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TWO-WIRE SUBMERGED-ARC WELDING 
WITH COLD WIRE APPLICATION
L.J. Feinberg, V.V. Shchegol, L.V. Honcharenko

E.O. Paton Electric Welding Institute of the NASU 
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine

ABSTRACT
The possibility for improvement of welded joint properties by feeding cold wire into the weld pool to increase its cooling rate 
was considered. The technique of the process was investigated in the case of two-wire submerged-arc welding of low-alloyed 
10G2FB steel at application of cold wire. Impact toughness of the metal of the weld and HAZ was determined on IX type spec-
imens with a sharp notch to GOST 6996, depending on welding process parameters, and welded joint structures were studied.

KEY WORDS: low-alloyed steel, thermal cycle, impact toughness, cold wire, submerged-arc welding

INTRODUCTION
The problem of ensuring the reliability of the main 
gas pipelines by improving the properties of the weld-
ed joints remains to be urgent. One of the possible di-
rections of its solution is a method proposed by ESAB 
Company, Sweden, for submerged-arc processes [1‒3] 
with feeding cold wire (CW) into the weld pool. The 
idea of the method consists in increasing the welded 
joint cooling rate with the respective improvement of 
its structure and mechanical properties.

The objective of the research was evaluation of 
the effectiveness of the above-mentioned process in 
the case of two-wire submerged-arc welding in the 
modes characteristic for pipes of medium thickness 
(12–25 mm). In addition to mechanical properties of 
welded joints this process was to provide the speci-
fied penetration and sound formation of welds of 22–
25 mm width with 0.5–3.0 mm reinforcement height 
and its smooth transition to base metal (BM).

When choosing the experimental parameters, the 
reference point was work [1], where the external weld 
of a two-sided butt joint 13 mm thick from X70 steel 
was welded by two arcs in the presence or absence of 
CW. Welding wire of 4 mm diameter of BA S2 Mo 
grade and BF 6.4 flux with 1.7 basicity were used.

BM chemical composition (wt.%) is given: 
0.046 C; 1.76 Mn; 0.24 Si; 0.21 (V, Mo, Nb, Ti); 
0.54 (Cu, Ni, Cr), as well as the composition of cold 
and electrode wires (wt.%): 0.10 C; 1.04 Mn; 0.1 Si; 
0.56 Mo; 0.02 Ni; 0.03 Cr; 0.03 Cu.

The relatively high carbon content in the welding 
wire was supposed to lower austenite transformation 
temperature, so as to increase the acicular ferrite frac-
tion and improve the weld structure, respectively.

Welding process parameters according to [1] were 
as follows:

• arc 1 — 1040/30, reverse polarity direct current;
• arc 2 — 830/34, square wave alternating current;
• welding speed — 160 cm/min (96 m/h);
• CW feed rate — 25.4 cm/min (15.2 m/h).
By our data, for such a mode welding wire feed rate 

in arcs 1 and 2 is equal to 135–140 m/h, so that CW 
fraction relative to each of these wires should be equal 
to ~0.11. In our experiments this fraction was increased 
as far as it was allowed by weld formation quality to 
achieve maximum effectiveness of the process.

CW is placed ahead of the first arc, between the 
arcs or behind the last arc [2]. In work [1] CW was 
placed behind the last arc that seems to be optimal, as 
in this case the penetration depth is not decreased, and 
weld pool is cooled to the maximum.

In the above-mentioned work HAZ was tested for 
impact bending, using specimens of 5×10×55 mm size 
with a sharp notch, one half of which passed through 
the zone of coarse grain, and the second one - through 
the zone of fine grain. At temperatures of 20 °C and 
‒30 °C CW application increased the impact energy 
of HAZ metal by 10 J, and at ‒45 °C — by 20 J. More 
essential results as to HAZ properties were obtained 
at testing by SENT procedure.

Owing to reduction of heat input by 9 % and in-
crease of the cooling rate by 10 % the HAZ structure 
was improved by a number of characteristics:

• reduction of primary austenite grain sizes from 
68 to 55 μm, as a result of shortening of the time of 
staying in the austenite temperature range of 1400–
1100 °C;

• reduction of the fraction of coarse MAK-phase 
particles of more than 2 μm size from 3.2±0.2 to 
1.0±0.1 %;

• reduction of the sizes of ferrite-bainite grain in 
the HAZ from 17.6±5.0 to 15.3±4.5 μm (for X70 steel 
the mentioned grain size was 4.1±0.5 μm);

• increase of the angles of grain disorientation.
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MATERIALS AND PROCEDURES
In our laboratory tests, plates of low-alloyed cold-re-
sistant steel 10G2FB of 19 mm thickness were used 
as BM. Electrode and cold wire of Sv-08G1NMA 
grade of 4.0 mm diameter, as well as OP 132 flux, 
made in France, were applied. Power to the first and 
second electrodes was supplied from VSZh-1600 rec-
tifier and laboratory transformer with a square wave-
form of current, respectively. The inclination of the 
first and second electrodes to the vertical was equal 
to ‒7° and 20°, and the distance between them was 
20 mm. Welding was performed on V-shaped grooves 
of 5 mm × 90° size.

During work performance the influence of CW 
feed rate and its position on arcing stability and weld 
formation quality was determined with correction of 
the process parameters.

To evaluate the effectiveness of the new process 
in improvement of welded joint properties, compar-
ative testing was performed with and without CW 
application. With this purpose, the specimens of 
weld and HAZ metal of IX type to GOST 6996 of 
10×10×75 mm size were tested for impact bending at 
temperatures of ‒20 and ‒40 °C, and metallographic 
analysis of the joint structure was also performed.

In keeping with the international standard for man-
ufacturing pipes for underwater gas pipelines [4] the 
mentioned specimens were selected from the weld 
upper part at 2 mm distance from BM surface.

In the HAZ test specimens the notch was made 
normal to BM surface through the middle of the fu-
sion line (FL) so that one of its halves passed through 
the weld, and the other one — through the HAZ. With 
such a procedure a considerable part of the notch is in 
the coarse grain zone that impairs the impact tough-
ness properties.

In the case of weld asymmetry, the notch was made 
from the side of a more round FL, avoiding artificial 
overestimation of the test results.

Analysis of welded joint microstructure was per-
formed with application of optical microscope on mi-
crosections etched in 4 % solution of HNO3.

RESULTS

TEST SERIES 1
CW was placed behind the last arc with backward in-
clination at 37° angle to the vertical so that in the state 
of shorting on BM the tips of CW and the last elec-
trode contacted each other.

Two CW feed rates were tested, which were equal 
to 0.14 and 0.21 relative to the feed rate of second arc 
electrode wire (ψ coefficient) (Table 1). At increase of 
ψ coefficient to 0.21 weld formation became worse — 
its width was reduced from 24–25 to 23–22.7 mm, 
and reinforcement height increased from 2.4–2.8 to 
3.0–3.5 mm (Figure 1).

CW closeness to arc 2 generated the self-regula-
tion effect with increase of its current by approximate-

Table 1. Process parameters and weld dimensions

Weld 
number

Arc 
number

VCW f, 
mm/10 s

Iw/Ua, 
A/V

V el f, 
mm/10 s ψ Lcr, 

mm

Weld dimensions, mm

h b а

600
1

105
1100/36 485

0.21 185 14.6–14.8 22.7–23.1 3.0–3.5
2 1010/38 498

601
1

70
1100/36 485

0.14 195 ~15.0 23.9–24.9 2.6–2.8
2 980/38 498

602
1

0
1100/36 485

0 230 ~15.0 24.0‒25.0 2.4–2.6
2 960/38 498

Note. Welding speed of 65 m/h (Iw — welding current; Ua — arc voltage; VCW f — cold wire feed rate; Vel f — electrode wire feed rate; Iw; Ua; VCW f, 
Vel f; ψ — ratio of cold and electrode (on arc 2) wires; Lcr — crater length; h, b — penetration and weld width; a — its reinforcement height).

Figure 1. Macrosections of welds with CW application (No.600) and without it (No.602), ×2.7
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ly 50 A. Increase of CW feed rate led to shortening of 
the crater length.

TEST SERIES 2 (MODE CORRECTION)
To improve weld formation the electrode feed rate in 
arc 2 was lowered, and the possibility of increasing 
CW feed rate was also tested at coefficient ψ = 0.46 
to achieve greater cooling of the weld pool (weld 
No.603, Table 2). Alongside weld narrowing and an-
ticipated increase of reinforcement height, the men-
tioned increase of wire feed rate also led to waviness 
of reinforcement edges.

Improvement of weld formation by mode No.603 
was achieved by increasing the electrode spacing 
from 20 to 25 mm, reducing the welding speed from 
65 to 62 m/h and increasing the second arc voltage 
(welds Nos 605, 606). 

TEST SERIES 3 (INCREASE OF THE DISTANCE 
BETWEEN CW AND THE SECOND ELECTRODE)
Increase of the distance between CW and the second 
electrode was tested to stabilize the burning mode 
of the second arc and more effective cooling of the 
weld pool (Figure 2). Here, it should be limited, de-
pending both on the welding mode and CW feed rate, 
to avoid lack-of-melting (“freezing”) of CW in the 
weld pool with emergency stopping of the process. 
A preliminary indication of emergence of such a sit-
uation is appearance of a slag crust on the surface of 
longitudinal protrusions and depressions, left by CW 

when it sweeps up the half-molten slag crust and flux 
to the second arc with deterioration of its burning sta-
bility (Figure 3). In this case, the emergency situa-
tion appeared at the mentioned distance of more than 
12 mm. Therefore, with the view to process stability 
it was reduced to 8 mm for further experiments (welds 
Nos 700, 701).

Experiments showed that CW “freezing” to the 
pool does not take place at increase of its feed rate at 
least to 215 mm/10 s (weld No.701), but it is accom-
panied by inacceptable increase of weld reinforce-

Table 2. Process parameters and weld dimensions

Weld 
number

Arc 
number

VCW f, 
mm/10 s

Iw/Ua, 
A/V

Vw, 
m/h

Vel f, 
mm/10 s ψ

Weld dimensions, mm

h b а

603
1

205
1100/36

65
485

0.46 14.6–14.8 21.7–21.9 3.2–3.5
2 980/38–39 443

605
1

160
1100/36

62
497

0.34 13.5–13.7 23.0–24.4 2.9–3.2
2 900/42–43 467

606
1

202
1100/36

62
497

0.43 14.3–14.5 23.1–24.1 2.7–3.1
2 900/42–43 467

Table 3. In�uence of CW and its location on weld dimensions

Weld 
number

Arc 
number ψ VCW f, 

mm/10 s Iw, A/Ua, V
Vel f, 

mm/10 s

Weld dimensions, mm

h b a

Reference weld without CW application

702
1

0 0
1050/36 470

13.5 23.7–23.9 1.8–2.8
2 900/42 445

Reference welds with CW feeding behind the last arc

700
1

0.37 165
1050/36 470

ND 23.5–24.6 3.2–4.1
2 900/42 445

701
1

0.48 215
1050/36 470

13.6 23.3–23.9 3.3–4.0
2 900/42 445

Reference weld with CW feeding between the arcs

703
1

0.44 215
1050/36 470

13.0 24.8–25.7 3.6–4.1
2 950/42 485

Figure 2. Variants of CW positioning
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ment height (Table 3) that will require correction of 
the groove area.

TEST SERIES 4 (PLACING CW BETWEEN THE 
ELECTRODES)
Testing the variant with CW feeding between the arcs, 
in connection with the special features of machine de-
sign, required certain changes in the electrode setting 
parameters (Figure 2). Here, the quality of formation 
of the weld (No.703) improved as a result of posi-
tive forming effect from the action of the second arc 

on excess metal from CW melting (see Table 3). It is 
known that such CW positioning is used to increase 
the process productivity [5].

Chemical composition of the metal of welds on 
10G2FB steel was typical for gas pipes (Table 4), en-
suring their high impact toughness (Table 5). Addi-
tional alloying by Ti‒B can be used to further increase 
the weld metal impact toughness.

Impact toughness testing of weld metal did not 
reveal any advantages of the process with CW ap-
plication (Table 5). As to HAZ metal, similar testing 
showed very high spreading of the results, which did 
not allow an objective evaluation of the possible ad-
vantages of CW application by this characteristic.

Analysis of the microstructure of welded joints 
Nos 701, 703, welded with CW application, was 
performed in comparison with a joint made in the 
same mode, but without CW application (specimen 
No.702). Photographs of the structures of coarse-
grain zone are given in Figures 4, 5.

Structure of specimen No.702 is typical for joints 
from steel X70. In the coarse-grain zone it is of bain-
itic type with different form of the second phase pre-
cipitates (Figure 4). These are ferrite grains mostly 

Figure 3. Unevenness of slag crust surface arising at excessive dis-
tance from CW to the last electrode

Table 4. Chemical composition of the metal of weld, wt.% and BM

Analysis point C Si Mn S P Ni Mo V Al Nb Ti

Weld 0.086 0.33 1.60 0.009 0.018 0.19 0.19 0.058 0.025 0.02 0.010
BM 0.103 0.245 1.57 0.005 0.013 0.02 <0.01 0.081 0.030 0.03 0.013

Table 5. CW in�uence on welded joint impact toughness

Weld 
number ψ, %

KCV, J/cm2

Weld HAZ

–20 °C –40 °C –20 °C –40 °C

Series 1

602 0.00 166.2‒185.2 
173.6

87.5‒145.6 
122.9

83.1‒144.3 
110.1

55.8‒94.7 
84.7

600 0.21 159.7‒172.5 
166.2

97.6‒144.4 
123.4

62.1‒245.9 
126.7

38.5‒90.5 
60.5

Series 2

603 0.46 169.6‒256.1 
199.6

106.0‒157.9 
129.0

63.1‒219.0 
133.0

42.8‒142.2 
78.4

605 0.34 N/D N/D 158.2‒220.7 
190.1

75.3‒202.2 
135.6

606 0.43 N/D N/D 68.3‒245.6 
158.1

107.6‒153.4 
127.5

Series 3, 4

701 0.48 151.4‒215.8 
197.9

80.9‒184.6 
143.3

62.9‒173.1 
107.9

43.4‒117.1 
70.1

703 0.44 167.5‒197.1 
182.3

99.4‒179.4 
129.1

100.7‒218.1 
157.2

58.6‒190.0 
106.1

702 0.00 174.4‒226.3 
193.8

87.7‒166.7 
122.9

67.4‒226.4 
120.7

37.5‒186.1 
92.3

Note. Number of specimens tested for each variant is 5 pcs.
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with dense distribution of the ordered and unordered 
phases. Individual coarse ferrite grains are observed 
near FL, some of which have an elongated shape and 
are located in parallel to the above-mentioned line 
with sparse distribution of platelike forms of the sec-
ond phase. In the zone adjacent to FL, the coarse grain 
corresponds to number 3‒4 acc. to GOST 5639.

There can be three rows of such coarse grains near 
the FL. The longest extent of the coarse-grain zone is 
approximately 0.5 mm. A grid of continuous polygo-
nal hypoeutectoid ferrite is present on the boundaries 
of primary austenite grains. 

The type of microstructure in the coarse-grain 
zone of a welded joint of specimen No. 701, where 
CW was fed behind the last arc, is similar to spec-
imen No.702. However, a greater number of grains 
with the prevailing fraction of the structure with an 
ordered form of the second phase, represented by par-
allel platelike packets located across the entire grain, 
is observed in it, while in the zone adjacent to FL, a 
tendency to formation of mostly grains of No.4 size, 
and individual grains of No.3 size is observed. The 
polygonal ferrite grid on the boundaries of primary 
austenite grains is not continuous. The extent of the 
coarse-grain zone does not exceed 0.42 mm.

On specimen No.703 CW application led to some 
more pronounced positive changes in the coarse-grain 
zone (Figure 5). They concern the extent (width) of 
the coarse-grain zone, its maximum size and structure 
type. So, the coarse-grain zone is reduced from 0.5 
to 0.4 mm, while the maximum grain size decreases 
from Nos 3‒4 to Nos 4‒5 acc. to GOST 5639. CW also 
promotes improvement of the coarse grain structure, 
namely reduction of the volume of rack bainite in the 
form of extended packets, spreading through the en-
tire grain, and increase of the volume of bainite with 
disoriented and globular carbide formations. Here, the 
greater part of the coarse grains near the FL consists of 
individual disoriented blocks. Reduction of the volume 
of hypoeutectoid ferrite fringe on the boundaries of the 
coarse grains in the HAZ is also observed.

MAK-phase chains were present in the overheated 
zone on grain boundaries in all the studied specimens.

Thus, CW application promoted a certain improve-
ment of welded joint structure, which was manifested 
to the greatest extent in individual regions of the HAZ 
of weld No.703.

DISCUSSION OF THE RESULTS
Comparison of the modes of making welds Nos 600 
and 602 (see Table 1) allowed evaluation of the en-
ergy consumed in CW melting, and determination of 

t8/5 parameter. If in the initial variant No.602 the rate 
of wire feed on arc 2 is increased by the value of CW 
feed rate in variant No.600, then, proceeding from 
the assumption of a proportional increase of welding 
current, it would rise by approximately 200 A. Thus, 
the energy required for CW melting at coefficient ψ = 
= 0.21 is approximately equal to U∙I ≈ 36.200 V∙A. 
If self-regulation of arc 2 in process No.600 is elim-
inated by moving CW farther away from it, then this 
energy will be taken by the weld pool with its appro-
priate cooling and without the mentioned increase of 
its current. Under such conditions, reduction of heat 
input in the initial process No.602 at CW application, 
will be equal to approximately 10 %.

Parameter t8/5 of the time of weld cooling in the 
temperature range of 800–500 °C is proportional 
to the process heat input [6]. Thus, CW application 
at ψ = 0.21 will reduce t8/5 parameter also by 10 %, 
which is in agreement with the data of [1].

Acceleration of weld pool cooling rate using CW 
turned out to be insufficient for any significant im-
provement of the structure and noticeable increase 
of weld metal impact toughness. So, welds Nos 701, 
703 welded using CW with rather high coefficient ψ = 
= 0.44–0.48 in one series with weld No.702, where 

Figure 4. Microstructure (×100) of coarse-grain zone of a welded 
joint (No.702), made without CW application

Figure 5. Microstructure (×100) of coarse-grain zone of a welded 
joint (No.703), made with CW application (ψ = 0.44 %)
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CW was not used, demonstrated approximately the 
same impact toughness (see Table 5).

As regards the HAZ metal, a great spreading of 
impact toughness values is observed. It is largely de-
termined by the procedure of making the notch by the 
standard for underwater gas pipelines [5], in keeping 
with which a considerable part of it runs through the 
coarse-grain zone.

This zone is known to be characterized by great in-
homogeneity of the structure and lowering of the met-
al ductile properties. Here, the smallest change of FL 
steepness influences the portion of the notch, running 
through the mentioned unfavourable zone, increasing 
the spreading of impact toughness values.

It should be also noted that at CW positioning be-
hind the last arc an increase of FL steepness is ob-
served, with probable lowering of the HAZ impact 
toughness values.

The new process showed a certain tendency to im-
provement of the HAZ metal structure.

CONCLUSIONS
The possibility of implementing the process with CW 
application is shown under the conditions of two-wire 
submerged-arc welding. CW feeding is performed be-
hind the last arc or between the arcs. The ratio of CW 
mass to that of the second arc electrode wire (ψ coef-
ficient) should not exceed 0.14–0.20. Increase of this 
ratio will require correction of the process initial pa-
rameters.

