E.O. Paton Electric Welding Institute of the National Academy of Science of Ukraine
International Assqciation «Welding»
LLC «Scientific Journals»

The Paton Welding Journal 03

2022

International Scientific-Technical and Production Journal ¢ Founded in January 2000 (12 Issues Per Year)

EDITORIAL BOARD
Editor-in-Chief

1.V. Krivtsun E.O. Paton Electric Welding Institute, Kyiv, Ukraine

Deputy Editor-in-Chief

S.V. Akhonin E.O. Paton Electric Welding Institute, Kyiv, Ukraine

Deputy Editor-in-Chief

L.M. Lobanov E.O. Paton Electric Welding Institute, Kyiv, Ukraine

Editorial Board Members

0O.M. Berdnikova E.O. Paton Electric Welding Institute, Kyiv, Ukraine

Chang Yunlong School of Materials Science and Engineering, Shenyang University of Technology, Shenyang, China
V.V. Dmitrik NTUU «Kharkiv Polytechnic Institute», Kharkiv, Ukraine

Dong Chunlin China-Ukraine Institute of Welding of Guangdong Academy of Sciences, Guangzhou, China
A. Gumenyuk Bundesanstalt fiir Materialforschung und —priifung (BAM), Berlin, Germany

V.V. Knysh E.O. Paton Electric Welding Institute, Kyiv, Ukraine

V.M. Korzhyk E.O. Paton Electric Welding Institute, Kyiv, Ukraine

V.V. Kvasnytskyi NTUU «lgor Sikorsky Kyiv Polytechnic Institute», Kyiv, Ukraine

Yu.M. Lankin E.O. Paton Electric Welding Institute, Kyiv, Ukraine

S.Yu. Maksymov E.O. Paton Electric Welding Institute, Kyiv, Ukraine

Yupiter HP Manurung Smart Manufacturing Research Institute, Universiti Teknologi MARA, Shah Alam, Malaysia
M.O. Pashchin E.O. Paton Electric Welding Institute, Kyiv, Ukraine

Ya. Pilarczyk Welding Institute, Gliwice, Poland

V.D. Poznyakov E.O. Paton Electric Welding Institute, Kyiv, Ukraine

U. Reisgen Welding and Joining Institute, Aachen, Germany

1.0. Ryabtsev E.O. Paton Electric Welding Institute, Kyiv, Ukraine

V.M. Uchanin Karpenko Physico-Mechanical Institute, Lviv, Ukraine

Yang Yonggiang South China University of Technology, Guangzhou, China

Managing Editor
O.T. Zelnichenko International Association «Welding», Kyiv, Ukraine

Address of Editorial Board

E.O. Paton Electric Welding Institute, 11 Kazymyr Malevych Str. (former Bozhenko), 03150, Kyiv, Ukraine
Tel./Fax: (38044) 200 82 77, E-mail: journal@paton.kiev.ua
https://patonpublishinghouse.com/eng/journals/tpwj

State Registration Certificate 24933-14873 NP from 13.08.2021
ISSN 0957-798X, DOI: http://dx.doi.org/10.37434/tpwj

Subscriptions, 12 issues per year:
$384 — annual subscription for the printed (hard copy) version, air postage and packaging included;
$312 — annual subscription for the electronic version (sending issues in pdf format or providing access to IP addresses).

Representative Office of «The Paton Welding Journal» in China:

China-Ukraine Institute of Welding, Guangdong Academy of Sciences

Address: Room 210, No. 363 Changxing Road, Tianhe, Guangzhou, 510650, China.
Zhang Yupeng, Tel: +86-20-61086791, E-mail: patonjournal@gwi.gd.cn

The content of the journal includes articles received from authors from around the world in the field of welding, metallurgy, material
science and selectively includes translations into English of articles from the following journals, published by PWI in Ukrainian:

o Automatic Welding (https://patonpublishinghouse.com/eng/journals/as);

e Technical Diagnostics & Nondestructive Testing (https://patonpublishinghouse.com/eng/journals/tdnk);

¢ Electrometallurgy Today (https://patonpublishinghouse.com/eng/journals/sem).

© E.O. Paton Electric Welding Institute of NASU, 2022
© International Association «Welding» (Publisher), 2022
© LLC «Scientific Journals», 2022



THE PATON WELDING JOURNAL, ISSUE 03, MARCH 2022 ISSN 0957-798X

CONTENTS

V.M. Korzhyk, V.V. Kvasnytskyi, V.Yu. Khaskin
JOINT EDUCATION AND RESEARCH LABORATORY OF WELDING
AND RELATED PROCESSES ..ottt ettt ettt ettt e et et e e e et a e et e eeeeeeaeaeaaeeaeeeaeeaaeeaaeaeaeeees 3

ORIGINAL ARTICLES

I. Krivtsun, V. Demchenko, I. Krikent, U. Reisgen, O. Mokrov, R. Sharma
CHARACTERISTICS OF HIGH-FREQUENCY PULSED CURRENT ARC
WITH REFRACTORY CATHODE ..ottt ettt e e e e e e e e e e 9

S.Yu. Maksymov, D.M. Krazhanovskyi, Yu.A. Shepelyuk, S.V Osynska

EFFECT OF PARAMETERS OF PULSED-ARC WELDING ON THE FORMATION

OF WELD METAL AND MICROSTRUCTURE OF HEAT-AFFECTED ZONE

OF D9G2S STEEL™ .. .iiiitiiiiiiie oottt e e e ettt e e e e e e e bbbt et e e e e e s e ettt b et e e e e e e e e nnnnbbneeeaeeas 19

M.O. Nimko, V.Yu. Skulskyi, A.R. Gavryk, I.G. Osypenko

INFLUENCE OF WELDING MODES ON DECARBURIZATION

IN THE HEAT-AFFECTED ZONE OF R91 STEEL IN WELDED JOINTS

OF DISSIMILAR STEELS AFTER HIGH-TEMPERATURE TEMPERING* .......ccccccoiiiiiiiiiiiieee 27

V.I. Shvets, O.V Didkovskyi, Ye.V. Antipin, I.V. Zyakhor, L.M. Kapitanchuk, Wang Qichen
FEATURES OF MICROSTRUCTURE OF JOINTS OF HYPEREUTECTOID AREAL-136HE-X
RAIL STEEL IN FLASH-BUTT WELDING¥ ....ciiiiiitiiiiieee ettt e e 34

Yu.M. Lankin, O.P. Bondarenko, V.G. Tyukalov, V.G. Soloviov, I.Yu. Romanova
EXPERIMENTAL STUDIES OF BIFILAR ELECTROSLAG WELDING
WITH AN EQUALIZING WIRE?Y ....oiitiiiiii sttt s e e e e e e e e e e e s e e e e e e e e eeraannans 41

Ye.O. Panteleimonov
INDUCTORS FOR HEAT TREATMENT OF WELDED BUTT JOINTS OF RAILWAY
AND TRAM GROOVED RAIL S .ottt e e e e eaaees 45

S.V. Akhonin, A.Yu. Severin, V.O. Berezos, O.M. Pikulin,
V.A. Kryzhanovskyi, O.G. Yerokhin
INVESTIGATIONS OF THE QUALITY OF WROUGHT SEMI-FINISHED PRODUCTS

FROM VT9 TITANIUM ALLOY PRODUCED BY ELECTRON BEAM MELTING** ......cccccviveennn. 49
V.M. Uchanin

OPTIMIZATION OF THE DESIGN OF EDDY CURRENT PROBE OF PARAMETRIC TYPE

TO DETECT SURFACE CRA CK S ittt et e et e et e e e 54

*Translated Article(s) from «Automatic Welding», No. 3, 2022.
**Translated Article(s) from «Electrometallurgy Today», No. 4. 2021.
***Translated Article(s) from «Technical Diagnostics & Nondestructive Testing», No. 1, 2022.



SCIENCE FOR PRODUCTION

JOINT EDUCATION AND RESEARCH LABORATORY
OF WELDING AND RELATED PROCESSES

Main building of NTUU Igor Sikorsky KPI

Modern conditions for the development of progres-
sive technologies require the integration of certain
processes to obtain a new quality of products. The
basic condition for such integration processes is the
combination of a scientific experience of researchers
working over related problems in different scientific
divisions. This approach provides a more full analysis
and solution to the problems that researchers have to
do with when scientific and technological progress is
constantly marching on.

Combining efforts of scientists in solving prob-
lems of plasma and hybrid welding and additive arc
technologies has already become necessary a long
time ago. Several decades ago, this need has led
to an intensive development and branching of the
E.O. Paton Electric Welding Institute of the NAS of
Ukraine. However, modern realities require finding
new approaches. In 2017, the basis for their creation
was found. At the initiative of the National Technical
University of Ukraine “Igor Sikorsky Kyiv Polytech-
nic Institute” and with the support of Academician
B.E. Paton, five scientific and technical organizations
took part in the foundation of the Joint Education and
Research Laboratory of Welding and Related Process-
es. Among the founders there were:

e PWI;

e Foreign Economic Representation of the
E.O. Paton Chinese-Ukrainian Institute of Welding;

e National Technical University of Ukraine “Igor
Sikorsky KPI”;

e “Scientific and Production Center
“PLAZER” Ltd;

e “Ukrspetstekhnologiyi” Corporation.

The foundation of the Joint Research Labora-
tory with the support of Academician B.E. Paton
was legally settled by an agreement on cooperation
N0.2500/17-0 dated 13.06.2019.

The aim of the Laboratory foundation is building
of a scientific and technological experimental base of a
collective use with the attraction of the most advanced
equipment for research works in plasma, laser and hy-
brid welding technologies and related processes, addi-
tive technologies, diffusion welding and brazing.

To achieve this aim it is planned to solve the fol-
lowing tasks:

1. Creation of new forms of scientific and tech-
nical cooperation by combining the creation of a
scientific experimental base of a collective use with
the involvement of modern equipment for conduct-
ing research works in the fields of advanced welding
technologies and related processes using the material
and technical base of research, educational and scien-
tific-production organizations.

2. Attraction of investments, including from for-
eign partners.

3. Expansion of international scientific and tech-
nical cooperation and cooperation between research
institutions and industrial enterprises in Ukraine, at-
traction of leading Ukrainian and international scien-
tists and specialists to participation in scientific and
technological developments.

Main building of E.O. Paton Electric Welding Institute
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Figure 1. Appearance of vacuum chamber (a) and plasmatron (model (b) and a specimen made on its base (c)) for vacuum plas-

ma-emission discharge welding

Figure 2. Head (a) with a consumable electrode for additive growing of parts with inner stiffeners (b, c)

4. Education of scientific personnel, involvement
of students of higher education institutions of Ukraine
with bachelor, master and Ph-D levels of education to
participate in real scientific, technical and production
projects.

At present, the structure of the Joint Laboratory in-
cludes two experimental and technological platforms:
“Plasma and hybrid welding and additive arc technol-
ogies” (E.O. Paton Educational and Research Institute
of Materials Science and Welding of the Igor Sikorsky
KPI) and “Demonstration and technological platform
of plasma, hybrid and additive technologies” (PWI,
LLC “Scientific and Production center “PLAZER”,
Foreign Economic Representation of the E.O. Paton
Chinese-Ukrainian Institute of Welding). Scientific
supervisor of the Joint Laboratory is Dr. of Techn.
Sci., Prof. V.M. Korzhyk, the correspondent member
of the NASU.

Figure 3. Mock-up of the title board of the Demonstration and
technological platform and its opening by the international re-
search team

4

Within the frames of Cooperation Agreements, con-
cluded with the PWI, the mentioned Joint Laboratory is
the base for international scientific and technical coop-
eration with the Welding Technologies Research Insti-
tute in Zhejiang Province (PRC) and Zhejiang Special
Equipment Research Institute (PRC).

In the Laboratory of plasma and hybrid welding
and additive arc technologies, research works are car-
ried out on the development and further advancing of
such progressive processes as:

e hollow cathode vacuum welding with a plas-
ma-emission direct current discharge of straight po-
larity;

e vacuum diffusion welding;

e vacuum brazing;

Figure 4. One of the laboratory facilities of the Demonstration
and technological platform
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Figure 5. Universal technological complex of plasma-arc and hybrid technologies, automatic combined and hybrid welding “plasma +
arc of a consumable electrode”: a — manipulator for welding in different spatial positions; b — welding equipment; ¢ — monoblock
of combined plasma + MIG/MAG welding; d — plasmatron for hybrid plasma-MIG/MAG welding; e — familiarization of foreign
partners with the equipment and technology within the framework of international scientific and technical cooperation

e additive growing of parts by means of a consum-
able electrode.

For realization of research works, complexes of
the corresponding vacuum equipment were created
(Figure 1). The study of a plasma-emission discharge
(plasma-arc discharge with a hollow cathode) in vac-
uum proved the possibility of its successful use in
welding of titanium alloys with a thickness of up to
16 mm without edge preparation. At the same time, in
terms of quality and service characteristics, the pro-
duced welds are approaching the results obtained by
electron beam welding at a significantly lower cost.

Also, in this division of the Joint Laboratory, addi-
tive growing of parts by means of a consumable elec-
trode is investigated. In particular, technologies for
manufacture of metal parts of a complex spatial shape
with inner stiffeners are developed (Figure 2).

On the “Demonstration and technological plat-
form of plasma, hybrid and additive technologies”
(Figure 3), the development of such technologies is
carried out as:

e robotic seam and spot plasma welding by a di-
rect current of straight polarity;

e robotic seam and spot plasma welding of alu-
minium and magnesium alloys by a bipolar asymmet-
ric current;

e robotic (automated) plasma-powder cladding by
a direct current of straight polarity and by a bipolar
asymmetric current (for aluminium and magnesium
alloys);

e robotic (automated) welding in the mode of
“mild plasma” by a direct current of straight polarity
and by a bipolar asymmetric current (for aluminium
and magnesium alloys);

Figure 6. Heads for laser (a) and hybrid laser-plasma welding (b) created in the Joint Laboratory
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Figure 7. Macrostructures of joints of 6 (a) and 10 mm (b) thickness produced by laser-plasma welding in one and two passes, respec-
tively, and the appearance of butt joints of 10 mm thickness (c). Material — stainless A1SI1304 steel

e robotic (automated) welding and surfacing apply-
ing the process of welding by a consumable electrode
with short circuits (CMT — Cold Metal Transfer);

e robotic (automated) argon-arc welding by a di-
rect current of straight polarity and by a bipolar asym-
metric current (for aluminium and magnesium alloys);

e laser welding in a controlled atmosphere and in
a dynamic vacuum;

e robotic (automated) laser cutting and welding;

e hybrid welding processes (plasma-MIG/MAG,
plasma-TIG, laser-plasma, laser-MIG/MAG, laser-TIG);

e hybrid laser-plasma cutting;

e plasma cutting of metal sheets of increased
thicknesses on the reverse polarity;

e plasma cutting with different types of plas-
ma-forming gases and addition of water;

e supersonic plasma powder spraying of coatings;

e high-velocity plasma-arc spraying of coatings
by conductive wires;

e high-velocity electric arc two-wire spraying of
coatings in the products of combustion of hydrocar-
bon gases;

e hybrid supersonic electric arc oxy-fuel two-wire
spraying of coatings;

e supersonic high-velocity oxy-fuel spraying of
coatings by powders and wires (HVOF);

e plasma technologies of powder spheroidization;

e growing of three-dimensional products by addi-
tive layer-by-layer microplasma, plasma and arc clad-
ding (3D-printing).

