses, 
and to lowering of operating efficiency of the units, 
because of reduction of heat exchange surface. In 
keeping with the repair scheme (see Figure 2), the cir-
cumferential butt welded joint of the plug with the SG 
collector body should be made in the vertical position 
with incomplete penetration (maximum penetration 
depth of 1.5 mm) and localized fusion zone.

Argon-arc welding [10–12] which is now used at 
repair, is characterized by higher heat input into the 
parts being welded and insufficient concentration of 
the heat source, compared to laser welding [13–17]. 
Weld form factor Kf (ratio of weld width to penetra-
tion depth) is equal to 2–4 in argon-arc welding. If the 
condition of ensuring minimum penetration depth of 
not less than 1.5 mm is satisfied, it leads to increase of 
the diameter of the circumferential welded joint with 
the plug (Figure 3) [18]. It results in overheating of 
the parts and negative impact on the adjacent joints, 
associated with increase of residual stresses. The area 
of influence approximately coincides with the zone 
of temper colours (see Figure 3). All this limits the 
possibilities of application of argon-arc welding for 
repair of SG of PGV-1000M type.

The urgency of the work consists in the potential 
for replacement of argon-arc welding technology. The 
new technology should provide the required penetra-
tion depth at reduction of welded joint diameter. It 
can be achieved at application of local heat sources, 
such as the laser or electron beam. The authors’ idea 
consists in application of laser welding technology for 
SG repair. It is exactly the laser beam as a highly-con-
centrated energy source that can provide an extremely 
small thermal impact on the structure and longer op-
erating life of welded joints.

Figure 1. Scheme of heat exchanger tube layout is SG

Figure 2. Scheme of plug welding in: 1 — weld; 2 — plug; 3 — 
first deposited layer; 4 — second deposited layer; 5 — SG wall; 
6 — HET

Figure 3. Plug installed using argon-arc welding [18]
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The objective of the work was development of 
remotely-controlled automatic equipment and verifi-
cation of laser welding technology for repair and res-
toration of performance of steam generators of PGV-
1000M type.

Materials and experimental procedures. Used 
as experimental materials (Table 1) were stainless 
austenitic steels 10Kh18N10T (from which plugs are 
made) and 10Kh17N13MT (close in its composition 
to the first deposited layer in SG).

In order to determine the technological features of 
laser welding of joints of dissimilar stainless austen-
itic steels in the vertical position, the work was per-
formed by the procedure described below.

1. Control straight butt joints with weld form fac-
tor Kf < 1 with incomplete penetration by the thick-
ness were welded in the vertical position on ma-
chined 300×100 mm blanks from 3 mm sheets of 
10Kh18N10T (ultimate strength st = 520–550 MPa) 
and 10Kh17N13M3T (ultimate strength st = 510–
540 MPa) steels.

2. For each of the produced butt welded joints of 
dissimilar steels visual and radiographic inspection 
were performed, and their microhardness was deter-
mined.

3. Analysis of investigation results was the base 
for establishing the parameters of the technological 
modes of welding the circumferential joints of dis-
similar steels.

4. Samples of plate-tube type (Figure 4) were 
prepared from blanks of 10Kh17N13M3T sheet 
steel (3 mm thick) of 100×100 mm size with 20 mm 
hole, which were joined by a circumferential weld to 
100 mm long tube billets from 10Kh18N10T steel 
(with outer tube diameter of 20 mm and 1.5 mm wall 
thickness) at a horizontal position of the tube. Vari-
ation of the technological mode parameters resulted 
in circumferential butt welded joints with incomplete 
penetration between the tube and sheet with weld 
form factor Kf < 1.

5. Each of the produced circumferential welded joints 
of plate-tube type was tested according to in item 2.

6. Analysis of investigation results allowed deter-
mination of the most rational technological parame-
ters of welding the circumferential joints of dissimilar 
steels for welding in plugs into steam generator heat 
exchanger tubes.

7. The developed model of a laboratory stand for 
laser welding in of plugs was used to conduct pilot 

testing of the created remotely-controlled equipment 
on simulator-samples.

Work on determination of the technological fea-
tures of producing circumferential welded joints of 
stainless steels in the vertical position was performed 
in the laboratory stand, using Nd: YAG-laser DY044 
of ROFIN-SINAR Company, Germany, with radia-
tion wave length of 1.06 mm.

Experimental results. Parameters of technologi-
cal modes for laser welding of a control straight butt 
joint of sheet samples, made in the vertical position, 
were varied in the following ranges: welding speed of 
17–100 mm/s; defocusing value of –1–+7 mm; laser 
radiation power of 1.65–4.4 kW. A lens with 300 mm 
focal distance and argon as shielding gas with the flow 
rate of 333 cm3/s were used in the investigations.

In order to obtain control straight butt joints of 
sheet samples, quality assessment criteria were used, 
which meet the requirements of DSTU EN ISO 
13919-1:2015 standard «Welding. Electron and laser 
beam welded joints. Guidance on quality levels for 
imperfections. Part 1. Steel».

It is found that the characteristic defects which 
form at laser welding of control straight butt joints 
of sheet samples from stainless steels in the vertical 
position can be undercuts, lacks-of-fusion, shrinkage 
and crater cavities, excess convexity, isolated pores or 
voids or their sequences.

Results of analysis of the data of metallographic 
investigations, visual and radiographic inspection of 
control butt joints of sheet samples were used to select 
the ranges of parameters of the technological modes 
of laser welding, which allowed producing butt weld-

Table 1. Chemical composition of welded steels, wt.%

Steel C Si Mn Ni S P Cr Ti Fе

10Kh18N10Т < 0.1 < 0.8 1–2 10–11 < 0.2 < 0.035 17–19 < 0.6 Balance
10Kh17N13М3Т < 0.1 < 0.8 < 2 12–14 < 0.2 < 0.035 16–18 < 0.7 Same

Figure 4. Plate-tube type joint after laser welding
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ed joints of quality category not lower than «C», acc. 
to DSTU EN ISO 13919-1:2015.

These modes were used to make in the vertical po-
sition the circumferential butt welded joints with weld 
form factor Kf < 1 and incomplete penetration.

During mechanical testing for static uniaxial ten-
sion the values of ultimate strength st = 460–475 MPa 
were obtained at static tension of circumferential butt 
welded joints of plate-tube type on 10Kh18N10T 
(tube) and 10Kh17N13M3T (plate) steels. Compar-
ison of the data shows that the breaking force for 
circumferential butt welded joints of plate-tube type 
of 10Kh18N10T (tube) and 10Kh17N13M3T (plate) 
steels is not less than 80 % of the breaking force of the 
tube base material (10Kh18N10T steel).

Figure 5 shows the photo of a structure character-
istic for circumferential butt welded joints of plate-
tube type of 10Kh18N10T and 10Kh17N13M3T 
steels (each 3 mm thick) welded with incomplete pen-
etration in the vertical position with weld form factor 
Kf < 1.

The structure of weld metal of the joint shown in 
Figure 5, a is dispersed cast one, and it is divided into 
two zones. In the weld central part the structure is cel-
lular-dendritic by the total height. In the weld middle 
part closer to the fusion line a zone of thin columnar 
crystallites is observed, which grow in the direction of 
heat removal. The zones are divided by a line of fin-
er crystallites. The microstructure in the weld central 
part (Figure 5, b) consists of an austenitic matrix with 
a small amount of d-ferrite (1.5–1.7 %). The cell size 
is mostly 12–13 mm. The weld metal hardness in the 
central part is equal to HV1–2950–3090 MPa. In some 
areas hardness rises up to HV1–3200–3380 MPa. In 
the weld lower part hardness reaches the values of 
HV1–3320–3650 MPa. On the fusion line (Figure 5, 
c) the microstructure also consists of austenite and 
d-ferrite, but the structure is finer than that in the 
weld center. The crystallite width is 2–9 mm. Metal 
hardness on the fusion line is equal to HV1–2990–
3030 MPa, with isolated areas, where hardness rises 
up to HV1–3160 MPa. Nitrides (in considerable quan-

tity) are observed in the weld metal. The heat-affected 
zone (HAZ) is not pronounced, its structure consists 
of austenite and d-ferrite. The grain size number in the 
metal of welded joint HAZ is No.6. HAZ hardness is 
equal to HV1–2650–2840 MPa. Nitrides are found in 
the HAZ metal.

Discussion. The results of visual and radiographic 
inspection, metallographic investigations, and static 
tensile testing were analyzed, in order to determine 
the influence of laser welding parameters on the char-
acteristics of the produced joints. Graphic dependen-
cies of the characteristics of the produced joints on the 
most critical factors (technological mode parameters) 
were obtained.

It was found that at increase of welding speed from 
47 mm/s up to 63–72 mm/s, the total projection of 
pores (total area of pores detected at radiographic in-
spection) decreases from 0.45 % (of total area of the 
welded joint) to 0.14 % (Figure 6).