This process does not provide any essential im-
provement of mechanical characteristics of the joints, 
but somewhat improves the HAZ metal structure and 
can significantly increase the deposition rate.
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ABSTRACT
Ensuring the required mechanical-technological properties of welds is a critical issue in the application of multi-wire sub-
merged arc welding processes for welding high-strength fine-grained steels. Excessive heat input is one of the main causes for 
microstructural zones with deteriorated mechanical properties of the welded joint, such as a reduced notched impact strength 
and a lower structural robustness. A process variant is proposed which reduces the weld volume as well as the heat input by 
adjusting the welding wire configuration as well as the energetic parameters of the arcs, while retaining the advantages of multi-
wire submerged arc welding such as high process stability and production speed.

KEY WORDS: submerged arc welding, high-strength fine-grained steels, mechanical properties of the joints, energy param-
eters of the arc

INTRODUCTION
Submerged arc welding (SAW) with wire electrodes 
has a wide range of application in the manufacturing 
of numerous assemblies and components of various 
branches, such as large-diameter pipe manufacturing, 
the oil and gas industry, shipbuilding, the petrochemi-
cal industry, hydropower plants and offshore wind en-
ergy. Due to the high deposition rate of the process, a 
continuous production with a high cost-effectiveness 
can be achieved. For components with a thickness up 
to 10 mm, the single-wire SAW is sufficient. Parts 
with a larger thickness, require an increased deposi-
tion rate, which can be achieved through the applica-
tion of multiple wire electrodes [1]. Especially, multi-
wire SAW processes with up to five wire electrodes 
have proven successful [2].

However, the application of such highly efficient 
SAW process variants on modern high-strength steels 
(yield strength above 355 MPa) is challenging, be-
cause of the excessive heat input due to the large vol-
ume of the liquid weld pool [3] and the resulting soft-
ening in certain areas of the heat-affected zone (HAZ) 
[4]. These areas suffer from a decreased toughness as 
well as decreased strength properties of the welded 
joint [5, 6]. In particular, this problem concerns high-
strength thermo-mechanically treated fine-grained 
steels, whose high mechanical-technological prop-
erties are achieved through the specifically adjusted 
thermo-mechanical rolling process. The fine-grained 
microstructure of these steels can be irreversibly de-
stroyed in the HAZ, so that the width of the softening 
zone is essentially dependent on the welding process 
used and on the line energy [7, 8]. For comparison, a 

single-wire SAW process has a typical deposition rate 
of about 8 kg/h, while a five-wire SAW process can 
achieve a deposition rate of 90 kg/h [2, 9]. The line 
energies for both process variants are about 2.5 kJ/mm 
and 10 kJ/mm, respectively. In DIN EN 10225:2009 
[10] a nominal energy per unit length of 3.5±0.2 kJ/mm 
for SAW of fine-grained structural steels for fixed off-
shore structures is recommended. However, the max-
imum allowable line energy may be 5±0.2 kJ/mm if 
the material requirements are not met at 3.5±0.2 kJ/mm. 
In the manufacturing of large-diameter pipes for the 
oil and gas industry, an increase in pipe wall thickness 
above 21 mm leads to an increase in heat input above 
5 kJ/mm during welding, resulting in severe overheat-
ing and slow cooling of the metal in the HAZ. The 
specified heat input for a five-wire SAW process is 
thus far above the recommended values.

The presented welding process parameters as well 
as the requirements of the standard indicate a contra-
diction to the application of the multi-wire SAW pro-
cess. This contradiction is due to the fact that, on the 
one hand, multi-wire submerged arc welding is highly 
interesting for the metalworking industry because of 
its cost-effectiveness. On the other hand, due to its 
process-specific properties, the use of this process 
leads to the fact that the mechanical-technological 
values of the welded joints are negatively influenced.

The objective of this work is to investigate process 
limits of a five-wire submerged arc welding process 
with respect to maximum welding speed, penetration 
depth and heat input by means of welding tests on 
thick-walled pipes. Furthermore, the possibilities to 
reduce the heat input by adjusting the process config-
uration should be shown.
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WELDING EQUIPMENT AND MATERIALS
The welding experiments were conducted on a full-scale 
industrial welding system (SMS group GmbH) for lon-
gitudinal five-wire SAW on large-diameter pipes. The 
arcs are supplied with current by five electronically con-
trolled current sources of type PERFECTarc® 1500 AC/
DC (SMS group GmbH) with a total current of up to 
7500 A. The resulting advantages are not limited to high 
deposition rates and welding speeds. With a programma-
ble waveform for current and voltage, the welding result 
can be modeled with respect to various factors (e.g. weld 
geometry) [11]. Both, flat specimens with a length of two 
meters and large pipes with a length of up to six meters 
can be welded on the system. The transport carriage with 
the component to be welded can be moved at a speed 
of up to 6 m/min. The five-wire SAW system with two 
different geometries of specimens is shown in Figure 1.

In the conducted welding tests, pipe sections made 
of pipeline steel grade X70 according to API 5L or 
L485MB according to DIN EN 10208-2 (material 
No.1.8977) were used. The used welding consum-
ables were solid wires BA S2Mo according to EN 
ISO 14171-A (EN 756) and an agglomerated welding 
powder of the aluminate-based type BF 5.1.

EXPERIMENTAL PROCEDURE 
AND RESULTS
Welding tests were performed on six meter long pipe 
sections with an outside diameter of 914.4 mm (36″) 
and a wall thickness of 39 mm using the five-wire sub-
merged arc welding method. The pipes used were the 
longitudinally welded pipe sections, which were pro-
vided with a tack weld as well as an inner layer. The 
welds investigated were therefore made as external 
welds in a 15 mm deep V-joint with an opening an-
gle of 70°. A welding speed of ≥1 m/min, which was 
demanding for the given edge preparation, was set as 
a target. A calculation of the weld volume to be filled 
showed that a deposition rate of the process of at least 
72 kg/hour should be achieved to ensure a closed pro-
file of the weld. In addition, a weld penetration depth of 
at least 22 mm was targeted in order to melt the existing 
GMA tack weld and guarantee a secure bond between 
the outer layer and the previously applied inner layer.

A series of welds was performed with a wire config-
uration conventional for industrial practice, with the first 
two torches fitted with the 4.8 mm wires and the third, 
fourth and fifth wires having a diameter of 4 mm. In the 
second experiment, a 3.2 mm wire electrode was used on 
the first torch. The subsequent four wires had a diameter 
of 4 mm. The weld outer appearance, the metallographic 

Figure 1. Five-wire SAW test stand for welding sheets and tubes at Fraunhofer IPK in Berlin

Figure 2. Outer appearance and cross-section of a SAW-weld. Outer layer welded with the following wire configuration: d1,2 = 4.8 mm 
and d3,4,5 = 4 mm: parameters: V = 1.1 m/min, I1 = 1480 A, U1 = 34 V; I2 = 1200 A, U2 = 38 V; I3 = 760 A, U3 = 38 V; I4 = 650 A, U4 = 
= 38 V; I5 = 650 A, U5 = 38 V
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cross sections and the welding parameters for both pro-
cess variants are shown in Figures 2 and 3.

The control system of the welding current sources 
made it possible to record all relevant process data 
such as welding current, voltage and the welding and 
wire feed speed during welding at a sampling rate of 
50 Hz and to use them for further analysis of the weld-
ing process. The recorded data of the welding process 
are shown as an example in Figure 4.

The smooth progressions of the welding current 
and voltage signals for all five wires indicate that the 
welding process is stable. The actual deposition rate 
of the welding processes could be determined from 
the recorded wire feed rates.

The evaluation of the results showed that the weld-
ing process in the configuration presented in Figure 2 
could be run at a welding speed of 1.1 m/min. A line 
energy of 9.5 kJ/mm had to be brought out to achieve 
a deposition rate of 83 kg/hour. The V-joint was thus 
completely filled. The seams showed a slight concavi-
ty of the top bead of 0.7 mm. With a welding depth of 
20.5 mm, a through-welded seam could be produced, 
so that the seam cross-section was completely closed. 
However, the welding depth achieved must be consid-
ered as borderline, as the inner layer could only just 

be reached. The process variant with a 3.2 mm lead-
er wire demonstrates a different result (see Figure 3). 
Here, a greater weld penetration depth of 24.5 mm 
was achieved than that for the process configuration 
with the 4.8 mm leading wire. Due to a larger weld 
penetration depth, the weld exhibited a slimmer pro-
file, resulting in a reduction of the weld cross-section 
from 425.8 to 379.8 mm2 (by 10.8 %). The welding 
speed could be increased up to 1.2 m/min, which pro-
duced a flat weld with no concavity. The line energy 
went down to 9.1 kJ/mm (by 4.2 %).

The temperature cycles during welding were mea-
sured with type K thermocouples. Since the weld width 
was about 40 mm, the thermocouples were placed at a 
distance of about 20 mm from the center of the V-joint. 
Hence, it was possible to record the t8/5 time in the 
HAZ, in close proximity to the fusion line. The results 
of the temperature measurement for the two process 
variants can be seen in Figure 5. The line energy of the 
welding process of 9.5 kJ/mm resulted in a t8/5 time of 
92 seconds. For the process variant with a line energy 
of 9.1 kJ/mm, the t8/5 time went down to 83 seconds. 
The corresponding cooling rates are 3.2 and 3.6 °C/s. 
However, if we consider the recommendations on the 
cooling rate for longitudinal submerged arc welding of 

Figure 3. Outer appearance and cross-section of a SAW weld. Outer layer welded with the following wire configuration: d1 = 3.2 mm 
and d2,3,4,5 = 4 mm: parameters: V = 1.2 m/min, I1 = 1200 A, U1 = 32 V; I2 = 1150 A, U2 = 36 V; I3 = 780 A, U3 = 42 V; I4 = 760 A, U4 = 
= 44 V; I5 = 760 A, U5 = 44 V

Figure 4. Recorded process data during five-wire SAW welding of a thick-walled pipe
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large-diameter pipes, we find that it should be in the 
range of 10 to 60 °C/s [12–15]. The values considered 
here are far from the recommended cooling rates. The 
negative effect of too high line energies on the duc-
tile-plastic properties of HAZ was demonstrated by 
the hardness tests. Using the HV1 hardness test, it was 
found (Figure 6) that welds produced at 9.5 kJ/mm had 
a relatively high drop in HAZ hardness (0.79 of the 
base metal hardness). When welded with 9.1 kJ/mm of 
line energy, the welds have a lower hardness drop in 
HAZ (0.91 of the base metal hardness), but this can 
mean a strength loss of about 10 %.

For both process variants considered, it can be 
seen that the energy per unit length for five-wire SAW 
is too high and must be reduced further to avoid the 
formation of unfavorable microstructures and a re-
duction in the ductile-plastic properties in the HAZ.

DISCUSSION
In multi-wire SAW, it is common for the first wire to 
be supplied with DC positive to achieve the maximum 
weld penetration depth. The subsequent wires are 
supplied with AC current with a phase shift of 90° in 
order to minimize mutual magnetic blowout effects. 

In the process variants considered here, the current of 
the first 4.8 mm wire was 1480 A and was at the upper 
power limit of the current source. The current density 
at the tip of the wire reached 98 A/mm2, which is a 
typical value for SAW with a solid wire electrode. In 
the second process variant, a 3.2 mm wire electrode 
was used on the first torch. With a significantly 
higher current density at the tip of the 3.2 mm wire 
of 125 A/mm2, it was possible to achieve a weld pen-
etration depth approx. 20 % greater than that for the 
process configuration with the 4.8 mm wire in front.

Based on this effect, a technological recommendation 
can be proposed for multi-wire SAW on heat-sensitive 
fine-grained steels. Basically, to achieve a lower heat in-
put, the edge preparation must be modified accordingly. 
This means that the opening angle of the joint must be 
reduced so that the joint is reliably filled at the set weld-
ing parameters. The amount of filler metal required to fill 
the V-joint is thereby reduced and the heat input in multi-
wire submerged-arc welding can be lowered. Hence, the 
line energy does not exceed the specified limit. By re-
ducing the heat input in this way during SAW of thick-
walled pipes, cooling rates of up to 10 °C/s and higher 
can be achieved [15]. For welding an outer layer on a 
pipe with a wall thickness of 39 mm, this means that the 
opening angle of the V-joint must be reduced from 70 
to 60° and the depth of the V-groove must be reduced 
by one millimeter from 15 mm to 14 mm. The required 
deposition rate at a welding speed of 1.2 m/min would 
be about 67 kJ/h and the line energy 6.5 kJ/mm.

The comparison of the inner seam shape shows 
that the weld with the thicker leading wire has a semi-
circular fusion line, a more favorable shape, than the 
seam with thinner 3.2 mm wire in front (see Figures 2 
and 3). The seam width relates to the seam depth as 
1:1 for the seam with 4.8 mm wire in front. For the 
thinner leading wire, this ratio is at an unfavorable 
value ≤1 because the seam is too deep. Here, how-
ever, it must be noted from macrographs provided 
that the weld with 3.2 mm wire in front does not have 
parallel flanks or melt lines, which would indicate un-
favorable crystallization font. The weld is rather tri-
angular or fillet-shaped in shape. It can be seen that 
crystallization occurs perpendicular to the fusion line 
and crystallines are oriented towards the top region of 
the weld, i.e. the region of the weld where the lowest 
mechanical stresses due to heat shrinkage occur. From 
this point of view, the “width to depth ratio” criterion 
must be considered critically, especially for the welds 
where no classical semicircular or almost straight fu-
sion lines can be observed.

Another advantage of the process variant with the 
thinner leading wire, which should not be underesti-
mated, is that the melted cross-sectional area of the 
weld seam is approx. 10 % smaller than in the vari-
ant with the 4.8 mm wire. This advantage is reflected 

Figure 5. Welding temperature cycles for five-wire SAW welding 
for E = 9.5 kJ/mm und E = 9.1 kJ/mm, outer seam, tube wall 
thickness 39 mm

Figure 6. Hardness profile HV1 in the weld seam during five-wire 
SAW welding for E = 9.5 kJ/mm und E = 9.1 kJ/mm, outer seam, 
tube wall thickness 39 mm
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in the fact that with a smaller weld cross-section, the 
mixing of the filler metal with the base metal is also 
lower. It is known from practice that a high degree of 
mixing is unfavorable for higher-strength grades and 
must therefore be kept as low as possible.

CONCLUSIONS
Current multi-wire SAW techniques, when welding 
thick-walled pipes made of high-strength fine-grain 
steels, are characterized by high energy of the pro-
cess up to 9.5 kJ/mm and thus do not provide a cool-
ing rate in HAZ within the recommended range of 
10–60 °C/s. This limits the applicability of multi-wire 
submerged arc welding in pipe production, especial-
ly when processing higher strength grades X70 and 
higher according to API 5L.

Based on the welding tests with a five-wire SAW 
process on a pipe with a wall thickness of 39 mm, it 
was shown that with decreasing diameter of the lead-
ing (DC) welding wire, the penetration depth of the 
arc and thus also the weld penetration depth increases 
by approx. 20 % compared to a conventional welding 
wire configuration. The weld becomes slimmer and 
has a fillet-shaped weld penetration profile.

Based on this effect, a process recommendation is 
proposed for minimizing the energy of the line and 
increasing the cooling rate in the area of the HAZ. 
Reducing the opening angle of the V-joint in combi-
nation with lowering of V-groove depth will result in 
a reduction of the weld cross-section. The required 
amount of filler material is reduced and line energy 
of the process decreases. With this process configu-
ration, it is also possible to switch to a four-wire UP 
welding process because the use of the fifth wire is no 
longer necessary due to the reduced deposition rate.
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MAGNETIC-PULSE WELDING OF COPPER RINGS 
WITH STEEL PARTS USING SINGLE-TURN INDUCTOR
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ABSTRACT
Magnetic-pulse welding is an innovative joining method that allows combining dissimilar metals. The article discusses weld-
ability of copper rings with steel rods in order to study the possibility of using single-turn inductor. All specimens were welded 
with a discharge energy of 18 kJ. Significant deformations of copper rings were observed. Metallographic examination of 
welds revealed no defects. High-quality joining of metals in the welding zone with a characteristic wavy boundary interface 
was noted. However, to obtain more information on the exact mechanisms of weld formation, it is recommended to carry out 
numerical modeling of the process.

KEY WORDS: magnetic-pulse welding, cold welding, solid state welding, copper, steel, rings, microstructure, microhardness

INTRODUCTION
Magnetic-pulse technologies are increasingly used in 
modern industry and, in particular, in welding. They 
are characterized by a more dynamic growth of scien-
tific and technical publications as compared to many 
conventional methods of welding [1, 2].

Magnetic-pulse welding (MPW) is the solid phase 
welding, which is performed as a result of the colli-
sion of joined surfaces under the action of the pulsed 
magnetic field of the inductor and the current induced 
by this field in metal parts. When the inductor current 
interacts (Figure 1) with the induced current, in a part 
repulsive forces arise between the inductor and a part. 
As a result, a part in the area under the inductor, re-
ceiving a high speed of movement, moves to a fixed 

part. The formation of a welded joint is provided by 
plastic deformations due to the collision of surfaces. 
The collision rate reaches hundreds of m/s, and the 
pressure in the contact zone reaches thousands of 
MPa [3, 4]. The general scheme of the MPW process 
of cylindrical parts is shown in Figure 1.

The following advantages of the technology are 
distinguished: welding of both similar and dissim-
ilar metals; absence of thermal deformations; high 
speed of welding (pulse duration ~30 μs); high qual-
ity of welding and repeatability of results; low ener-
gy consumption (approximately 10 times lower than 
in MIG welding); possibility of process automation; 
possibility to produce rectilinear welded joints up to 
3 m length. The MPW process does not require the 
operation of cleaning parts, consumables (welding 
wire, gases) and local exhaust ventilation due to the 
absence of harmful emissions. It should also be noted 
that conventional methods of welding rings with cy-
lindrical parts do not meet the needs of modern indus-
try in terms of manufacturability, quality, efficiency, 
price and environmental impact. From this point of 
view, MPW technology is the technology of choice 
for many cases. This is especially true when parts op-
erate in a tribological friction pair “copper ring – steel 
cylinder” and where high requirements are specified 
to the absence of solid inclusions in the material of 
rings and the requirements to process efficiency.

All this initiated a number of activities within the 
framework of UN and the European Union and led 
to the foundation of a large-scale international project 
JOIN’EM, which aims to study some aspects of mag-
netic-pulse welding [5‒7].

Figure 1. Process diagram for MPW of cylindrical parts
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Most scientific and technical publications on this 
topic are devoted to MPW of cylindrical parts (tube-
to-tube, tube-to-rod) [8, 9] using multi-turn inductors 
and magnetic field concentrators. Taking into account 
some differences in the processes of deformation of 
tubes and rings in MPW and increased energy losses 
when using such inductors with field concentrators, 
the authors proposed to use single-turn inductors (Fig-
ure 2) for welding parts such as “copper ring – steel 
rod/tube”, which allows producing a quality joint at a 
discharge energy of less than 35 [9] and 20 kJ |8].

It is also relevant to realize the MPW process on 
metals and alloys of domestic production, the compo-

sition and properties of which often differ from those 
analogues produced abroad.

MATERIALS, EQUIPMENT 
AND RESEARCH METHODS
The study was performed using a modified installation 
H-126A (Figure 3). This installation was designed by 
the E.O. Paton Electric Welding Institute and was the 
first MPW installation certified at the EU, manufac-
tured by a commercial batch.

When conducting metallographic examinations, a 
procedure was used that includes metallography — 
optical microscope Neophot-32, durometric analy-
sis — hardness tester M-400 of LECO Company at a 
load of 0.098 and 0.249 N.

The structural scheme of the design of H-126A is 
shown in Figure 4.