To study the mentioned technologies, there are ap-
propriate laboratory facilities with the necessary tech-
nological equipment (Figure 4). Also office premises, a
modern conference room with the possibility of online
conferences, areas for mechanical treatment with milling
and turning machine tools, utility and warehouse prem-
ises, etc. are provided. In particular, the Demonstration
and technological platform for plasma-arc and hybrid
technologies was certified by the Certificate on the qual-
ity management system 1SO 9001:2015.

Specially, the innovative hybrid technologies
should be noted, which are developed on the Demon-
stration and technological platform. Thus, the equip-
ment and technologies of automatic and robotic
combined (Plasma + MIG/MAG) and hybrid (Plas-
ma-MIG/MAG) welding by a constricted arc of a
nonconsumable electrode with an arc of a consum-
able electrode arc allow joining sheets of aluminium
alloys with a thickness of up to 16 mm for a one pass,
minimizing the tendency to inner pore formation in
welds, increasing the efficiency of welding by elimi-
nating the operations on edge preparation, increasing

Figure 8. Universal technological complex for laser and hybrid laser-plasma cutting
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Figure 9. Complex for laser, microplasma and laser-microplasma welding in a controlled atmosphere and in a dynamic vacuum

welding speed up to two times as compared to con-
ventional MIG/MAG-welding (Figure 5).

The equipment and technologies for laser and hy-
brid laser-plasma welding created in the Joint Labo-
ratory allow producing joints of steels and alloys with
a high thermal locality and speed of welding. A vivid
example of achievements in the field of laser-plasma
welding is the production of single- and two-pass butt
joints of stainless AIS1304 steel of 6 and 10 mm thick-

ness, respectively, at a speed of 60 m/h using 1.8 kW
radiation power of a fiber laser (Figures 6, 7).
Among the challenging technological develop-
ments, created on the basis of the Joint Laboratory, a
universal technological complex of laser and hybrid
laser-plasma cutting (Figure 8), laser, microplas-
ma and laser-microplasma welding in a controlled
atmosphere and in a dynamic vacuum (Figure 9),
installation (3D printer) for 3D-printing by a powder

Figure 11. Equipment for realization of plasma-arc technologies for spraying of coatings and treatment of materials: a — universal
technological complex of plasma-arc spraying and cutting; b — experimental installation for plasma-arc spheroidization of wire mate-

rials and rods and powders of irregular shape
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Figure 12. Familiarization of the Academician of the NASU L.V. Krivtsun, Director of the PWI, with the capacities of the Joint
Laboratory

microplasma layer-by-layer cladding can be attribut-
ed (Figure 10).

At present, the works on the development and in-
dustrialization of plasma-arc technologies of spraying
coatings and treatment of materials, production of
spherical powders by plasma-arc spraying of wires
and rods, plasma-arc spheroidization of powders of
irregular shape are actively continuing. With this pur-
pose, the necessary equipment and technological base
were created (Figure 11).

After opening of the Joint Laboratory, its Demon-
stration and technological platform was visited by
leading staff scientists of the NAS of Ukraine, in par-
ticular, Academicians of the NASU 1.V. Krivtsun and
L.M. Lobanov (Figure 12). They approved the tech-
nical equipment of the Laboratory and highly praised
the scientific and technological developments, which
are currently carried out by its staff colleagues. Fur-
ther, it is planned to visit the Joint Laboratory by dele-
gations of foreign scientists and managers, which are

interested in scientific cooperation and industrial im-
plementation of developed technologies.

The management of the Joint Laboratory offers
the application of the described advanced innovation
equipment with all those desirable researchers, stu-
dents and postgraduate students. Research works can
be conducted both within the joint projects as well as on
individual agreements. A separate task is teaching stu-
dents and postgraduate students. The Laboratory gladly
welcomes not only domestic students, but also foreign
ones — all who wishes to raise their own skills with-
in the framework of joint projects and programs. For
this purpose, both specialists of the Laboratory, as well
as third-party specialists may be involved. The latter
may be involved on individual principles. In general,
the Joint Education and Research Laboratory was built
as a scientific and technological experimental base of a
collective use. The accumulated advanced experience
and available innovative equipment are aimed to be
attracted for research works in the fields of advanced
technologies of welding and related processes.

V.M. Korzhyk?, V.V. Kvasnytskyi'?, V.Yu. Khaskin?

E.O. Paton Electric Welding Institute of the NAS of Ukraine,

2INTUU “Igor Sikorsky KPI”
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CHARACTERISTICS OF HIGH-FREQUENCY
PULSED CURRENT ARC WITH REFRACTORY CATHODE

I. Krivtsun?, V. Demchenko?, I. Krikent!, U. Reisgen?, O. Mokrov?, R. Sharma?

1E.O. Paton Electric Welding Institute of the NASU

11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine

2RWTH Aachen University, ISF — Welding and Joining Institute
Pontstr. 49, 52062, Aachen, Germany

ABSTRACT

A self-consisted mathematical model is presented, describing nonstationary processes of energy, momentum, mass and charge
transfer in plasma column and anode boundary layer of an electric arc burning in atmospheric pressure inert gas at pulsed mod-
ulation of current. A numerical study of distributed and integrated characteristics of 2 mm long argon arc was performed in the
case of current modulation by rectangular pulses at 10 kHz frequency and different values of the duty cycle (0.3; 0.5; 0.7) under
the condition that the average current value remains unchanged and equal to 140 A. Calculated time dependencies of plasma
temperature, velocity and current density in the arc column centre, as well as axial values of plasma temperature and pressure
near the anode surface, anode current density and heat flux into the anode are given for the selected values of duty cycle. Radial
distributions of averaged over the current modulation period heat flux, introduced by the arc into the anode, pressure and force
of friction of arc plasma flow on its surface were calculated, which are the determinant ones for simulation of thermal and
hydrodynamic processes in the metal being welded in TIG welding with high-frequency pulsed current (HFPC) modulation.
Results of simulation of nonstationary arc characteristics are compared with the respective results for a direct current (DC) arc,
at current equal to average value of modulated current. Analysis of the obtained results leads to the conclusion that in the case of
HFPC TIG welding at 10 kHz frequency decrease of duty cycle (increase of pulse current) at constant value of average current
leads to greater force impact of such an arc on weld pool metal and to increase of its penetrability, respectively.

KEYWORDS: electric arc, refractory cathode, arc column, anode boundary layer, TIG welding, pulsed current modulation,

frequency, duty cycle, simulation

INTRODUCTION

TIG welding currently is one of the main technolog-
ical processes of producing high-quality permanent
joints of critical structures from steels, titanium and
aluminium alloys. This welding process is realized by
excitation of DC electric arc in inert shielding gas (Ar,
He or their mixture) between refractory (W) cathode
and item being welded, which is the anode [1].

There are different modifications of TIG welding,
one of which is welding current modulation. A large
number of works are devoted to experimental study of
the features of this process (see, for instance, [2-8]).
Modes of TIG welding with low-frequency (mod-
ulation frequency f < 50 Hz) [2, 3, 4, 7, 8]), medi-
um-frequency (f ~ 5 kHz) [3, 4]) and high-frequency
(f>10kHz) [3, 5, 6]) arc current modulation were in-
vestigated. Results of these studies lead to the conclu-
sion that variation of such parameters of welding cur-
rent modulation as frequency, pulse ratio, amplitude
and shape of the pulses, allows controlling the metal
penetration shape, and thermal cycle of welding and,
therefore, influencing the structure and properties of
metal of the weld and heat-affected zone.

Works [9-11] are devoted to theoretical study and
computer simulation of the processes, running in the
welding arc and metal being welded in TIG welding

with low-frequency pulsed current modulation. The
problems of simulation of distributed and integrated
characteristics of arc plasma and its impact on the met-
al being welded in HFPC TIG welding are not given
enough attention in modern scientific and technical
publications. Therefore, the objective of this work is
numerical analysis of nonstationary processes of ener-
gy, momentum, mass and charge transfer in the arc with
a refractory cathode at HFPC modulation in the range
0f 30400 A by rectangular pulses at 10 kHz frequency.

Let us consider a nonstationary electric arc with
a refractory cathode and water-cooled (nonevapo-
rating) anode, burning in atmospheric pressure inert
gas, the diagram of which is shown in Figure 1. At
construction of a mathematical model of such an arc,
we will give the main attention to processes running
in the column and anode boundary layer of arc plas-
ma. For self-consistent description of the above-men-
tioned processes, we will use an approach, described
in detail in [12], according to which we will divide arc
plasma into two regions: arc column, where plasma is
in the state of local thermodynamic equilibrium and
anode boundary layer of thermally and ionizationally
nonequilibrium plasma. Accordingly, a self-consistent
mathematical model of the considered system should
include two interrelated models:
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Figure 1. Diagram for simulation of a nonstationary arc: 1 —
refractory cathode; 2 — nozzle for shielding gas feeding; 3 —
shielding inert gas; 4 — cathode region; 5 — arc column; 6 —
anode boundary layer; 7 — water-cooled anode; R, — radius of
the region of the arc cathode attachment; R, — protective nozzle
radius; R — calculation domain radius, L — arc length

v:

e Model of nonstationary thermal, electromagnet-
ic and gas-dynamic processes in arc column plasma at
pulsed current modulation.

e Model of anode boundary layer, allowing for-
mulation of boundary conditions on the interface of
plasma column with the above layer, which, on the
one hand, are required to solve the equations of the
first model, and on the other hand they are needed for
determination of the characteristics of thermal, elec-
tric and force impact of a nonstationary arc on the an-
ode surface.

MODEL OF NONSTATIONARY ARC COLUMN

At construction of the model of thermal, electromag-
netic and gas-dynamic processes in arc column plas-
ma at pulsed modulation of current, we will use the
following approximations:

e the system is assumed to be axisymmetric, an-
ode surface is flat and is perpendicular to the arc axis;

e arc column plasma contains only shielding gas
particles (electrode material evaporation is neglected),
it is in the state of local thermodynamic equilibrium
(one-temperature model of ionizationally equilibrium
plasma is used) and it is optically thin for intrinsic
radiation;

e main mechanism of plasma heating is Joule
heating (work of pressure forces and viscous dissipa-
tion are ignored), while energy transfer in arc column
takes place through thermal conductivity, convection

and transport of energy of the plasma electron com-
ponent;

e clectromagnetic processes in arc plasma are
assumed to be quasistationary (bias currents are ne-
glected);

e arc column plasma flow is viscous, subsonic,
flow mode is laminar;

e gravitational force is neglected, external mag-
netic fields are absent.

The corresponding to these approximations sys-
tem of differential equations for description of non-
stationary processes in arc column plasma, written in
the cylindrical system of coordinates {r, @, z} has the
following form:

e Mass conservation equation

op,10 0
atrarP) g eu)=0 O

where p is the mass density of plasma; v, u are the

radial and axial components of its velocity.
Equations of momentum conservation
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where P is the pressure; j, j. are the axial and radial
components of current density in the arc; B(p is the az-
imuth component of magnetic induction vector; 1 is
the coefficient of dynamic viscosity. Since the pres-
sure can be determined up to the constant, let’s choose
such a constant from the condition that pressure in
external media corresponds to atmospheric one. The
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value P should be understood below to refer to over-
pressure.
e Energy conservation equation

C ﬂ-f‘vﬂ-i‘uﬂ =
Pl at "V or TN oz )T

Sl L e L
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(4)

c
where C is the specific heat of arc plasma, allowing for
10nlzat10n energy; T is the plasma temperature; y is the
coefficient of thermal conductivity; K is the Boltzmann
constant; e is the electron charge; 6 is the thermal diffu-
sion constant; \ are the radiation energy losses.
e Equations of electromagnetic field

10 op o 0o )
?W(r ar]ﬂaz( azj 0 ©)

wor
B, (r, z)=T(I)jz(§, z) £ dg, (6)

where ¢ is the electric potential; o is the specific heat
conductivity of plasma; u° is the universal magnetic
constant;

. op - 6(p
Jr GE, JZ - 62 (7)
Before we go over to consideration of the ini-
tial and boundary conditions for equations (1)—(5),
we will briefly describe the model of the arc anode
boundary layer used in this paper.

MODEL OF ANODE BOUNDARY LAYER

According to the model proposed in [12, 13], the anode
boundary layer is assumed to be infinitely thin, com-
pared to arc column dimensions, and potential drop in
this layer (anode drop) U, = ¢_ — Ppa is negative and
its distribution along the anode surface is nonuniform.
Here, ¢, is the anode surface potential assumed to be
constant, in view of the high conductivity of the anode
metal, and selected equal to zero further on, while ¢ __
is the potential of arc column plasma on the interface
with the anode boundary layer, the value of which de-
pends on distance r to the arc axis for an axisymmet-
ric arc. To calculate the radial distribution of plasma
potential on the above-mentioned interface, we will

use expression [13], which in the case of nonevapo-
rating anode (arc plasma contains just the atoms and
single-charged ions of shielding gas) can be written in
the following form

kT(r L) | EMe(r LI, (L)

Lo o]

Ppa(r) = ®)

where T(r, L), ne(r, L), Ue(r,L)= /8kT(r,L)/nme are

the radial distributions of temperature, concentra-
tion and thermal velocity of plasma electrons on the
interface of the arc column with the anode bound-
ary layer, m_is the electron mass; j(r) = [j,(r, L),
K{T(r,L)+T,
ji(r):eni (I’,L)exp(—;j [(M)J
tive distributions of normal to the anode surface com-
ponent of the density of the arc anode current and ion
current from the plasma to anode surface, n(r, L) is
the distribution of plasma ion concentration on the
interface of the arc column with the anode boundary
layer, M is the ion mass, T is the anode surface tem-
perature. Taking into account the above assumption
of ionisational equilibrium of arc column plasma, the
distributions of n_(r, L), n(r, L) and the respective
atom concentration n_(r, L) can be calculated, using
Saha equation, plasma quasineutrality condition and
law of partial pressures [13].

We will present the heat flux from the plasma to
the anode surface as follows: Opa = e * s where g,
g; are the flows of kinetic and potentlal energy, trans-
ferred by electrons and ions of plasma, respective-
ly. To calculate the radial distributions of the above
quantities, we will use expressions [12], which in the
case of a nonevaporating anode can be written in the
following form:

are the respec-

G (1) = jo(n XL, ©

. KT,
qi(r)=1i(r){<ppa(r>+$;+ui1. (10)

Here,

i 1 s L e(ppa(r)

Jo (N =7€n, (r, L)V (r,L)exp )

is the electron current from the plasma to the anode
surface; U, is the ionisation potential of shielding gas
atoms. It should be noted that the distribution of the
full heat flux into the anode should be calculated, al-
lowing for electron work function C_ that yields:
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0,(N=0,(N+ ], (NG, )

Thus, the proposed model of the arc anode bound-
ary layer allows calculation of the distributions of the
anode potential drop U_(r) and density q_(r) of the
heat flux introduced into the anode, depending on the
kind of shielding gas, distributions of anode current
density and arc column plasma temperature on the
interface with the anode boundary layer, as well as
anode surface temperature Ts. In its turn, the distribu-
tions of j_(r) and T(r, L) quantities can be determined,
proceeding from the arc column model with self-con-
sistent boundary conditions on the anode.