The smallest value of the total quantity of pore 
projections (0.14 %) was recorded at defocusing of 
–1 mm that is almost 1.5 times less, compared to 
welding with similar parameters of speed and laser 
radiation power, but with defocusing value of +2 mm 
(Figure 6).

In addition, a greater stability is observed in for-
mation of a small reinforcement (0.7–0.4 mm) of the 
upper weld bead of the welded joint, at increase of 
laser welding speed from 47 mm/s to 88 mm/s, re-
spectively (Figure 7).

All kinds of defects of the produced joints were 
detected. The methods to repair these defects and pre-
vent their occurrence, which were developed and ver-
ified by practice, are given in Table 2.

The performed comprehensive analysis of the re-
sults of investigations and testing allowed determi-
nation of plug welding modes. The criterion for se-
lection of rational parameters of the modes for laser 
welding of circumferential butt welded joints, were 
the conditions of compliance with the requirements of 
«B high» quality category of DSTU EN ISO 13919-
1:2015 standard.

Figure 5. Structure of the produced welded joint of 10Kh18N10T and 10Kh17N13M3T steels: a — macrostructure (×50); b — metal 
structure in the weld central part (×400); c — metal structure on the fusion line (×400)
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Laser welding of circumferential butt welded 
joints has the following technological features:

• presence of a section of increase of laser radia-
tion power at the start of welding and section of its 
decrease at the end, in order to prevent formation of 
shrinkage and crater cavities;

• parameters of technological modes (laser radia-
tion power; welding time and speed; lens focal posi-
tion, etc.) for the section of increase of laser radiation 
power at the welding start and section of its decrease 
at the end, should be determined empirically for each 
variant;

• weld sections at the start and end of welding 
which do not correspond to the conditions of reaching 
the necessary depth of 1.5 mm, require rewelding, in 
order to ensure the specified penetration depth;

• unlike arc welding, there is no need for correc-
tion of the parameters (laser radiation power: welding 
time and speed), depending on going through a cer-
tain o’clock position, as the process is stabilized af-
ter passage of the section with simultaneous increase 
of laser radiation power and welding speed, and the 
specified penetration depth can be achieved in all the 
o’clock welding sections, (downward from 12 to 6 h 
in clockwise direction, and upward from 6 to 12 h in 
the clockwise direction, etc.);

• clockwise or counterclockwise direction of 
movement in welding does not have any significant 

influence on the structure and characteristics of the 
welded joint, when the specified depth is reached;

• the point of welding start influences the dimen-
sions of the weld section, in which the welding pro-
cess is stabilized and the specified penetration depth 
is achieved;

• for welded joints with weld form factor Kf < 1, 
it is recommended to select 9 o’clock position as 
the point of welding start and clockwise direction of 
movement, to achieve quality level «B high».

Welding parameters required to make circumferen-
tial butt joints of 10Kh18N10T and 10Kh17N13M3T 
steels in the vertical position with weld form factor 
Kf < 1 and incomplete penetration, were determined 
empirically. They meet the requirements of quality 
category «B high» of DSTU EN 13919-1:2015 stan-
dard.

Conducted comprehensive analysis of investi-
gation and testing results allowed determination of 
modes for plug welding in. The criterion for selection 
of rational parameters of the modes of laser welding 
of circumferential welded joints were the conditions 
of compliance with the requirements of quality cat-
egory «B high» of DSTU EN ISO 13919-1:2015 

Figure 6. Total area of pore projections depending on speed and 
defocusing value of laser welding. Defocusing, mm: 1 — +2; 2 — 
0; 3 — –1; power P = 4.4 kW

Table 2. Measures for defect repair or prevention

Defects Repair/prevention

Pores, pore sequences, lacks-of-fusion; weld sinking, 
lacks-of-penetration

Weld root rewelding with addition of filler material (if required)/–

Shrinkage and crater cavities –/ program control of smooth increase and decrease of laser beam power at 
the weld start and finish

Undercuts, excess convexity –/ additional remelting by a defocused beam
Increase of weld cross-sectional area –/ widening of the zone of laser beam impact by lens divider

Figure 7. Reinforcement of weld upper bead of welded joint de-
pending on laser welding speed. Power, kW: 1 — 4.4; 2 — 4.0; 
3 — 3.6; defocusing — 2 mm
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standard. In order to produce welded joints with weld 
form factor Kf < 1, it was proposed to perform laser 
welding of plugs with the following technological 
parameters: laser radiation power of 4.4 kW; weld-
ing speed of 63.33 mm/s; defocusing value of 1 mm; 
shielding gas (argon) flow rate of 0.33 l/s (333 cm3/s); 
beginning of movement from 9 o’clock position, and 
clockwise movement direction. During welding in the 
above mode, the movement mechanism makes two 

full rotations clockwise, and laser radiation power 
is varied by a program with a specialized cycle. This 
way, the stages of increase of penetration depth, its 
stabilization and decrease are ensured, as well as ab-
sence of defects in the form of craters.

A 3D model (Figure 8, a) and draft design of the 
equipment for remotely-controlled welding in of 
plugs were developed. It was the base for making 
the working model of a laboratory stand for remote-
ly-controlled laser welding in of plugs (Figure 8, b). 
The created model was used to perform pilot testing 
of the developed remotely-controlled equipment for 
repair and restoration of the performance of steam 
generators of PGV-1000M type on simulator-samples 
(Figure 9).

Results of visual control and comparative analy-
sis of the geometrical characteristics of welded joints 
produced by laser (Figure 9) and argon-arc welding 
revealed the main differences between them. Ar-
gon-arc welding is characterized by overlapping of 
the adjacent welded joints. Unlike argon-arc welding, 
laser welding provides highly local heat impact that 
enables extending the service life of welded joints.

Conclusions

1. Remotely-controlled automatic equipment was de-
veloped and laser welding technologies were verified 
for repair and restoration of performance of steam 
generators or PGV-1000 type.

Figure 8. 3D-model (a) and working model (b) of equipment for remotely-controlled welding in of steam generator collector plugs: 
1 — collector wall; 2 — manipulator carriage; 3 — automatic device for installing the plug; 4 — case of laser welding head optics; 
5 — scanner; 6 — video camera; 7 — corrugated hose for removing vapours; 8 — gas protection device; 9 — filtering system; 10 — 
welding position sensor; 11 — drive of welding position sensor

Figure 9. Appearance of welded joints on simulator-samples with 
plugs welded by laser process
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2. Results of the conducted investigations show 
that laser welding is a promising technology for re-
placement of argon-arc welding at repair of steam 
generator heat exchangers in nuclear and thermal 
power plants. It provides highly local heat impact and 
extends the service life of welded joints.

3. Analysis of the main causes for defect initiation 
at laser welding of circumferential welded joints of 
dissimilar stainless steels allowed proposing and ver-
ifying in practice the measures for repair of these de-
fects and prevention of their formation.
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PLASMA TRANSFERRED ARC SURFACING 
OF COMPOSITE ALLOYS WITH SEPARATE FEED 
OF TUNGSTEN CARBIDES AND MATRIX ALLOY
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Various combinations of separate feeding of cast spherical tungsten carbides and matrix alloy into the surfacing zone have 
been investigated. It has been established that when a self-fluxing nickel-based alloy is used as a matrix, the most stable 
surfacing process is achieved if tungsten carbides are fed through the axial bore in the focusing nozzle, and the matrix alloy 
comes through two channels located diametrically opposite to each other at its end. Ref. 6, 1 Table, 11 Figures.

K e y w o r d s :  plasma transferred arc surfacing, tungsten carbides, spherical tungsten carbides, self-fluxing alloy, 
matrix, carbide distribution, wear resistance, microhardness

Plasma transferred arc surfacing (PTA surfacing) of com-
posite alloys based on cast tungsten carbides (furtheron 
referred to as spherical tungsten carbides (carbides)) is 
ever wider used in industry to improve the wear resis-
tance of parts operating under the conditions of intensive 
abrasive wear [1, 2]. A mixture of powders consisting 
of 40 % carbides and 60 % matrix alloy (by volume) 
is mainly used as filler material for surfacing. By mass, 
the proportions are approximately the same, but just 
reversed. As a rule, the matrix alloys are low-melting 
self-fluxing nickel-based alloys with different degree 
of alloying by Cr, Si, B and C. Matrix hardness here 
varies in the range from HRC 20 up to HRC 60. The 
above quantity of carbides is considered to be optimal, 
ensuring good formation and high wear resistance of the 
deposited metal, although mixtures with an even high 
content of carbides are sometimes used in practice. They 
can be of a fragmentary or spherical shape. Surfacing is 
performed predominantly using PTA torch with external 
feed of powders through one or several channels [3]. The 
fraction of powders in the mixture usually is 63–160 μm.