Figure 2. Scheme of single-turn inductor with workpieces before 
welding: 1 — inductor; 2 — insulator; 3 — copper ring; 4 — steel 
workpiece — target

Figure 3. Installation H-126A for magnetic-pulse welding

Table 1. Chemical composition (wt.%) of the material 3sp steel, DSTU 4484:2005/GOST

C Si Mn Ni S P Cr N Cu As

0.14‒0.22 0.15‒0.3 0.4‒0.65 ≤0.3 ≤0.05 ≤0.04 ≤0.3 ≤0.008 ≤0.3 ≤0.08

Table 2. Chemical composition (wt.%) of the material M1 copper. DSTU EN 1057: 2016

Fe Ni S As Pb Zn O Sb Bi Sn –

≤0.005 ≤0.002 ≤0.004 ≤0.002 ≤0.005 ≤0.004 ≤0.05 ≤0.002 ≤0.001 ≤0.002 Cu+Ag min 99.9

Figure 4. Structural block diagram of design of H126 installation: 
1 — controlled network switch; 2 — high-voltage rectifier; 3 — 
controlled gas-discharge switch (trigatron); 4 — working induc-
tor; 5 — automation unit with manual voltage adjuster; 6 — unit 
of high-voltage power capacitors; 7 — controlled arc ignition unit 
(oscillator)

Figure 5. Laboratory inductor
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The process of measuring current was performed 
according to a new method proposed at the PWI, 
which is supposed to be an alternative to the conven-
tional method, using the so-called Rogowski coil. The 
measurements used a high-speed USB oscilloscope 
DATAMAN 570 and the corresponding software for 
processing and post-processing of the obtained data.

For the study of joints of dissimilar metals pro-
duced by the MPW method, cylindrical specimens 
with an outer diameter Dout — 26.3 mm of 3sp steel 
(Table 1) and rings of copper of grade M1 (Table 2) 
with an outer diameter Dout — 30.6 mm, inner diame-
ter Din — 28.6 and width of 7 mm were prepared.

A laboratory single-turn inductor (Figure 5), insu-
lators and specimen aligning fixtures were also man-
ufactured.

RESULTS OF RESEARCH AND DISCUSSION
The process of welding-on rings of M1 copper to steel 
specimens of 3sp steel (Figure 6) was carried out at a 
charge voltage on the battery of 18 kV capacitors. The 

total capacitance of the capacitors was 115 μF. Current 
switching was performed using a controlled arc discharg-
er of “trigatron” type. The width of the working turn of 
the inductor was 6 mm. From the experience of previous 
experiments it was found that for a given geometric con-
figuration of parts, the optimal gap between them is 1.15 
mm. Before the process of welding the specimens, the 
pulse current was registered on the inductor without a 
workpiece and with a workpiece (Figure 7).

The appearance of the specimens after welding in-
dicates the presence of significant plastic deformation 
of copper rings (see Figure 6).

Metallographic examinations showed that when 
joining copper rings with a wall thickness of 1 mm and a 
width of 7 mm with cylindrical steel surfaces, the areas 
of linear joining of 2.3‒5.0 mm size with a wavy-tooth 
line of the zone of this joint are observed. The relief and 

Figure 6. Specimens joined by MPW

Figure 7. Oscillograms of currents in MPW at a charge energy of 
the capacitor battery of 18 kJ: 1 — inductor without a workpiece; 
2 — inductor with a workpiece

Figure 8. Macro- (a) and microstructure (b, c) of copper-steel joints produced by MPW method

Figure 9. Diagram of change of microhardness of copper-steel specimen after MPW
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geometrical characteristics of the joint line area depend 
on the welding process parameters (discharge energy, 
gap between parts, etc.) and design of the inductor [10, 
11]. The height of teeth in the joint area was 10‒30 μm 
(Figure 8, a). The thickness of the welded-on copper 
layer was 0.96‒1.16 mm. This difference in thickness 
is caused by the influence of the nonuniform magnetic 
field of the working zone of the inductor. In the joint 
zone on the side of copper, changes in the metal struc-
ture were recorded — rounded grains with a diameter 
of 20‒80 μm at a distance of 270‒500 μm from the joint 
zone are observed. Rounded grains are located near the 
joint area. Moving further from this area, their number 
decreases and the structure turns into large deformed 
copper grains with twins (Figure 8, c).

The microhardness of copper in the joint area is 
1344 MPa (Figure 9), which almost does not dif-
fer from the total hardness of the copper layer — 
1361 MPa, the microhardness of rounded grains is 
3‒5 % higher (~1382 MPa) than that of large de-
formed grains (~1361 MPa).

In the joint area on the side of steel to a depth of ~ 
50 μm, a ferrite band was recorded. Its average micro-
hardness in the joint area is 2058 MPa, which is 16 % 
higher than the microhardness in the centre of a steel 
part, being 1777 MPa. Further changes in the banded 
ferrite-pearlite structure are not observed (Figure 8, b).

CONCLUSIONS
The weldability of copper rings to steel rods was inves-
tigated in order to study the possibility of using a sin-
gle-turn inductor. A high-quality joint of copper rings of 
1 mm wall thickness with steel cylinders was produced 
with the use of discharge energy of up to 18 kJ.

Metallographic analysis revealed a high-quality 
joint of copper rings with steel parts with a two-zone 
shape of joining, as well as structural changes in the 
weld zone, while the microhardness of steel within 
this zone increases in average by 16 %.

In the future, investigations will be conducted to study 
the effect of different process parameters (gap between 
parts, energy and discharge frequency) on the strength 
and metallographic characteristics of Cu–Fe welds.

To gain a better understanding of exact mech-
anisms of welding, effect of ring wall thickness on 
weld formation, and deformation of components, nu-
merical simulation should also be performed.
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IMPROVEMENT OF THE MECHANICAL PROPERTIES 
AND CORROSION RESISTANCE OF LASER WELDS 
ON THICK DUPLEX PLATES BY LASER CLADDED BUTTERING
A. Straße, A. Gumenyuk, M. Rethmeier

Bundesanstalt für Materialforschung und -prüfung (BAM) 
Unter den Eichen 87, 12205 Berlin, Germany

ABSTRACT
Because of its excellent corrosion resistance, high tensile strength and high ductility, duplex stainless steel 2205 of-
fers many areas of application. Though laser beam welding accompanied by high cooling rates, duplex steels tend 
to perform higher ferrite contents in weld metal as the base metal, which leads to a reduction of ductility and cor-
rosion resistance of the weld joint. To overcome this problem, a solution, based on buttering the plate edges by la-
ser metal deposition (LMD) with material containing higher Ni concentrations prior to laser welding was suggested.  
In this context different process parameters for LMD process were investigated. In a second step the possibility of welding 
those edges defect free while achieving balanced austenite-ferrite ratio was verified with metallographic analysis, Electron 
Backscatter Diffraction (EBSD) and impact testing according to Charpy. The improved corrosion resistance was observed with 
ASTM G48 standard test method.

KEY WORDS: laser metal deposition, laser beam welding, duplex stainless steel

INTRODUCTION
Laser beam welding of thick plates has great rele-
vance for applications in the chemical and the off-
shore industry, were defect free weld seams with a 
homogenous microstructure are crucial. But often it 
is necessary to add filler materials to achieve the de-
sired properties. A known problem with laser beam 
welding of thick plates is the decreasing detectability 
of the elements of said filler materials in the depth of 
the welds. Gook et al. [1] proved that up to a depth 
of 14 mm the elements are traceable, even if they are 
not transported uniformly through the molten pool, 
which results in weld seams with different properties 
between the upper and the lower part. An example for 
this is the duplex stainless steel 2205. Those steels 
are characterized by a balanced austenite-ferrite ratio, 
which is accompanied by the combined properties of 
both microstructures, an excellent ductility and ten-
sile strength. Welding, especially laser beam welding, 
of those materials leads to a massive change of the 
austenite-ferrite ratio to a much higher ferrite con-
tent, up to 90 % and with that to changed properties 
of the weld seam in comparison to the base material, 
e.g. a reduced ductility as reported by Kotecki [2]. 
A solution for this problem is the usage of nitrogen 
for a better formation of the austenite phase. Lai et 
al., suggested the usage of nitrogen as shielding gas 
for laser welding processes, as the gas stabilizes the 
forming of austenite [3]. Another approach to reduce 
the ferrite content of the welds is the usage of filler 

materials in form of electrodes with a higher Ni-con-
tent. This leads to a higher austenite ratio in the mi-
crostructure. Muthupandi et al. studied the influence 
of such electrodes for laser beam and electron beam 
welding processes [4]. Wu et al. used a powder nozzle 
to distribute nickel powder into the molten pool [5]. 
As mentioned, the filler material only reaches a depth 
of maximal 14 mm, this solution is only feasible for 
thinner plates. For thick plates Westin et al. [6] pro-
posed nickel foils which were placed between both 
welding partners before the tacking, but the handling 
of foils is complicated and time consuming. In this 
paper another approach for the homogenous distribu-
tion of the filler material by laser cladded buttering is 
proposed.

In the last years Laser Metal Deposition (LMD) 
became more important for different types of appli-
cations, for repair of components, e.g., of the tip of 
turbine blades and in the additive manufacturing of 
whole parts as well. Another common application is 
cladding of components with corrosion or wear re-
sistant layers. In this study the edges of the welding 
partners were coated with a duplex steel and nickel 
powder mixture before the laser welding to ensure a 
homogenous distribution of the alloying elements in 
the laser weld seams, which must display a balanced 
duplex microstructure.

EXPERIMENTAL SETUP
Base plates with the dimensions 300×100×15 mm 
were of the duplex stainless steel 2205. For the LMD 
process, duplex powder 2205 with a grain size of 
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53–250 µm and nickel powder with a grain size of 
45–125 µm were used.

Table 1 shows the chemical composition of the 
base material and the powders. The resulting pow-
der mixture contained a 12 % total amount of nickel. 
The coatings of the plates´edges were produced in a 
five-axis laser cell (TruLaser Cell 3000, Trumpf), that 
is coupled with a 16 kW Yb:YAG-disk laser (TruDisk 
16002, Trumpf) with a wavelength of 1030 nm. A 
three-jet nozzle with a working distance of 16 mm 
and a powder feeder (Flowmotion Twin, Medicoat) 
were used.

The cladding was done with a laser spot diameter 
of 1.6 mm, a constant powder mass flow of 15 g⋅min–1, 
a laser power of 0.8 kW, a velocity of 0.8 m⋅min–1 and 
a stepover of 1.5 mm. For all experiments the carrier 
gas was helium with a gas flow of 4 l⋅min–1 and shield-
ing gas was argon with 10 l⋅min–1. The experimental 
setup is shown in Figure 1 and chemical composition 
in Table 1.

For a longer coverage of the edges with shielding 
gas, protection sheets were used on either side of the 
plate. Those were clamped in the vice about 1–2 mm 
under the base plate. One layer per edge was cladded 
using a bidirectional strategy. The stepover was cho-
sen in respect with the intention to produce preferably 
smooth coatings for the following laser beam welding 
process. The tacking was done with a cladding track 
on the upper and the lower side of the weld seam. For 

those tack welds the welding parameters were the 
same as for the clad layers.

The laser beam welding was performed with a 
20 kW Yb-fiber laser (YLR-20000, IPG) with a wave-
length of 1064 nm, a focus diameter of 0.56 mm and a 
beam parameter product of 11.2 mm⋅mrad.

After the coating of the edges and the tacking, 
the plates were welded with different welding gas-
es. Shielding gas and the gas in the dragging nozzle 
was always argon, for the root shielding nozzle the 
influence of argon was tested as well as nitrogen. The 
laser power was 14.3 kW by a speed of 1.5 m⋅min–1 
with a defocusing of –5 mm. The experimental setup 
is shown in Figure 2.

Different destructive and non-destructive tests 
were executed on both kinds of weld seams, with and 
without coating, to ensure the quality of the coatings 
and the welds. Cross sections as well as electron back-
scatter diffraction (EBSD), impact testing according 
to Charpy and corrosion testing according to the 
ASTM G48-11 Method A were used to characterize 
their properties.

RESULTS AND DISCUSSION
The buttering of edges with twenty single tracks is 
shown in Figure 3. The optical analysis of the micro-
structure showed that the austenite-ferrite ratio of the 
coatings was balanced due to the higher nickel con-
tent of the powder.

The LMD-tracks were set closer than the usual 
overlap of 30 % to realize an even surface. Other ste-

Table 1. Chemical composition (wt.%) of the investigated materials

Material Form Fe Cr Ni Mo Nb Mn N C Si P

Duplex (1.4462) Base material Bal. 22.96 5.18 3.00 – 1.82 0.17 0.02 0.29 0.03
Duplex (1.4462) Powder Bal. 22.80 5.57 3.16 – 1.09 0.16 0.02 0.68 0.02
Nickel (24.053) Powder – – Bal. – – – – 0.05 – –

Figure 1. Experimental setup for the coatings

Figure 2. Experimental setup for the laser welds

Figure 3. Cross section of buttering of edges
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povers with a more moderate space between the lines 
were tested as well, but they resulted in surfaces, that 
were too uneven for the laser welding process. How-
ever, the edges display a certain waviness and a dip-
ping at the corners, which proved to be problematic 
with the laser beam welding, were a technical zero-gap 
is preferred. Thus, the weld seams showed irregular-
ities in the upper and the root side. To overcome this 
problem, LMD-tacking with the same parameter set 
as the buttering was applied on both sides of the coat-
ed plates to fill the gaps instead of the typical tacking 
with laser beam at the beginning, in the middle and at 
the end of the plates. The weld seam with this tacking 
showed a good appearance with only minimal relapse 
on the root side, shown in Figure 4.

The optical and EBSD-analysis of the weld seams 
with coated edges displayed a significantly better aus-
tenite-ferrite ratio than the ones which were welded 
without any filler material. For the last ones, the seams 
showed an austenite content below 10 %, whereas the 
austenite-ferrite ratio of the welds with the coated edg-
es was balanced, with 40–50 % austenite, depending 
on the root shielding gas. Figure 5 shows a part of an 
EBSD-analysis of one of the weld seams. The ferrite 
phase was colored red, while the austenite is shown in 
blue. The amount of austenite measured with EBSD 
for this weld was 41.8 %. Those, that were performed 
with nitrogen as root shielding gas, displayed a higher 
austenite content up to 56.8 %, which affirms the dis-
coveries of Lai et al.

Impact testing was executed by means of un-
dersize Charpy-V samples with the dimensions 
7.5×10×55 mm. The notch was placed in the mid-
dle of the weld seam and the testing performed at a 
temperature of –20 °C. Specimens welded with and 
without buttering were compared. The surface of the 
unbuttered ones implied brittle fractures (Figure 6, 
a) with an average impact toughness of 29 J⋅cm–2, 
whereas the buttered ones displayed a far more ductile 
fracture behavior with values of 140 J⋅cm–2 (Figure 6, 
b). The results show, that due to the buttering the weld 
seams show satisfactory ductility in contrast to that of 
unbuttered ones. 

The corrosion testing was done with the standard 
testing method according to ASTM G48 for pitting 
corrosion for stainless steels in chlorite containing 

environments. The testing was done at 25 °C for 
24 hours in a FeCl3⋅6H2O (6 % FeCl3 by mass)-testing 
solution. The specimen size was 55×25×15 mm. No 
corrosion was observed in the base metal in any of 
the tests. The ferritic weld seam of the uncoated spec-
imen (Figure 7, a, b) showed corrosion in the weld 
metal. While the coated test pieces showed no corro-
sion, neither in the base metal nor in the weld seam 
(Figure 7, c, d). The proposed two-step process with 
the LMD-coated edges of the plates with a powder 
mixture containing 12 % nickel is able to form weld 
seam that are corrosion resistant.

CONCLUSIONS
Laser beam welding of 15 mm thick duplex plates 
LMD-coated with a powder mixture containing 12 % 
nickel was performed. The cross-sections as well as 
the EBSD-analysis showed a balanced duplex struc-
ture throughout the whole weld seam. The austenite 
content in the welds with nitrogen as shielding gas 
was higher by 15 %. The impact testing of the speci-
men confirmed the better ductility of the weld seams 
with coated edges and the defect free corrosion testing 
specimen confirmed the superiority of the mechanical 
properties as well. 
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ELECTRON BEAM WELDING OF ALUMINIUM 1570 ALLOY 
AND MECHANICAL PROPERTIES OF ITS JOINTS 
AT CRYOGENIC TEMPERATURES
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ABSTRACT
The features of electron beam welding of the 1570 alloy were studied and mechanical properties of its welded joints in the 
temperature range of 20‒293 K were investigated. It was found that during electron beam welding in the 1570 alloy, the width 
of the heat-affected-zone does not exceed 4 mm from the fusion line, which is 4 times lower than in the AMg6N alloy. In the 
weld, fusion zone and HAZ cracks, clusters of eutectic interlayers and other defects were not detected. The ultimate strength of 
the joints of the 1570 alloy at a decrease in the test temperature from 293 to 20 K increases from 325 to 525 MPa. The yield limit 
is also increased from 210 to 270 MPa, and the ductility changes slightly. At the same time, the impact toughness decreases 
from 38 to 9 J/cm2. The strength coefficient of welded joints with a decrease in the test temperature from 293 to 20 K increases 
from 0.85 to 0.95. In general, the 1570 alloy is well welded by electron beam and the method of electron beam welding can be 
recommended in the manufacture of welded structures of rockets and spacecrafts.

KEY WORDS: electron beam welding, aluminium alloy, mechanical properties, welded joints; cryogenic temperatures

INTRODUCTION
The high-strength 1570 alloy of the Al–Mg system 
is designed to replace the AMg6 alloy in welded 
structures of rockets and spacecrafts. The use of the 
AMg6 alloy is explained by its advantages such as 
high ductility and corrosion resistance at a satisfac-
tory weldability. The main disadvantage of this alloy 
is its relatively low strength [1]. The difference be-
tween the 1570 and AMg6 alloy is that it is addition-
ally doped with the scandium element in the amount 
of 0.17‒0.27 % and has higher mechanical properties. 
For alloys of the Al‒Mg system, the most effective 
hardener is scandium [2]. High mechanical proper-
ties of the alloy are predetermined by the formation 
of fine-dispersed reinforcing particles of the А13Sс 
phase, precipitated during heating and deformation 
from the supersaturated solid solution. In terms of 
yield strength, semi-finished products from the 1570 
alloy are 1.5‒2.0 times higher than similar semi-fin-
ished products from the AMg6 alloy, depending on 
the type of semi-finished product. The use of the 1570 
alloy instead of the AMg6 alloy gives an advantage in 
weight by up to 20 % [1].

The addition of scandium to alloys of the Al‒Mg 
system improves their weldability. For example, their 
resistance to hot crack formation during fusion weld-
ing significantly increases [1, 3]. The strength coeffi-
cient of welded joints of the 1570 alloy is 0.85‒0.95 
depending on the type of semi-finished product. It was 
found that short-term heating of the near-weld zone 
of the 1570 alloy to 450 °C is not accompanied by a 
decrease in hardness [4]. Even at long-term heating 
(2‒10 h), recrystallization processes in the 1570 alloy 
begin at the temperatures above 400‒500 °C, depend-
ing on the type of semi-finished product [5]. This is 
explained by a high thermal stability of the nonrecrys-
tallized structure, predetermined by the precipitation 
of secondary particles of the А13Sс phase from the 
supersaturated solid solution during thermomechani-
cal treatment of the alloy.

One of the main ways to join the structural ele-
ments of rocket engineering from aluminium alloys is 
electron beam welding (EBW). The aim of this work 
is to study the features of EBW of the 1570 alloy and 
study the mechanical properties of its welded joints in 
the temperature range of 20‒293 K.