In completion of the description of anode bound-
ary layer model, we will note that its application in the
case of a nonstationary arc requires allowing for the
dependencies of all the quantities, included into rela-
tionships (8)—(11), not only on radial coordinate r, but
also on time t. Estimating the relaxation time of the an-
ode boundary layer characteristics using relationship
1, ~ /1, /5, where |_is the layer thickness, v, is the
thermal velocity of electrons, the values of which for
atmospheric pressure argon arc are equal to 5-10“# m
and 5-10° m/s, respectively [14], we obtain t, ~ 107,
that is much smaller than the time for the change of
arc column plasma characteristics t_~ 10 s [15] and
the period of current change at the considered modu-
lation frequency. Thus, the above-given relationships
are quite applicable to the description of anode pro-
cesses running in the considered arc, allowing for the
fact that the included into them distributed character-
istics of arc plasma on the interface with the anode
boundary layer appropriately depend on time.

INITIALAND BOUNDARY CONDITIONS
FOR ANONSTATIONARY ARC MODEL

Appropriate initial and boundary conditions should
be assigned to solve the system of differential equa-
tions (1)—(5), describing nonstationary processes of
heat-, mass- and charge transfer in the arc column.
As the fields of arc plasma temperature and veloci-
ty are set fast enough (as shown by calculations [16],
6-8 pulses are sufficient in order to achieve a period-
ical change of characteristics of the above-mentioned
fields at about 10 kHz frequency of arc current pulsed
modulation), initial distributions of plasma velocity
and temperature are of no fundamental importance.
For instance, zero values can be set for velocity com-
ponents, and plasma temperature in the current chan-
nel area should be selected so as to ensure the plasma
conductivity characteristic for an argon arc.

In the case considered here of a nonstationary arc
with the tungsten cathode and water-cooled (none-
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vaporating) anode, we will formulate boundary con-
ditions for sought functions (v, u, P, T, @) as follows.

Near the cathode (plane z = 0 in Figure 1) the con-
ditions for the components of the velocity vector are
set as follows:

u,0<r<R;

OR<r<r ®

V|z=0 =0; u|z=0 ={

where quantity u, is determined by shielding gas flow
rate and radius R, of its feeding nozzle (see Figure 1).
For temperature and electric potential in the zone

of cathode attachment of a nonstationary arc (at
0<r<R,z=0)we will take the following conditions

0
Tlmo =T (r,1); 2 (13)

0z

=J.(r,0),
z=0 ¢
where T (r, t), j(r, t) are the radial distributions of
plasma temperature and current density near the cath-
ode, changing in time at arc current modulation, the
explicit form of which, following [17], is set as fol-

lows:
jc(r,t>=jw<t)§erfc{1°[rr‘(?;m} e

and similarly for T (r, t), taking into account the fact

that shielding gas temperature is equal to ambient
temperature T, outside the region of cathode attach-

ment of the arc (r > R ). Here, j () is the axial val-
2
Jn
the distance from the arc axis, where current density
drops two times.
Estimating the time for setting of cathode layer

characteristics t_ using relationship T, ~ L /0, Where

L_ is the layer thickness, v, is the mean thermal ve-
locity of electrons in this layer, the values of which
we will select equal to 3-10* m and 1.2-10° m/s in the
case of atmospheric pressure argon arc with a tung-
sten cathode [18], we will obtain 7~ 2.5-107° s. As
this time is much shorter than the period of arc current
variation at modulation frequency f =10 kHz, we will
assume that radial distributions of current density and
plasma temperature near the cathode completely fol-
low the change of arc current at considered f value.
Thus, we will assign the axial values of current densi-
ty j,(t) and near-cathode plasma temperature T (t) at
each moment of time according to recommendations
of work [17], depending on the instantaneous value
of arc current, determined by the law of its modula-
tion I(t). Selecting radius R (t) of the zone of cathode
attachment of the arc (see Figure 1) as the distance
from its axis, at which current density is less than 1 %

3 o0 2 .
ue of current density; erfc(x) = fe_y dy s Mo (t) is
X
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of j, at the respective moment of time, and allowing
for (14), we have R (t) = 1.165r (t). Here, the time
dependence of quantity r . can be found from the in-
tegral relationship for total current.

I(t) = znofrjc(r,t)dr. (15)
0

Outside the zone of cathode attachment of the arc
(atR, <r=R,z=0)weassume:

L&)

A

Tl,20 :TO; (16)
On the anode surface (plane z = L in Figure 1) we

accept the “sticking” conditions

VL =ul,.. = 0. (17)

On the interface of arc column plasma with the
anode boundary layer, or considering the assumption
made of its infinitely small thickness, at z = L, the fol-
lowing condition of energy balance can be used as the
boundary condition:

oT 1. k(5
{_Xaz+Jze(2_8]T} L
7=

=0, (D) [, (L) + 0, ().

(18)

As the electric potential of the anode surface is
assumed to be constant and equal to zero, the bound-
ary condition for plasma potential on the interface of
the arc column with the anode boundary layer can be
written as follows:

Pl =0, (1 1). (19)

Boundary conditions for plasma velocity, tempera-
ture and electric potential on the axis of system sym-
metry are set in a standard way

o) _aT
T or|_, or
On the outer boundary of the calculated region

(r = R) for plasma velocity and electric potential we
can write

_%

= =0.
r=0 or

r=0

V|r:0 =0 (20)

o(pvr) 20
or or
We will determine the boundary condition for

plasma temperature at r = R, depending on the flow
direction

=0; u|r=R =0;
r=R

=0. (21
r=R

Tlrer =T,. at vj,_g <0;

ar
or

=0, at v|_, >0. #2)

r=R

The system of differential equations (1)+(5) with
above-described initial and boundary conditions was
solved numerically, by the method of finite differences,
using the joint Euler—Lagrange method, adapted to the
conditions of the compressible medium. Calculated data
from works [19, 20] were used to determine the tempera-
ture dependencies of thermodynamic characteristics,
transport coefficients and losses of energy for arc plasma
radiation, included into the model equations.

SIMULATION RESULTS

As the object of numerical study, we will select a
nonstationary arc with a refractory cathode, burning
under the conditions characteristic for HFPC TIG
welding. We will assume that arc current I(t) is un-
ipolar (I(t) > 0), and its modulation is performed by
rectangular pulses in the range of I, < I(t) < I, where
I, is the pause current; I, is the pulse current (modu-
lation amplitude A = I, — I.), with pulses following
with frequency f (modulation period T _ = 1/f) at dif-
ferent values of duty cycle 8, characterizing the ratio
of pulse duration to modulation period. Average |_,
and effective | . values of arc current can be deter-

mined as follows:

L =(1); 1, = <I2(t)>,
where
]

(60)= ] o(t)ct

O —3

is the integral mean value of periodic function ¢(t) in
interval t  [0; T ].

We will consider a nonstationary arc of length L = 2
mm with a refractory cathode and water-cooled (none-
vaporating) anode, burning in atmospheric pressure ar-
gon, at the following parameters of HFPC modulation:
frequency f= 10 kHz (T_ = 100 ps); duty cycle 6 = 0.3;
0.5 (meander); 0.7; pause current |, = 30 A, and we will
determine the respective value of pulse current I, from
the condition that average value of arc current I_ re-
mains constant and equal to 140 A at all values of 6. The
obtained values of 1, A, | . are given in Table 1.

Results of calculation of the distributed and integrat-
ed characteristics of the considered arc and its impact
of the anode surface at the given parameters of current
modulation were compared with the calculated values
of the respective characteristics of a DC arc, at current
equal to average value of modulated current.

Figure 2 shows the change in time of arc plasma
temperature T, its velocity u, and current density j, =
= |j,,| on the arc column axis (r = 0) in section z =
=1 mm (midpoint of arc length). In these figures and
further on the solid curves marked by numbers 1, 2,
3, correspond to duty cycles 6 = 0.3; 0,5; 0.7; dashed

13
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Table 1. Parameters of arc current modulation

8 L, A AA 1 A
03 396.7 366.7 218.7
05 250.0 220.0 178.0
0.7 187.1 157.1 157.4

lines are the respective values for DC arc (I = 140 A);
time is counted from the beginning of the pause.
Calculations show that under the considered con-
ditions, values Ty U, and j0 turn out to be significantly
greater during the current pulse, than during the pause,
and the more so, the smaller is the duty cycle 6 and the
higher is the pulse current value 1,, respectively.
After the pulse impact is over, cooling of arc col-
umn plasma occurs due to the dissipative mechanism
of energy transfer, so that value T  decreases continu-
ously during the entire pause duration. Characteristic
time of relaxation of arc plasma temperature in the

Ty, K
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Figure 2. Time dependencies of plasma temperature (a), axial
components of velocity (b) and current density (c) in the arc col-
umn center

pause for the selected parameters of current modulation
is equal to the value of the order of 30 ps (see Figure 2,
a). At the pulse leading edge the plasma is heated by
Joule heat source, which almost instantly reacts to a
change of arc current. Here, in the case of small ¢ val-
ues (high values of pulse current), plasma temperature
in the column center rises abruptly to values, exceeding
the respective values for a DC arc, with current |,, and
then smoothly decreases during the time of the order of
20 ps (see curve 1 in Figure 2, a).

A similar pattern is observed also for the velocity
of plasma in the center of arc column (see Figure 2, b),
except for value U, growing slower than temperature
at instantaneous rise of current on the pulse leading
edge. This is associated with the inertia of gas-dynam-
ic processes in arc plasma [15]. As regards the change
in time of current density in the arc column center, it
decreases almost instantly at current drop on the pulse
trailing edge and grows, accordingly, on the leading
edge (see Figure 2, ¢). Note that at small values of
3, behaviour of values U, and j, at transition from the
pause to the pulse corresponds to the above described
extreme behaviour of arc plasma temperature with
subsequent relaxation (see curves 1 in Figure 2, a—C).

We will analyze the characteristics of thermal,
force and electromagnetic impact of the considered
arc on the anode surface. Figure 3 shows the time de-
pendencies of axial values of temperature T, of arc
plasma column on the interface with the anode bound-
ary layer, overpressure P_ and current density j , on
the anode surface, as well as the heat flux introduced
by the arc into the anode g

Quantity T_, behaves similar to plasma tempera-
ture in the arc column center, at significantly small-
er values both during the pause, and during the pulse
(compare Figures 2, a and 3, a). As overpressure can
be presented as a sum of magnetic pressure P_ and
pressure P due to plasma motion [15], analysis of
time dependence of value P_  should be performed, al-
lowing for this circumstance. Axial value of magnetic
pressure, dependent on radial distribution of current
density, changes almost instantly on the pulse leading
and trailing edges, reacting to the respective changes
of arc current. As regards to pressure due to plasma
motion, its change occurs slower, which is associated
with the above-noted inertia of gas-dynamic process-
es in arc plasma. It leads to a two-stage change in the
axial value of aggregated overpressure on the anode
surface: almost instant at the first stage and slower at
the second one, with characteristic relaxation time of
about 10 ps during the pulse (see Figure 3, b).

Dynamics of the change in time of axial values of
anode current density and heat flux into the anode is
shown in Figure 3, ¢, d. Unlike the respective values
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Figure 3. Time dependencies of axial values of arc plasma temperature on the interface with the anode boundary layer (a), overpressure
(b) and current density (c) on the anode surface, as well as heat flux into the anode (d)

of arc plasma temperature and overpressure near the
anode surface, value j , falls quickly enough on the
pulse trailing edge and remains practically constant
during the pause (compare Figure 3, a—c). At pulse
feeding, increase of the mentioned value (similar to
axial overpressure on the anode surface) occurs in two
stages. At the first stage current density on the axis
of the arc anode attachment rises abruptly, as at feed-
ing of the pulse high current flows through the current
channel of a small cross-section, initially remaining
after the pause. At the second stage restructuring of
radial distribution of plasma temperature and, hence,
of its electric conductivity, takes place through con-
vective-conductive energy transfer in arc column

) 2
<Ja>, A/mm

plasma, leading to further, slower increase of quantity
). As aresult, for all the considered duty cycles, the
axial value of current density on the anode surface ris-
es up to values, significantly exceeding the respective
values for a DC arc, with current equal to 1, and then
it relaxes to them with the characteristic time of the
order of 20 ps (see Figure 3, C). As the specific heat
flux into the anode is practically proportional to anode
current density [14], the change of value g , in time is
similar to the change of axial value of current density
on the anode surface (see Figure 3, c, d).

We will consider radial distributions of thermal,
force and electromagnetic impact of a nonstationary
arc on the anode surface. In study [15] it is shown

<gu>, W/mm?

150

100

50

0 ] 2 3 r,

a mm

0 b 1 2 3 7, mm

Figure 4. Radial distributions of averaged over the modulation period values of current density on the anode surface (@) and heat flux

into the anode (b)
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Table 2. Full heat flux into the anode

3 Q)W
0.3 1261
0.5 1212
0.7 1183
DC mode 1141

that at TIG welding with high-frequency (f ~ 10 kHz)
pulsed modulation of current, the thermal and force
impact of the arc on the surface of the metal being
welded (radial distributions of heat flux into the an-
ode and overpressure of arc plasma on its surface) can
be regarded as averaged over the modulation period,
as the characteristic time of the change of metal tem-
perature and velocity in the weld pool is equal to a
value of the order of 102 s, that is two orders of mag-
nitude greater than the period of current modulation
with the specified frequency.

Figure 4 gives radial distributions of anode current
density (j,(r, t)) and heat flux(q(r, t)), introduced into
the anode, averaged over the period of arc current mod-
ulation. Respective radial distributions of magnetic pres-
sure (P_(r, t)) and pressure due to arc plasma motion
(P,(r, 1)) on the anode surface are shown in Figure 5.

Unlike the considered above extreme change of
instantaneous values of current density on the anode
surface, and heat flux into the anode on the axis of the
region of the arc anode attachment (see Figure 3, c,
d), the dependencies given in Figure 4 demonstrate an
opposite tendency, namely averaged axial values of
current density and heat flux into the anode decrease
at reduction of duty cycle 6. Moreover, they remain
smaller than the respective values of j j and q_, for a
DC arc, with current equal to average value of mod-
ulated current. This is associated with the fact that at
0 decrease the pause duration becomes greater, during
which the anode current density and the heat flux into
the anode are much lower than the respective values
for an equivalent DC arc (see Figure 3, c, d).

<P,>,Pa

According to the data, presented in Table 2,
the averaged value of total heat flux into the anode

o0

(Q,)=2r[{q,(r,0)rdr unlike (q,q(t)), rises at de-
0
crease of O (at increase of pulse current) and constant

average current. This feature is related to a change of
filling of the profiles (g (r, t)), depending on the duty
cycle (see Figure 4, b).

As regards electromagnetic impact of the arc with
HFPC modulation on weld pool metal, it can also be
considered as an averaged value over the modulation
period [15], allowing for the fact that the expression
for Lorenz force F =n’JxH setting the molten metal

into motion, is quadratic in current density j (mag-
netic field intensity H ). Therefore, in order to de-
termine the spatial distribution of averaged value of
electromagnetic force, it is necessary to find the dis-
tributions of the above-mentioned values at each mo-
ment of time, using the distribution of electric current
density on the anode surface at the respective moment
of time, then calculate the instantaneous values of E
(r,z,t) and only then average over time. Here, j (r, t)
distributions should be used instead of (j (r, t)) distri-
bution given in Figure 4, a.

Comparison of the thus calculated averaged elec-
tromagnetic force (F_(r, z, t)) in the case of the con-
sidered high-frequency (f = 10 kHz) current modula-
tion by rectangular pulses in the form of a meander
(6=0.5) and the respective force for an equivalent DC
arc shows that the magnitude of this force in the first
case turns out to be approximately 1.5 times great-
er than in the second case [15], and it increases at o
reduction. As this force causes molten metal motion
towards the weld pool bottom, the penetrability of the
arc with HFP modulation of current should become
greater with decrease of the duty cycle (with I, in-
crease) while maintaining I_ .