To achieve maximum wear resistance of the depos-
ited layer, it is highly important for the carbide parti-
cles to be uniformly distributed in the deposited bead, 
both over the cross-section, and by its length. This, in 
its turn, is largely dependent on uniform distribution 
of carbides in the powder mixture used for surfacing. 
Unfortunately, it is difficult to ensure it in practice, as 
separation of carbides and matrix alloy takes place, 
because of the large difference in their density (ap-
proximately 2:1). This is particularly evident at ap-
plication of mixtures with carbides. In some areas we 
can observe an excess of carbides, and in other areas, 
on the contrary, a lack of it. In the areas of carbide 
accumulation, violation of the deposited bead forma-

tion takes place, because of a lack of the low-melting 
matrix, and cracking is probable. This disadvantage 
can be avoided, by applying separate feed of carbide 
powders and matrix alloy from separate feeders-dis-
pensers. In this case, their required ratio can be accu-
rately maintained during the entire surfacing process.

In this paper the possible schemes of separate 
feed of powders are considered, and their advantages 
and disadvantages are analyzed. Investigations were 
performed using experimental and batch-produced 
PTA torch of Plasma-Master Co., Ltd.. Used as fill-
er materials were carbides produced by Resurs-1 Ltd, 
Ukraine and powder of nickel-based alloy of 315-R2 
grade of Wall Colmonoy Company, US with HRC 32 
hardness. The fraction of carbides and Ni-alloy pow-
ders was 100–200 and 63–100 μm, and their ratio at 
feeding was 40  and 60 vol.%, respectively.

Carbides [4] is a highly convenient material for 
plasma surfacing with separate feed. It has excellent 
flowability, can be readily dosed, and compared to 
crushed carbides, it wears the channels in the PTA 
torch much less.

Surfacing of test samples was performed on plates 
from steel 20. Bead width was 20–22 mm, its height 
was 4.0–4.5 mm, and deposition rate was 4 kg/h. 
Samples were cut out of the surfaced plates for me-
tallographic investigations and for wear resistance 
testing by SR («stationary ring») procedure [5]. In the 
latter case, the upper part of the deposited metal lay-
er was ground to the level, where the carbide grains 
were relatively uniformly distributed over the section. 
Investigations were performed at PWI.

Figure 1 shows the schematic of PTA surfacing 
with separate feed, where the matrix alloy powder 
is fed into the arc through the axial bore of the PTA 
torch focusing nozzle in the form of a distributed flow, © A.I. Som and B.A. Halahuz, 2020
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and carbides flow through a separate channel directly 
into the weld pool tail part. The idea of this scheme 
consists in that the carbide particles did not penetrate 
under the arc, and were in contact with the weld pool 
molten metal for as short time as possible. This allows 
avoiding their melting or dissolution, preserving them 
in their initial form, and, consequently, providing the 
maximum wear resistance of the deposited metal.

Realization of this scheme mainly confirmed the as-
sumptions made. Carbide particles are well preserved, 
the interfaces are very clear-cut (Figure 2). Their mi-
crohardness is maximal and is equal to HV01 – 2200–
2400 Pa. Matrix microhardness is stable by the entire 
height of the layer and it is close to that of metal, de-
posited without carbides (HV01 – 327–380).This is in-
dicative of the fact that dissolution of carbide particles 
is practically absent, and the matrix is not enriched with 
carbon or tungsten, which significantly influence the 
microhardness. The wear resistance of metal, deposited 
by this scheme, is also maximal (Table).

This scheme, however, has a number of significant 
disadvantages. These are unsatisfactory formation of 

the deposited bead, large carbide losses and high level 
of internal stresses. Point is that the cold carbide parti-
cles «freeze» the weld pool. Its volume decreases and 
a considerable part of carbides (12–15 %) does not 
penetrate into it and is lost. Carbides is located main-
ly in the bead middle part that results in its convex 
shape. Internal stresses arise on the interface of car-
bides with the matrix, because of the large difference 

Figure 1. Scheme of PTA surfacing with carbides feeding into weld pool tail part: 1 — electrode; 2 — plasma nozzle; 3 — focusing 
nozzle; 4 — shielding nozzle; 5 — part; 6 — ballast resistor; 7 — power source; 8 — arc ignition block

Figure 2. Shape and arrangement of carbide particles in the ma-
trix at its feed into weld pool tail part (×200)

Filler powder losses and wear resistance of metal deposited by different schemes of carbides feeding into the weld pool

Number Scheme of spherical tungsten carbides feeding into the weld pool
Volume ratio of 

carbides and matrix 
alloy, %

Total powder 
losses, %

Wear resistance, 
SR (mass loss), g

1 Into tail part (Figure 1) 40/60 12‒15 0.035
2 Through two channels parallel to bead axis (Figure 3, a) 40/60 8‒10 0.045
3 Through two channels normal to bead axis (Figure 3, b) 40/60 10‒12 0.050
4 Through axial bore in the form of mixture (Figure 5) 40 /60 2‒3 0.035
5 Through axial bore (Figure 6) 40/60 3–5 0.040
6 Through axial bore (Figure 6) 50/50 4–6 0.045
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in the coefficients of thermal expansion. At surfacing 
of massive parts this can lead to appearance of micro-
cracks and cause spalling of deposited metal, particu-
larly at application of hard matrices.

The schemes of carbides feeding into the pool head 
part from two channels located diametrically opposite to 
each other in the end part of the focusing nozzle give the 
best result. This is true in the case of feed channel loca-
tion both in the plane parallel to the deposited bead axis 
(Figure 3, a), and normal to it (Figure 3, b).

To achieve the maximum effectiveness, the angle 
of carbide feeding and the distance from PTA torch 
end to the workpiece were selected so that the powder 
particles fell into the weld pool hottest zone near the 
arc anode spot. In this case, they are heated very well 
and do not noticeably cool down the weld pool. With 
a correctly selected surfacing mode, first of all, opti-
mal arc current, well formed beads can be obtained at 
small losses of carbides (see Table). Contrary to ex-
pectations, the carbide particles do not have time to 
melt under the arc. They quickly sink to the weld pool 

bottom and are closely packed in its lower part (Fig-
ure 4, a). Just a white fringe of the decarbonized lay-
er can be observed on the particle surface (Figure 4, 
b). Microhardness of carbide particles is the same as 
in the previous case. An unfilled layer of the matrix 
forms in the bead upper part, above the carbide layer.

Of these two schemes, preference should still be 
given to a scheme with longitudinal arrangement of 
the feed channels, as it ensures smaller losses of car-
bides. This is usually noticeable at wide-layer groove 
surfacing with PTA torch oscillations. Here, in its ex-
treme positions, carbides are fed into the weld pool 
more precisely and less is lost.

The smallest loss of carbides (see Table) and bet-
ter formation of the deposited bead are ensured by a 
scheme, where carbides are mixed with the matrix alloy 
inside the PTA torch and penetrate into the weld pool 
together with them in the form of a distributed flow (Fig-
ure 5). A principal difference of this scheme from the 
previous ones consists in that carbides come to the weld 
pool in a heated state after passing through the arc. Due 

Figure 3. Schemes of PTA surfacing with carbides feeding into the weld pool head part through two channels: a — channels are located 
in the plane parallel to deposited bead axis; b — normal to axis
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to that they do not cool the weld pool, but, on the con-
trary, increase its heat content that promotes their rapid 
distribution in the liquid metal. Despite the preheating 
of particles in the arc, as shown by experiments, the car-
bide particles do not have enough time to melt under the 
arc, as they immediately sink to the bottom. A layer of 
low-melting matrix forms on top, which protects them.

Self-fluxing nickel-based alloys of Ni‒Cr‒Si‒B 
system are very convenient for application as a ma-
trix alloy at surfacing with composite alloys. They 
have a low-melting temperature (1000–1100 °C), 
readily wet the carbide particles and have rather good 
inherent wear resistance. However, at plasma surfac-
ing with these alloys, using PTA torch with internal 
powder feed [3] there are a number of technological 
difficulties, related to their low-melting temperature. 
Fine powder particles (up to 100 μm) which penetrate 
into the central high-temperature region of the arc 
have enough time to heat up to evaporation tempera-

ture during their flight [6]. Metal vapours deposit on 
the cold walls of the focusing nozzle, forming a kind 
of insulation interlayer in the form of accretion. This 
interlayer is growing steadily during surfacing, and a 
moment comes, when it starts melting, forming drops 
at the focusing nozzle outlet. These drops block pow-
der outflow and, eventually, disrupt the surfacing pro-
cess. Moreover, volatile fractions from the weld pool 
deposit on the focusing nozzle edge, forming a loose 
deposit with time, which, if not removed, also disrupts 
the surfacing process. This adverse phenomenon can 
be partially avoided, if a coarser powder (more than 
100 μm) is used, but it cannot be eliminated complete-
ly, as a dust-like fraction (up to 5 %), which remains 
after screening, is always present in the powder.