RESEARCH METHODS AND EQUIPMENT
The research was carried out on stamped semi-fin-
ished products of the 1570 alloy with a thickness of 
30, 40 and 60 mm. Semi-finished products were weld-
ed in the electron beam welding machine UL 209M 

           
*Based on the materials of the report at the X International 
Conference “Beam Technologies in Welding and Materials 
Processing”, Odessa, September 6‒10, 2021.
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with a power source ELA 60/60 with an accelerating 
voltage of 60 kV. Hardness measurements were used 
to evaluate changes in the strength of the weld metal 
and the width of the heat-affected-zone (HAZ). The 
Rockwell device was used with a load on a steel ball 
of 600 N on the scale B. The microstructures of weld-
ed joints were examined on cross-sections with the 
use of the Neophot optical microscope.

The mechanical properties of the stamped 
semi-finished product of the 1570 alloy and its welded 
joints were determined at temperatures of 20, 77, 196 
and 293 K. Standard specimens of GOST 11150–84 
type 1 No.2 (for tests at low temperatures) and speci-
mens with a notch of the same diameter of the work-
ing part were tested. Impact strength was determined 
during tests of specimens with Charpy notch.

EXPERIMENTAL STUDIES AND RESULTS
During welding, the beam current and the focus-
ing lens current were selected from the condition of 
a guaranteed penetration and formation of the back 
weld bead. EBW modes for semi-finished products of 
different thicknesses are shown in the Table 1.

Welds had a width from 3 to 5 mm with almost 
parallel boundaries of the penetration zone in the cen-
tral and lower part (Figure 1). Spraying, splashing and 
leaking of liquid metal during EBW process were not 
observed.

During EBW of the 1570 alloy, the width of the 
HAZ does not exceed 4 mm from the fusion line 
(Figure 2) regardless of the thickness of the welded 
semi-finished products (see Table). This is 4 times 
less than in EBW of the AMg6N alloy [6].

The weld metal has a homogeneous highly-dis-
persed cellular-dendritic structure (Figure 3). In the 
weld, fusion zone and HAZ no cracks clusters, of eu-
tectic interlayers and other defects were found.

With a decrease in the test temperature from 293 
to 20 K, the ultimate strength of the base metal of the 
1570 alloy increases from 385 to 535 MPa (Figure 4). 
The yield limit also increases from 245 to 310 MPa. 
The relative elongation decreases from 24 to 15 % 

Table 1. EBW modes for welding of semi-finished products of the 
1570 alloy of different thickness, mm

Thickness of 
semi-finished 
product, mm

EBW modes for the 1570 alloy

Uacc, 
kV

vw, 
mm/s

Ibeam, 
mA

Beam scan 
amplitude, mm

30
60

14‒17 220‒280 1.0‒1.5
40 14‒17 270‒330 1.0‒1.5
60 10‒12 360‒420 1.5‒2.0

Figure 1. Macrosections of joints of semi-finished products of the 
1570 alloy with a thickness of 30, 40 and 60 mm

Figure 2. Distribution of hardness in the cross-section of joints of 
stamped semi-finished products of the 1570 alloy

Figure 3. Microstructure (×200) of weld metal of stamped 
semi-finished product of the 1570 alloy: a — central part of the 
weld; b — fusion line
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and the impact toughness decreases from 25 to 10 J/
cm2. The ultimate strength of the notched specimens 
is about 525 MPa and is almost independent of the test 
temperature.

The peculiarity of the tests of welded joints of the 
1570 alloy is that at the test temperatures of 20 and 
77 K, the specimens are destroyed over the base metal 
outside the HAZ (Figure 5). The ultimate strength of 
the smooth specimens becomes higher than the ulti-
mate strength of the specimens with a notch and at 
20 K it reaches 525 MPa (Figure 6). At the same time, 
impact toughness of the weld metal decreases from 38 
to 9 J/cm2. The ultimate strength of the rupture speci-
mens with a notch of the weld metal amounts to about 
443 MPa at all test temperatures.

At a decrease in the test temperature from 293 to 
20 K, the strength coefficient of welded joints increas-
es from 0.85 to 0.95 (Figure 7). The sensitivity of the 

metal to stress raisers is evaluated by the ratio of the 
ultimate strength of the specimen with a notch to the 
ultimate strength of the smooth specimen (σt.n/σt). The 
sensitivity to the notch of the base metal and the weld 
metal is low. The ratio σt.n/σt at temperatures of 293 
and 196 K is not lower than 1.3. With a decrease in 
temperature, the sensitivity of the base metal to the 
notch increases, but even at a temperature of 20 K the 
ratio σt.n/σt amounts to about one.

CONCLUSIONS
The investigations of microstructure and mechanical 
properties of joints of stamped semi-finished products 
of the 1570 alloy, made by EBW method, were car-

Figure 4. Dependence of mechanical properties of stamped 
semi-finished product of the 1570 alloy with a thickness of 60 mm 
on the test temperature

Figure 5. Nature of destruction of specimens cut from welded 
joints of stamped semi-finished product of the 1570 alloy at dif-
ferent test temperatures

Figure 6. Dependence of mechanical properties of welded joints 
of the 1570 alloy, made by EBW method, on test temperature

Figure 7. Effect of test temperature on strength coefficient of 
joints and sensitivity to stress concentrators of stamped semi-fin-
ished product of the 1570 alloy
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ried out. No defects were found in the welded joints. 
The width of the HAZ amounts up to 4 mm from the 
fusion line and almost does not depend on the thick-
ness of the semi-finished product to be welded. At a 
decrease in the test temperature from 293 to 20 K, the 
strength coefficient of welded joints increases from 
0.85 to 0.95.

Thus, it was found that the 1570 alloy is well weld-
ed by electron beam and the EBW method can be rec-
ommended in the manufacture of welded structures of 
rockets and spacecrafts.
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INFLUENCE OF TIME OF EXISTENCE OF MOLTEN POOL 
IN ELECTRON BEAM PROCESSES ON THE LEVEL 
OF EVAPORATION OF ELEMENTS 
WITH A HIGH VAPOR TENSION
N.V. Piskun, E.L. Vrzhyzhevskyi, V.A. Kostin, T.G. Taranova, I.L. Bogaichuk, I.I. Statkevych

E.O. Paton Electric Welding Institute of the NASU 
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine

ABSTRACT
The intermetallic Ті‒44Al‒5Nb‒3Cr‒1.5Zr alloy (at.%), developed and melted at the E.O. Paton Electric Welding Institute of 
the NAS of Ukraine, was studied. The processes of evaporation of elements with a high vapor tension, such as aluminium and 
chromium for two electron beam processes: melting and welding were studied. It was experimentally proven and confirmed by 
investigations that the use of directional crystallization by electron beam melting, which takes place in deep vacuum conditions, 
does not allow providing uniformity of structure along the length of the ingot, which is associated with evaporation of elements 
with a high vapor tension, such as aluminium and chromium. It was found that during electron beam welding of specimens of 
intermetallic Ті‒44Al‒5Nb‒3Cr‒1.5Zr alloy (at.%), cracks appeared, but, as was proved by X-ray spectral studies, evaporation 
of elements does not occur. The parameters of these two processes were compared and it was shown that the level of evapo-
ration of elements with a high vapor tension in electron beam processes is influenced by the time of staying the material in a 
liquid state and the sizes of the molten zone.

KEY WORDS: intermetallic alloy of TiAl system, electron beam melting, electron beam welding, evaporation, elements with 
a high vapor tension, molten zone, crystallization time

INTRODUCTION
It is known that heat-resistant intermetallic alloys 
have high strength, heat resistance, creep and corro-
sion resistance at high temperatures [1]. Thanks to a 
low density and specific strength, intermetallics based 
on γ-TiAl are attractive for the use in gas turbine 
engines [2]. Due to unique properties, they are also 
promising for using in various other industries. For 
example, manufacture of low-pressure turbine blades 
from these alloys allows saving 180 kg for each en-
gine as compared to traditional materials [3]. This, 
in turn, allows reducing the cost of products of aero-
space industry, which is very important.

However, a low ductility at room temperature and 
a low manufacturablity, associated with the latter, 
complicates and in some cases even excludes the pos-
sibility of manufacturing semi-finished products and 
products from these materials. A widespread use of 
titanium aluminides in the structures of different pur-
pose depends to a large extent on the creation of effec-
tive methods for their manufacturing and subsequent 
processes of their mechanical and heat-mechanical 
treatment.

Since the use of TiAl titanium aluminides is prom-
ising for its wide application in the structures of air-
craft engine turbines, parts of the automotive industry 
and some other industries [4], then the introduction 
of intermetallic alloys largely depends on the devel-

opment of technologies of their joining. In parts and 
assemblies of gas turbine engines, it is possible to 
use welding in order to simplify their manufacturing. 
The most suitable method for producing intermetallic 
joining is electron beam welding [5], which allows 
welding products of different geometric shapes and 
producing welds of different extension. In addition, as 
compared to other types of fusion welding, it has the 
following advantages: first, since it is carried out in a 
high vacuum, it fully protects such an active materi-
al as titanium; secondly, in electron beam welding, a 
narrow weld and a very small heat-affected zone are 
formed, which, in turn, should lead to minimal defor-
mations of welded joint.

Therefore, the development and optimization of 
welding technology, the creation of new approaches 
to the welding process in order to produce defectless 
joints is very relevant.

The main problem with the use of electron beam 
processes for the manufacture and treatment of tita-
nium alloys is vacuum evaporation of elements with 
a high vapor tension [6, 7]. These elements include, 
in the first turn, aluminium and chromium. Since al-
uminium is one of the main elements of the alloy, its 
evaporation affects the structure and, accordingly, 
mechanical properties of the alloy.

The aim of the work is to study the influence of 
electron beam zone melting modes and electron beam 
welding of intermetallic Ti‒44Al‒5Nb‒3Cr‒1.5Zr al-
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loy (at.%) on the processes of evaporation of alloying 
elements and formation of microstructure and prop-
erties.

MATERIAL AND PROCEDURE 
OF RESEARCH
In the work, the intermetallic alloy of the 
following composition was investigated: 
Ti‒44Al‒5Nb‒3Cr‒1.5Zr (at.%) (Table 1), which 
was developed and melted at the E.O. Paton Electric 
Welding Institute of the NAS of Ukraine (PWI) [8].

Specimens for the study were produced after elec-
tron beam crucibleless zone melting (Figure 1) and 
after electron beam welding (Figure 2).

At a room temperature, cast intermetallic alloys of 
the TiAl system represent low ductililty materials and 
during their testing to a uniaxial tension, a fracture 
of the specimen occurs immediately in an elastic area 
after tension.

It is known that before using cast intermetallic to 
eliminate these defects, it should be subjected to gas 
static isothermal compression (GSIC), long-term heat 
treatment or rolling [9]. One of the methods to im-
prove the structure and increase mechanical charac-
teristics of intermetallic is a directed crystallization.

For conducting research, the method of crucible-
less electron beam zone melting was used (Figure 1).

In our opinion, the use of a crucibleless electron 
beam melting method is quite promising for the men-
tioned purposes, because it has a number of distin-
guishing features:

● high thermal efficiency (efficiency of the pro-
cess reaches 90 %), which is associated with a small 
power consumption;

● the indicated method makes it easy to regulate 
and maintain a set length of the molten zone, which is 
essential in developing both scientific bases and prac-
tical realization of the process;

● treatment of materials can be carried out in a 
wide range of temperatures — 250‒2200 °C, which 
allows remelting an intermetallic alloy having a melt-
ing point of 1460 °C;

● this method allows an easy control of a beam 
with its direct influence on a specimen. Scanning the 
beam along the molten zone with a certain frequency 
and amplitude can, respectively, change the tempera-
ture gradient of specimens in the process of melting.

It is also noticeable that after a directed recrystalli-
zation, GSIC treatment is not required, because in the 

produced ingots such microdefects as discontinuities, 
microcracks, etc. are absent; the porosity is absent, 
because shrinkage goes directed at the front of crys-
tallization and not in the volume of the ingot. It allows 
providing its uniform structure along the length of the 
ingot. In addition, the conditions of the process pro-
vide the purity of the material that is melted (there is 
no interaction with the material of the crucible).

As was mentioned above, for the further use 
of this alloy in industry, the technology of electron 
beam welding (EBW) of intermetallic of the follow-
ing nominal composition of Ti‒44Al‒5Nb‒3Cr‒1.5Zr 
(at.%) was developed. That was the same alloy, which 
was tried to be treated by the method of electron beam 
melting.

Table 1. Chemical composition of experimental alloy

Alloy Ti Al Nb Cr Zr

wt.% 52.82 28.8 11.72 3.51 3.16
at.% 45.92 44.54 5.26 2.82 1.46

Figure 1. Scheme of the method of crucibleless electron beam 
zone melting: 1 — molten specimen; 2 — upper holder; 3 — low-
er holder; 4 — molten zone; 5 — remelted area; 6 — electron 
beam heater; 7 — cathode; 8 — focusing device; 9 — electron 
beam

Figure 2. Scheme of the process of electron beam welding of 
plates of intermetallic Ti‒44Al‒5Nb‒3Cr‒1.5Zr alloy (at.%) in 
the welding chamber of the UL-144 installation: 1 — electron 
beam gun; 2 — base material; 3 — zone of local heat treatment; 
4 — weld; 5 — heat-affected zone; 6 — deployed beam of elec-
trons; 7 — electron welding beam
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The experiments on electron beam welding of in-
termetallic were performed in the welding chamber 
of the UL-144 installation according to the scheme 
shown in Figure 2.

Electron beam welding was performed without 
heating in the following mode: Uacc = 60 kV; Ib = 
= 35 mA; vw = 7 mm/s; P = 5⋅10‒3 Pa.

While producing welded joints of intermetallics of 
the TiAl system by the EBW method, their significant 
disadvantage is the possibility of cold crack forma-
tion, that occur at temperatures below 700 °C.

RESEARCH RESULTS

ELECTRON BEAM CRUCIBLELESS 
ZONE MELTING
During the technological experiments on electron 
beam crucibleless melting of intermetallic of the TiAl 
system, a strong evaporation from the molten zone 
and areas of the heated solid surface, occured. Un-
fortunately, the evaporated elements were deposited 
on assemblies of the electron beam heater, including 
such an important assembly as a tantalum spiral that 
simulates electrons; illuminator glass panes; chamber 
walls; fittings, which led to the impossibility of com-
pleting the process.

Micro-X-ray spectral examinations showed that 
in the process of electron beam melting of the in-

termetallic of the system Ti‒44Al‒5Nb‒3Cr‒1.5Zr 
(at.%), a strong evaporation of aluminium — one of 
the main components of the alloy occurs, which has a 
high vapor tension. This occurs from the molten zone 
and areas of a solid surface that are heated. In addi-
tion, chromium, included in titanium aluminide as an 
alloying element, also evaporates quite intensively. 
The studies of the chemical composition of titanium 
aluminide, subjected to recrystallization during cruci-
bleless electron beam melting, showed that from the 
material up to 20 % of aluminium and up to 18 % of 
chromium evaporate.

Examinations of the structure of titanium alu-
minide ingots produced by electron beam crucibleless 
melting (Figure 3) showed that the structure contains 
areas of two types: light- and dark-etched coarse equi-
librium grains (Figure 3, a).

The examination of the microstructure of the in-
got showed the presence of areas of the specimen in 
which the colonies of lamellae of the γ-phase are lo-
cated in different directions (Figure 3, b). Figure 3, 
c presents the macrostructure of the cross-section of 
the specimen. Tiny pores are observed, from which 
microcracks propagate to the central part of the spec-
imen, which is apparently caused by intense evap-
oration of aluminium. On the opposite edge of the 
cross-section of the specimen (Figure 3, d), the areas 

Figure 3. Structure of titanium aluminide ingots produced by electron beam crucibleless zone melting: a — macrostructure of inves-
tigated specimens; b — specimen area, on which the colonies of lamellae of the γ-phase are seen, located in different directions; b, c, 
d — macro- and microstructure of the cross-section of the specimen after zone remelting
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of coarse grains are located, consisting of a mixture 
of γ+α2-phase.

The micro-X-ray spectral analysis of the bottom of 
the pore, performed in the electron scanning micro-
scope JSM-840, showed that the assumptions made 
above were correct (Figure 4). Fractographic studies of 
specimens of intermetallic Ti‒44Al‒5Nb‒3Cr‒1.5Zr 
alloy (at.%) after electron beam zone melting showed 
the presence of a large number of pores (Figure 4, c).

Examinations showed that at the boundaries of the 
pore, the aluminium content drops to 18‒20 at.% as 
compared to 46‒47 wt.% in the matrix. At the bot-
tom of the pores, the areas of the film with a high al-
uminium content were found. At some points, the al-
uminium content reached 59 wt.%. It is possible, that 
the formation of aluminium oxides occurred in these 
places (Figure 4, b). During a detailed study of frac-
tures, the areas in the form of microscopic particles 
were found. As was shown by X-ray spectral analysis, 
the chromium content in these precipitations reached 
18 %. For comparison — in the alloy, the chromium 
content is 3 %.

ELECTRON BEAM WELDING 
OF INTERMETALLIC ALLOY
Examination of welded butt joints after electron beam 
welding (EBW) showed that in the weld, transverse 
cold cracks (Figure 5, a) are observed, which pass 
through the welded joint and end on both sides of the 
specimen on the base material. It is necessary to note 

the heterogeneity of the structure of the weld metal in 
the form of colonies of the (γ+α2)-phase, which are lo-
cated along the fusion zone and have a microhardness 
of 5110‒5270 MPa. In this area, numerous cracks 
with a length from 100 to 300 μm were revealed, lo-
cated parallel to the fusion line (Figure 5, b).

Figure 4. Fractographic studies of specimens of intermetallic Ti‒44Al‒5Nb‒3Cr‒1.5Zr alloy (wt.%) after electron beam zone melting: 
a–c — regions of the pore bottom of intermetallic; d – fracture surface of the pore bottom of intermetallic

Figure 5. Specimen of welded joint of intermetallic 
Ti‒44Al‒5Nb‒3Cr‒1.5Zr alloy (at.%), produced by electron 
beam welding: a — general appearance; b — microstructure 
(×200) of weld metal
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As it was found above, if in electron beam melting 
a considerable evaporation of aluminium (to 20 %) and 
chromium (to 18 %) occurs, and in electron beam weld-
ing cracks appear, it became necessary to determine the 
reasons of cold crack formation. This may be associat-
ed with the problem of evaporation of elements during 
electron beam welding, which leads to changes in the 
composition of aluminium or chromium.

In order to determine the possible evaporation of 
the alloy elements in the process of electron beam 
welding, a quantitative X-ray spectral analysis of 
the intermetallic welded joint produced by the EBW 
method was performed.

The results of the quantitative analysis of 
the welded joint elements of the intermetallic 
Ti‒44Al‒5Nb‒3Cr‒1.5Zr (at.%) are presented in Fig-
ure 6.

Investigation of evaporation of elements in the 
process of welding is almost not observed. Difference 
in the elemental composition occurs in aluminium by 
2.2 % and in chromium by 1 %. In this case, the re-
distribution of element components in the weld and 
titanium occurs approximately by 2.5 % higher than 
in the initial condition. Chromium and aluminium are 
the elements with a high vapour tension, and alumin-

ium, in addition, has a low boiling point and manages 
partially to evaporate in the welding process.

On the surface of the welded joint of the interme-
tallic of the Ti‒44Al‒5Nb‒3Cr‒1.5Zr system (at.%), 
performed by EBW, parallel formations are observed 
both in the base metal as well as in the weld metal 
(Figure 7, a).

The thickness of these phases amounts to 
1.36‒2.5 μm. Cracking in these phases is not ob-
served. Quantitative analysis of the phases showed 
that they are enriched in titanium (Figure 7, b).