<P.>, Pa
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Figure 5. Radial distributions of averaged over the modulation period magnetic pressure (a) and pressure due to arc plasma motion (b)

on the anode surface
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As follows from the calculated data, presented in
Figure 5, the averaged magnetic pressure near the sur-
face of the anode of a nonstationary arc turns out to
be significantly higher than the respective magnetic
pressure for an equivalent DC arc, increasing with
reduction of & (see Figure 5, a). Pressure due to arc
plasma motion on the anode surface, averaged over
the current modulation period, also becomes higher
at decrease of the duty cycle. However, its values at
0> 0.6 are lower than the respective values for a DC
arc at 140 A current. Average value of aggregate over-
pressure near the anode surface, which is a sum of
(P.(r, t)) and (P (r, t)) for a nonstationary arc under
the considered conditions of current modulation, is
higher than the overpressure of a DC arc that corre-
sponds to the results of experimental measurement of
the above quantity in [5].

Note that at determination of the shape of weld
pool free surface only value P, should be used as an
essential component of arc plasma overpressure in the
balance of normal stresses on the above-mentioned
surface, as magnetic pressure P_ does not experience
a jump when passing through arc plasma-metal inter-
face [15]. As was already mentioned, in the case of
HFPC modulation, quantity (P (r, t)), determining the
depression of the weld pool surface, increases with &
reduction (with increase of pulse current) at constant
value of average current. It promotes deeper immer-
sion of such an arc into the metal being welded and
increase of its penetrability, respectively, at I, increase
and maintenance of the same I_.

An important force factor, determining the hydrody-
namic situation in the weld pool in TIG welding (along-
side Lorentz and Marangoni forces) is the force of vis-
cous friction of arc plasma flow against the anode metal
surface. In the case of HFPC modulation (f = 10 kHz),
the above-mentioned force, similar to PV, can be consid-
ered as averaged over the modulation period [15]. Radi-
al distribution of tangential stress (S (r, )), generated by
this force, is illustrated in Figure 6.

Calculated data given in Figure 6 shows that com-
pared to S distribution for an equivalent DC arc, the
maximum of averaged value of arc plasma viscous fric-
tion on the anode surface at HFPC modulation some-
what decreases in magnitude at increase of the duty cy-
cle, and its position shifts towards smaller values of r.
This is indicative of a weak effect of current modulation
on the force of viscous friction of the arc plasma flow
against the weld pool surface in HFPC TIG welding.

CONCLUSIONS

Performed numerical analysis of thermal, gas-dynam-
ic and electromagnetic characteristics of arc plasma,
as well as its impact on the anode surface, under the
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Figure 6. Radial distributions of averaged over the modulation
period tangential stress, generated by the force of friction of the
plasma flow on the anode surface

conditions characteristic for TIG welding with arc
current modulation by rectangular pulses of different
duration and amplitude (at constant value of average
arc current), following at 10 kHz frequency, leads to
the following conclusions:

1. At the considered modulation parameters, the
current density in the arc column plasma almost in-
stantly reacts to changes of the arc current, where-
as the temperature and velocity of arc plasma have
greater inertia, with the characteristic setting time of
about 20 ps in the pulse and about 30 ps at transition
from the pulse to the pause. Here, the values of the
above-mentioned parameters are considerably higher
during the pulse, that during the pause, and they are
the greater, the smaller the duty cycle (the higher the
pulse current).

2. Axial values of current density on the anode surface
and heat flux to the anode, averaged over the period of
arc current modulation, decrease at reduction of the duty
cycle for the considered modulation conditions. More-
over, they remain smaller than the respective values for
a DC arc at current equal to average value of modulated
current. Here, the full heat flux into the anode, contrarily,
is greater than the respective value for an equivalent DC
arc, increasing with reduction of the duty cycle (with in-
crease of pulse current).

3. Pressure on the anode surface due to arc plasma
motion, averaged over the current modulation period,
increases with reduction of the duty cycle and at 6 < 0.6
it becomes greater than the respective pressure for a DC
arc at current equal to average value of modulated cur-
rent. As a result, shortening of the pulse duration and the
respective increase of current modulation amplitude in
welding by an arc with a refractory cathode leads to in-
crease of the depression of weld pool surface that pro-
motes deeper immersion of the arc into the metal being
welded and increase of its penetrability. As regards the
force of viscous friction of arc plasma flow driving the
surface layers of weld pool metal from its center to the
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periphery, thus increasing the width of the penetration
zone by reducing its depth, it practically does not differ
from the respective force applied to the melt surface by
plasma of an equivalent DC arc.

4. Evaluation of an averaged force impact of the
considered nonstationary arc on the welded metal melt
is indicative of a considerable increase (compared to
an equivalent DC arc) of the volume electromagnet-
ic force, driving the melt and causing the convective
heat transfer from the surface towards the weld pool
bottom, that also promotes greater penetration depth
in HFPC TIG welding.
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ABSTRACT

One of the promising ways to solve the problem of increasing the service life of welded structures is the development of

welding methods based on the use of pulsed control of en

ergy parameters of the process. The pulsed mode of welding allows

performing a regulated heat input in the welded butt joint zone, controlling the mode of melting the electrode metal, forming
the structure of weld metal and heat-affected zone (HAZ). It was found that with an increase in the frequency of pulsed-arc
welding, it is possible to reduce the width of the HAZ and the region of a coarse grain. Thus, in the case of welding low-alloy

steels, due to the use of technology with a pulsed process,

there is a prospect of reducing the width of the overheating region,

which is important for the cases of repair of pipe wall thinning during remelting of defects in the operating pipeline using a

mechanized method.

KEYWORDS: main pipelines, pulsed-arc welding, techn

INTRODUCTION

At present, oil and gas-oil equipment and main pipe-
lines become objects of increased danger because of
their technical condition. This circumstance causes
the need in using effective methods of repair. With the
help of traditional welding methods, it is difficult to
solve all technological problems that are complicat-
ed: providing the possibility of regulating penetration
depth in a wide range, welding over increased gaps
and in different spatial positions, joining of metals
and alloys dissimilar in their composition, reduction
of sputtering of electrode metal, increase in the stabil-
ity of arc ignition and its burning [1].

The main problem in welding of position butt joints
of main pipelines is to provide the necessary quality
of root, filling and facing layers and a high level of
mechanical characteristics in a butt to be welded. It is
known that up to 90 % of defects revealed during test-
ing of the quality of welded joints, are associated with
defects in the root layers of welds: undercuts, lacks
of penetration, nonmetallic inclusions, pores [2]. The
main cause for appearance of these defects, except for
a poor preparation of a butt to be welded, is a violation
of welding conditions (welding speed, arc voltage,
current), as well as their inconsistency with the neces-
sary values that provide producing high-quality weld-
ed joints. Traditionally, the used processes of manual
welding can provide the necessary quality of welded
joints only during a careful preparation of a butt to be
welded and the use of high-quality materials.

Copyright © The Author(s)

ological parameters, welded joint, geometric parameters, structure

The gained experience shows that pulsed methods
of welding process control allow solving the follow-
ing technological problems:

e controlled and directed transfer of electrode
metal [3-5];

e possibility of welding in all spatial positions and
simplification of welding techniques [6, 7];

e improvement of quality of welded joints due to
the greater concentration of the power of the heating
source and the better conditions of primary crystalli-
zation [5, 8, 9];

e reduction of losses on burn and sputtering [4, 10].

The analysis of literature showed that at a pulsed
feeding the weld structure is fine-grained and disori-
ented, and the mechanical properties of welded joints
are higher than in welding with short circuits of an
arc gap [11-13]. The application of pulses allows a
significant increase in the intensity and stability of arc
discharge, the hydrodynamic processes in the weld-
ing pool and the conditions of its crystallization are
changing. The pulsed increase in the pressure of the
arc improves the formation of the weld, the weld bead
becomes fine-rippled and refining of the microstruc-
ture associated with the collision impact of electrode
metal droplets is observed [14-16].

The aim of the carried out investigations was to
determine the impact of welding and frequency f of
the process of pulsed-arc welding on geometric di-
mensions of the deposits and structural transforma-
tions in the HAZ.
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Figure 1. Combination of VACh of power source for realization of a pulsed process of welding (a): 1, 2 — respectively, pause and pulse

current; dynamic VACh (b) and oscillogram of the process (c)
PROCEDURE OF EXPERIMENT

To realize the set task, the power source LET-500
was used. Using additional software, a very flexible
adjustment of most of the power source parameters
can be performed, including the shape of the output
volt-ampere characteristics. The pulsed mode of the
source operation allows operating on two such VACh
indicating the time of operation of each one (Figure 1,
a). The falling regions of VACh (1 and 2) correspond
to the pause and pulse current. During switching be-
tween the characteristics, the value of the welding
current varies to the corresponding value for the actu-
al characteristic (Figure 1, b, c).

For the first part of the experiments, the families
of volt-ampere characteristics VACh No.1 and VACh

20

No.2 were selected (Figure 2, a). The main difference
between the families was in a gradual increase in the
pause current, shifting the falling area 1 to the left
(curve 1) (VACh No.1). In this case, the position of
the curve 2 (VACh No.2) remained unchanged.

In the work, the pulsed-arc process with a frequen-
cy f =100 Hz and a duty cycle C = 2 was used. The
input energy Q for each experiment (Table 1) was cal-
culated by the formula:

mean mean

\Y

W

n

where v is the welding speed (m/h), n =10.7; 1 _ is

the mean welding current, which is calculated by the
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Figure 2. VACh family for PAW performance in order to determine the dependence of geometric dimensions b, h from: a — welding

modes|_, U
mean

formula known for pulsed-arc processes, namely,
|

mean’

mean = (Ipulse 1:pulse pause pause) ( iMITyIIbCY ause)
In order to determine how fvrequency f of the

pulsed-arc process that occurs with short-circuits,
affects the geometric characteristics h and b, the
experimental studies were conducted. For this
purpose, to the pulsed power source, VACh No.1
and VACh No.2 were introduced (Figure 2, b), the
welding speed was v, = 30 cm/min, the feed of
welding wire was v, = 6.4 m/min. After setting
up, deposits on the plate at a frequency f = 5, 10,
25,37,50, 75 and 100 Hz were performed. In order
to avoid thermal effect from the preliminary depo-
sition, each subsequent deposition was performed
after cooling of the plate to 20 °C. The indicated
parameters provided the following welding mode

. = 202-205 A, U__ = 21.5 V. This, in accor-
dance with the formula, allowed obtaining the heat
input at the level Q = 6.0-6.2 kJ/cm.

Table 1. Received modes of a pulsed-arc process at different po-
sitions of VACh No.1

VAChNo.1| I A |U_ . V| Qklem |v, cm/min|v ., m/min
la 187 22 5.760
1b 200 23 6.440
1c 225 25.4 8.036 30.0 68
1d 230 29.2 9.402
Table 2. Mechanized welding modes
f‘ mean’ Umean’ Q’ Vwire’ Vw‘
Hz A \Y kJ/em | m/min | cm/min Note
3 203 21.8 6.195
5 203 21.6 6.139
10 198 22.2 6.153
25 207 21.1 6.115 64 30.0 PAW
37 198 22.3 6.181
50 205 21.0 6.027
- 200 22.1 6.188 6.4 30.0 | Stationary

; b — frequency f of the process (description 1, 2 see in the text)

To detect the influence of PAW frequency f on the
width and microstructure of HAZ of welded joints,
the experimental part of the work envisaged carrying
out deposits on the plate of 09G2S steel with pulses of
3,5, 10, 25, 37 and 50 Hz frequency. In order to com-
pare the obtained results, surfacing using the conven-
tional process of mechanized arc welding in a mixture
of Ar + CO, was additionally performed. To conduct
the experiments, the volt-ampere characteristics were
selected, depicted in Figure 2, b, providing pulsed-arc
and conventional (Figure 3) process of welding.

The modes of mechanized welding (1 ., U__ ) by
the wire Sv08G2S of 1.2 mm diameter in a mixture of
Ar + CO, for both processes were determined using
the computerized information and measuring system
IMS 2007 (Table 2). The heat input Q for each exper-
iment was determined by the formula.

After the completion of deposits on the plate of
12 mm thickness, the sections for metallographic

U,v

0 100 200 300 400

Figure 3. Volt-ampere characteristic of power source to perform
mechanized welding by stationary process

500 LA
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Figure 4. Oscillograms of pulsed-arc processes: a — with short circuits (for I =187 A); b — without short circuits (for | . =225A)

examinations of weld and HAZ metal were made. The
hardness of the HAZ and the weld region was mea-
sured on the microhardness meter M-400 LECO.

As a result of data processing from oscillograms,
it was found that a gradual increase in the value of the
pause current causes an increase in the mean weld-
ing current, which increases the power of the process.
Given that the rate of welding wire feed remains un-
changed, a more intensive melting of the metal on the
electrode end and the elongation of an arc gap occur.
An increase in the mean welding voltage can be ob-
served. A change in the pulsed-arc process with short
circuits on a process without short-circuit is also ob-
served (Figure 4).

At the histograms of the arc voltage, this is reflect-
ed by the presence of instant values in the range of
U, .= 3-10 V (Figure 5, a), which is characteristic
for short circuits, and by their absence as compared to

PAW on a “long” arc (Figure 5, b).

RESULTS OF INVESTIGATIONS
AND DISCUSSION

Adjustment of VACh No.1 from the position 1a to the
position 1d leads to an increase in the value of the
heatinput Q=f(1 _  U__)withthe respective chang-
es in geometric sizes and shapes of deposited beads
atv,, = const, v =const. It was established that an
increase in the pause current leads to an increase in

U and this is ultimately reflected on the growth

mean’
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in the width of the beads b with a corresponding de-
crease in the penetration depth h (Figure 6).

The influence of the heat input Q =f(I ., U )
of the pulsed process on the mean value of the pene-
tration depth h and the width b of the beads is shown
in Figure 7.

An analysis of the results of measurements of the
width of the deposits and the penetration depth showed
that an increase in the value of frequency f from 5 to
100 Hz does not lead to a change in geometric dimen-
sions. The most significant influence of the frequency
f affects the amount of ripples of the beads: with an
increase in f to 100 Hz, the amount of ripples decreases
(Figure 8). This is associated with the fact that a rapid
switching of the operation of the pulsed power source
from VACh No.2, which is responsible for the maxi-
mum energy level of the process, to VACh No.1, which
determines the minimum energy level, does not lead
to a significant cooling of molten metal. The thermal
mode of the pool is approaching a quasi-stationary
state, which is characteristic of conventional welding
with short circuits without a pulsed effect.

Investigation of the effect of the PAW frequency
f on the width and microstructure of HAZ of weld-
ed joints showed that the structure of the deposited
weld metal is ferritic-perlitic with separate regions of

5 mm 5 mm

5 mm

Figure 6. Macrosections of deposits performed at different VACh
No.1: a — positions 1a; b — 1b; ¢ — 1c; d — 1d

a preeutectoid ferrite on the boundaries of crystallites.
Regarding HAZ, the analysis as in the cases of PAW,
as well as in a stationary arc showed that almost the
same types of structural components are formed on
a region of a coarse grain. Therefore, in general, the
structure of this region in all specimens is ferritic-per-
litic with different modifications of ferrite: ordered
by a second phase, Widmanstatten, polyhedral (Fig-
ure 9). In the specimens that were produced during
PAW with the frequencies f = 37, 50 Hz and by sta-
tionary welding mode, the structures of bainite were
additionally revealed.