At external feeding through separate channels, the 
effectiveness of powder heating is much lower [6] and 
no filler powder drops form inside the focusing noz-
zle, although sticking of volatile fractions to its edge 

Figure 4. Distribution and shape of carbide particle at feeding through two channels located diametrically opposite to each other in the 
end part of focusing nozzle: a — ×25; b — ×200

Figure 5. Scheme of PTA surfacing with feeding carbides mixed 
with matrix powder inside the PTA torch distribution chamber

Figure 6. Scheme of PTA surfacing with feeding carbides into the 
weld pool through axial bore of focusing nozzle
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still takes place, but to a smaller degree. In this con-
nection, the scheme of deposition of composite alloys 
presented in Figure 6, is the most preferable in terms 
of process stability. With this scheme, only carbides 
are fed into the weld pool through an axial bore of the 
focusing nozzle, and the matrix alloy comes through 
two diametrically opposite channels, i.e. conversely 
to earlier discussed schemes (Figure 3).

Carbides, as a higher melting material, do not have 
enough time to heat in the arc up to melting tempera-
ture during their flight, and, therefore, do not have any 
adverse influence on the surfacing process. Contrari-
ly, preheating, similar to the previous case, promotes 
denser and faster distribution of carbide particles in 
the weld pool and lowering of internal stresses in the 
deposited metal. Carbide distribution by this feed 
scheme is shown in Figure 7.

As one can see, carbide particles are rather closely 
and uniformly arranged in the lower part of the depos-
ited bead. Together with matrix alloy interlayers they 
take up approximately 2/3 of its cross-section. The 
bead upper part remains unfilled with carbides. It is 
natural that the wear resistance of this part is not high. 
However, excess amount of matrix alloy promotes 
good formation of the deposited bead (Figure 8, a), 
improves cracking resistance and is a kind of protec-

tion for carbide particles from dissolution under ther-
mal impact of the arc.

Additional experiments showed that with this scheme 
the carbide content in the filler material can be increased 
up to 50 vol.% without disturbance of the surfacing pro-
cess, in order to improve the bead filling with carbides. 
The bead shape becomes more flat and favourable from 
the view point of wear resistance (Figure 8, b).

At the same time, metallurgical investigations 
showed (Figure 9) that with increase of carbide per-
centage some carbide particles start breaking up.

This is attributable to the fact that in this case the 
deposited bead is filled with carbides almost to the 
top, the protective layer of the low-melting matrix be-
comes insufficient and its particles now are on the sur-
face under the concentrated plasma arc. Melting and 
dissolution of the carbide particles is further promot-
ed by that the arc current also has to be increased with 
increase of the amount of carbides in the mixture, en-
hancing the thermal impact on the particles. It results 
in matrix enrichment in carbon and tungsten that leads 
to a certain increase of matrix hardness. In our case, 
this increase is small (up to HV01 – 400–420 Pa) and 
it does not cause any noticeable embrittlement of it. 

Figure 7. Carbide distribution in deposited metal at its feeding 
through axial bore of focusing nozzle (40 vol.%)

Figure 8. Appearance of beads deposited with carbide feeding 
through axial bore of focusing nozzle: a — 40; b — 50 vol.% of 
carbides

Figure 9. Distribution and shape of carbide particles in the deposited metal at their feeding through axial bore in focusing nozzle 
(50 vol.%): a — ×25; b — ×200
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No cracks were observed in the deposited layer. Wear 
resistance also remained on the same level. This leads 
to a practical conclusion.

If machining of the deposited layer is required 
after surfacing to achieve an exact geometrical size, 
then it is better to deposit the bead so that it is not 
completely filled with carbides. This facilitates ma-
chining, and reduces the consumption of expensive 
carbides, without lowering the wear resistance of the 
working layer as a whole. Now if no machining is re-
quired by operation conditions, carbide content in the 
mixture should be increased up to 50 vol.%, and high 
wear resistance should be ensured by the entire thick-
ness of the deposited layer.

Figure 10 shows equipment for PTA surfacing 
with composite alloys with separate powder feed, and 
Figure 11 gives examples of the surfaced parts.

Conclusions

1. At PTA surfacing with composite alloys with separate 
powder feed the most effective is the scheme, where 
carbides are fed through the axial bore of the focusing 

nozzle, and the matrix alloy comes through two diamet-
rically opposite channels, located in its end.

2. To ensure more uniform wear resistance of the 
deposited layer by height, the volume fraction of car-
bides can be increased up to 50 % at feeding without 
violation of the surfacing process.
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Figure 10. Equipment for PTA surfacing with composite alloys with separate powder feed: a — PM-302 unit; b — PP-6-04 PTA torch

Figure 11. Examples of parts surfaced with composite alloy: a — cutter of coal cutter-loader; b —crushing equipment case; c — pump 
stabilizing ring
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In the work the results of studies of corrosion and mechanical resistance of welded joints of B1341T alloy with a thick-
ness of 1.2 mm, depending on the technology of manual argon arc welding using free and constricted arc are presented. 
The strength coefficient of welded joints is 0.79 and 0.8, respectively. Potentiometric measurements established an 
electrochemical heterogeneity between the base metal and the welded joints produced using free and constricted arc, 
which is equal to 100 mV and 86 mV, respectively. More positive potential is inherent to the region of a weld with a 
smaller area, which is safe to operation. Accelerated corrosion tests determined that the shape of the arc column during 
manual welding does not affect the resistance of welded joints to exfoliating corrosion and a corrosion-mechanical 
resistance under the conditions of a constant deformation. The level of resistance of the metal to exfoliating corrosion 
of the joints produced by both types of arc welding technology, was estimated by the point 2–3. The fracture time of the 
specimens welded by free arc welding, decreased on average to 20 days as compared to the base metal (73 days). The 
similar results were obtained for the joints welded by a constricted arc. At the same time, it was revealed that the use of 
constricted arc for welding, causes a decrease in the resistance of the joints to intercrystalline corrosion. The maximum 
fracture depth of the boundaries’ grains is 0.350 mm for the joints produced by a free arc and 0.460 mm for the joints 
made by a constricted arc. 15 Ref., 3 Tables, 11 Figures.

K e y w o r d s :  aluminium alloy, free and constricted arc welding, welded joint, mechanical properties, structure, in-
tercrystalline corrosion, exfoliating corrosion, corrosion under constant deformation, potentiometry, accelerated cor-
rosion tests

Aluminium alloys of the Al–Mg–Si–Cu alloying sys-
tem used in aircraft engineering are characterized 
by a high manufacturability in combination with the 
characteristics of strength, weldability and corrosion 
resistance [1–8]. Such group of alloys includes the 
alloy of grade B1341T, which is used for the man-
ufacture of structures of cylinders, tanks, where liq-
uid substances are stored [3]. Namely due to this fact 
it is necessary to provide that the products have the 
optimal level of both mechanical and corrosion prop-
erties. Under the production conditions, individual 
structural elements of hydraulic tanks after stamping 
are often joined by manual argon arc welding using a 
nonconsumable electrode with free or constricted arc 
[1, 4, 7]. A free arc is characterized by a relatively 
low penetrating ability. The use of pulsed arc modes 
improves the shape and size of the welds, the condi-
tions of their solidification, and also helps to reduce 
the loss of strength of the base metal during welding. 
Due to a cylindrical shape of the arc column, which is 
formed as a result of its constriction by a layer of inert 
gas, during welding with a constricted arc, an increase 

in heat concentration occurs. In addition, it is known 
[2–4] that the stability of the weld metal usually does 
not coincide with the stability of the base metal as a 
result of the formation of a heterogeneous joint struc-
ture during welding. Therefore, the aim of this work is 
to study the influence of manual welding technology 
using free and constricted arc on the complex of cor-
rosion and corrosion-mechanical properties of welded 
joints (WJ) of B1341T alloy to determine the efficien-
cy of these processes.

Procedure of experiments. In the work, aluminium 
B1341T alloy is used, the chemical composition of which 
according to spectral analysis performed in the DFS-36 
spectrometer, is the following, wt.%: (0.45–0.9) Mg, 
(0.5–1.2) Si, (0.15–0.35) Mn, (0.1–0.5) Cu, (0.05–0.1) 
Ca, 0.25 Cr, 0.2 Zn, 0.15 Ti, 0.5 Fe, the content of other 
elements is not more than 0.1, Al is the base.