DISCUSSION

COMPARISON OF MODES 
OF THE ELECTRON BEAM MELTING PROCESS 
AND ELECTRON BEAM WELDING 
OF THE Ti‒44Al‒5Nb‒3Cr‒1.5Zr ALLOY
Thus, according to the data of chemical analysis and 
structural examinations, as well as on the basis of a 
detailed study of literary sources devoted to the topic 
of evaporation of elements with a high vapour tension 
in electron beam processes [6, 7], it was concluded 
that using the method of crucibleless electron beam 
melting, it is not possible to produce high-quality in-
gots. In connection with the abovementioned, it was 
decided to apply an induction heating in argon, that 
allowed solving all problems with evaporation of ele-
ments and producing high-quality ingots [10, 11].

As showed the results of previous studies, the 
main source of cracks arising is a low ductility of in-
termetallic at room temperatures (the temperature of 
viscous-brittle transition is 700 °C) and inability to 
resist the appearance of cracks as a result of formation 
of welding stresses.

In order to prevent cold crack formation in weld-
ed joints of specimens of titanium aluminide and to 
form a high-quality weld, it was necessary to carry 
out a preheating heating of the specimens [12, 13] 
and the next local heat treatment by an electron beam, 
deployed in the one and the other direction. It was 

Figure 6. Quantitative analysis of welded joint zone of interme-
tallic of the Ti‒44Al‒5Nb‒3Cr‒1.5Zr system (wt.%)

Figure 7. Phases formed in EBW of intermetallic of the Ti‒44Al‒5Nb‒3Cr‒1.5Zr system (wt.%) in the weld metal: a — microstruc-
ture; b — spectral analysis of phases
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numerically shown and experimentally confirmed that 
the use of a distributed source of a preheating of the 
specimen before welding allows realizing favorable 
conditions during welding and during further cool-
ing, namely, reducing the value of tensile stresses 
by 30 %. In addition, during use of this technology, 
a phase transformation occurs, due to which an ad-
ditional β-(B2)-phase appears in the structure, which 
represents an ordered phase based on Ti. It is located 
on the boundaries of colonies and blocks the initia-
tion and propagation of cracks in the α2-phase as a re-
sult of stress reduction. The formation of a favorable 
three-component structure: γ-phase, (γ + α2)-phase 
and β-phase in the weld contributes to increase in its 
strength and ductility [14, 15].

To answer the question, why during two electron 
beam vacuum processes for the same alloy, absolute-
ly different behavior of elements with a high vapour 
tension was observed, a comparison of basic charac-
teristics of these processes was conducted. Figures 8, 
9 show the characteristics of the process of electron 
beam melting and electron beam welding.

As is seen from Figure 7, in electron beam melt-
ing at a speed of 50 mm/h, the duration of staying the 
material in a liquid state is 720 s. At a small thickness 
of welded material, it can be accepted that geometric 
dimensions of the welding pool in arc and electron 
beam welding are approximately equal [16].

To evaluate the average duration of staying the 
metal in a liquid state during electron beam welding, 
the formulas were used given in [17], and the dimen-
sions of the welding pool, which are usually accepted 
for arc welding of titanium with a thickness of 3 mm. 
By the calculations, it was found that the welding pool 
in electron beam welding stays in a liquid state ap-
proximately for 0.7 s, which is more than 700 times 
lower than in electron beam melting.

In addition, the width of the molten zone, which is 
crystallized in electron beam melting, is 10 mm (Fig-
ure 7, b), which is much more than in the process of 
electron beam welding, in which the width of the weld 
with the heat-affected zone is not more than 3 mm. 
And already in a second after the end of the weld-
ing process (Figure 9, c), the temperature in the weld 
drops by 500 °С.

Figure 8. Characteristics of electron beam melting process: a — thermal cycle of the process of zone melting of intermetallic; b — size 
of molten zone in the process of zone melting is 10 mm

Figure 9. Characteristics of the process of electron beam welding: a — thermal cycle of EBW process for welding intermetallic; b — 
calculation of temperature distribution in the weld of intermetallic with the thickness of 3 mm in the process of EBW; c — calculation 
of temperature distribution in the weld of intermetallic within 1 s after the end of welding process
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CONCLUSIONS
It was found that in the process of electron beam 

melting of the intermetallic Ti‒44Al‒5Nb‒3Cr‒1.5Zr 
alloy, a strong evaporation of elements occurs, that 
have a high vapour tension: aluminium to 20 % and 
chromium to 18 %. Since aluminium is one of the 
main components of alloy elements, its evaporation 
affects the structure. In electron beam welding, such a 
phenomenon is not observed.

As compared to thermocycles of two electron 
beam processes, it turned out that duration of stay-
ing the material in a liquid state during electron beam 
melting is 720 s, width of the molten zone is 10 mm, 
and in electron beam welding, a welding pool, which 
is crystallized in 0.7 s, has dimensions of approxi-
mately 2 mm.

Thus, the level of evaporation of elements with a 
high vapour tension in electron beam processes de-
pends on duration of staying the material in the liquid 
state and sizes of the molten zone.
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MATHEMATICAL MODELING OF RESIDUAL STRESSES 
IN COMPOSITE WELDED JOINTS 
OF WWER-1000 REACTOR VESSEL COVER 
WITH CSS NOZZLES
A.A. Makarenko, O.V. Makhnenko

E.O. Paton Electric Welding Institute of the NASU 
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine

ABSTRACT
Composite welded joints (CWJ) of the WWER-1000 reactor vessel cover with the nozzles of the control safety system (CSS) 
is the object of calculations of strength in the feasibility study of life extension of NPP power units. Kinetics of formation of 
residual stresses in welding CWJ of the WWER-1000 reactor vessel cover with the CSS nozzles and also their redistribution as 
a result of postweld heat treatment were calculated by mathematical modeling using finite element method. Effect of preheating 
on microstructural phase transformations in the HAZ of base material of the cover and nozzle was studied. The main features 
of residual stress distribution in CWJ after welding and after heat treatment were determined.

KEY WORDS: composite welded joint, reactor vessel cover, WWER-1000, HAZ, microstructural phase transformations, 
residual stresses, heat treatment, mathematical modeling

INTRODUCTION
One of the most important issues of safe operation and 
extension of the life of equipment of nuclear power 
plants (NPPs) in Ukraine is the issues of evaluation of 
strength, integrity and serviceability of welded joints, 
which requires data on residual stresses.

In the elements of equipment and pipings of ex-
isting NPPs, the so-called composite welded joints 
(CWJ) of dissimilar materials, usually steels of fer-
ritic-pearlitic (or bainitic) and austenitic classes, were 
widely used. The peculiar feature of CWJ consists 
in the fact, that due to the difference in the chemical 
composition of the base and welding materials during 
welding heating, a significant diffusion of chemical 
elements in the joining area can occur, causing chem-
ical and structural heterogeneity of CWJ metal [1, 2], 
and also due to a significant difference in the coef-
ficients of thermal expansion in the materials of the 
constituent components in the process of welding and 
postweld heat treatment, significant unrelaxed resid-
ual stresses occur [3, 4]. Structural heterogeneity of 
CWJ metal and unrelaxed residual stresses signifi-
cantly affect strength, service life and corrosion re-
sistance of equipment elements [5]. Significant diffi-
culties in the experimental measurement of unrelaxed 
residual stresses complicate their accounting when 
determining the life of equipment elements in NPPs.

The reactor vessel is one of the main elements, on 
the technical condition of which the life of safe op-
eration of a nuclear power plant depends and which 

cannot be replaced. Welded joints in reactor vessel 
are problem areas, where the risk of defects has a 
high probability. While much attention was paid to 
the welded joints and deposits of the WWER-1000 
reactor vessel, CWJ of the reactor vessel cover with 
the nozzles of the control safety system (CSS) almost 
were not studied. In addition to evaluation of structur-
al integrity of the vessel cover in CWJ areas during 
long-term operation, analysis of the possibility of re-
pair replacement of nozzles by welding technology in 
case of its wear also represents interest in the future.

DESIGN AND TECHNOLOGY OF CWJ 
OF VESSEL COVER WITH CSS NOZZLES
Figure 1 shows a scheme of welded joint of the cover 
of the WWER-1000 reactor vessel, which is formed 
by joining the CSS nozzle of steel 20 (pearlite class) 
and the reactor vessel cover of steel 15Kh2NMFA 
(bainite class) by welding material 10Kh16N25AM6 
(austenite class), with the preliminary cladding 3I0-8 
(austenite class). The inner surface of the CSS noz-
zles is insulated from the contact with the heat carrier 
by welded-on jackets of steel 08Kh18N10Т. Welding 
of a jacket onto the nozzles was carried out during 
heating of a jacket and a nozzle to the temperature of 
100 °C. On the lower part (ends) of the nozzles, an 
austenitic layer is deposited. In the Table 1 materi-
als are shown, which were used in the manufacture of 
cover and nozzles of the upper block of the power unit 
WWER-1000 reactor [6‒8].
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DEVELOPMENT OF MATHEMATICAL 
MODEL OF SSS IN WELDING CWJ
To calculate the residual stresses, a 2D finite element 
model of joining the cover of the reactor vessel with 
a CSS nozzle, admitting axial symmetry (Figure 1), 
was constructed. The scheme of the model of the 
welded joint, boundary conditions and finite element 
mesh are shown in Figures 2, 3.

The temperature problem was solved, admitting 
a fast-moving heating source, which allowed us-
ing a two-dimensional finite element model in the 
cross-section of the welded joint (Figure 2). For sim-

ulation of temperature distributions while producing 
welding passes, an equation of non-stationary thermal 
conductivity was used, which includes taking into ac-
count the volumetric welding source of heating W(х, 
у, t) [9]

 

( , , )T T TW x y t c
x x y y t

 ∂ ∂ ∂ ∂ ∂ λ + λ + = ρ  ∂ ∂ ∂ ∂ ∂   
, (1)

where ρ is the density of material; c is the specific heat 
capacity; λ is the coefficient of thermal conductivity; 
T is the temperature of material,

2 2
0 0

2 2

3( ) 3(y )6( , , ) exp
x x yQW x y t
a bab

 − − − −
= −  π  

, (2)

Figure 1. Reactor cover element with connected CSS nozzle and scheme of CWJ

Table 1. Materials used for the welded joint of the reactor cov-
er with the CSS nozzles of the WWER-1000 reactor power unit 
[6‒8]

Parts of cover with nozzles Grade of material

Basic materials
Reactor cover 15Kh2NМFА
CSS nozzles 20

Jacket of CSS nozzles 08Kh18N10Т
Welding (cladding) materials

Weld for welding-on CSS nozzles to the 
cover (No.3)

Sv-10Kh16N26AM6 
and 3I0-8

Lower weld for welding-on jacket 
to the nozzle with cladding (No. 8) EA-400/10Т

1st layer of cladding “c” to the nozzle EА-395/9
2nd layer of cladding “c” to the nozzle EА-400/10Т

Cladding “e” on the cover ZIО-8
1st layer of cladding “δ” on the cover 07Kh25N13
2nd layer of cladding “δ” on the cover 08Kh19N10G2B

Figure 2. Boundary conditions and scheme of 2D model of CWJ: 
a — restricts movement in the horizontal plane; b — restricts 
movement in the horizontal and vertical planes
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where Q is the effective power of the welding source 
of heating; x0, y0 are the coordinates of the center of 
the heating source; a, b are the corresponding dimen-
sions (width and depth) of the effective heating zone 
in the directions x, y.

The time of heating the metal of each welded or 
deposited pass in the cross-section of the welded joint 
depends on the speed of welding vw and the size of the 
effective heating zone a, i.e., in the first approxima-
tion it can be equal to tw = a/νw.

The parameters of the welding source of heating were 
chosen in such a way that the temperature of the metal in 
the weld exceeded the melting point, and the time inter-
val between the passes was sufficient to cool the metal to 
the temperature of the accompanying heating.

The boundary conditions on the surfaces of welded 
joint elements taking into account the convection heat 
transfer with the environment were specified in the form:

 q = –h(Tout – T), (3)

where Tout is the temperature of the environment; q is 
the heat flow; h is the coefficient of heat transfer from 
the surface at the convection heat exchange with the 
environment.

Initial conditions at t = 0:

 W(x, y, o) = 0, Theating = 20–200 °C,  
 Tout = 20 °C, (4)

where Theating is the temperature of preliminary and ac-
companying heating.

Taking into account the hypothesis of “plane de-
formation”, the solution of the distribution of spatial 
components of stresses and deformations was ob-
tained by means of a two-dimensional model of the 
cross-section of the welded joint in an elastoplastic 
formulation, i.e., a deformation tensor can be present-
ed in the form of the tensors:

 
e p

ij ij ijε = ε + ε  (i,j = x, y, z), (5)

where e
ijε  is the tensor of elastic deformations; p

ijε  is 
the tensor of plastic deformations.

The components of stress tensors σij and elastic de-
formations e

ijε  are connected with each other by the 
Hooke’s law:

 
( )

2
ij ije

ij ij K
G

σ − δ σ
ε = + δ σ + ϕ , (6)

where ijδ  is a single tensor ( ijδ  = 0 if i ≠ j, ijδ  = 1, 

if i = j), 1 ( )
3 xx yy zzσ = σ + σ + σ ; 

2(1 )
EG =
+ ν  

shear 

modulus; 1 2K
E
− ν

=  is the compliance of a volume 

compression; E is the Young modulus; ν is the Pois-
son’s ratio; φ is the function of free relative elonga-
tions (volumetric changes) caused by changes in tem-
perature and microstructural phase changes.

In a simple case, when structural transformations 
do not occur:

 φ = α(T – T0), (7)

where a is the coefficient of relative temperature elon-
gation of the material.

In welding of steels that are sensitive to the ther-
mal cycle of welding, in HAZ structural transforma-
tions with noticeable volumetric changes may occur. 
Their taking into account mainly affects the kinetics 
of distribution of welding stresses and deformations. 
The total effect of volumetric changes from the tem-
perature T0 to T(t) is determined in the form [9]:

 

( ) ( ) ( ) ( )
( ) ( )

0 0

0 0

,
3 j j j j

j j

V T t T V T T
V T T

γ − γ
ϕ =

γ
∑ ∑

∑
 

(8)
(j = A, F, P, B, M),

where j phase is austenite, ferrite-pearlite, bainite, 
martensite; γj(T) is the volume of the unit of mass of 
the jth phase at the temperature T; Vj(T) is the fraction 
(in fractions from the unit) of the jth phase at the tem-
perature T.

The values γ(T) for low-alloy steels are given de-
pending on carbon content C, % [10]:

γα(T) = 0.12282 + 8.56⋅10–6(T – 20) + 
+ 2.15⋅10–3 C, (cm3/g);

γМ(T) = 0.12708 + 4.448⋅10–6(T – 20) + 
+ 2.79⋅10–3 C, (cm3/g);

 γB,FP(T) = 0.12708 + 5.528⋅10–6(T – 20), (cm3/g). 

(9)

The results of calculation of the mass fraction of 
each Vj(T) phase in the final microstructure after cool-
ing depend on the cooling rate in the characteristic 
range of temperatures (cooling rate from the tempera-
ture 800 to 500 °C).

Kinetics of changing the value Vj(T) in the tem-
perature range from Tj

s beginning of the appearance 
of the jth phase to T j

e  — end of the appearance of the 

Figure 3. Finite element mesh in the CWJ zone: a — before weld-
ing; b — after welding



36

A.A. Makarenko et al.

                                                                                                                                                                                       

                                                                                                                                                                                                    

jth phase when the austenite decomposition is deter-
mined on the basis of ratios:

 

max( ) 1 exp sj
j j j

sj ej

T T
V T V a

T T

  −
= −   −   

 

(10) 
аj = –2.7 (j = М, FP, B); 

 

( ) 1 ( )
ì ,ô ï ,á

a jV T V T= − ∑ ; (11)

where Va(T) is the content of residual austenite at a 
temperature T.

The values of the temperatures of start Tsj and end 
Tej of the types of j phase transformations were deter-
mined according to existing thermokinetic diagrams 
or the diagrams of the anisothermal decomposition of 
austenite (ADA) of the relevant steels.

Plastic deformations are associated with the 
stressed state of the equation of the theory of plas-
tic nonisothermal flow, associated with the von Mises 
yield criterion:

 ( )p
ij ij ijd dε = λ ⋅ σ − δ σ ( , , , )i j x y z= , (12)

where p
ijdε  is the tensor increment of the tensor p

ijε  
at a given moment of time t, predetermined by the 
history of deformation, stresses σij and temperature T; 
dλ is the scalar function, which is determined by the 
flow conditions in the following form:

 dλ = 0, if 2 2 ( ) 0i Tf T= σ −σ <  or f = 0,  
 at df < 0;  
 dλ > 0, if f = 0 і df > 0; (13) 
 state f > 0 is unacceptable, 

where σi is the intensity of stresses

( ) ( ) ( ) ( )2 22 2 2 21 6
2i xx yy xx zz yy zz xy xz yzσ = σ −σ + σ −σ + σ −σ + σ + σ + σ ,

σT = (T) is the yield strength of material at a tempera-
ture T.

Equation (8) shows, that in order to obtain the re-
sults on residual stress components σij and deforma-
tions εij it is necessary to consider the process of prop-
agation of elastoplastic deformations by time, starting 
from some initial state. For this purpose, a method of 
consistent tracing is traditionally used when for the 
moment t the solution is sought when a complete 
solution for the moment (t – Δt) is known, where Δt 
is a step of tracing the propagation of elastoplastic 
deformations, within which it can be approximately 
supposed that the development occurs according to a 
fairly simple load trajectory. In this case, the relation 
between the end increments of the tensor of deforma-

tions Δεij and the tensor of stresses σij according to [9], 
it can be written in the form:

 ( ) ( )ij ij ij ij ijK b∆ε = ψ σ − δ σ + δ σ − , (14)

where ψ is the function of the state of material at the 
point (x, y, z) at the moment t.

 

1
2G

ψ = , if 0f < ,  

 

1
2G

ψ > , if 0f = , (15) 

 state f > 0 is inadmissible, 
bij is the tensor function of additional deformations, 
which is determined by an increase in Δφ and the 
known results of the previous stage of tracing:

( )
2

ij ij
ij ij ij

t t

b K
G

−∆

σ − δ σ 
= + δ σ + δ ∆ϕ 
 

 
(i, j = x, y, z).

 (16)

Flow conditions in the form (11) include signifi-
cant physical nonlinearity in the function of the ma-
terial state ψ. In order to realize this type of physical 
nonlinearity, iterative processes are usually used. As a 
result, at each iteration, a physically nonlinear prob-
lem passes into a linear type of problem of elasticity 
theory with a variable shear modulus, which is equal 
to 1/2ψ and additional deformations bij. To solve such 
a linearized problem, numerical methods are used.

DEVELOPMENT OF MATHEMATICAL 
MODEL OF RELAXATION AND 
REDISTRIBUTION OF RESIDUAL STRESSES 
IN CWJ DURING HEAT TREATMENT
Welded joints of critical structures are subjected to 
postweld heat treatment. According to the require-
ments of standard documentation [11], after welding 
composite welded joints of structural elements in NPP 
equipment are subjected to heat treatment applying a 
high tempering mode.

According to the item 13.18 [8] (for replacement 
[11]), producing welded joints of parts with steels of 
pearlite class or high-chromium steels with parts of 
austenite class steels by austenitic filler materials, are 
not subjected to heat treatment except for the cases, 
when it is specified by drawings and/or TPD. In ad-
dition, according to the item 13.14 [12], the tempera-
ture of tempering welded joints of parts of steels of 
different grades, for which a different tempering tem-
perature is provided, is specified by TPD. Based on 
the abovementioned, heat treatment modes were set 
in accordance with the requirements [6].