The size of grains in the region of HAZ overheat-
ing grows with an increase in frequency f. Therefore,
for f = 3, 5 Hz, grain size number amounts to 7-8
(Dy, = 22-30 pum); at f=10Hz — 7 (Dy, = 30 pm);
f=25,37 Hz— 6,7 (D, = 30-44 um). For f=50 Hz
and the stationary process of welding, the grain size
number amounts to 6 (Dgr =44 pum).

Measurement of microhardness HV1 in different
zones showed that a gradual increase in frequency f does
not lead to significant changes in the mean values of mi-
crohardness on the region of a coarse grain (Figure 10).

A mean value of microhardness for f = 50 Hz is
approaching to such that is obtained in welding by
a stationary arc. In the analysis of these results, it
seems that with an increase in the PAW frequency f,

b, mm; h, mm

14 +
12

b
10 -
8 -
6 L

h
T .*’\g.\.
2 L

1 1 1 1

L 1 1
55 60 65 7.0 7.5 80 85 9.0 QO.kllem

Figure 7. Dependence of penetration depth h and width b on heat
input Q =f(l_, U ) of a pulsed process
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the effect of impact on the HAZ metal approaches the
process of welding with a stationary arc.

In relation to one more index — the width of HAZ,
the results of metallographic examinations showed
a gradual, slight decrease in the total width of HAZ
with an increase in frequency f to 50 Hz (Figure 11).

A similar trend is observed also in the region of
coarse grains in HAZ. However, as compared to the
stationary process of welding, the width of this re-

gion decreases more significantly — by 25-30 %.
Thus, in the case of welding low-alloy steels, due
to the application of technology with a pulsed pro-
cess, there is a prospect to affect the width of the
region of HAZ overheating at different values of fre-
guencies and relatively low values of the heat input
Q (6.0-6.2 kJ/cm). From a practical point of view,
this allows reducing the share of an unfavourable,
low-ductile area of overheating, which is important

Figure 9. Microstructure (x200) of over-

~ heating HAZ region of deposit, produced
- with varying frequency f of a pulsed-arc

- d —25; e — 37, f— 50; g — stationary
arc; h — structure of base metal
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Figure 10. Impact of PAW f frequency on the distribution of mi-
crohardness HV1 in different regions of HAZ: 1 — coarse grain
region near the fusion line; 2 — region of coarse grain near the
region of recrystallization; 3 — weld near the fusion line

for the cases of repair of wall thinnings in the pipes
during remelting of the defects in the operating pipe-
line using mechanized method.

CONCLUSIONS

1. It was established that a gradual increase in the
pause current due to the displacement of a falling
VACh region at an unchanged rate of electrode wire
feed leads to an increase in the arc voltage and, as
a consequence, the pulsed-arc process with short cir-
cuits changes to the process without short circuits.
In this case, an increase in the width of beads by
3040 % with a corresponding decrease in the pene-
tration depth by 25-30 % is observed.

2. An increase in frequency from 5 to 100 Hz does
not affect the geometric parameters of the weld. How-
ever, a decrease in ripples is observed.

3. It was shown that a change in the PAW frequen-
cy almost does not affect the structural components
on the region of coarse grain of HAZ, which also co-
incide with a specimen, welded applying stationary
welding modes. Also no significant changes in the
values of the average microhardness on the region of
a coarse grain is observed.

4. It was established that an increase in frequen-
cy has a direct proportional effect on the size of the
grains in the region of HAZ overheating. Thus, as the
PAW frequency increases from 3 to 50 Hz, the size of
grains in the HAZ overheating region increases from
8 (Dglr =22 um)to 6 (D =44 um).

5. It was established that an increase in PAW fre-
guency allows reducing the width of HAZ and the re-
gion of a coarse grain. In this case, a decrease in the
width of the region of a coarse grain is more signifi-
cant and reaches 25-30 % at a frequency f= 50 Hz.
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INFLUENCE OF WELDING MODES ON DECARBURIZATION
IN THE HEAT-AFFECTED ZONE OF R91 STEEL

IN WELDED JOINTS OF DISSIMILAR STEELS

AFTER HIGH-TEMPERATURE TEMPERING
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ABSTRACT

Carbon migration from the lower-alloyed to the higher-alloyed steel takes place in welded joints of dissimilar steels, as a result
of difference in carbon chemical potential after tempering and in high-temperature service. Decarburization in the HAZ near-
weld zone of the lower-alloyed steel can lead to formation of service defects and subsequent failure. From mass transfer theory
it is known that in polycrystalline bodies the diffusion of interstitial elements, including carbon, occurs most rapidly along the
grain boundaries. Theoretically, reduction of carbon diffusion can be achieved by increasing the grain dimensions in the HAZ
near-weld zone that will lead to reduction of the overall grain boundary area per a unit of volume in this zone. This work is a
study of the influence of the angle of electrode inclination and welding current at deposition of austenitic metal on R91 steel on
the width of the decarburized interlayer, forming at subsequent tempering at the temperatures of 700 and 760 °C. It is shown
that the resultant decarburized interlayer becomes narrower with increase of the angle of electrode inclination and deposition

current.
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INTRODUCTION

Problems related to carbon migration from the low-
er-alloyed steel to the higher-alloyed one started aris-
ing from the beginning of application of combined
joints with austenitic stainless steels and respective
welding consumables in pipe systems of boilers in
1940s. First accidents were recorded in 1950s and ef-
forts were made to improve the equipment operation
mode and to understand the causes for this phenom-
enon. In 1960s there was an increase in application
of transition joints from austenitic materials for the
needs of boiler construction, particularly when the
steam temperature rose up to 566 °C. In 1970s and
1980s the scope of application and number of failures
of the transition welds increased. Numerous studies of
the causes for these accidents showed that carbon mi-
gration in welded joints of dissimilar steels at higher
temperatures is an important factor [1].

As ferritic steels have higher carbon content than
austenitic ones, the gradient of carbon concentration
in the zone of contact of these steels decreases from
ferritic towards austenitic steel. At higher tempera-
tures carbon diffuses in the direction of reduction of
the chemical potential gradient. It is important to note
that chromium lowers the carbon chemical potential
[2], while carbon content increases from ferritic-mar-
tensitic to austenitic steel. Therefore, the gradients of
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chromium and carbon concentration create a rather
abrupt gradient of chemical potential across the fu-
sion zone. More over, the coefficient of carbon diffu-
sion in ferrite is much higher, than that in austenite,
while the solubility is lower. These factors result in a
strong driving force for carbon diffusion from ferritic
to austenitic steel, leading to formation of a decarbu-
rized interlayer.

The decarburized interlayer has lower mechanical
properties, which can be characterized by hardness
reduction and high concentration of localized strain
measured during tensile testing [1]. An important as-
pect of degradation of the properties associated with
decarburization, is the loss of long-term hardening
mechanism, because of dissolution of M_.C., M.C,
carbides and MX carbonitrides [3] that decreases the
dispersion hardening. The recrystallization process
also eliminates the combined influence of dislocation
and subgrain-boundary hardening [4]. The conse-
quence is the possibility of fracture inside the decar-
burized interlayer [1, 5, 6].

In its turn, a carburized interlayer forms in the
higher-alloyed steel. In work [7], it was shown that
microcracks can initiate in such a carburized interlay-
er. Microcracks predominantly initiate in the transi-
tion zone and are intragranular.

This necessitates reducing the decarburized inter-
layer in dissimilar steel joints in high-temperature ser-
vice under creep conditions. It is general practice to
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Figure 1. Technique of cladding the plate edges by austenitic metal [13]

use nickel welding consumables to reduce carbon dif-
fusion. However, most of the researchers believe that
the traditional nickel-based materials (for instance,
Ni 6082, Ni 6182, Ni 6117, Ni 6625 to DSTU 1SO
14172) cannot effectively completely contain carbon
diffusion from martensitic steel into the weld, as most
of the nickel alloys used as welding consumable, con-
tain a large quantity of carbide formers, in particular
chromium [8-11].

The problem of containment diffusion-induced
carbon redistribution remains urgent and requires oth-
er approaches (methods) to solve it. In the first part of
the work [12] investigations were performed of the
influence of the modes of surfacing (heat input and
heating temperature) by an austenitic welding con-
sumable on development of the width of decarburized
interlayer in X10CrMoVNb9-1 (R91) steel at tem-
pering at 750 °C temperature for 7 and 18 h, and it
was clarified that the interlayer width after tempering
decreases with heat input increase; with increase of
heating temperature from 20 to 195 °C the width of
the interlayer after tempering also decreases, and then
starts increasing with heating up to 300 °C. Consider-
ing that the above investigations were performed us-
ing single-interlayer austenitic deposits on martensitic
steel surface, it was necessary to check the obtained
regularities on real combined joints.

The objective of the study was to verify the influ-
ence of the welding mode and technique (electrode
inclination angle) on decarburization kinetics in the
HAZ near-weld zone of the lower-alloyed steel in the
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Figure 2. Scheme of cutting up the deposit into templates
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combined welded joints after high-temperature tem-
pering.

INVESTIGATION PROCEDURE

Martensitic steel R91 (X10CrWMoVNb9-2 (1.4901)
to DSTU EN 10216-2:2016), containing 9 % Cr
(wt.%: 0.1 C; 0.34 Si; 0.47 Mn; 8.52 Cr; 0.28 Ni;
0.93 Mo; 0.2 V; 0.072 Nb; 0.06 N), was selected for
the experiments. Austenitic welding consumable Fox
CN 23/12 Mo-A (wt.%: 0.01 C; 0.63 Si; 0.73 Mn;
23.0 Cr; 13.1 Ni; 2.6 Mo) was chosen for surfacing,
to create an alloying gradient. Such butt joints can oc-
cur in welding boiler pipe systems, for instance, boiler
manifold from R91 steel with superheaters from aus-
tenitic steels.

Two different approaches to welding were used:

1) To assess the influence of welding technique,
namely angle of electrode inclination on decarburi-
zation kinetics single-pass deposits were made (to
eliminate the reheating effect) on R91 steel plates,
using Fox CN 23/12 Mo-A electrodes. Deposits were
made at small (~30°) and large (~90°) angles of incli-
nation. It was anticipated that each mode introduces
a different degree of overheating in near-weld zone
and is known to cause a reduction or increase of the
dimensions of coarse-grained microstructural regions
(Figure 1). A larger angle of electrode inclination pro-
motes greater heating of the near-weld zone and con-
trarily — lower heating is observed at a smaller angle
of inclination.

In both the cases surfacing was performed in the
following mode: I, =120A, U =24V, v ~4.5mm/s
at room temperature.

After deposition samples were cut into two tem-
plates (Figure 2). To intensify the processes of carbon
diffusion and formation of a decarburized interlayer,
they were tempered at the temperature of 700 °C for
7 and 18 h. As-tempered templates were used to pre-
pare sections, which were electrolytically etched in
H,CrO, for 15 s at the voltage of 10 V to reveal the
decarburized interlayer.
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Figure 3. Scheme of cladding and welding

2) To assess the influence of the welding mode on
decarburization kinetics in a real welded joint, two
test joints were made on plates from martensitic steel
R91 20 mm thick. Before welding the butt joints, the
edges of R91 steel were first surfaced with Fox CN
23/12 Mo-A austenitic electrodes of 3.2 mm diame-
ter in 4-5 interlayers. After surfacing the plate was
tempered at 760 °C, 2 h. The surfaced and tempered
edge was welded to O8Kh18NIO0T steel, using Fox
CN 23/12 Mo-A electrodes, at current | = 120 A,
with 60° groove angle (Figure 3). In order to ensure a
high-quality formation of welded joints, root welding
was performed from the reverse side of the butt after
filling the groove.

The need for high-temperature tempering at the
temperature of 760 °C in martensitic steel joints is at-
tributable to the fact that dislocation excess develops
in the HAZ of such steels after welding. In the pres-
ence of residual stresses, the high dislocation density
accelerates the processes of recovery and recrystal-
lization in steel that adversely affects the long-term
strength [4]. High-temperature tempering leads to
reduction of dislocation density and, thus, promotes
an increase of long-term strength in the low loading
range in high-temperature service.

Two surfacing modes were checked:

e with a small angle of inclination (~30°) at the
currentof I =110 A;

e with a large angle of inclination (~90°) at the
currentof I =130 A.

After welding, tempering at 700 °C for 14 h was
performed for part of the samples to simulate the ther-
mal impact in service (corresponds to ~16.8 thou h at
the temperature of 600 °C at conversion using Larsen—
Miller parameter [14]. After welding and tempering,
sections were prepared from the samples. The micro-
structure of welded joint metal was revealed by elec-
trolytic etching in chromic acid (U =10V, t =10 s).
Microhardness was measured in PMT-3 hardness me-
ter at 100 g load. Metallographic analysis was per-
formed using NEOPHOT-3 optical microscope.

In publications, for instance [15], the notion of
effective width of the diffusion interlayer is used,

which is determined by the shortest distance from
the saturation surface (for instance, fusion line) to
the measurement region. This width is character-
ized by established nominal values of basic param-
eter, which is taken to be either the diffusing ele-
ment concentration, or the property (hardness) or
structural feature, such as weak etchability of this
region. At the same time, it is rather complicated to
precisely determine the carbon content, using mod-
ern methods of elemental analysis (for instance, us-
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Figure 4. Scheme of plotting the histograms (adapted from [12])
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ing electron probe X-Ray microanalysis), because
carbon is a light element (Z > 10) [1].

Panoramic micrographs of the structure along the
fusion line were taken at x100 magnification, in order
to determine the average width of the decarburized
interlayer in the tempered deposits. From 8-9 (for
deposits) to 16—17 (for welded joints) micrographs
were obtained, depending on the length of the fusion
line. The area of the weakly-etched near-weld zone
and length of the fusion line were measured using
free ImageJ software [16]. Measurement results were
used to plot histograms for the case of variation of the
angle of electrode inclination at surfacing and of the
welding mode. Each bar of the histograms reflects the
interlayer width in a certain micrograph, the bars are
located in the order of filming and numbering of the
micrographs from the bead left edge to its right edge
(Figure 4).

Mean values of diffusion interlayer width P for
each bead (dash line in the histograms) were found by
the following formula

Z(pili)
pP= i=1 ,
2
i=1

where p, is the width of the diffusion interlayer (um)
in a certain micrograph (n is the total number of mi-
crographs for a certain bead); |. is the length of the
fusion line (um) in a certain micrograph i.

EXPERIMENTAL RESULTS
AND THEIR ANALYSIS

Figure 5 gives examples of micrographs of near-
weld zone of R91 steel in the deposits after temper-
ing at 700 °C, for 7 and 18 h, respectively, Figure 6

High angle of inclination ~90°

Low angle of inclination ~30° |

Tempering at 700 °C, 7 h

Figure 5. Example of micrographs to determine the interlayer width, depending on the angle of inclination after tempering, x100

(lower weld)

I = 130 A o= 90°

L= 110 A, o = 307

Tempering 760 °C, 2 h

Figure 6. Example of micrographs to determine the interlayer width, depending on welding mode after tempering, x100 (lower weld

below)
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Figure 7. Histograms of the dependence of decarburized inter-
layer width on parameters of the angle of electrode inclination in
the near-weld zone of R91 steel after tempering at 700 °C, for 7 h
(contour filled with gray colour) and at 700 °C, for 18 h (contour
filled with white colour)

are welded joint micrographs. A noticeable range of
variation of the decarburized interlayer width at the
same temperature holding can be seen in these micro-
graphs. Figure 7 shows the built by the above proce-
dure histograms of the decarburized interlayer width,
depending on the parameter of the angle of electrode
inclination after tempering at 700 °C for 7 and 18 h,
and Figure 8 presents histograms of the decarburized
interlayer width, depending on the surfacing mode in
the welded joint after tempering at 760 °C, for 2 h and
at 760 °C for 2 h + 700 °C for 14 h.