The sheet billets of B1341T alloy with a thick-
ness of 1.2 mm before welding were etched in a 10% 
solution of NaOH and clarified in a 25 % solution of 
HNO3, thoroughly washed in running hot and cold 
water and dried in air. The ends of the workpieces 
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were mechanically cleaned with a scraper to a depth 
of 0.1 mm. Welding of butt joints was carried out 
along the rolled sheet metal of a semi-finished prod-
uct. The billets were welded abutt, without a backing, 
using single-pass manual welding with a filler wire 
of grade Sv 1217 with a diameter of 1.2 mm in argon 
(according to GOST 10157 [9]). Figure 1 shows a di-
agram of the sequence and modes of welding.

Free arc welding was performed at a current of 
different polarity of a sinusoidal waveform using the 
MW2000 Fronius inverter, and welding using a con-
stricted arc was performed at an asymmetric current 
of different polarity of a rectangular waveform and 
overload of the current duration using the PLASMA 
POWER SUPPLY, which was designed at the PWI for 
manual and automatic welding of thin-sheet ferrous 
and nonferrous metals of 0.3–1.5 mm at direct and 
alternating current. Welding modes and welding ma-
terials are presented in Table 1.

The appearance of the welded joints produced 
during free and constricted arc welding is shown in 
Figure 2.

Determination and evaluation of mechanical 
properties were performed on flat specimens with a 
technological reinforcement on the facial and back 
surfaces of the weld. The tests were performed ac-
cording to [11, 12] in the machine MTS 318-25. 
The load was applied at a traverse speed movement 
of 2 mm/min before a fracture. During the tests, the 
load and deformation indices were continuously re-
corded, according to which results the values of the 
corresponding indices were calculated: yield strength, 

ultimate strength (tensile strength) and elongation. 
The level of deformation ability of the base metal and 
welded joints was established by the index of bending 
angle (α) under the conditions of three-point bending 
with the application of a load from the root side of the 
weld in accordance with GOST 6996 [12].

The microstructure of welded joints was stud-
ied on metallographic sections, which were cut out 
perpendicular to the axis of the welds and prepared 
according to a standard procedure. To detect the mi-
crostructure, electrolytic etching in a solution of the 
composition: 930 ml of CH3COOH + 70 ml of HClO4 
was used.

Electrochemical investigations were performed by 
the methods of potentiometry and polarization curves 
using the potentiostat PI-50-1.1 and the programmer 
Pr-8. The distribution of potential on the surface of 
the welded joint was investigated by measuring the 
potential under the drop in the solution of 3 % NaCl 

Figure 1. Scheme of sequence of performing operations of pro-
ducing specimens for investigations and their modes

Table 1. Modes of manual one-sided argon arc welding of B1341T alloy of 1.2 mm thickness using nonconsumable electrode with free 
and constricted arc

Welding method
Diameter of 

tungsten electrode, 
mm

Diameter of filler 
wire, mm

Argon consumption, 
l/min

Consumption of 
shielding gas, 

l/min

Consumption of 
plasma-forming 

gas, l/min

Ratio of direct and 
reverse polarity

Free arc [10] 1.6 2.0–2.5 7–8.0 – – –
Constricted arc 1.6 2.0 4.0–8.0 3.0–6.0 0.8–1.5 3/1

Figure 2. Appearance of as-welded joints: a — facial weld surface; b — weld root
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according to the procedure developed at the PWI. To 
analyze the polarization curves, a clamping electro-
chemical cell was used. The working electrode was 
different zones of the welded joint, the reference elec-
trode was a saturated silver chloride electrode EVL-
1M1 and the auxiliary electrode was platinum. Polar-
ization curves were recorded in a potentiodynamic 
mode at a potential scanning rate of 0.5 mV/s in the 
solution of 3 % NaCl. Before measurements, the sur-
face of specimens was treated with a sandpaper and 
degreased with ethyl alcohol.

The resistance to intercrystalline (ICC) and exfoli-
ating corrosion was evaluated according by the stan-
dard procedures in accordance with GOST 9.021 [13] 
and GOST 9.904 [14].

The corrosion cracking resistance was investigat-
ed in accordance with GOST 9.019 [15]. The tests 
were performed under the presence of a constant axial 
tensile stress at the level of 160 MPA at a complete 
immersion of the specimens of welded joints in the 
solution of 3 % NaCl in the installation Signal. The 
test specimens were perpendicularly arranged rel-
atively to the direction of the loading vector action. 
The duration of the tests was at least 45 days.

Results and their discussion. Geometric param-
eters of welds and form factor. After producing dis-
similar joints with the use of different technological 
methods of manual welding with free and constrict-
ed arc, the geometric dimensions of the welds were 
determined. The explanation of their determination is 

given in Figure 3, and the obtained results are shown 
in Table 2. The form factor of the weld was calculated 
by the formula: K = l/t, where t = h + q, t is the thick-
ness of the weld; l is the width of the weld; q is the 
height of reinforcement; h is the greatest depth of the 
molten base metal.

Analysis of the calculation results showed that 
weld form factor of the welded joint produced by a 
constricted arc is approximately 4 % higher as com-
pared to the welded joint produced by a free arc, i.e. 
it has a little effect on the plane of welds intersection.

Macro- and microstructure of welded joints. Be-
low the results of the study of the macro- and mi-
crostructure of the base metal and welded joints of 
B1341T alloy, produced by free and constricted arc 
are presented (Figures 4 and 5).

Metallographic examinations established that the 
microstructure of the base metal of B1341T alloy con-
sists of a saturated solid solution, precipitations of the 
Mg2Si phase and coarse inclusions of insoluble interme-
tallics, which enter the metal at the metallurgical stage 
of semi-finished product manufacturing (Figure 5, a). 
During arc welding of B1341T alloy, structural trans-
formations take place in the metal, as a result of which 
three structural zones are formed: weld (Figure 5, a), 

Figure 3. Scheme of measuring geometric dimensions of welds to 
calculate its form factor

Figure 4. Macrosections of welded joints of B1341 alloy pro-
duced by manual argon arc welding at different technological 
methods of welding using nonconsumable electrode: a — free 
arc; b — constricted arc

Table 2. Geometric parameters and form factor of welds produced by free and constricted arc during manual welding of B1341 alloy 
with a thickness of 1.2 mm

Welding method
Designation of 

parameters

Geometrical parameters of welds, mm Weld form 
factorMinimum Average Maximum Average

Manual welding using 
free arc

l 3.53–4.86 4.68 4.92–5.60 5.2

2.43
l1 3.15–4.15 3.84 4.2–5.1 4.55
q 0.23–0.70 0.47 0.8–1.3 0.94
q1 0.17–0.68 0.5 0.85–1.15 0.91

Manual welding using 
constricted arc

l 3.99–4.80 4.42 4.9–5.5 5.17

2.52
l1 3.52–4.50 4.04 4.65–5.35 4.89
q 0.15–0.56 0.38 0.6–1.3 0.85
q1 0.35–0.58 0.48 0.75–15 0.97
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fusion zone and heat-affected-zone (HAZ) (Figure 5, 
b). The structure of the welds of the specimens after 
welding is homogeneous with the characteristic ar-
rangement of phases and consists of small dendrites 
(Figure 5, a). In the volume of the welds, coarse defects 
and discontinuities are not observed.

Metallographic analysis of the macrostructure of 
B1341T alloy joints showed that its welds are char-
acterized by a sufficiently high quality, as there are 
no coarse defects. In contrast to the base metal (Fig-
ure 5), in the welded joint three characteristic parts of 
the structure are observed, which reflects the degree 
of influence of the thermal welding cycle on the metal.

The welds have a homogeneous fine-dendritic struc-
ture regardless of the arc shape. The size of the dendrites 
varies in the range of 0.25–0.38 μm. In the process of 
solidification, the presence of a significant amount of al-
loying elements and impurities in the composition of the 
base material and filler wire causes the formation of a 
significant amount of phases that are uniformly arranged 
across the joints, but differ in size and shape. According 
to the state diagram of the system Al–Mg–Si–CuFe in 
an equilibrium with a solid solution (matrix), such met-
astable phases can be located as Mg2Si, SiCuAl2, FeAl3, 
Mg5Al8, and: CuFeA15, CuMgAl2, FeSiAl5, FeMg3Si6. 
The intercrystalline layers are mostly dense and have 
more distinct contours.

The microstructure of the fusion zone of the weld 
with the base metal is characterized by the presence 
of the flashed grain boundaries formed under the con-
ditions of welding heating. This is accompanied by 

thickening of the boundaries as a result of contact 
melting of grains with each other and under the con-
ditions of a high-temperature welding heating the for-
mation of the eutectic Mg2Si phase, located along the 
grain boundaries (Figures 4, 5). Dissolution of some 
strengthening phases is also noted. In the structure of 
HAZ under the action of the thermal cycle of welding, 
separate fragments of grain boundary flashing and a 
partial precipitation of secondary phases and eutectics 
are observed. In addition, coarsening (coagulation) of 
inclusions of insoluble harmful phases takes place, 
which reduces the strength of the metal in HAZ.