In the mathematical modeling of the process of 
postweld heat treatment of CWJ (cover of RV), the 
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feature of the developed model for determining the 
nonstationary temperature field was a convective heat 
transfer on the surfaces due to a gradual heating of the 
environment (air) in the furnace, holding and a subse-
quent rather slow cooling in the furnace and then in 
air. Nonstationary boundary conditions corresponded 
to a uniform increase in the ambient temperature in 
the process of heating and to a decrease in tempera-
ture to 20 °C during cooling.

The diagram of heat treatment mode, namely, 
changes in the ambient temperature Tout in the process 
of high tempering of RV cover in the furnace during 
heating at a rate of 30 °C/h, holding during 9 h and 
cooling at a rate of 30 °C/h is shown in Figure 4.

Initial and boundary conditions of the boundary 
value problem of determining temperature distribu-
tions in CWJ during heat treatment in time t:

 Tout(0) = 20 °C, T(0) = 20 °C,  
 q = –h(Tout(t) – T), Tout(t) = 30 °C/h⋅t,  
 Tout

max = 650 °C. 

The heat transfer coefficient from the surfaces of 
CWJ elements during convective heat exchange with 
the environment in the furnace and in the air was taken 
equal to h = 30 W/m2 °C in the conditions of a natural 
convection and constant heating and cooling throughout 
the whole temperature range. A radiant heat exchange 
in the developed model was not modelled separately, its 
contribution was taken into account in some increase in 
the value of the heat transfer coefficient.

A long-term process of heating welded structural 
elements to a holding temperature of 650 °C causes 
processes of a high-temperature creep in the material, 
which leads to relaxation of residual stresses in the 
area of welded joints.

In the developed model, the problem of determin-
ing SSS during heat treatment was solved in a visco-
elastoplastic formulation [9]:

 e p cr
ij ij ij ijε = ε + ε +ε

 
( , , , )i j x y z= , (17)

where the rate of creep deformations was determined 
by the Bailey–Norton’s law [13]:

 
cr n
eq eqAε = ⋅ σ . (18)

For austenitic 08Kh18N10Т steel at a temperature 
of 700 °С (973 K), while determining the rate of de-
formations of a temperature creep, the following co-
efficients can be accepted: A = 6.948⋅10–14 (MPa–n⋅h–1)
n = 6.22 [14].

RESULTS OF MATHEMATICAL MODELING 
OF TEMPERATURE DISTRIBUTIONS 
AND MICROSTRUCTURAL PHASE 
TRANSFORMATIONS
The results of modeling microstructural transforma-
tions in CWJ metal during welding (Theating = 100 °C) 
and a subsequent cooling showed (Figure 5) the pres-
ence of local formation of hardened structures in HAZ 
of the nozzle metal (steel 20) and in the base material 
of the cover (steel 15Kh2NMF). Figure 6 presents di-
agrams of changes in the microstructural phase state 
at the characteristic point of HAZ of the base material 
of the cover, where the maximum residual martensite 
content was obtained, depending on heating tempera-
ture. The use of preheating during CWJ welding at the 
level Theating = 200 °C allows reducing the relative con-

Figure 4. Diagram of changing temperature of CWJ material in 
the process of heat treatment using a high tempering mode at T = 
650 °C: 1 — heat treatment mode; 2 — calculated temperature

Figure 5. Results of modeling residual microstructural composition in the CWJ zone at Tpreheating = 100 °C: a — bainite; b — fer-
rite-pearlite; c — martensite
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tent of martensite in HAZ from 65 to 30 % as com-
pared to welding without preheating.

RESULTS OF MATHEMATICAL MODELING 
OF RESIDUAL STRESSES AFTER WELDING 
AND AFTER HEAT TREATMENT
Figure 7 presents the distribution of residual stresses 
after welding CWJ at the temperature of preliminary 
and accompanying heating Theating = 100 °C and a sub-
sequent cooling to T = 20 °C. The radial (relative to 
the nozzle axis) component in the area of the welded 
joint (Figure 7, a) is characterized mainly by tensile 
residual stresses of up to 200 MPa and local areas of 
maximum tensile stresses of up to 400 MPa in the base 
material of the cover adjacent to the austenitic weld 
metal and in the material of the nozzle, in the upper 
part, adjacent to the weld metal. The axial (in the di-
rection of the nozzle axis) residual stresses (Figure 7, 
b) have a low level in the austenitic material of the 
deposit and the weld, and in the base material of the 
cover and the nozzle, the zones of compressive and 
tensile stresses of up to 400 MPa were formed. The 
highest tensile stresses (up to 700 MPa) were deter-
mined for the circular component of residual stresses 
(Figure 7, c) in the area of the base material of the 
cover, which is adjacent to the austenitic weld metal.

Thus, after welding CWJ, rather high residual ten-
sile stresses were obtained, which can negatively af-
fect the strength of the reactor cover during further 
operation. Therefore, the use of technological opera-
tion of postweld heat treatment is absolutely justified. 
After modeling of welding, modeling of a general 

Figure 6. Kinetics of microstructural phase transformations at 
the characteristic point of HAZ of the base material of the cov-
er (15Kh2NMFA steel) for different preheating temperatures: 
a — without preheating; b — Tpreheating = 100 °C; c — Tpreheating) = 
= 200 °C; 1 — ferrite; 2 — martensite; 3 — bainite; 4 — austenite

Figure 7. Residual stresses in CWJ after welding at Theating = 100 °C: a — radial; b — axial; c — circular

Figure 8. Residual stresses in CWJ after welding (Theating = 100 °C) and heat treatment (T = 650 °C, tholding = 15 h): a — radial; b — axial; 
c — circular
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heat treatment was performed according to the mode 
of high tempering at a temperature of 650 °С with a 
holding time of 15 h (see Figure 4). The results of the 
calculation are shown in Figure 8.

ANALYSIS OF EFFECT OF HEATING 
TEMPERATURE AND HEAT TREATMENT 
MODE ON RESIDUAL STRESSES
In order to determine the effect of heating temperature 
during welding and heat treatment mode on residual 
stresses of a composite (dissimilar) welded joint of 
the WWER-1000 reactor vessel cover in representa-
tive cross-sections (Figure 9), the diagrams of stress 
distribution were constructed over the thickness of the 
welded joint (Figures 10‒12).

The effect of heating temperature during welding 
on distribution of residual stresses is insignificant, in 
the selected cross-section of the welded joint over the 

Figure 10. Effect of heating temperature during welding on distribution of residual stresses over the depth of the weld (cross-section 
b–b Figure 9): a — radial; b — axial; c — circular

Figure 11. Effect of heat treatment (T = 650 °C) on distribution of residual stresses across the width of the weld (cross-section a–a 
Figure 9): a — radial; b — axial; c — circular; 1 — before heat treatment; 2 — after heat treatment

Figure 12. Effect of holding time during heat treatment (T = 650 °C) on distribution of residual stresses across the width of the weld 
(cross-section a–a Figure 9): a — radial; b — axial; c — circular; 1 — 15 h; 2 — 9

Figure 9. Cross-sections for determination of stresses
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depth of the weld (Figure 10), maximum residual ten-
sile stresses in the radial direction noticeably decrease 
(from 220 to 120 MPa) with an increase in heating 
temperature, other components (in axial and circular 
directions) are almost unchanged.

The effect of heat treatment (T = 650 °C) on distri-
bution of residual stresses is quite significant. Radial 
stresses are noticeably reduced, especially in the area 
of the base material of the cover, from 300 to 30 MPa 
(Figure 11, a). The axial component of residual stress-
es in the area of the pipe and cover material decreas-
es, and in the austenitic weld material it increases to 
100 MPa (Figure 11, b), which is associated with the 
difference in the coefficients of thermal expansion of 
different CWJ materials.

The effect of holding time (tholding = 15 h) during 
heat treatment (T = 650 °С) on distribution of residual 
stresses is also insignificant (Figure 12). Relaxation 
of residual welding stresses largely occurs during the 
first hour of holding at the maximum temperature, and 
distribution of residual stresses after heat treatment is 
determined mainly by the difference in thermophysi-
cal properties of different joining materials.

CONCLUSIONS
1. Analysis of the results of mathematical modeling 
of SSS in the composite welded joint of the WWER-
1000 reactor vessel cover with the CSS nozzle showed 
that the distribution of residual stresses after welding 
has a complex nature with high tensile stresses in the 
zones of ferritic-pearlitic materials, inherent in joints 
of dissimilar materials (base material of the cover of 
15Kh2NMFA steel and the nozzle of steel 20).

2. It was determined that in welding CWJ without 
heating, the residual content of hardened structures in 
the HAZ metal of the nozzle (steel 20) and in the base 
material of the cover (steel 15Kh2NMF) can reach 65 %. 
The use of preliminary (accompanying) heating can sig-
nificantly reduce the relative content of martensite in the 
base material of the cover and the nozzle at the boundary 
interface of fusion with the austenitic weld material.

3. Postweld heat treatment at a high temper-
ing mode (T = 650 °C) reduces the level of residual 
stresses, but due to a significant difference in the co-
efficients of thermal expansion of dissimilar joining 
materials, new rather high residual tensile stresses are 
formed in the areas of austenitic deposited materials. 
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INFLUENCE OF LONG-TERM SOAKING 
ON THE STRUCTURE AND PROPERTIES 
OF IN625 ALLOY SAMPLES MADE 
BY SELECTIVE LASER MELTING
N.O. Lysenko, O.O. Pedash, V.V. Klochykhin, P.O. Kasai

JSC “MOTOR SICH”, 69068, Zaporizhzhya, Ukraine

ABSTRACT
The paper presents the results of studying the influence of long-term soaking on the structure and properties of samples made 
by selective laser melting of Inconel 625 alloy powders, produced by the method of off-center plasma spraying of a rapidly ro-
tating rod billet (PREP-process). Investigations of chemical composition, macro- and microstructure, mechanical and heat-re-
sistant properties of the samples plotted in xy and z direction was performed. Samples after building and hot isostatic pressing 
with subsequent heat treatment by different variants were to be examined. Investigation results showed that performance of 
the operation of hot isostatic pressing of the samples with subsequent standard heat treatment promotes practically complete 
elimination of microporosity in inner volumes of the metal and obtaining a more uniform solid solution. It was established that 
long-term soaking at the temperature of 900 °C, facilitates lowering of ductile and heat-resistant properties of Inconel 625 alloy 
due to lamellar precipitates of δ-phase. Performed study was the basis for recommending the recovery heat treatment mode. 
In addition, it is shown that long-term soaking at the temperatures of 700 and 980 °С does not lead to precipitation of lamellar 
δ-phase.

KEY WORDS: heat-resistant alloy; additive technologies; selective laser melting; hot isostatic pressing; heat treatment

INTRODUCTION
Development of additive technologies, in particular 
those of selective laser melting (SLM), allows man-
ufacturing metal products of a complex geometrical 
shape by 3D compacting directly from a computer 
model by layer-by-layer deposition of metal powder 
and its further meting. Additive technology is the 
general name of a group of technologies, which en-
visage manufacturing products by digital models by 
layer-by-layer addition of material [1–4]. The inter-
est to additive technologies and direct “printing” or 
growing of metal parts, as an alternative to traditional 
technologies, arose first of all in aviation, space indus-
try, medicine and power engineering. Here, economic 
activity was the main driving factor. This is particu-
larly true for single complex products, moulds with 
intricate cooling channels, where manufacturing by 
the traditional methods is considerably more expen-
sive, than using additive technologies [1]. In addition 
to lower cost of manufacturing unique products, addi-
tive technologies allow an essential reduction of the 
time, consumed in manufacturing the finished prod-
uct. There is no need to make sophisticated fixtures. 
Proceeding from that, the time from the moment of 
creating the model to obtaining the finished part is re-
duced from several weeks to several days.

In this work, the influence of long-term soaking 
at different temperatures on the structure and proper-

ties of Inconel alloy (IN625) was studied on samples 
made by 3D printing (selective laser melting).

MATERIALS AND METHODS 
OF INVESTIGATION
Used as the object of study were samples from In-
conel 625 alloy for testing mechanical properties 
and microstructure, produced by selective laser 
melting in 3D unit of EOS GmbH Company (Ger-
many), with working chamber dimensions (x×y×z) 
of 400×400×400 mm, fitted with ytterbium laser of 
1000 W power.

The powder was made by the method of off-cen-
ter spraying of rapidly rotating billet (PREP-process). 
The fractions of granules used for making the samples 
were equal to 20–50 μm.

Laser sintering of powders is a multiple repetitive 
process which includes several stages: deposition of 
a powder layer and its leveling with a roller; laser 
processing (scanning) of the powder layer with full 
penetration of the powder mixture according to the 
geometry of the initial 3D model; cleaning of the pro-
duced layer; moving the platform with the part down-
wards by one layer thickness; repetition of the entire 
process, i.e. deposition of the next powder layer, laser 
scanning, etc. Processing is performed in the chamber 
with inert gas purging and is controlled by the com-
puter to obtain the specified 3D geometry of the part.

The made samples were both cylindrical of 14 mm 
diameter, and of rectangular cross-section with 
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16×6 mm dimensions. Sample length was 65 mm. 
Sample building on 3D printer was performed in xy, 
as well as in z direction. To eliminate internal poros-
ity and improve the sample density, the process of 
selective laser melting was followed by hot isostat-
ic pressing (HIP) in hot isostatic press QIH 09×1.5-
2070-1400 MURC (QUINTUS Company, Sweden). 
HIP was conducted in the following mode: heating 
up to 1160±10 °C temperature, soaking time of 3 h, 
160 MPa working gas pressure in the high-pressure 
vessel. Sample cooling was performed with applica-
tion of the function of high-rate uniform cooling.

After HIP samples were heat-treated in vacuum 
furnace IPSEN T2T in the dynamic vacuum environ-
ment, cooling was conducted in the flow of inert gas 
(argon).

Modes of sample heat treatment after gas stating 
are given in Table 1.

After treatment by different variants the billets 
were machined to ensure the dimensions, envisaged 
by the technical documentation for making samples 
for mechanical and high-temperature strength testing.

The alloy chemical composition was determined 
by the methods of spectral and chemical analysis. Me-
chanical properties (σt, σ0.2, δ, ψ) of the samples were 

tested in tensile testing machine ZDMY 30 for corre-
spondence to the requirements of AMS 7000 standard.

Impact toughness (KCU) was determined on im-
pact samples, tested in pendulum testing machine In-
stron SI-1M.

Hardness was determined by Brinell method in 
LECO AMH-43 instrument.

The time to high-temperature destruction (τd) 
(characteristic which is determined at long-term 
strength testing) of the samples was found in Instron 
M3 unit at the temperature of 700 °C and constant 
loading of 333 MPa. At long-term strength testing the 
samples were taken to destruction.

Fractographic study of powder morphology, as 
well as fractures of rupture and impact samples af-
ter testing for mechanical properties was conducted 
in binocular microscope STEMI 2000-C and electron 
scanning microscope JEOL JSM 6360LA.

Microstructural studies were performed on un-
etched and etched microsections using Axio Observ-
er. Dlm microscope.

ANALYSIS AND DISCUSSION 
OF THE OBTAINED RESULTS
Microstructural examination revealed that the powder 
used to obtain samples by 3D laser printing (SLP), 
is characterized by a practically complete absence of 
satellite granules, and good sphericity with a small 
number of irregularly shaped particles (Figure 1).

Chemical composition of the made samples is sat-
isfactory and meets the requirements of AMS 7000 
for the studied alloy (Table 2).

IN625 alloy is a typical example of alloys with a 
low hardening (or non-hardenable alloys). The alloy 
is mainly used at up to 1000 °C temperatures, where 
oxidation resistance is the most important require-
ment [5]. More over, at temperatures above 550 °C, 
this alloy can undergo essential changes of the micro-
structure and mechanical properties [6].

It is found that mechanical properties of the sam-
ples grown in xy and z directions (variants 1, 2), meet 

Table 1. Modes of heat-treatment of 3D samples after HIP

Variant
Homogenizing I Aging Homogenizing II

Т, °С τ, h Т, °С τ, h Т, °С τ, h

1 1190 1 – – – –
2 Same Same 900 16 – –
3 –»– –»– Same 700 – –
4 –»– –»– –»– 1000 – –
5 –»– –»– –»– 2100 – –
6 –»– –»– –»– Same 1000 1
7а –»– –»– –»– 1000 1180 Same
7б –»– –»– –»– 2100 Same –»–
8 –»– –»– 700 700 – –
9 –»– –»– 980 1400 – –

Figure 1. Morphology of IN625 alloy powders
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the requirements of AMS 7000 for IN625 alloy. Values 
of relative elongation (δ) are approximately 2 times 
higher than the requirements of AMS 7000 (Table 3). 

Long-term strength (Ttest = 700 °C; σ = 333 MPa) 
of the samples after heat treatment by the 1st and 2nd 
variant (see Table 1) is at approximately the same lev-
el (Table 4); here the time to fracture (τfr) is equal to 
437.5–655.4 h; in keeping with AMS 7000 τfr is not 
regulated.

It should be noted that performance of aging at the 
temperature of 900±10 °C for 16 h (variant 2) did not 
lead to any noticeable increase of the mechanical or 
high-temperature properties.

Metallographic examination showed that the sam-
ple microstructure in the condition after building (be-
fore performance of HIP and heat treatment operations 
of both vertical (z), and horizontal (xy) ones) is γ-solid 
solution of Ni‒Cr‒Mo‒Nb‒Fe with the presence of 
carbides and carbonitrides, and it corresponds to non-
heat-treated state of IN625 alloy, manufactured by the 
method of 3D printing (Figure 2, a), A structural in-

homogeneity is observed in the initial samples, which 
is due to formation of zones of layer-by-layer fusion, 
as well as thin dendrites elongated in the direction of 
sample growing, which formed due to high rates of 
heating and cooling, which are in place during the 
processes of melting and solidification in a short time.

During high-temperature heating at HIP 
(1160±10 °C) and heat-treatment (1190±10 °C), a 
more uniform structure forms due to solid solution 
homogenizing as a result of equalizing of the chemi-

Table 4. High-temperature strength properties of IN625 alloy

Heat-
treatment 
variant

Direction 
of sample 
building

Long-term strength

Тtest, °С σ, MPa
Time-to- 
fracture 
(τfr), h

1
xy 700 333 44615

z Same Same 62720

2
xy –»– –»– 51750

z –»– –»– 59030

Table 2. Chemical composition of Inconel 625 samples, wt.%

Alloy grade
Element content,%

С Cr Al Ti Nb Mo Fe

IN625 0.03 21.20 0.20 0.20 3.88 8.55 3.03
AMS 7000 norms ≤ 0.10 20.0–23.0 ≤0.4 ≤0.4 3.15–4.15 8.0–10.0 ≤5.00

Note. The balance is Ni.

Table 3. Mechanical properties of IN625 alloy at T = 20 °C

Heat-treatment 
variant

Direction of sample 
building σt, MPa σ0.2, MPa δ, % ψ, % KСU, J/cm2 НВ

1
xy 882 438.5 56.4 57.7 281.3 201
z 869 433.5 57.0 59.0 308.7 207

2
xy 881 448.0 48.4 53.9 281.3 Same
z 866 433.0 52.0 53.7 308.7 –»–

AMS 7000 norms ≥827 ≥344.7 ≥30.0 – – –

Figure 2. Microstructure of 3D samples from IN625 alloy: a — initial condition, ×100; b — variant 1, ×500; c — variant 2, ×500 
(see Table 1)
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cal composition between layer-by-layer fusion zones 
(Figure 2, b). 