Additional measurement of microhardness in weld-
ed joints in the HAZ of R91 steel under the middle of
the second clad bead from the top was performed for
both the welding modes (Figure 9). The results show
that in the mode with lower current and higher decar-
burization a noticeable softening is observed in the
near-weld zone, as well as in the zone of critical tem-
peratures between A_, and A_,, compared to the mode
at a higher current and with lower decarburization. It
enables establishing a direct relationship between the
structural and mechanical characteristics of the metal,
as a result of carbon diffusion in the near-weld zone:
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Figure 8. Histrograms of the dependence of decarburized inter-
layer width on the parameters of welding mode in the near-weld
zone of R91 steel after tempering at 760 °C for 2 h (gray coloured
contour)
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Figure 9. Microhardness in the HAZ near-weld zone of R91 steel
after tempering at 760 °C, for 2 h + 700 °C, 14 h
softening becomes greater with increase of decarburi-
zation visible in the micrographs.

The data obtained from the histograms agree with
investigation results, described in the previous paper
[12]: the rate of development of the decarburized in-
terlayer at tempering decreases at increase of the heat
input. This is related to the fact that at the tempera-
tures of high tempering and lower, diffusion along the
grain boundaries is the prevailing type of diffusion. At
surfacing at high mode parameters, the area of grain
boundaries per a unit of volume becomes smaller than
that in the metal with a deposit made at lower param-
eters, as a result of growth of primary austenite grain
in the near-weld zone that limits the grain-boundary
diffusion.

Grain-boundary diffusion is a complex process
which includes direct diffusion through the grain lat-
tice, diffusion along the grain boundaries, scattering
of the diffusing substance from the grain boundaries
and its subsequent infiltration into the grain lattice
around the intergranular boundaries [17]. Different
diffusion kinetics (or diffusion modes) can be ob-
served, depending on prevalence of one of these el-
ementary processes. Each mode prevails in a certain
temperature range and soaking duration at these tem-
peratures, and it also depends on grain dimensions,
lattice parameters and grain boundaries.

Type A
5 I
{D”l.':

d l

Fusion line

Type B
J
(Df}lﬂ

Decarburized region around the grain boundary

Grain bulk Grain boundary

Figure 10. Diffusion kinetics of type Aand B (using the data of [17])
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Figure 10 shows two of the three types of diffusion
kinetics classification.

KINETICS OF TYPE A

This kinetics is observed at high-temperature or long-
term soaking at higher temperature in materials with
small-sized grains. In work [18] it is shown that re-
alization of such kinetics requires that the diffusion
length Dt (where D is the coefficient of diffusion in
the lattice (m?%s); t is the time from the start of dif-
fusion (c)) was only a little larger than the distance
between the grain boundaries d:

x/ﬁzi

0,8

In such a case, the decarburized regions around the
adjacent grain boundaries overlap, and the decarburi-
zation front can capture the grain bulk.

KINETICS OF TYPE B

This Kkinetics is characteristic for materials after soak-
ing at lower temperatures and/or at relatively short
soaking duration in materials with sufficiently large
grain size. Under such conditions, diffusion length
Dt ahead of the grain body can become much small-
er, than the distance between the grain boundaries d.
At the same time, the width of near-boundary decar-
burized regions that is also calculated using VDt can
be much greater than the width of grain boundaries,
0. Therefore, the following condition is satisfied for
kinetics of type B:

6<<\/Ht<<d.

At this kinetics, decarburization takes place from
regions around the grain boundaries into carbon-de-
pleted boundary regions of the grains, where diffusion
has already occurred. However, unlike type A, the de-
carburized regions around adjacent grain boundaries
do not overlap in the grain bulk [17].

At increase of grain size, type A kinetics gradually
develops into type B Kinetics, so that any deviations
in grain size distribution in the HAZ near-weld zone
after welding, caused by different heat input, will re-
sult in different decarburization rate. These data show
that from the view point of the process of contain-
ment the decarburization, the coarse-grained struc-
ture has advantages over the fine-grained one. The
coarse-grained structure also has a positive effect on
long-term strength. This is attributable to the fact that
deformation and destruction at high temperatures of-
ten take place along the grain boundaries, which have
a large number of defects (vacancies, dislocations,
etc.): at higher temperatures and presence of stresses
elementary events of slipping and nucleation of cav-
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ities and microcracks easily occur along them, which
lead to decohesion of grain boundaries [4, p. 346].
Thus, while at low temperatures the high density of
grain boundaries (at fine-grained structure) promotes
deceleration of dislocation motion and alloy harden-
ing, at high temperatures, contrarily, the high density
of the boundaries facilitates accelerated softening of
polycrystalline metals. Therefore, coarser grain pro-
motes an increase of high-temperature strength [15,
p. 302].

The disadvantages of the coarse-grained structure
in the HAZ near-weld zone are lower ductility and
impact toughness, and in low-alloyed steels also the
susceptibility to formation of tempering cracks. How-
ever, in the case of R91 steel, it was reported that it is
not prone to temper cracking [4]. As regards impact
toughness, the most critical portion of martensitic and
ferritic steel joints is the region of the first cladding
interlayer: intensive dilution and mixing take place in
the first deposited beads with different ratios of the
melt of base metal with electrode metal. In particular,
nickel content in the mixed zone decreases in the di-
rection away from the melting zone to the less alloyed
base metal. In a certain point in the region of this
lowering the nickel content becomes too low to stabi-
lize austenite at cooling to room temperature, but the
relatively high alloying level in this zone promotes a
high hardness resulting in martensite formation there
[2]. In particular, performed impact toughness testing
in the first interlayer of both the deposits — at 110
and 130 A — showed that KCV value in this region
varies within 30 J/cm?. This zone, however, did not
make any negative effect on other properties in the
condition after welding and tempering — bend an-
gle of transverse samples was not less that 100°, and
fracture at static tensile testing of transverse samples
occurred in the austenitic base metal.

CONCLUSIONS

1. It is established that the width of the decarburized
interlayer in R91 steel, clad and welded by austenitic
welding consumable, which develops at tempering or
in high-temperature service, can vary at the change of
values of the angle of electrode inclination: interlayer
width decreases at the angle close to 90°, and increas-
es at reduction of the angle of inclination to 30°. The
width of the interlayer on samples made with angle
of inclination of 30°, is greater than that on samples
made with angle of inclination of 90°, after soaking
at 700 °C for 7 h — 1.89 times, and after soaking for
18 h — 1.24 times.

2. Metallographic investigations and hardness
measurements show that reduced decarburization
and softening in the HAZ near-weld zone of marten-
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sitic steel is observed after high-temperature temper-
ing in the real welded joint of martensitic and aus-
tenitic steels, clad in the higher current mode (up to
130 A) than in the joint clad in the lower current mode
(110 A). The width of the interlayer in the joints made
at 110 A current with angle of inclination of 30°, is
greater than that of the interlayer made at 130 A cur-
rent with angle of inclination of 90°, after soaking
at 760 °C for 2 h — 1.45 times; and after additional
soaking at 700 °C for 14 h — 1.29 times.
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FEATURES OF MICROSTRUCTURE OF JOINTS
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IN FLASH-BUTT WELDING
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ABSTRACT

The microstructure and properties of butt joints of rails from hypereutectoid Areal 136HE-X steel produced by the flash-butt
welding technology were investigated. It was found that under thermal and deformation conditions of welding, carbon redis-

tribution is accompanied by the formation of particles in the

microstructure with carbon precipitation and a decrease in carbon

content in the matrix. A number of particles grows in the direction of the butt and their highest concentration is observed in the
near-contact layer. According to the distribution of hardness in the zone of a coarse grain, in contrast to the butt joints of hy-
poeutectoid rails, as compared to the base metal, the hardness is slightly reduced — HV 3900 MPa and HV 4000 MPa, respec-
tively. This is caused by the absence of free carbides in the microstructure. The features of microstructure do not significantly
affect the results of tests on static bending and meet the requirements of domestic and European standards.

KEYWORDS: flash-butt welding, hypereutectoid rail steels, carbon redistribution, hardness distribution, static bending

INTRODUCTION

The complex conditions of operation of rolling
stock of railway transport require the improvement
of strength characteristics of both the rails and their
joints. This was the reason for the start of numer-
ous developments, the aim of which was to produce
rail steels resistant to an increased axial load on the
track and cyclic loads caused by an increased speed
of movement. The possibilities of heat treatment of
hypoeutectoid rail steels are exhausted. As one of the
ways to improve the quality of rails, the use of hyper-
eutectoid steels with a carbon content of more than
0.8 % is considered. It is envisaged to increase wear
resistance due to carbide structural components on the
boundaries of primary austenitic grains.

During construction of railway tracks, the most
common technological process of joining rails is
flash-butt welding (FBW) [1]. FBW of rails is fully
automated and used worldwide as a method that pro-
vides a high quality and efficiency of the process. An
increase in carbon content in rail steel required the
improvement of FBW technology. It is known about
the works [2, 3] on the development of methods and
optimization of conditions for FBW of hypereutectoid
rails, which were conducted by Nippon Steel & Sum-
itomo Metal Corporation (Japan). The choice of con-
ditions was carried out with taking into account the
comparison of the distribution of hardness with the
nature of abrasive wear of metal within a joint.

In Ukraine, FBW of rails is performed by using
stationary and mobile machines of the PWI of the

Copyright © The Author(s)

NASU. To weld rails with a hypereutectoid carbon
content, certified programs of pulsating flashing are
used, according to which the adjustment of heat input
is carried out by changing the duration of flashing and
values of welding current [4, 5].

Hypereutectoid steels contain carbon in an amount
from 0.8 to 2.14 %. Their structure represents a hard-
ening sorbite with the precipitations of carbides on the
boundaries of primary austenitic grains, the presence
of which in the structure increases hardness and wear
resistance [6]. An increase in carbon content in rail
steels is limited by the ability to form a dangerous car-
bide network.

In equilibrium conditions, carbon in steel can be
in a solid solution based on a- and y-iron, in the com-
position of carbides, in the clusters of dislocations, on
interphase and intraphase boundaries. Due to a high
diffusion mobility at high temperatures, in the process
of thermal and thermomechanical treatment, redistri-
bution of carbon is possible. The problem of thermo-
dynamics and the mechanism of decay of cementite
and accelerated carbon transfer to defects of the struc-
ture during plastic deformation is considered in the
monograph [7]. Redistribution of carbon between the
structural components of steel, as well as the exit of
the structure to defects in the conditions of high tem-
peratures and plastic deformation is considered in the
work [8]. The study of the evolution of the structure
showed that in martensitic steel, an increase in carbon
on defects in the structure at its reduction in o-iron
at the same time. In steel with a bainite structure, the
amount of carbon increases in o-iron, at the same time
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Table 1. Chemical composition of rail Areal 136 HE-X steel (wt.%)

Element C Mn Si \Y% Ti Cr P Al S
According to the certificate 0.99-1.00 | 0.69-0.71 | 0.50-0.52 — - 0.21-0.22 — 0.005 0.02
According to the results of 0.97 0.69 0.49 001 | 0008 | 021 0012 | <001 | 0.008
spectral analysis

it decreases in y-iron and in the particles of cementite,
which are located in the volume of bainite plates, in
addition, a transfer of carbon to crystalline structure
defects occurs. It is known [9], that operation of rail-
way rails is accompanied by a significant redistribu-
tion of carbon in a thin surface layer. If in the initial
state the main carbon content is concentrated in the
composition of cementite Fe,C, then after a long-term
operation of rails, the content of carbon is determined
at dislocations, grain and subgrain boundaries.

Under thermodeformation conditions of FBW, the
prerequisites for redistribution of carbon exist. The
aim of the work was to determine the features of the
microstructure of joints of hypereutectoid rail steels
with an increased carbon content in FBW.

PROCEDURE AND EQUIPMENT

Welding of hypereutectoid rails of grade AREAL
136HE-X manufactured by Nippon Steel Corpora-
tion (Japan) was carried out in the K1000 machine
for flash-butt welding using pulsating flashing. After
optimization of conditions, the recommended param-
eters should be within the following values: welding
time — 70-90 s, welding current — 360-390 A, tol-
erance for flashing — 10—14 mm, upsetting value —
11-14 mm. The grade composition and results of the
spectral analysis of the delivered batch of rails are
given in Table 1.

The macrostructure of the joints was revealed in ac-
cordance with the requirements of GOST R51685-2013
on a full-profile template, cut out in the transverse direc-

¥

Joint line

Coarse grain

Small grain

Partial recrystallization

Tempering
—'

Base metal

Figure 1. Microstructure of rail joint of steel of grade AREAL
136 HE-X (x25)

tion. Etching of polished specimens was carried out with
an aqueous solution of ferric chloride. The microstruc-
ture was revealed by etching of preliminary polished
specimens in a 4 % alcohol solution of HNO,. Metallo-
graphic examinations were performed in the NEOPHOT
32 optical microscope equipped with a digital camera.
To analyze the microstructure and determine the chemi-
cal composition of structural components, Auger-micro-
probe JAMP 9500F of JEOL Company (Japan) with the
installed X-ray energy dispersive JNCA Penta FET x3
spectrometer of «Oxford Instrumenty» Company was
used. The energy of the primary electron beam was
10 keV at a current of 0.5 nA for the REM and PCMA
methods and a current of 10 nA for the method of Au-
ger-electron spectroscopy. Auger-spectra were recorded
with the energy resolution AE/E = 0.6 %. Prior to the
studies, the surface of the specimens was subjected to
cleaning directly in the analysis chamber of the device
by etching with argon ions Ar + with an energy of 1 keV
during 10 min. The etching rate over the reference spec-
imen-witness SiO, was 4 nm/min. The vacuum in the
analysis chamber was in the range of 5-10%-1.10"° PA.

The Vickers hardness was measured in the NO-
VOTEST TC-GPB hardness tester with a load of
292.4 N (30 kg). The hardness distribution in the joint
was investigated at a distance of 5 mm from the roll-
ing surface of the rail.

RESULTS OF RESEARCH AND DISCUSSION

Metallographic examinations showed that macro-
structure of the joint is similar to that of hypoeutectoid
rails and consists of a weld zone, to which the zone of
a coarse grain is adjacent, followed then by the zones
of a fine grain, partial recrystallization and tempering
(Figure 1). The width of the heat-affected zone (HAZ)

Hardness, MPa

0

360

320 |

280 -

240 -

1 1 1 1 1 1 1 1 1 1
-20-16 -12 -8 4 0 4 8 12 16 20 24
Distance from the joint line, mm

24

Figure 2. Distribution of Vickers hardness in the joint of the hy-
pereutectoid rail steel of grade AREAL-136HE-X. Load is 30 kg
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Figure 3. Microstructure of hypereutectoid steel of grade AREAL 136 HE-X: a — x3000; b — x8000

of the studied joint was 30 mm. Analysis of the hard-
ness distribution showed (Figure 2) that in the zone of a
coarse grain, unlike in the joints of hypoeutectoid rails,
the hardness is slightly reduced as compared to the base
metal — HV 3900 MPa and HV 4000 MPa, respectively.