It should be noted that during welding by a free 
arc, the width of the HAZ decreases. It can be as-
sumed that such a joint will have a higher corrosion 
resistance under operating conditions due to a lower 
heterogeneity of the product.

Mechanical investigations. The mechanical prop-
erties of the specimens produced using different tech-
nological methods are presented in Figure 6. The 
analysis of the obtained results shows that the spec-
imens of the base metal are fractured in the work-
ing area, and the fracture of specimens of both types 
of welded joints occurs in the HAZ at a distance of 
3–5 mm from the fusion boundary. As compared to 
the strength of the base metal, the level of these char-
acteristics for welded joints is lower by 22 and 20 %, 
the yield strength is by 30 and 23 %. The coefficient 
of strength of welded joints is 0.79 and 0.8. The dif-
ference in the shape of the arc has a stronger effect 
on the characteristics of ductility. Thus, the bending 

Figure 5. Microstructure (×320) of different zones of welded joints of B1341T alloy, produced by constricted and free arc: a — weld; 
b — fusion zone; c — base metal
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angle is reduced by 70 and 63 %, and the elongation 
is by 86 and 91 %. Thus, the joint produced by a con-
stricted arc has a higher tensile strength, ductility and 
bending angle as compared to the joint produced by 
a free arc, but the value of the elongation is less than 
in Figure 6. Probably, this is connected with coarsen-
ing (coagulation) of inclusions of insoluble harmful 
phases as a result of the action of the thermal cycle 
of a constricted arc welding. Thus, a constricted arc 
welding contributes to some extent to the strength of 
welded joints, but at the same time a decrease in the 
level of ductility is noted.

Electrochemical investigations. The corrosion po-
tential of the base metal is almost –0.729 V. The po-
tential difference between the base metal and the weld 
is 0.100 V and 0.08 V for the joints produced by free 
and constricted arc, respectively (Figure 7). There-
fore, the potential difference is quite high, but a corro-
sion potential of the weld is more positive than that of 
the base metal. The potential difference between the 
base metal and HAZ is within the values of 0.100 V 
for the joint produced by a free arc and 0.086 V for 

that produced by a constricted one, which are admis-
sible by GOST 9.005 (Figure 7, curves 1 and 2).

From the analysis of experimental results it fol-
lows that both types of welded joints have an electro-
chemical heterogeneity. However, the more positive 
potential is inherent to the zone with a smaller area 
and does not represent a danger during operation. 
Electrochemical heterogeneity between the base met-
al and the HAZ occurs also in the joints produced by 
both technologies, which should be taken into account 
during operation of a welded structure.

 Polarization curves measured on the base metal 
and the weld are presented in Figure 8. It is seen from 
Figure that the anode and cathode curves, obtained on 
the welds of both joints, coincide, which is quite natu-
ral. The current of anode dissolution on the weld of the 
specimens of both welded joints (Figure 8, curves 2, 
3) is much higher than that on the base metal. The 
cathode curves of the welds are shifted to a region 
of lower currents as compared to the base metal. In 

Figure 6. Mechanical properties of welded joints and base metal: a — tensile and yield strength; b — elongation and bending angle 
(WJ_CA — welded joint produced by a constricted arc; WJ_FA — welded joint produced by a free arc; BM — base metal)

Figure 7. Nature of distribution of potentials under the drop at 
different zones of welded joint of B1341T alloy, produced by dif-
ferent technological methods: 1 — free arc; 2 — constricted arc

Figure 8. Anode (1, 2, 3) and cathode (1ʹ, 2ʹ, 3ʹ) polarisation 
curves of base metal and weld on welded joint of B1341T alloy: 
1 — base metal; 2 — weld of the joint produced by a free arc; 
3 — weld of the joint produced by a constricted arc
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aqueous media at a free access of oxygen, the cor-
rosion process occurs with an oxygen depolarization 
(Figure 8, curves 1ʹ–3ʹ). The decrease in the values 
of the limiting diffusion current on the welds as com-
pared to the base metal indicates a local inhibition of 
the corrosion process in this area of the welded joint.

Thus, it was revealed that the influence of the applied 
technological methods of welding almost does not affect 
electrochemical characteristics of the welded joint.

Resistance to intercrystalline corrosion. The study 
of resistance to intercrystalline corrosion (ICC) of the 
base metal showed that the depth of damage to the 
grain boundaries varies from 0.082 to 0.086 mm. In-
tercrystalline fracture of the welded joint produced by 
a free arc was not observed in the area of the weld and 
the fusion zone (Figure 9, b, c), but was recorded in 
the HAZ.

The depth of the damage of the grain boundaries 
varies from 0.245 to 0.350 mm (Table 3).

On the welded joint produced by a constricted arc, 
intercrystalline corrosion of the weld was not detected 

(Figure 9, b, c). The areas of intergranular fracture are 
observed in the fusion zone and were propagated to a 
depth of 0.222 to 0.506 mm and in the HAZ to a depth 
of 0.222–0.416 mm. Thus, structural transformations 
and coagulation of insoluble inclusions of harmful 
phases not only cause a decrease in the strength of 
the HAZ metal, but also lead to an increase in the 
local stress at the grain boundaries and, as a conse-
quence, the appearance of a center of intergranular 
fracture. Thus, the use of welding of thin-sheet metal 
of B1341T alloy by a constricted arc can reduce the 
resistance of the welded joint metal to intercrystalline 
corrosion.

Resistance to exfoliating corrosion. The results 
of the study of exfoliating corrosion resistance (Fig-
ure 10) showed that on the surface of the base metal a 
change in surface color and delamination with a diam-
eter of not more than 1 mm was revealed. Their total 
area does not exceed 1.5 % (Figure 10). Delamina-
tion at the ends was not detected. According to GOST 
9.904, resistance of the base metal of B1341T alloy 

Figure 9. Microstructure (×320) of zones of welded joints of B1341 alloy after the tests on resistance to intercrystalline corrosion: a — 
base metal; b — welded joint produced by a free arc: c — welded joint produced by a constricted arc

Table 3. Mechanical, corrosion and corrosion-mechanical properties of base metal and welded joints of B1341T alloy, produced by 
free and constricted arc

Condition

Properties of base metal and welded joints

Mechanical Corrosion
Corrosion- 
mechanical

σt, MPa σ0.2, MPa δ, % α, deg
Coefficient 

of WJ 
strength

Depth of 
intercrystalline 
corrosion, mm

Resistance to 
exfoliating 

corrosion, point

Time of 
fracture, 

days

Base metal 250.5 187.6 18.9 180 – from 0.082 
to 0.086 2–3 from 67 to 88

WJ produced by a free arc 195.0 130.1 2.6 56 0.79 from 0.245 
to 0.350 2–3 from 10 to more 

than 45
WJ produced by a 

constricted arc 200.3 144.3 1.7 66 0.80 from 0.289 
to 0.467 2–3 from 9 to more 

than 45
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to exfoliating corrosion was evaluated by 2–3 points 
according to a ten-point scale (Table 3). For welded 
joints, the condition of the HAZ and weld zone was 
evaluated. On the surface of the welded joints of both 
types, delamination in the HAZ and on the weld are 
also absent. In accordance with the recommendations 
of GOST 9.904, their resistance to exfoliating corro-
sion was evaluated by the point I. As far as the resis-
tance of the base metal is slightly lower than that of 
the area of the weld and HAZ, the resistance of the 
weld to exfoliating corrosion is generally evaluated 
by a point 2–3. It was revealed that the peculiarities 
of the technology of manual argon arc welding using 
free or constricted arc do not affect the resistance of 
welded joints to exfoliating corrosion.

Resistance to corrosion cracking. The appearance of 
the testing specimens after corrosion tests is presented 
in Figure 11, a, b. As is seen, on the entire surface of the 
specimens pittings were formed. In the area of the weld-
ed joint, pittings are concentrated mainly in the area of 
the HAZ, which may indicate the localization of corro-
sion namely in this part of the welded joints of B1341T 
alloy. The corrosion-mechanical resistance of the base 
metal and welded joints in the conditions of joint impact 
of a constant load at a full immersion in a corrosive en-
vironment differs quite significantly (Table 3). A signifi-
cant scattering of experimental data for both base metal 
as well as for welded joints is observed. The time before 
fracture of the base metal specimens ranged from 67 to 
88 days (almost 73 days) and for the welded joints pro-
duced by a free arc, a decrease in the fracture time to 10–
45 days (in average 20 days) was observed. The similar 
results were obtained for the welded joints produced by 
a constricted arc. In both cases, the fracture time of the 
joints made by different welding technologies is almost 
three times lower than of the base metal. Therefore, the 
change in technological methods for welding the alloy 
will not significantly affect the value of a corrosion and 
mechanical resistance of specimens of welded joints.