At heat-treatment by variant 2 (HIP + (homoge-
nizing + aging at 900 °C, 16 h)) precipitation of hard-
ening intermetallic γ″ (Ni3Nb)-phase with BCC struc-
ture and slight coagulation of carbides of M23C6 type 
(Figure 2, c) are observed (Figure 2, c).

Lamellar precipitates of δ-phase, as well as struc-
tures, characteristic for overheated state of IN625 
alloy in the form of partial melting along the grain 
boundaries, were not revealed in the initial samples 
heat-treated by the 1st and 2nd variants.

Performance of HIP operation by the above-giv-
en mode promotes practically complete “healing” of 
pores and microdiscontinuities, concentrated in the 
inner volumes of metal. Here, globular and (or) thin 
film oxides were found in the “healing” zones. Di-
mensions of oxide inclusions in the studied sample 
material were, mainly, equal to 7 μm (isolated, rarely 
found ones were up to ~ 20 μm). Carbides and car-
bonitrides precipitate in the form of discrete globular 
particles of approximately 5 μm size.

Conducting long-term soaking at the tempera-
ture of 900 °C (variants 3, 4, 5) promoted precipita-
tion of a considerable amount of lamellar particles of 
δ-phase from γ-matrix (Figure 3). With longer soak-
ing time the number and dimensions of δ-phase plates 
increased: at soaking for 700 h (variant 3) the plate 
width reached approximately 0.85 μm (Figure 3, a); 
at soaking for 1000 h (variant 4) plates of the width of 
approximately up to 1.5 μm (Figure 3, b) were found; 
at soaking for 2100 h (variant 5) the maximum width 
of the plates is equal to approximately 3.75 μm (Fig-
ure 3, c).

It should be also noted that the material of the sam-
ples processed by variants 3–5, demonstrates coarsen-
ing of the structure as a result of growth and coagula-
tion of carbides of Cr23C6 type, particularly, on grain 
boundaries. Precipitation of particles of hardening 
intermetallic γ-phase is negligible.

Testing samples treated by the 4th variant showed 
that long-term soaking (1000 h) at the temperature of 
900 °C leads to lowering of the ductile characteristics 
(δ, ψ — 1.5 times, KCU — ~6 times) at a certain in-
crease of strength (σt, σ0.2) and hardness (HB) of the 
material, compared with the values, obtained after 
heat-treatment by variants 1 and 2 (Table 5).

Long-term strength of samples heat-treated by 
variant 4 (with soaking for 1000 h at aging at 900 °C), 
decreased more than 3 times (Figure 4).

In order to increase the ductility and high-tem-
perature strength of IN625 alloy, and eliminate un-
favourable phases (lamellar and large near-boundary 
carbides) formed during long-term soaking at 900 °C 
temperature, recovery heat treatment operations were 
performed at temperatures of 1000 °C (variant 6) and 
1180 °C (variants 7a, 7b) with soaking for 1 h.

Fragmentation and thinning of δ-phase plates, as 
well as partial dissolution of δ-phase and Cr23C6 car-

Figure 3. Microstructure of 3D samples of IN625 alloy after heat-treatment, ×1000: a — variant 3; b — variant 4; c — variant 5 
(see Table 1)

Figure 4. Long-term strength of 3D samples of IN625 alloy, de-
pending on heat-treatment variant: 1 — variant 1; 2 — variant 2; 
3 — variant 4; 4 — variant 7a (see Table 1)
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bides in γ-solid solution are observed in the micro-
structure of IN625 alloy samples, heat treated by vari-
ant 6 at 1000 °C temperature (1 h) (Figure 5).

Heat-treatment of samples by variants 7a, 7b at 
1180 °C temperature (1 h) (after long-term soaking 
for 1000 h (variant 4) and 2100 h (variant 5)) pro-

motes complete dissolution of lamellar δ-phase and 
Cr23C6 type carbides with further precipitation of 
these carbides in the form of fine discrete particles 
(Figure 5). The microstructure is Ni‒Cr‒Mo‒Nb‒Fe 
γ-solid solution, containing carbides, carbonitirides 
and a small quantity of intermetallic γ″-phase; it cor-

Table 5. Mechanical properties of IN625 alloy at T = 20 °C

Heat-treatment 
variant

Direction of sample 
building σt, MPa σ0.2, MPa δ, % ψ, % KСU, J/cm2 НВ

1 xy 882.0 438.5 56.4 57.7 281.3 201 
4 –»– 912.0 467.0 38.0 33.4 49.0 241 
7а –»– 885.0 456.7 60.0 64.2 262.2 207 

AMS 7000 norms ≥827.0 ≥344.7 ≥30.0 – – –

Figure 5. Microstructure of 3D samples of IN625 alloy after recovery heat-treatment, ×1000: a — variant 6 (variant 4 + heating at 
1000 °C (1 h)); b — variant 7a (variant 4 + heating at 1180 °C (1 h)); c — variant 7b (variant 5 + heating at 1180 °C (1 h))

Figure 6. Fractographic structure of fractures of rupture (a, b, c — ×12.5) and impact (d, e, f — ×6.5) 3D samples of IN625 alloy: 
a, d — variant 1; b, e — variant 4; c, f — variant 7a
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responds to homogenized state of IN625 alloy, and is 
similar to variant 1.

Figure 6 shows the structure of fractures of IN625 
alloy samples (3D printing), heat-treated by variants 1, 
4 and 7a, after tensile and impact toughness testing 
at room temperature. The cup-shaped structure of the 
fractures and formation of a “neck” in the destruction 
zone on rupture test samples and presence of beveling 
on impact test samples of variants 1 and 7a are indica-
tive of a rather high ductility of the alloy (Figure 6, a, c, 
d, f). Practical absence of the “neck” in the destruction 
zone on rupture samples or beveling on impact samples 
treated by the 4th variant, is characteristic for material 
of a lower ductility (Figure 6, b, e).

As a result of the performed study, it was deter-
mined that heat treatment at 1180 °C temperature for 
2 h (variants 7a and 7b) promotes recovery of me-
chanical and high-temperature strength properties 
that is due to homogenizing of IN625 alloy, at which 
dissolution of lamellar δ-phase and Cr23C6 type car-
bides in γ-solid solution is observed, with further pre-
cipitation of Cr23C6 type carbides and a small quantity 
of intermetallic γ″-phase in the form of fine discrete 
particles, strengthening the matrix.

In addition, the microstructural state of IN625 al-
loy samples produced by selective laser melting (3D 
printing) was studied after heat-treatment by variants 
8 and 9 with long-term soaking at temperatures of 
700 °C (700 h) and 980 °C (1400 h), respectively.

Metallographic examination of samples at up to 
×1000 magnification showed that long-term soak-
ing at temperatures of 700 °C (700 h, variant 8) and 
980 °C (1400 h, variant 9) does not lead to formation 
of lamellar δ-phase. Here, it was noted that at treat-
ment by 8th variant (700 °C, 700 h) coarsening of the 
structure takes place, mainly, due to growing and co-
agulation of Cr23C6 type carbides which precipitate 
predominantly on grain boundaries (Figure 7, a).

In samples treated by the 9th variant (980 °C, 
1400 h) the grain boundaries are thin, and a consid-
erable quantity of Cr23C6 type carbides are present 

in the form of coagulated particles of approximately 
7–15 μm size, uniformly distributed in the metal vol-
ume (Figure 7, b).

CONCLUSIONS
1. Chemical composition of samples, made from 
IN625 alloy by 3D printing in EOS M400 unit, cor-
responds to AMS 7000 requirements for IN625 alloy.

2. It is found that long-term soaking at 900 °C tem-
perature for 700 h (variant 3), 1000 h (variant 4) and 
2100 h (variant 5) leads to lowering of ductility and 
high-temperature strength of IN625 alloy as a result 
of precipitation of a considerable number of lamellar 
particles of δ-phase from γ-matrix, as well as coarsen-
ing of the structure due to growth and coagulation of 
Cr23C6 type carbides, particularly on grain boundar-
ies. Increase of soaking time promotes increase of the 
number and dimensions of δ-phase plates, as well as 
coarsening of the grain boundaries.

3. Heat treatment of samples with lower proper-
ties, presence of a large number of δ-phase plates and 
coarsening of the grain boundaries (variants 4, 5) at 
1180 °C temperature for 1 h (variants 7a and 7b) pro-
motes recovery of mechanical and high-temperature 
properties that is due to homogenizing of IN625 alloy, 
at which dissolution of lamellar δ-phase and Cr23C6 
type carbides in γ-solid solution are observed with 
further precipitation of Cr23C6 type carbides and a 
small quantity of intermetallic γ″-phase in the form 
of fine discrete particles which strengthen the matrix.

4, Long-term soaking at temperatures of 700 °C 
(700 h, variant 8) and 980 °C (1400 h, variant 9) does 
not lead to lamellar phase formation.
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ABSTRACT
The paper describes the properties of a model of vibration of interconnected rotating mechanisms in the form of biperiodi-
cally nonstationary random processes (BPNRP). Individual cases of such a model are considered, which enable performing 
data analysis by the method of periodically nonstationary random processes (PNRP). These methods are used to analyze the 
condition of mechanisms at increased vibration level. Separation of deterministic and stochastic vibrations was performed 
and parameters describing the structure of hidden periodicities of the first and second order were determined. The causes for 
increased vibration level were established.

KEY WORDS: lifting mechanism, vibration, periodical nonstationarity, deterministic oscillations, amplitude spectrum, sto-
chastic high-frequency modulation, dispersion

INTRODUCTION
In vibration diagnostic systems the carriers of infor-
mation on the technical condition of a mechanism are 
displacement, speed or acceleration of contact sur-
faces of the mechanisms, arising as a result of their 
defective part interaction. The nature of such an in-
teraction is reflected in the parameters of the recorded 
vibration signals. In order to fulfill the description and 
analysis of the regularities of the latter, it is necessary 
to substantiate their adequate mathematical models, 
methods and algorithms of processing and computer 
support of the processes of extraction of the diagnos-
tic features and taking decisions on the technical con-
dition of the diagnosed object.

Vibration signals of rotating mechanisms are 
characterized by rhythmic variability, the main fea-
tures of which are cyclic repeatability and stohastic-
ity. Nonlinear effects, arising in mechanical systems 
at appearance of defects, lead to their interaction, 
which is reflected in the signal properties in the form 
of modulations. Such a modulation is quantitatively 
characterized by parameters, describing the structure 
of periodical or almost periodical time changes of mo-
ment functions of the first and second orders of the 
respective classes of nonstationary random processes 
[1‒11]. It is rational to use these parameters at forma-

tion of diagnostic features to reveal the defects. As 
shown by investigations [1, 7‒9, 12], application of 
such features enables detecting defects at early stages 
of their development and conducting effective moni-
toring of the diagnosed object.

Vibrations of mechanisms, consisting of many ro-
tating components, have complex polyrhythmic struc-
ture. It is due, primarily, to different rotation speeds of 
individual elements. So, depending on the defect lo-
cation, vibrations of the rolling bearing can be charac-
terized by oscillations with shaft rotation frequencies, 
frequencies of rotation of the rolling bodies on the 
inner or outer rings, separator frequencies, as well as 
frequencies, determined by their combinations. Gear 
pair vibrations can have oscillations with shaft rota-
tion frequencies, gear meshing frequencies and their 
combinations. Therefore, in the general case, vibra-
tions can be described by polyperiodically nonstation-
ary random processes [1, 3, 4], which belong to the 
class of almost periodically nonstationary processes. 
In the simplest case, when just two stochastic rhythms 
interact with each other, we come to a model in the 
form of a biperiodically nonstationary random pro-
cess. Below we will briefly characterize such a model 
of vibration signal, and will consider separate cases, 
which allow substantiating analysis of vibrations of 
objects with complex kinematics, using the methods 
of periodically nonstationary random processes.
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BPCRP MODEL OF A VIBRATION SIGNAL
The effectiveness of the methods of processing the 
cyclostationary signals at monitoring the machine 
condition can be generally explained by their ability 
to detect modulations, caused by appearance of mal-
functions. The effects of modulation in the vibration 
model in the form of periodically correlated random 
processes (PCRP), which describe the stochastic re-
peatability with one period, are characterized by mu-
tually stationary random processes in their harmonic 
representation [1, 11, 13]:

 ( ) ( ) 1

2ik t
P

k
k

t t e
π

∈

ξ = ξ∑


, 

where Z is the set of integers i; P1 is the period of non-
stationarity (period of rotation of one of the gears). 
Generalizing these representations, we can come to 
the conclusion that modulation of two stochastic peri-
odicities which is due to rotation of the two gears can 
be expressed as follows:

 ( ) ( ) ( )2 1

2ik t
P P

k
k

t t e
π

∈

ξ = ξ∑


, (1)

where frequency harmonic 2π/P1 and its multiples are 
modulated by PCRP with period P2:
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Therefore, for random process (1), we have;

 ( ) ( )
,

kli t
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t t e Λ

∈
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

, (2)

where ξkl(t) are the mutually stationary random pro-

cesses and 
1 2

2 2
kl k l

P P
   π π

Λ = +   
   

. Note that process 

(2) is the sum of amplitude- and phase-modulated 
harmonics, where Λkj frequencies are a linear combi-
nation of two fundamental frequencies Λ10 = k(2π/
P1) and Λ01 = l(2π/P2). Mathematical expectations of 
modulating processes mkl = Eξkl(t) are Fourier coeffi-
cients of the mean function:
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kl

k l Z
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= ξ = ∑ . (3)

For correlation function ( ) ( ) ( ),R t E t tτ = ξ ξ + τ
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are the cross-correlation functions of the modulation 
process, sign “‒” denotes complex conjugation. Thus, 
Fourier coefficients of correlation function (4) are 
defined by cross-correlation functions of modulating 
processes, where the indices are shifted by k and l, re-
spectively. It follows from (5) that mutual correlations 
of modulating processes ξkl(t) with different indices 
lead to biperiodical nonstationarity of the second or-
der. This results in correlations of the respective spec-
tral components, which are quantitatively character-
ized by Fourier transformation of expression (5):
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ω = τ τ
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It follows from (5) that:
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are the mutually spectral densities of modulating 
processes ξpq(t). Values (5) and (6) are called the cor-
relation and spectral components, respectively [1‒3]. 
Zero correlation component R00(τ) is defined by 

self-correlated function ( ) ( ) ( )pq pq pqr E t tτ = ξ ξ + τ
  :

 ( ) ( )00
,

pqi
pq

p q Z

R r e− Λ τ

∈

τ = τ∑ . 

This is the time-averaged correlation function of 
random process (2), i.e. the correlation function of its 
stationary approximation.

Zero spectral component

 ( ) ( )00
,

pq pq
p q Z

f f
∈

ω = ω−Λ∑  (7)

is the spectral density of stationary approximation 
power for (2). It defines the spectral decomposition 
of time-averaged instantaneous power of oscillations 
R(0, t). Random processes, mathematical expecta-
tions and correlation function, which are biperiodic 
functions and which can be represented by series (3) 
and (4), are called BPCRP. Fourier coefficients of 
the correlation function and spectral density are the 
general characteristics of amplitude and phase mod-
ulation of BPCRP carrier harmonics. Zero spectral 
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component, as one can see from (7), is the total power 
of spectral densities of modulating processes ξpq(t), 
shifted by Λpq. Spectral component fkl(ω) (6) is the 
sum of shifted mutually spectral densities of modu-
lating processes, where the indices differ by k and l, 
respectively. Proceeding from the above statements, 
we can conclude that f00(ω) describes the oscillation 
spectrum, and fkl(ω) functions give the correlation of 
this spectrum harmonics, where the frequencies are 

shifted by 
1 2

2 2
kl k l

P P
   π π

Λ = +   
   

. These correlations 

are not equal to zero, except if the processes of mod-
ulation with the respective numbers are interrelated.

Individual cases of hidden periodicity of bio-
rhythms are easily derived from expression (2). We 
will extract only those of them, which can be readily 
analyzed in terms of PNRP approach.

Suppose that ξkl(t) = ckl + ξk0(t) + ξ0l(t), where ckl are 
certain complex numbers, while ξk0(t) and ξ0l(t) — are 
stationary random processes. Then:
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Here, s(t) is the biperiodic function. If {ξk0(t), 
k ∈ Z} and {ξl0(t), l ∈ Z} sets are uncorrelated, and 
random processes which belong to each of them, are 
stationary coupled, then ξl(t) and ξ2(t) are PNRP. Ad-

ditive model (8) can be applied to analysis of vibra-
tions of two damaged components, where develop-
ment of defects does not affect each other. In the case 
of a single-defect component, one of the PNRP in 
representation (8) becomes a stationary random pro-
cess. Then, the random processes, which describe the 
modulations, namely ξk0(t) or ξ0l(t), are uncorrelated.

We derive a multiplicative model in the form of 
the product of two PNRP with different periods P1 and 
P2 in the case, when ξkl(t) = ξk0(t)ξ0l(t). Then:

 
( ) ( ) ( ) ( ) ( )1 2

2 2

0 0 1 2

ik t il t
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k l
k Z l Z

t t e t e t t
π π

∈ ∈

ξ = ξ ξ = ξ ξ∑ ∑ . 

Analysis of such a model can be performed by 
PNRP methods, if one of the periods significantly ex-
ceeds the value of the other one. If only one of the 
components is defective, then actually its vibrations 
will be described by PNRP, and those of the other 
one — by a stationary random process η(t). Then, 
ξ(t) = η(t)ξ1(t). In such a presentation, the influence of 
a defectfree component is reflected in the interaction 
of modulation characteristics of the damaged compo-
nent carrier harmonics.

INVESTIGATION OF VIBRATIONS 
OF QUAY CONTAINER HANDLER
In September, 2021, the staff of the Department of the 
Methods and Means of Extraction and Processing of 
Diagnostic Signals of G.V. Karpenko Physico-Me-
chanical Institute of the NAS of Ukraine (PMI), 
together with the representatives of PORTTEKH-

Figure 1. Scheme of arrangement of control points and measured RMS values of vibration acceleration (lifting and lowering) for Crane 1
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EXPERT Company performed measurements and 
recording of signals of vibrations of lifting mecha-
nism of quay container handlers ZPMC (Crane 1 and 
Crane 2, respectively), which belong to Brooklyn 
Kyiv Port Company. This Company is the operator of 
container terminal based on quays Nos 42, 43 of State 
Company “Odessa Sea Trade Port”.

The layout of drive mechanism control points is 
given in Figures 1, 2. During performance of mea-
surements, the sensors were fastened to the mecha-
nism housing by magnets. Vibration acceleration 
was recorded in each point, and its root mean square 

(RMS) value was determined at crane mechanism op-
eration for lifting and lowering of the spreader with-
out the payload, using vibration acceleration sensors 
AVS-117. The sampling frequency of vibration sig-
nals was 10 kHz, the input signal frequency band was 
from 2 Hz to 2 kHz, and duration of recording the 
signal realizations for each control point was 2 s.

Determination of vibration levels of the mech-
anisms was conducted in keeping with DSTU ISO 
10816-1:2007 “Classes of mechanisms and their vi-
bration norms” by vibration diagnostic system COM-
PACT-VIBRO, which was developed at PMI [15, 16]. 

Figure 2. Scheme of arrangement of control points and measured RMS values of vibration acceleration (lifting and lowering) for Crane 2

Table 1. Evaluation of the mechanism technical condition by vibration intensity (ISO 2372)

Vibration level (RMS value) Mechanism classes

By vibration 
speed

By vibration 
acceleration

Small mechanisms 
P < 15 kW

Medium-sized 
mechanisms 

15 kW < P < 75 kW

Large-sized mecha-
nisms on rigid foun-

dations 
P > 300 kW

Large-sized mecha-
nisms with non-rigid 

fastening 
P > 300 kW

mm/s m/s2 Class 1 Class 2 Class 3 Class 4

44.6 70.1

C
C

C
C

28.2 44.2
B17.8 27.9

11.2 17.6
B

7.1 11.1

A

4.5 7.2
B

A

2.8 4.4
1.8 2.8

B
A

1.12 1.8
0.71 1.1

A
0.45 0.7

A — satisfactory vibration value; B — admissible vibration value; C — emergency vibration value.