The study of the microstructure showed that the
base metal represents a hardening sorbite (Figure 3).
The size of sorbite colonies is estimated at 10 um. The
interplate distance in sorbite is estimated at 0.14 pm.
It should be noted that cementite plates in sorbite are
deformed and refined.

During the analysis of the microstructure it was found
that in the base metal along the grain boundaries, a struc-
tural component with a carbon content of 44.5 at.% is
observed, the rest is iron. Its thickness is tenth fractions
of a micron (Figure 4). The formation of a solid carbide
network is not observed. The particles chaotically dis-
tributed in the matrix are observed, in the composition of
which 68.4 at.% of carbon is recorded.

Taking into account the possible error while using
the Auger-spectral method of analysis, it can be as-
sumed that at the grain boundaries, a hypoeutectoid
carbide phase is observed and in the structure of steel,

10.0kY mm  10ur -
T . S c Fe
( & Tl B J Fe 1| 444 | 556
~20000F 7T 2] 45| 555
200 400 600 enersy v 800 [3T 682 | 31.6
/ 41 110 89.0
E T2 B pe Fe
20000 V Fe
200 200 800 e oy B0
1 . T 3
g i snm?}fmo?-lﬂll‘f RO 2 Ir/"‘ll .-.-/‘1
E
10000 ‘].Fe 1) 13 Fe \fn.‘ lr[
200 400 600 Energy fev] 800
_ A
0 - . ; ,
I 7 L™ 7y
~10000F 15z He JFe Fe
5] 200 400 600 Energy fev) 300)

Figure 4. Precipitations of carbide phase at the boundaries of grains of the hypereutectoid rail steel of grade AREAL 136 HE-X: a —
microstructure; b — Auger-spectra and results of Auger-spectral analysis (at.%)
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Table 2. Composition of nonmetallic inclusions in the Areal 136 HE-X steel (at.%)

Number C 0 Mg Al Si Ca Mn Fe
1 0.44 63.30 2.16 25.82 3.46 3.30 0.68 0.84
2 1.09 61.36 3.05 24.98 3.64 2.66 135 1.86
3 1.14 61.31 1.65 2757 155 0.97 0.98 4.83
4 157 60.75 2.64 23.57 4.09 2.97 1.07 3.34
5 154 62.41 0.82 27.45 2.32 155 0.17 3.74
6 135 57.03 0.67 25.00 2.12 2.00 0.73 11.08
particles with carbon precipitations are present. It ends in welding, a band with a hypoeutectoid ferrite is

should be noted that the ratio of carbon and iron in the
carbide phase does not correspond to the stoichiomet-
ric one in cementite: 75 at.% iron — 25 at.% carbon.

Contamination with nonmetallic inclusions is insig-
nificant. Primarily, deoxidation products are observed
unsystematically located in the matrix: aluminium ox-
ides with impurities of calcium, silicon and magnesium
(Table 2, Figure 5, a). Sulfides of up to 10 um length
(Figure 5, b) are observed, elongated along the direction
of the rolled metal and dispersed aluminium carboxides
with the size of less than 1 um, not previously mentioned
in the structure of rail steels (Figure 5, c).

The study of the metal in the HAZ showed that the
microstructure represents a lamellar pearlite of vary-
ing degree of dispersion (Figure 6, a). The exception
is the tempering zone, where coagulation of sorbite
cementite occurs, resulting in a decrease in hardness
in this region (Figure 6, b). At the recrystallization
area along the boundaries of the primary austenitic
grains, precipitations of a hypoeutecoid ferrite with
a thickness of less than 1 um are found (Figure 6, C).
The presence of a hypoeutectoid ferrite is obviously a
consequence of a decrease in carbon content in aus-
tenite formed during welding, which is lower than an
eutectoid one.

Along the joint line as a result of depletion of the
near-contact layer with carbon during flashing of the rail

formed at the boundaries of the primary austenitic grains
(Figure 7). The band width is about 300 um. According
to the ASTM scale, the grain size of the primary austenite
corresponds to a grain size number of 2-3. The interplate
distance in sorbite is estimated at about 0.17 pm, which
is much larger unlike that in the area of a coarse grain,
which is 0.10 pm (Figure 6, d). The size of the interplate
distance is the main factor that determines the level of
hardness of steel. Accordingly, a significant decrease in
hardness is observed along the joint line.

Despite the existing preconditions, carbides at the
boundaries of primary austenitic grains were not detect-
ed in the joint, a number and sizes of chaotically dis-
tributed globular particles increased, that are similar to
particles with precipitations of carbon in the base metal
(Figure 8, a). According to the results of Auger-spectral
analysis, the studied particles contained 84.2-92.8 at.%
C, the rest was the iron (Figure 8, b). Their number in-
creases in the direction of the butt joint, the highest con-
centration is observed in the near-contact layer.

The interplate distance in sorbite determines the
hardness of steel — its reduction leads to an increase in
hardness. In the base metal and in the area of a coarse
grain, the interplate distance is 0.14 and 0.10 um, re-
spectively. However, the hardness in the area of a coarse
grain is lower than that of the base metal — 3900 and
4000 MPa, respectively. Apparently, this is associated

<5000] | mmmmmn 2 11|
b .
C 6] Fe Al C S Fe Mn C (6] Fe Al
06 | 720 | 10| 263 1 1.0 43.6 15.9 19.3 334 | 46.6 0.7 | 193
2 13.8 0 86.2 0

Figure 5. Nonmetallic inclusions of hypereutectoid steel of grade AREAL 136 HE-X and results of the Auger-spectral analysis (at.%)

of: a — aluminium oxide; b — sulfide; ¢ — aluminium carboxide
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Figure 6. Fragments of microstructure in the
joint of rails of hypereutectoid steel of grade
AREAL 136 HE-X on the section of: a — joint
line; b — tempering area; ¢ — recrystallization;
d — coarse grain

with the presence in the base metal of the carbide phase should be noted adjacent to carbon and containing
at the boundaries of the primary austenitic grains and its  54.91-61.36 at.% of carbon; 14.65 at.% of nitrogen;
absence in the structure of the joint. 8.39 at.% of oxygen (Figure 9, C).

Fractographic examinations showed that on the It is believed that carbon in the structure of carbon
fracture surface of the joint, carbon is present pri- steels and cast irons is present in the composition of
marily around nonmetallic inclusions (Figure 9, a, chemical compounds (carbides), solid iron solution,
b). The presence of formations of the C-N-O system as well as in the form of the main allotropic modifica-

Point C|O | Fe |Ti | Si

Figure 7. Joint line of rails of hypereutectoid steel of grade AREAL 136 HE-X: a, b —mi- | L -Ferrite | 1.0} 3.3]94.4]05 | 1.0
crostructure (X100, x3000); ¢ — results of Auger-spectral analysis (at.%) 2 —Sorbite | 6.1] 2.2| 90.6]0.7 | 0.5
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Figure 8. Inclusions of carbon in the joint of rails of hypereutectoid steel of grade AREAL 136 HE-X: a — location in the microstruc-
ture; b — Auger-spectra and results of Auger-spectral analysis (at.%)

tion — graphite. However, in the studies of a number
of authors based on experimental data, it was shown
that in the alloys of the Fe—C system, carbon can be
present in the states that do not meet the abovemen-
tioned variants [10]. In particular, in welded joints
fullerenes were revealed — a molecular form of car-
bon [11]. The obtained results of fractographic ex-
aminations give reasons to suggest the existence of

carbon modifications different from graphite in the
structure of rail joints.

Carbon inclusions can be considered as a violation
of metal continuity. Taking into account their small
amount, sizes and a globular shape, a significant de-
crease in strength characteristics is not envisaged.

The tests on static bending during tension of the
foot with a load of 1740-2400 kN were carried out.

Figure 9. Inclusions of carbon on the fracture surface of the joint

C O | Na| Si S |«Cl | Ca| Fe C N[O [Na Mg Si| S| Mn| Fe
1]82.86] 6.62 [0.79[0.39 [ 0.16[0.28 | 0.24| 8.67 ||1|59.66[19.32]15.42|0.50 0.45]0.52]1.97]0.04]2.12
2(81.20(12.97 | 0.23 | 0.21 | 0.07 5.32 [|2]54.91]14.65] 8.92 |0.56 0.431.21]0,0819.75
3[64.02| 7.44 | 0.51 035 27.68 |[3]55.72]15.48) 8.39 |0.28{0.11 0.40{1.39[0.50[17.75

4]61.36]15.85(13.22]0.620.19]0.64|0.66]0.90{0.27]5.76
5]11.78 2:82 1.53 (.88 [82.99

of hypereutectoid rail steel AREAL 136 HE-X: a — microstructure

of the fracture surface; b — inclusions of carbon and results of X-ray microanalysis (at.%); ¢ — inclusions of the C-N-O system and

results of X-ray microanalysis (at.%)
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The bending deflection was 2643 mm. The results of
tests, as well as the size of the HAZ meet the require-
ments of domestic [12] and European [13] standards.

CONCLUSIONS

1. The microstructure of the joint of the hypereutectoid
rail steel of grade AREAL-136HE-X, produced by flash-
butt welding, represents a lamellar pearlite of a different
degree of dispersion. The exception is the tempering area
where coagulation of sorbite cementite occurs. Along the
joint line as a result of depletion of the near-contact layer
in flashing of rail ends during welding, at the boundaries
of primary austenitic grains, a band with a hypoeutec-
toid ferrite is formed. Hypoeutectoid ferrite in a small
amount is also observed in the area of recrystallization.
Carbides at the boundaries of primary austenitic grains
were not detected in the joint. At the same time, in the
microstructure globular particles with a high carbon con-
tent are observed.

2. The results of examinations of the microstruc-
ture evidence that in the thermodeformation condi-
tions of FBW, redistribution of carbon occurs, the re-
sult of which is its transfer to defects of the structure.
In this time, carbon content in the matrix decreases
and recrystallization in the HAZ metal occurs similar-
ly to hypoeutectoid rail steels.

3. Investigation of hardness distribution showed
that in the area of a coarse grain, unlike the joints
of hypoeutectoid rails, the hardness is reduced as
compared to the base metal — HV 3900 MPa and
HV 4000 MPa, respectively. This is caused by the
absence of the area of a coarse grain, carbide phase
at the boundaries of primary austenitic grains for the
microstructure unlike the base metal.

4. The results of tests of the hypereutectoid rail
steel of grade AREAL-136HE-X on static bending
meet the requirements of domestic and European
standards. The use of FBW to produce high-quality
joints of the rails of a hypereutectoid composition is
recognized as challenging.
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ABSTRACT

At bifilar electroslag welding, compared to the traditional two-electrode circuit, the path of current flowing in the slag pool
is significantly different, and, consequently, the position of heat evolution zones and electromechanical forces acting on the
molten slag and metal, changes drastically. Experiments showed that at bifilar electroslag welding penetration of the edges of
welded item metal is considerably smaller, and reduction of the welding gap becomes possible that allows raising the welding
speed at the same power, and power factor cos ¢ increases essentially from 0.67 to 0.9. Connection of equalizing wire between
the midpoint of output winding of power transformer and the item being welded ensures stability of the electroslag welding

process by the bifilar circuit of power source connection.

KEYWORDS: electroslag welding, bifilar power circuit,

INTRODUCTION

Electroslag welding (ESW) is performed with appli-
cation of one, two, three and more electrode wires. In
two-electrode machines the electrode wires are con-
nected to the power source in parallel by electrode—
welded item circuit. Such a connection is believed to
be traditional. At electroslag remelting (ESR) with
two electrodes the bifilar circuit of electrode con-
nection to the power source became widely accepted
[1-5]. Bifilar ESR has certain advantages over ESR
with electrodes connected in parallel. Bifilar ESW by
wire electrodes is not applied now. However, there is
ground to believe that it has even more advantages
over bifilar ESR. As the cross-sectional area of con-
sumable electrodes in ESW and ESR differs consid-
erably, the thermophysical processes, causing their
melting, also differ essentially. Compared to the tra-
ditional circuit with two electrodes, at bifilar ESW
the path of current flowing in the slag pool changes
significantly, and, consequently, the position of heat
evolution zones, electromechanical forces acting on
molten slag and metal, also changes dramatically.
Therefore, a physical experiment is required to study
the process of bifilar ESW. We are not aware of any
publications on conducting ESW with the bifilar cir-
cuit of unit connection to the power source, except for
the experiment on the mathematical model [6, 7].
The objective of experimental studies is compari-
son of the results of ESW by bifilar scheme of connec-
tion to the power source and traditional two-electrode

“0.A. Moskalenko| took part in the work performance.
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edge penetration, process stability, power factor

connection circuit. The anticipated results of the work
can be useful for different mechanical engineering
industries, as they will create real conditions for in-
creasing ESW productivity and operational efficiency
of welded joints of carbon, low- and medium-alloyed
steels of large thickness (40-250 mm).

MATERIALS, METHODS AND RESULTS
OF EXPERIMENTS

The work was performed under the conditions of
PWI laboratory”. In order to check the equipment
performance and welding procedures, experimental
studies of bifilar ESW with an equalizing wire were
performed in comparison with the traditional ESW
circuit with two wire electrodes. Experiments were
performed in a unit, fitted with A-535 machine with
liquid metal level regulator, level sensor and digital
meter of electrode wire feed speed, as well as power
transformer TShS-1000/3 with thyristor voltage stabi-
lizer at the high-voltage side. The unit circuit enabled
operation by the traditional or bifilar power circuit
with zero wire.

Experiments were conducted using samples from
low-carbon structural steel 70 mm thick, sample di-
mensions were 420x200x70 mm. Welding wire of
3 mm diameter and flux of AN-8 grade were used as
welding consumable. In all the experiments number
of electrodes was 2, interelectrode distance was d =
= 55 mm, dry electrode extension was 90 mm. Weld-
ing by the traditional and bifilar circuit was conducted
at practically same power P and electrode feed rate V,,
same gaps b and slag pool depths h_. One welding op-
eration was purposefully performed in a narrow gap
(b =20 mm) to determine the possibilities of the bifi-
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Figure 1. Experimental circuits of bifilar ESW with an equalizing wire (a) and traditional ESW (b)

Table 1. Main parameters of welding modes

Sample number
Parameter description
1 2 3 4
Power circuit Bifilar Traditional Bifilar Traditional

Welding gap b, mm 32 32 20 32

Interelectrode distance d, mm 55 55 55 55

Welding voltage U, V 76 38 76 55
Wire feed rate V,, m/h 230 240 235 230
Welding speed V., m/h 1.45 151 2.37 1.45
Electrode current I, A 500 960 520 1120

Equalizing currenth_, A 0 - 60 -

Slag pool depth h,, mm 50 55 40 50
Power applied to the slag pool P, kW 38 36.5 39.5 61.6
Power factor cos @, rel. un. 0.9 0.7 0.89 0.68

Edge penetration depth, mm 8 13 7 22

Figure 2. Macrosections of sample No.1: a — transverse mac-
rosection of welded joint made with bifilar circuit (b = 32 mm);
b — longitudinal macrosection (section under the electrode); ¢ —
longitudinal macrosection (section between the electrodes)
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lar power circuit. Another ESW operation by the tra-
ditional scheme was performed at a higher (1.7 times)
welding power at practically the same electrode feed
rate. All the electric mode parameters were recorded
in keeping with Figure 1.