Conclusions

According to the results of complex studies of me-
chanical and corrosion-mechanical properties of 
welded joints of B1341T alloy with a thickness of 
1.2 mm, produced by argon arc welding using free 
and constricted arc, it was revealed that:

• the strength coefficient of the welded joints pro-
duced by free and constricted arc is 0.79 and 0.8, re-
spectively. Thus, the joint produced by a constricted 
arc has a higher tensile strength and ductility (bending 
angle) as compared to the joint produced by a free arc, 
but the values of elongation decrease;

• based on the results of electrochemical investiga-
tions, it was determined that after applying both types 

Figure 10. Appearance of working surfaces of specimens of welded joints of B1341T alloy in the state after welding before (a) and 
after (b) studies of resistance to exfoliating corrosion (×5)

Figure 11. Appearance of specimens of base metal and welded 
joints of B1341T alloy, produced by free and constricted arc after 
tests on resistance to corrosion cracking: a — facial surface; b — 
back surface
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of technology, the specimens of welded joints have 
an electrochemical heterogeneity. At the same time, 
more positive potential is inherent to the zone of a 
weld, which has a smaller area, which does not repre-
sent a danger during operation;

• it was revealed that the peculiarities of the technol-
ogy of manual argon arc welding do not affect the re-
sistance of welded joints of B1341T alloy to exfoliating 
corrosion and corrosion-mechanical strength under the 
constant deformation. At the same time, the use of a con-
stricted arc welding causes a decrease in the resistance of 
welded joints to intercrystalline corrosion;

• it was experimentally proved that the corrosion re-
sistance of the welded joint produced by a constricted 
arc is slightly lower than in the specimens produced by 
a free arc, but it can be assumed that a well chosen heat 
treatment of such joints can improve its resistance.

The work was carried out with the support of the 
National Academy of Sciences of Ukraine within the 
framework of the program of departmental order of 
the E.О. Paton Electric Welding Institute in 2017–
2021 (state registration number 0117U001188).
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The article analyzes the methods of modernization of optical microscopes to obtain digital images and simplification 
of their subsequent analysis during basic metallographic examinations of deposited metal specimens. Two main meth-
ods of modernization were considered: with the help of a camera, equipped with special adapters, which is attached 
to the tube of the microscope eyepiece and with the help of a video eyepiece, which is mounted instead of a standard 
microscope eyepiece. The main advantages and disadvantages of each method were noted. With the help of the me-
tallographic microscope MIM-7, camera Canon 650D, video eyepiece SIGETA MCMOS 3100, as well as specimens 
of microsections with a deposited layer of semi-heat-resistant steel of C–Cr–Mo–W–V alloying system, comparative 
metallographic examinations were performed. It is shown that the use of the special video eyepiece SIGETA MCMOS 
3100 allows obtaining digital images of metal microstructures with a higher quality. As an illustration of the main 
advantages of the work, provided by the use of the equipment modernized in such a way, the results of metallographic 
examination of the metal, deposited by electric arc method using flux-cored wire PP-Np-120V3KhMF, were provided. 
It was experimentally established that the software Toupview, supplied with the eyepiece SIGETA MCMOS 3100, used 
during these examinations, allows easy processing of the obtained digital images, which greatly expands the capabili-
ties of basic metallographic analysis. 10 Ref., 7 Figures.
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For today, in many modern metallographic research 
laboratories special digital microscopes are used, 
where the image, obtained from the optical system 
of the device, is transmitted directly to a high-defini-
tion light sensor, which allows carrying out its further 
computer processing easily [1]. Most often, the obser-
vations of a studied object is carried out either through 
the built-in LCD screen, or through the screen of lap-
top or personal computer, to which the microscope is 
connected. This significantly simplifies a preliminary 
search and examination unlike when it is necessary to 
look all the time into the microscope eyepiece.

In addition, having a digital image of the studied 
objects, using the appropriate software (further SW), 
it is possible to apply special filters, highlight the re-
quired areas, «glue» several images into one, carry out 
different measurements, etc., which greatly expands 
the capabilities of the basic metallographic analysis, 
reduces the time and complexity of its implementa-
tion [2]. Taking into account the fact, that during the 
development of new materials or surfacing technolo-
gies it becomes necessary to perform a large amount 
of preliminary experiments on the manufacture and 
study of macro- and micro-sections of the deposited 

metal, the task of simplifying the basic metallograph-
ic analysis is quite relevant.

However, at present some of the research laboratories 
are still equipped with the optical microscopes MIM, 
METAM, MMU and other models, where the optical 
system allows obtaining a sharp image with a magnifica-
tion of up to 1000 times, but they have no possibility to 
obtain digital images of the studied objects.

The aim of the work is analyzing and choosing the 
ways to modernize optical microscopes to obtain dig-
ital images and to simplify their subsequent analysis 
during basic metallographic examinations, as well as 
to illustrate the capabilities of the modernized metal-
lographic equipment on the example of studying the 
structure of semi-heat-resistant deposited metal of the 
alloying system C–Cr–Mo–W–V.

Analysis of ways of modernizing optical mi-
croscopes. Taking into account the high cost of both 
modern digital microscopes, as well as comprehen-
sive professional modernization of existing optical 
microscopes, many researchers are trying to carry 
out modernization «on their own». For this purpose, 
either different digital cameras or special video eye-
pieces are often used.
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In the first case, the problem is solved in several 
ways. Thus, photographing can be performed direct-
ly through the eyepiece of the microscope, but this 
method has significant disadvantages [3, 4]:

• need to provide a rigid attachment of the eyepiece 
to the camera and alignment of their optical systems;

• need to provide protection against side light-striking;
• additional optics (camera lens) often deteriorates 

the image quality, reducing its sharpness and brightness.
To eliminate these drawbacks, photographing 

through the microscope eyepiece can be performed by 
the camera without its lens, instead of which the optics 
of the microscope is directly used [3, 4]. In this case, two 
schemes of work are possible: photographing through 
the lens and eyepiece of the microscope or only through 
the lens of the microscope (Figure 1). In both cases, the 
image is focused only by the microscrew of the micro-
scope by the image on the camera screen.

However, as the experience of using the above-
described schemes shows, images with the highest 
quality can be obtained at low magnifications (not 
more than ×100), or with the use of additional special 
expensive optics. For example, in [5] the operability 
of a similar modified model of the microscope Lomo 
Metam R-1 by replacing the eyepiece with a digital 
SLR camera Canon 650D. Therefore, the image was 
projected to the matrix without the use of the eyepiece 
of the microscope and the lens of the camera, as is 
shown in the scheme in Figure 1, b.

Using a modified microscope, the authors of [5] 
obtained digital images at magnifications ×10–×40 
(Figure 2). The Figure shows that at a magnification 
of ×40, the image quality becomes worse — the stan-
dard illumination is clearly insufficient to obtain a 
quality image. Thus, the use of the scheme shown in 
Figure 1, b significantly limits the capabilities of the 
researcher because of the fact that a total magnifica-
tion of the microscope in this case will be provided 
only by its own magnification of the used microscope 

lenses (usually within ×4–×90) and the abilities of a 
digitally camera scaling. In addition, the image itself 
at all magnifications is «clogged» with black edging 
of the microscope tube.

As is seen, obtaining digital images from the optical 
microscope using conventional digital cameras is associ-
ated with certain difficulties in providing a good quality 
of images and the need to purchase a camera with the 
ability of replacing the lens, special adapters for a par-
ticular brand of camera and microscope and also such 
additional equipment, as external illuminators, etc.

The abovementioned disadvantages include the 
need of making special adapters for mounting the 
camera on the microscope and the lack of native SW 
for processing the obtained digital images. Such SW 
allows performing calibration of the system necessary 
for carrying out geometrical measurements and the 

Figure 1. Movement of rays during photographing with the micro-
scope lens and eyepiece (a) and with the microscope lens only (b) [4]

Figure 2. Digital image of the object obtained by the authors of [15] when using lenses with magnification of (a — ×10); (b — ×20) 
and (c — ×40)
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subsequent quantitative analysis and in case of acqui-
sition of special video eyepieces, it is delivered, as a 
rule, in a set with them.

Therefore, there can be only three advantages of 
using digital camera together with the optical micro-
scope, they include a high light sensitivity, high sep-
arating capability of images and ability of long-term 
exposures. However, these advantages also depend on 
the cost of the used equipment as far as manual adjust-
ments of these parameters are possible in the profes-
sional cameras.

Based on the abovementioned, it looks more at-
tractive to use special video eyepieces, which allow 
working with the image in real time directly on the 
computer monitor. The advantage of such equipment 
is the simplicity of its installation instead of the native 
eyepiece, as well as the compliance of the separating 
capacity of the digital eyepiece to the used magnifica-
tion, which allows obtaining images with a maximum 
detailing without extraneous «noises», which signifi-
cantly increases the accuracy and reproducibility of 
measurement results [6, 7].