52

I.M. Javorskyi et al.

                                                                                                                                                                                       

                                                                                                                                                                                                    

In keeping with DSTU ISO 10816-1:2007 the exam-
ined mechanisms belong to class 3 (powerful prime 
movers and other powerful mechanisms with rotating 
masses, mounted on massive foundations relatively 
rigid in the direction of vibration measurement).

Normative RMS values of vibration acceleration, 
which allow evaluation of the technical condition of 
the mechanism in keeping with the established norms 
of vibration intensity, are given in Table 1.

Evaluation of the condition of mechanism compo-
nents was based on determination of RMS value of 
vibration accelerations (see Tables 2, 3).

As follows from Table 2, mean root square values 
of vibrations in bearing units of Crane 1 turned out to 
be higher and close to boundary values. In order to 
determine the causes for such a condition, the derived 
realizations of vibration signals were analyzed using 
the procedure developed by us.

ANALYSIS OF VIBRATION STRUCTURE 
AND DETERMINATION 
OF ITS PARAMETERS
The segment of realization of one of the recorded sig-
nals of vibration acceleration is shown in Figure 3. As 
one can see from Figure 3, vibrations have the form 
of clearcut groups, following each other with the fre-
quency of approximately 60 Hz. In order to establish 
the general properties of the signals, in particular, 
their spectral composition, the correlation functions 
and spectral densities of their stationary approxima-

Table 2. Calculated RMS values of vibration acceleration of mechanism drive elements for Crane 1

Point 
number

Component description
Actual RMS value, m/s2

Boundary RMS 
values, m/s2

At lifting At lowering

1
Left engine

5.36 9.40 11.1
2 9.39 9.38 11.1
3

Right engine
9.80 9.40 11.1

4 7.69 7.75 11.1
5

Reducer

7.49 6.87 11.1
6 7.08 7.76 11.1
7 3.36 3.43 11.1
8 4.15 4.16 11.1
9 3.39 3.34 11.1

10 2.94 2.07 11.1
11 3.43 2.64 11.1
12 5.74 4.77 11.1
13 Outrigger of the right drum 0.63 0.53 11.1
14 Outrigger of the left drum 0.52 0.46 11.1

Table 3. Calculated RMS values of vibration acceleration of mechanism drive elements for Crane 2

Point 
number

Component description
Actual RMS value, m/s2

Boundary RMS 
values, m/s2

At lifting At lowering

1
Left engine

4.77 5.84 11.1
2 4.31 4.29 11.1
3

Right engine
5.28 2.07 11.1

4 3.73 3.79 11.1
5

Reducer

5.09 5.10 11.1
6 2.82 2.80 11.1
7 2.05 1.99 11.1
8 2.39 2.32 11.1
9 3.77 2.52 11.1

10 3.80 2.16 11.1
11 3.66 2.53 11.1
12 2.92 3.38 11.1
13 Outrigger of the right drum 0.61 0.44 11.1
14 Outrigger of the left drum 0.61 0.49 11.1

Figure 3. Signal realization segment



53

METHODS AND MEANS OF EARLY VIBRATION DIAGNOSTICS OF ROTATING COMPONENTS                                                                                                                                                                                                    

                                                                                                                                                                               

tions were calculated. The following dependencies 
were used for this purpose:
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where h = T/K is the discretization step; T is the time 
of signal recording; j is the integer number; L = τm/h 
is the natural number; τm is the point of correlogram 
truncation; k(nh) is the correlation window. In this 
case, Hamming window was selected:

 

( )
0.54 0.46cos , ,

0, .

m
m

m

k
πτ + τ ≤ τ ττ = 

 τ > τ  

Results of calculation of one of the signals are 
shown in the form of graphic dependencies in Fig-
ure 4. It follows from the data of Figure 4, that group 
structure is preserved also in the dependence of the 
correlation function on the shift. Its characteristic 
feature also is the nonvanishing “tail”, which is in-
dicative of the presence of a deterministic component 
in the vibration composition. Frequency dependence 

of the signal spectral density shows (Figure 4, b) that 
the main part of vibration power is concentrated in 
the high-frequency region, the high-frequency oscil-
lations being mostly the narrowband ones. The values 
of spectral density in the low-frequency region are 
barely noticeable against the background of powerful 
peaks in [1.4 kHz; 1.6 kHz] range. Therefore, for a 
more probable analysis of the low-frequency vibra-
tions, we will divide the frequency region of the sig-
nals into two ranges: [0 kHz; 1.0 kHz] and [1.0 kHz; 
2.5 kHz]. The graphs of evaluation of the correlation 
function and spectral density of the low-frequency 
signal component power are given in Figure 5. The 
spectral density is of a peaked nature, and nonvanish-
ing oscillations of the correlation function show that 
this spectrum is mixed and a considerable fraction of 
the signal power belongs to deterministic oscillations.

Further detalization of vibration structure requires, 
first of all, separating their deterministic and stochas-
tic components. The first step in such a separation 
is determination of the nonstationarity period (basic 
frequency) of deterministic oscillations. For this pur-
pose, it is rational to use the least squares method as 
the most effective one [1, 17], which is reduced to 
searching for the coordinates of the maximum values 
of functional:

 
( ) ( )2

1
1ˆ ˆ ,

2 1

K

n K

F m nh
K =−

θ = θ
+ ∑ , (9)

Figure 4. Evaluation of the correlation function (a) and spectral density (b)

Figure 5. Evaluation of the correlation function (a) and spectral density (b) of the low-frequency signal
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where

( ) ( ) ( )
1

1

2 2ˆ ˆ ˆ, cos sin
L

c s
k k

k

m nh m k nh m k nh
=

π π θ = θ + θ θ θ 
∑ ,

 

( )
( )

( )
2cosˆ 2
22 1ˆ sin

c K
k
s

n Kk

k nhm
nh

Km k nh=−

π 
  θ   θ= ξ   π+θ    
 θ 

∑ , 
(10)

while θ is the so-called “trial” period and L1 is a cer-
tain chosen number of the harmonics. Note that the 
maximum value of functional (9) is close to average 
power of the deterministic component of oscillations.

The graph of the dependence of quadratic function-
al (9) on trial frequency f = 1/θ for L1 = 30 is shown in 
Figure 6. Frequency value at which the functional val-
ue reaches its maximum was taken as the estimate of 

basic frequency 0 11ˆ ˆ/f P= . With an accuracy of up to 
three digits we find 0̂f  = 28.480 Hz. The found value 
corresponds to the engine rotor frequency. Total power of 

the rotation harmonics, which is determined by value (9) in 

point 0̂f , is equal to 
2

1 2
0

1 0.24
s
mˆ

ˆF
f

 =  


 
  
  

. This value 

is equal to a little less than half of the total power of 
low-frequency oscillations, which is determined by 
the value of correlation function evaluation in point τ 

= 0, i.e. ( )
2

2
mˆ 0 0.62
s

R  = =  
 

 (see Figure 5, a).

Substituting 0̂f  value into formula (10) instead of 
1/θ, we will calculate the cosine and sine coefficients, 
and proceeding from them — the amplitudes of the 
respective harmonics:

 
( ) ( ) ( )2 2

0̂ ˆ ˆc s
k kA kf m m= + . (11)

The amplitude spectrum (11) in the form of a dia-
gram is shown in Figure 7, b. As we can see the spec-
trum is rather wide. However, the greatest part of the 
deterministic oscillation power belongs to the first 
three harmonics.

Figure 7, a, shows the time dependence of periodic 
function:

Figure 6. Quadratic functional (13), depending on trial frequency

Figure 7. Deterministic oscillations (a) and their amplitude spectrum (b)

Figure 8. Evaluation of the correlation function (a) and spectral density (b) of the stochastic component of low-frequency signal
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( ) ( ) ( )
30

0 0
1

ˆ ˆ ˆcos2 sin 2c s
k k

k

m t m kf t m kf t
=

 = θ π + θ π ∑ ,(12)

which, if the following condition is satisfied:

 

1

12 1
Ph

L
≤

+  
is the interpolation formula for the deterministic vi-
brations, excited by rotor rotation.

Knowing dependence (12) for all t ∈ [0, P1], we 

will separate residual vibrations ( ) ( ) ( )ˆt t m tξ = ξ −


 
and will conduct their spectral-correlation analysis. 
The graphs of correlation function and spectral den-
sity, calculated on the base of time series ( )nhξ



, are 
shown in Figure 8. The correlation function now van-
ishes quickly to the level of low-power oscillations 
(Figure 8, a). The residual spectral density, similar to 
the initial signal, has a ridge-like structure (Figure 8, 
b), which is due to low-power harmonics with the 
frequencies characteristic for the bearing, their com-
binations, as well as narrowband stochastic modula-
tion of these harmonics. These low-power residual 
oscillations have a slight influence on the mechanism 
operation, so that now we can extract a deterministic 
periodic function in formula (8), which is presented 
by finite series (12).

Now we will move over to analysis of vibrations 
in [1.0 kHz; 2.5 kHz] range (Figure 9). Evaluation of 

the correlation function at large shifts has the form of 
nonvanishing high-frequency oscillations (Figure 10, 
a, b) that can be caused by the presence of a determin-
istic component. In order to confirm such an assump-
tion, we will calculate functional (9), varying the trial fre-
quency in [1470 Hz, 1490 Hz] and [1525 Hz, 1545 Hz] 
ranges. Obtained clearcut peaks in the graphs of frequen-
cy dependence of functional (13) at frequencies 1

0̂f   = 
= 1481.13 Hz and 2

0̂f  = 1538.11 Hz (Figure 11, a, b) 
provide an affirmative answer to this. Having calcu-
lated by expressions (10) the respective harmonic 
amplitudes, we have ( )1

0̂A f  = 4.163 m/s2 and ( )2
0̂A f  

= 7.833 m/s2. Total power of the harmonics is equal to 
39.35 (m/s2)2 that is equal to approximately half of the 
total power of high-frequency vibrations.

We will express the high-frequency deterministic 
oscillations as follows:

Figure 9. High-frequency signal realization segment

Figure 10. Evaluation of the correlation function of high-frequency signal for initial (a) and large (b) shifts

Figure 11. Dependencies of functional (9) on trial frequency in different frequency bands (a) and (b)
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2 0 0 0 0
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ˆˆ cos2 sin 2k k k k
k k

k

s t a f f t b f f t
=

 = π + π  ∑ , (12)

and will extract the stochastic component 
( ) ( ) ( )2nh nh s tξ = ξ −


. Evaluation of its correlation 
function is slowly oscillationally vanishing to the lev-
el of low-power fluctuations and has group structure 
(Figure 12, a). Therefore, evaluation of spectral den-
sity, based on its correlation function, is peaked. Here, 
there exist two peaks, which are much larger than the 
others in magnitude at frequencies which practical-
ly coincide with those of the deterministic harmon-
ics (Figure 12, b). Addition of oscillations with such 
close frequencies leads to the phenomenon of beating, 
where oscillations with frequency difference f1 – f2 
are the frequencies, with which the main oscillation 
groups follow each other. Such beating is observed on 
the graphs of realization and evaluation of the correla-
tion function.

In order to clarify whether these high-frequency 
oscillations are related to the low-frequency ones and 
in which way, we will search for hidden periodicities 
of the second order in the range, to which the rotor 
frequency belongs. For this purpose we will also use 
the least squares method, which in this case is reduced 
to analysis of frequency dependence of the functional:

 
( ) ( )2

2
1ˆ ,

2 1

K

n K

F R nh
K =−

θ = θ
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∑


, (15)

Here, L2 is the selected number of addends in the 
sum (14). For calculations it was assumed that L2 = 5. 
Figure 13 presents the dependence of functional (13) 
on trial frequency f = 1/θ. A pointed peak at frequency 

0̂f  = 28.5 Hz, which is close to that of rotor frequen-
cy, does not leave any doubt that the dispersion and 
correlation function of the stochastic component of 
vibrations are periodic function with engine rotor ro-
tation period. As no other periodicities were revealed 
at analysis, presentations (8) in this case can be re-
garded as PNRP with period P = P1.

Taking 01ˆ / ˆP fθ = = , in (15), we will calculate 
Fourier coefficients of dispersion and its average val-
ue:

 
( )2

0
1ˆ

2 1

K

n K

R nh
K =−

= ξ
+ ∑



. 

Based on these values, we will formulate the fol-
lowing expression:

   
( ) ( ) ( )

5

0
1

2 2ˆ ˆ ˆ ˆ, cos sinˆ ˆ
c s
k k

k

R t R R k t R k t
P P=

π π θ = + θ + θ  
∑ , (16)

which, provided

 2

ˆ

2 1
Ph

L
≤

+  
is the interpolation formula for dispersion. The graph 
of time dependence of dispersion (16) and its ampli-
tude spectrum

 
( ) ( ) ( )2 2

0̂
ˆ ˆ ˆ ˆ ˆc s

k kV kf R P R P   = +     

Figure 12. Correlation function (a) and spectral density (b) of the stochastic component of high-frequency signal

Figure 13. Dependence of quadratic functional (13) on trial fre-
quency
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are shown in Figure 14. Only zero, first and second 
harmonics are significantly expressed in the spectrum.

Therefore, proceeding from the above results, we 
can assume that the time variability of dispersion is the 
result of modulation of the harmonics of low-frequen-
cy deterministic oscillations by stochastic high-fre-
quency band oscillations, resulting from damage. 
The correlation function of such oscillations can be 
approximated by slowly vanishing oscillations with 
resonance frequency v0. The result of such a modu-
lation in the frequency range is observed as narrow-
band peaks at frequencies 0 0̂kfν ±  (Figure 11). Each 
high-frequency narrowband composition is a station-
ary random process; they, however, are cross-correlat-
ed. Here the cross-correlations of the components, the 
frequency distance between which is equal to 0̂kf , de-
termine the k-th component of dispersion. Based on 
these considerations, we can conclude that the second 
harmonics of dispersion is the result of modulation 
of the most powerful first harmonic of deterministic 
oscillations. Such a modulation leads to appearance 
of peak values in the frequency region at 0 0̂fν −  and 

0 0̂fν +  frequencies. The cross-correlation function of 
these two stationary narrowband random processes, 
where the spectra are separated by 2 0̂f , determines 
the second harmonic of dispersion.

The detected modulations can be studied further on 
using Hilbert transform [18]. However, the above-es-
tablished facts on the signal structure allow making 
a conclusion about the nature of the damage. An in-
creased vibration level is not related to the probable 
defects in one of the bearing elements, but is attrib-
utable to wear of the bearing housing seat as a result 
of long-term operation of the mechanism. “Worn-out” 
hole in the housing causes sliding of the bearing out-
er ring, which, in its turn, excites powerful high-fre-
quency oscillations.

CONCLUSIONS
The COMPACT-VIBRO system, developed at G.V. 
Karpenko Physico-Mechanical Institute of the NAS 

of Ukraine was used to select and analyze vibration 
signals from container handler mechanisms.

The methods for detection of hidden periodicities 
based on models in the form of PNRP and their gener-
alizations were used to separate the deterministic and 
stochastic components of signals with higher RMS 
value level and to establish the characteristic features 
of each of them. The amplitude spectrum of determin-
istic components of vibrations was determined, and 
the deterministic and stochastic high-frequency mod-
ulation of their harmonics was detected. It is shown 
that such a modulation causes periodic nonstationar-
ity of the second order with shaft rotor rotation peri-
od. The amplitude spectrum of time changes of signal 
dispersion was determined, and its connection with 
cross-correlations of the signal narrow-band high-fre-
quency components was shown. The cause for the 
high vibration level, proceeding from the narrow band 
of dispersion spectrum and low values of its first har-
monics, is bearing bushing damage propagation at the 
initial stage.

Calculated RMS values for Crane 1 and Crane 2 
are within the normative range.
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“THE PATON WELDING JOURNAL” — SHORT HISTORY
The history of “The Paton Welding Journal” is closely con-
nected with the E.O. Paton Electric Welding Institute (PWI) 
and the history of “Avtomatychne Zvaryuvannya” journal. It 
is assumed that the fi rst issue of “Avtomatychne Zvaryuvann-
ya” journal was published in March, 1948 [in Russian].

Beg inning from 1959, translation of the journal entitled 
“Automatic Welding” (ISSN 0005-108X) into English was 
performed by the British Welding Research Association, 
Cambridge, UK. The fi rst English issue for 1959 was a 
translation of the Russian issue No.4, 1959. At that time, 
the communication and translation took at least 15 weeks. 
Therefore, in order to ensure the accuracy and fast repro-
duction of the text, none of the metric units were convert-
ed into British units, except for some basic coeffi cients. In 
1959–1986 the journal cover was changed three times.

The “Automatic Welding” journal publication was inter-
rupted in 1987. Instead of it, PWI in cooperation with The 
British Library Document Supply Centre, released a month-
ly translation journal “Welding International” (ISSN 0950-
7116). This journal published part of the papers from the Rus-
sian variant of “Avtomatychne Zvaryuvannya” journal.

Starting from 1989, PWI 
resumed publication of the 
translated journal. Thus, in 
1989–1990 “The Paton Weld-
ing Journal” (ISSN 0957 798X) 
was published by Abington 
Publishing House, which is 
part of Woodhead Publishing 
Ltd (Cambridge, UK). During 
this period, the appearance 
of the journal cover changed 
three times.

In 1991–1998, “The Paton 
Welding Journal” (ISSN 0957 
798X) was published monthly 

by Riecansky Science Publishing Co (Cambridge, UK), 
and its cover changed twice. From the middle of 1994, the 
journal starts publishing information about the availability 
of abstracts of the papers from “The Paton Welding Jour-

nal” in electronic format at the site: http://www.demon.
co.uk/cambsci/pwj.html.

In July, 1999,  PWI, with the support of the International 
Association “Welding”, issued a pilot version of “The Paton 
Welding Journal”. “The Paton Welding Journal” (ISSN 0957 
798X) is published with the frequency of 12 issues per year, 
and it is an English translation of “Avtomatychne Zvaryu-
vannya”. The journals in both languages are issued simul-
taneously without any time differences. The journal site is: 
https://patonpublishinghouse.com/eng/journals/tpwj. Begin-
ning from issue No.7, the journal is indexed in the Cross-
ref, with DOI indices assigned to each published scientifi c 
paper. From No.8, 2021 the content of the journal includes 
papers received from authors from around the world in the 
fi eld of welding, metallurgy, materials science and selective-
ly includes translations into English of papers from the fol-
lowing journals, which are published by PWI in Ukrainian: 
“Avtomatychne Zvaryuvannya” (Automatic Welding), 
“Tekhnichna Diahnostyka ta Neruinivnyi Kontrol” (Techni-
cal Diagnostics & Nondestructive Testing), “Suchasna Elek-
trometalurhiya” (Electrometallurgy Today).

Over the years, “The Paton Welding Journal” has gone 
through a lot of transformations, but it is developing, it has 
not lost its relevance and has a stable international status 
and demand.

Svitlana Ivanenko, Head of the PWI Library

No. 1, 1989

                       No. 1, 1959                          No. 12, 1986

                      No. 2, 1991                          No. 9, 1998

                      July, 1999                          No. 12, 2021



60

INFORMATION

                                                                                                                                                                                       

                                                                                                                                                                                                    