Thus, in [6] the investigations were performed 
in the microscope MIM-8, instead of whose eye-
piece, a digital camera Scope Tek DEM35 was in-
stalled, which allowed obtaining high-quality images 
of microsections of cast irons of grades SCh15 and 
VCh400-12 and carry out the further analysis of these 
images. In [7] to study the microstructure, the me-
tallographic microscope Metam LV-42 at a magnifi-
cation of ×50×1000 together with a digital eyepiece 
CAM V200 was used.

The cost of digital video eyepieces is determined 
first of all by the separating capacity of the resulting 
image, as well as the presence of a special optical unit 
(homal) at a certain magnification (most often ×10). 
The presence of the homal is necessary not only to 
obtain images at a higher magnification, but also to 
improve the quality of the image itself, as far as the 
homal serves as a compensation eyepiece to correct 
image defects due to a chromatic aberration and espe-
cially to rectify the curvature of the image plane. The 
cost of such video eyepieces is also affected by the 

convenience, efficiency and a number of measuring 
tools in the SW that is supplied with the eyepiece [2].

The use of such SW during the subsequent process-
ing and analysis of digital images allows providing a 
partial automation of this process, significantly reducing 
the time and labor intensity, in particular, while conduct-
ing metallographic analysis, as well as increasing in the 
accuracy of the results [2]. The examples of such SW 
paid Thixomet and ZEISS Axiovision, as well as free, 
such as imagej, Jmicrovision and other may be [6–9].

Comparative analysis of two methods of micro-
scope modernization. Based on the abovementioned, 
in order to determine the best way to modernize the op-
tical microscope, it was decided to conduct compara-
tive studies of the quality of the obtained digital images 
using the following equipment: optical metallographic 
microscope MIM-7, digital camera Canon 650D and 
video eyepiece SIGETA MCMOS 3100. Due to the fact 
that the video eyepiece SIGETA is supplied with the 
homal at the own magnification of ×10, to provide the 
same conditions, photographing with the camera was 
performed without its lens with a standard eyepiece, 
mounted in the microscope tube at the same magnifi-
cation of ×10 (i.e. according to the scheme, shown in 
Figure 1, a). The lens of the microscope in both cases 
was the same — achromatic epic lens LOOMP F-6.2; 
A-0.65, at the own magnification of ×32.

As far as the microscope MIM-7 is not equipped 
with a standard system for connecting camera to it, 
special adapters were made, which were put on the 
tube of the microscope eyepiece and allowed attaching 
camera to it (Figure 3, a). At the same time, mounting 
of the video eyepiece SIGETA (Figure 3, b) on the 
microscope was much simpler, because it already in-
cludes several adapters for the most common diame-
ters of the microscope eyepiece tube. The appearance 
of the microscope MIM-7, additionally equipped with 
a camera and video eyepieces, is shown in Figure 4.

To provide an example, a comparison of the 
quality of digital images obtained from the digital 
camera Canon 650D and the video eyepiece SIGE-
TA MCMOS 3100 was performed applying micro-
sections of the metal deposited using the flux-cored 
wire of the alloying system C–Cr–Mo–W–V (PP-Np-
120VЗKhMF) [10].

The specimens for microstructure examinations 
were cut out from St3 steel billets deposited in four 
layers using this wire. The structure of the deposited 
and base metal was detected by chemical etching in a 
4 % alcoholic solution of the nitric acid HNO3. Before 
the measurements, the microscope and SW were cali-
brated using a micrometer object.

Results of comparative analysis of two methods 
of microscope modernization. Significant differences 

Figure 3. Photography equipment used for modernization of the 
microscope MIM-7: camera Canon 650D with adapters made for 
it (a); video eyepiece SIGETA MCMOS 3100 with set adapters 
and SW Topview (b)
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in the use of the camera and video eyepieces to obtain 
digital images in the optical microscope are observed at 
the early stages of work during setting up the equipment. 
In case of using camera, it is necessary to correctly adjust 
the exposure value, aperture, light sensitivity, white bal-
ance, etc., because automatic adjustments often do not 
allow obtaining an acceptable image quality. It is rather 
problematic to do this operation at a high level, looking 
at a small screen of the camera (Figure 4, a). In addition, 
using the camera settings it was still failed to remove the 
yellowness of the image provided by the incandescent 
lamp used in the microscope MIM-7.

After mounting the video eyepiece SIGETA in the 
microscope tube, it is connected to the computer us-
ing USB cable and with the help of the SW supplied 
in the set with the video eyepiece, it displays the re-
sulting image on the screen (Figures 4, b). It is much 
easier to sharpen and search for the desired area of the 
microsection on the big screen, and due to the wide 
capabilities of SW Toupview, manual adjustment (if 

automatic settings do not suit the user) of the image 
quality obtained from the microscope takes no more 
than a few minutes. With the help of «sliders», the 
user can change such parameters as exposure, white 
balance, color tone, saturation, brightness, contrast, 
sharpness, etc. in real time, reaching the maximum 
quality of the resulting image. Also, using the built-in 
capabilities of SW, it is possible to reduce the «noise» 
of the image, highlight objects of the same color, 
«stitch» several images into one, etc.

For comparison, the images of the same areas of 
the specimen obtained using the digital camera Can-
on 650D and the video eyepiece SIGETA at the same 
magnification (×320) are shown in Figure 5. As is 
seen, the use of the video eyepiece SIGETA allows 
obtaining a higher quality and detailing of the image 
as compared to using digital camera. In addition, the 
sharpness of the images obtained with the help of the 
camera is not the same over the entire area of the im-
age — the area of sharpness in the central part of the 

Figure 4. Modernized microscope MIM-7 when using camera (a) or video eyepiece (b): 1 — microscope MIM-7; 2 — test specimen; 
3 — camera Canon 650D; 4 — eyepiece SIGETA; 5 — laptop with a special SW

Figure 5. Microstructure (×320) of the specimen deposited using the wire PP-Np-120V3KhMF. Photo taken with the camera Canon 
650D (a, b) and video eyepiece SIGETA MCMOS 3100 (c, d)
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image occupies about 45 % of its total area (Figure 5, 
a, c). The image obtained with the help of the video 
eyepiece SIGETA has a more uniform sharpness over 
almost the entire area of the image (Figure 5, b, d). In 
this case, the area with a good sharpness amounts to 
more than 85 % of the image area.

Taking into account the advantages of using the 
video eyepiece SIGETA described above, as an illus-
tration, the abilities of operation with this equipment 
and SW Toupview during metallographic analysis are 
given more fully below. 

The structure of the metal, deposited using the 
flux-cored wire PP-Np-120V3KhMF consists of 
martensite with large and small needles of different 
etching and a small amount of residual austenite (Fig-
ure  6, a). At the upper edge of the deposited metal, 
the amount of residual austenite increases slightly, 
and the size of martensite needles, on the contrary, de-
creases (Figure 6, b). In this case, the typical structure 
of the cast metal is preserved along the entire height 
of the deposited layer. Analysis of the structure of the 
metal in the heat-affected-zone (HAZ) showed (Fig-
ure 7, a), that it consists of a ferrite-pearlite mixture, 
here the amount of ferrite predominates.

It should be noted that in the deposited specimens, 
individual pores were revealed in the lower layer of 
the deposited metal, near the fusion line (Figure 7, b). 
The average pore size is 76 μm. Also, on the polished 
non-etched specimens, the sizes, amount and number 
size of nonmetallic inclusions were determined. In the 
studied specimens oxides, sulfides and oxisulfides were 
revealed. The amount of inclusions is small, they are lo-
cated rather uniformly and have a predominantly round 
shape. The volume fraction of inclusions in the metal de-
posited by the test flux-cored wire PP-Np-120V3KhMF 
was 0.18 %.

Conclusions

1. There are several different methods for moderniza-
tion of optical microscopes with the purpose of ob-

taining digital images, the most appropriate of which 
is the use of digital video eyepieces, which are mount-
ed directly into the microscope tube without any addi-
tional manipulations. It is possible to significantly ac-
celerate and simplify measurements when performing 
basic metallographic analysis using a specialized SW 
for digital image processing.

2. With the help of microsections of the metal de-
posited using the flux-cored wire of the alloying system 
С–Сr–Мо–W–V (PP-Np-120VЗKhМF), the main ad-
vantages and capabilities of the metallographic analysis, 
carried out by means of the microscope MIM-7, mod-
ernized by mounting the video eyepiece SIGETA MC-
MOS 3100 and using SW Toupview 3.7 are shown.
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Figure 6. Microstructure (×320) of metal in the center (a) and at 
the upper edge (b) of the layer deposited using the flux-cored wire 
PP-NP-120V3KhMF

Figure 7. Microstructure of metal near the fusion line in the spec-
imen deposited using the wire PP-Np-120V3KhMF: a — ×320; 
b — ×90