The main parameters of the welding modes are
given in the Table 1, and welded joint macrosections
are shown in Figures 2-5.

DISCUSSION

The electroslag process was stable in welding all the
samples (Nos 1-4). It is known that the process of sin-
gle-electrode ESW with power supply from a source
with rigid external characteristic is stable, as it has the
self-regulation property, similar to the consumable
electrode arc welding process. In bifilar ESW without
the equalizing wire self-regulation is absent and such
a process is unstable at the action of disturbances on
it, which are inevitable under the real conditions. Ap-
plication of equalizing wire, as shown in Figure 1, a,
ensured self-regulation, and, hence, also the stability
of bifilar ESW without the automatic regulation sys-
tems with negative feedbacks.

When using the bifilar power circuit of ESW with
an equalizing wire, the process of “cold” start is essen-
tially simplified and shortened, compared to the tra-
ditional ESW with two wire electrodes. At this stage,




EXPERIMENTAL STUDIES OF BIFILAR ELECTROSLAG WELDING WITH AN EQUALIZING WIRE

Figure 3. Macrosections of sample No.2: a —transverse macro-
section of welded joint made by ESW with the traditional circuit
(b = 32 mm); b — longitudinal macrosection (section under the
electrode); ¢ — longitudinal macrosection (section between the
electrodes)

each electrode is powered practically individually from
its half of the transformer secondary winding, and slag
melting is performed by two electric arcs simultane-
ously, burning between the electrode edges and inlet
pocket. At this stage, all the current runs through the
equalizing wire. After slag melting, it becomes electri-
cally conducting, and the electric arc process turns into
the electroslag one. Gradually, an ever greater part of
the total current starts flowing between the electrodes,
and current in the equalizing wire decreases to zero.
Only at very small welding gaps current, which is due
to currents between the electrodes and edges of the
item being welded, can flow continuously through the
equalizing wire. This current is small, for instance, in
welding sample No.3 (welding gap of 20 mm), it was
equal to 12 % of the total welding current.

One of the main advantages of ESW bifilar pow-
er circuit is smaller depth of the edges of item being
welded. As one can see from the Table 1, the penetra-
tion depth of the edges of item being welded at ESW
by the bifilar circuit (sample No.1) is by 40 % smaller

Figure 4. Macrosections of sample No.3: a — transverse mac-
rosection of welded joint made by ESW by bifilar circuit (b =
= 20 mm); b — longitudinal macrosection (section under the
electrode); ¢ — longitudinal macrosection (section between the
electrodes)

than that of penetration of the edges at ESW by the
traditional circuit (sample No.2) at other welding con-
ditions being equal.

Another important advantage of bifilar ESW is the
possibility of welding into a narrow gap of 20 mm
(sample No.3) that allowed increasing the welding
speed by 63 %, compared to sample No.1, at the same
power.

A thinner macrostructure of welds made by the
bifilar power circuit is noted. The presence of two
different macrostructures in the sections under the
electrodes and between the electrodes was established
both with the traditional and the bifilar power circuit:

Figure 5. Longitudinal macrosections of welded joint on sample No.4 made by ESW by the traditional circuit, at higher power (1.7
times higher): a — section under the electrode; b — section between the electrodes
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e dendritic and disoriented cellular-dendritic mac-
rostructure under the electrodes;

e coarse dentritic macrostructure between the
electrodes (for all the welds in different gaps).

However, in sample No.4 the coarse dendritic
macrostructure is more expressed, compared to sam-
ple No.2. It is envisaged that at traditional ESW di-
rect flowing of current (electrode-bottom plate) may
lead to slag overheating, and, accordingly, metal pool
deepening that does not allow increasing the linear
welding speed (“hot” cracks can form in the weld, so-
called critical ESW speed).

At bifilar power circuit of ESW the respective rel-
ative arrangement of power cables, connecting the
power source to the welding machine, enables a sig-
nificant reduction of inductance of the power source
secondary circuit. As a result, for instance, for our
welding unit power factor cos ¢ increased from 0.7
for the traditional circuit to 0.9 for ESW bifilar power
circuit. Such an increase of power factor greatly de-
creases the load on the external electrical network and
reduces power losses.

CONCLUSIONS

ESW by the bifilar circuit allows redistributing the
components of thermal balance in the slag pool. Here,
it is possible to essentially increase the welding speed
without any negative consequences for weld metal
quality.

Equalizing wire ensures stability of ESW process
with a bifilar power circuit.

The depth of penetration of edges of the item being
welded is much smaller with ESW bifilar circuit, than
with the traditional two-electrode ESW circuit.

It became possible to use 20 mm gaps between
the edges that greatly improved the energy values
of ESW process at a considerable increase of linear
welding speed.

Finer macrostructure of the welds, made by the bi-
filar power circuit, is noted.

At transition from ESW traditional power circuit
to the bifilar one with an equalizing wire cos ¢ of the
unit increased abruptly (from 0.7 up to 0.9) that may
ensure an improvement of operating conditions of the
unit external network.
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ABSTRACT

The aim of the work is to create inductors for heat treatment of welded butt joints of railway and tram grooved rails. For heat
treatment of welded butt joints of railway rails, the inductors were proposed, located opposite each other on the two sides of

the rail. Investigation of local heating of railway and tram
provide a uniform heating of cross-section rail elements,

grooved rails with a frequency of 2.4 kHz showed that the inductors
a low difference in the temperature between the surface and deep

layers of the metal in the head of the rails and a decrease in heating time from the workshop temperature to the normalization

temperature.

KEYWORDS: rails, rail welded butt joints, heat treatment, induction heating, inductors

INTRODUCTION

The reliability and service properties of the rail track
depend to a large extent on the quality of welded butt
joints of the rails. Under the conditions of high loads
and speed of railway transport, welded butt joints
are damaged more often than the base metal of the
rails. The negative impact of welding is manifested
in the appearance of a local decrease in hardness, un-
favourable diagram of inner residual stresses across
the HAZ, changes in the uniformity of microstruc-
ture, creation of conditions for arising inner defects,
which are stress concentrators and weaken the sec-
tions of rails with a welded butt joint [1]. The most
effective mean to improve the quality of welded butt
joints is heat treatment. It consists in the local heat-
ing of welded butt joints and share of the base metal
adjacent to them, to the normalization temperature of
850950 °C, cooling of the web and the foot in a calm
air and hardening of the rolling surface of the head
with a compressed air. A high rate of local heating is
provided by an induction method of heating metals by
high frequency currents [2, 3]. Now, while performing
the heat treatment of welded butt joints of railway rails
in track and workshop conditions, the local heating
of rails is performed by the currents of 8.0-16.0 kHz
frequency. As a power source, frequency converters
on IGBT transistors are used. The composition of the
heating devices includes inductors without magnetic
conductors. The technology and equipment provide
heating of welded butt joints of railway rails of type
R65 from different grades to the normalization tem-
perature within a time of up to 240 s. The width of the
HAZ in the head of the rails reaches 80—94 mm, in the
foot of the rails it is 140—150 mm [4, 5].

Copyright © The Author(s)

The feasibility of heat treatment of welded butt
joints exists for both railway rails as well as rails of
other types of rail transport — tram, subway, crane,
etc. The rails differ between each other in the shape of
a cross-section, metal volume in individual elements
and conditions of heat removal in the cold mass of
metal. The railway rails have a symmetrical cross-sec-
tion shape relative to the vertical axis. Tram grooved
rails, unlike railway, are equipped with a groove and a
lip. Arolling surface, a groove and a lip are displaced
relative to the vertical axis. Depending on the meth-
od of welding — flash-butt, induction, alumothermic,
electric arc, welded butt joints of rails have different
width of the HAZ. For example, the width of the HAZ
of welded butt joints of railway rails of type R65, pro-
duced by flash-butt welding, is 26-32 mm [6], tram
grooved rails of type RT62, produced by automatic
arc welding with the consumable nozzle, have a width
of 4555 mm. In order to relief inner stresses in the
metal of rails, resulting from nonuniformity of vol-
umetric changes in the heating process, it is neces-
sary to provide the same temperature of cross-section
rail elements and a low temperature between the sur-
face and deep layers of metal at the end of the heat
treatment of welded butt joints. Taking into account
the specific features of the effect of high-frequency
currents during heating products of a complex shape,
certain requirements arise specified to the design of
inductors of heating devices and current frequency.
Inductors of heating devices should create an appro-
priate distribution of induced current on the surface of
rails and its density, taking into account the conditions
of heat removal into the cold mass of metal and not
causing overheating of protruding rail elements —
feathers and the upper edge of the lip. To achieve a
low temperature difference between the surface and
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deep layers of the rails, it is advisable to increase the
depth of current penetration into the metal, i.e. reduce
the current frequency.

AIM OF THE WORK

The aim of the work is to create inductors of heat-
ing devices for heat treatment of welded bultt joints of
railway and tram grooved rails, providing a uniform
heating of cross-section rail elements and a low tem-
perature drop between the surface and deep layers of
metal in the rail head.

DESCRIPTION AND DESIGN FEATURES

Figure 1, a shows the scheme of a heating device for
heat treatment of welded butt joints of railway rails.
The heating device includes inductors 1 and 2 of the
same design [7]. The inductors are arranged opposite
each other on two sides of the rail 3. The shape of
inducing wires of the inductors repeats the bending
shape of the rail surface over the rolling surface of
the head, side surfaces of the head, the web and the
foot. The width of inducing wires and air gaps to the
surface of the rails depend on the width of the HAZ of
welded butt joints and the volume of cross-section rail
elements. At a small gap, the induced current is con-
centrated, approximately, across the width of the in-
ducing wire and at a large gap it extends to a consider-
able width. To enhance the proximity effect, as a result
of which the density of induced current is increased,
inductors are produced with the smallest air gaps over
the head and the foot of the rails and slightly enlarged
gaps above the web of the rails. A significant increase
in the air gap over the rail feathers leads to a signifi-
cant decrease in the density of induced current in these
elements. Inducing wires of the inductors consist of

1 4

o S b AR

two parallel wires. This provides an achievement of
redistribution of the magnetic field across the width of
the inductive wire and approaching the density of in-
ducing current to the outer ends of the inducing wire.
The total width of the wires in the inductors for heat
treatment of welded butt joints of the rails of type R65
is 60 mm. It is larger than the width of the HAZ and
the share of the base metal of the rails that adjacent to
it, after flash-butt and automatic arc welding with a
consumable nozzle. For the concentration of heating
on the side surfaces of the cross-section elements and
an overall increase in the efficiency coefficient of the
system inductor—rail, magnetic conductors 4 are used,
mounted over the rolling surface of the head, side sur-
faces of the head, the web and a part of the foot of the
rail. Magnetic conductors consist of a set of plates of
a transformer steel.

Inductors 1 and 2 of the heating devices for heat
treatment of welded butt joints of tram grooved rails
[8] have different design (Figure 1, b). Inducing wire
of the inductor 1, mounted on the side of the head of
the rail 3, is extended only before the beginning of
the groove 5. This prevents overheating of the lip, as
the magnetic flow into the depression of the groove is
weakened by a large air gap. The shape of the induc-
ing wire repeats the bending shape of the rail surface
over the rolling surface of the head, the side surface
of the head, the web and a part of the foot. The air
gaps are enlarged over the web and significantly in-
creased over the rail feathers. Magnetic conductors 4
are mounted over the rolling surface of the head, the
side surface of the head, the web and a part of the foot.
The inducing wire of the inductor 2, mounted on the
side of the lip 6, repeats the bending shape of the rail

3 1 4

N_ L 7

@/

=
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><

Figure 1. Scheme of heating devices for heat treatment of welded butt joints of railway (a) and tram grooved (b) rails (description 1-6

see in the text)
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Figure 2. Time dependences of temperature on the rolling surface of the head (RS) and at a depth of 20-22 mm (20 mm) from the
rolling surface of railway rails of type R65 (a) and tram grooved rails of type RT62 (b)

surface over the side surface of the lip, the web and
a part of the foot. An inducing wire is extended only
to the upper edge of the lip. The air gaps are enlarged
over the side surface of the lip, the web and signifi-
cantly enlarged above the feathers of the rails. Mag-
netic conductors 4 are mounted over the side surface
of the lip, web and a part of the foot of the rail. The
metal of the lip is heated partially as a result of ther-
mal conductivity from the heated metal of the head
and partially from the induced current on the side sur-
face of the lip. In both inductors, inducing wires also
consist of two parallel wires. The total width of the
wires exceeds the width of the HAZ of the joints after
flash-butt or arc welding.

RESULTS OF STUDIES
AND THEIR DISCUSSION

The efficiency of the inductors was investigated in
local heating of railway rails of type R65 and tram
grooved rails of type RT62 applying currents of
2.4 kHz frequency. The heating temperature was mea-
sured on the rolling surface of the head, at a depth of
20-22 mm from the rolling surface, in the centre of
the web, at a distance of 10 mm from the edges of the
feathers, at the places of transition of the head into
the web and the web into the foot, at a depth of 10
mm from the upper edge of the lip and in the centre
of the lip. To measure the temperature, chromel-alu-
mel thermocouples were used. The initial temperature
of the base metal of the rails was 20 °C. As a power
source, a thyristor frequency converter of type TFC-
160/2.4 was used. In the process of heating rails to
the normalization temperature, the constant value of
the TFC rectifier current was maintained. Thus, the
reaction of the frequency converter was compensated
to the change of the complex load resistance due to
the change in the specific electric resistance and mag-
netic permeability of the rail metal. Figure 2 shows
the time dependencies of heating temperature of the
head of railway and tram grooved rails. It was found

that while heating railway rails during 220 s, the tem-
perature on the rolling surface of the head reached
900 °C. The power at the output of the TFC rectifier
varied from 90 to 105 kW. The duration of the heating
stage to the temper ture of magnetic transformations,
the so-called cold mode, was about 60 % from the
time of heating, the average heating rate at this stage
was 5.6 °C/s. The duration of heating stage above
the temperature of magnetic transformations, the
so-called hot mode, was equal to 40 %. The heating
rate at this stage decreased to 1.7 °C/s. While heating
tram grooved rails during 220 °C, the temperature on
the rolling surface of the head reached 890 °C. The
power at the output of the TFC rectifier varied from
90 to 100 kW. The duration of the “cold mode” stage
was longer than during heating of railway rails. It was
about 75 %. The average heating rate was 4.5 °C/s.
The duration of the “hot mode” stage decreased to
25 %, the rate of heating at this stage increased to
2.6 °C/s. Figure 3 shows the values of temperature in
the cross-section rail elements at the end of the local
heating process. In the railway rails the temperature

T,°C

H R65 O RT62

880

840

800

760 || L | | | | 1 1
1 2 3 4 5 6 7 8 9

Cross-section rail elements

Figure 3. Temperature of heating cross-section elements of rail-
way rails of type R65 and tram grooved rails of type RT62: rolling
surface of the head (1); at a depth of 20—22 mm from the rolling
surface of the head (2); web (3); feathers (4, 5); place of transition
of the head into the web (6); place of transition of the web to the
foot (7); upper edge of the lip (8); centre of the lip (9)
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of the web was equal to the temperature of the rolling
surface of the head. The temperature difference be-
tween the rolling surface of the head and the layer at
a depth of 20 mm was not more than 40 °C, between
the centre of the head and the places of transition of
the head into the web and the web into the foot did not
exceed 20—40 °C. The temperature of the rail feath-
er was at the level of 830-840 °C. The width of the
HAZ on the rolling surface of the head, in the centre
of the web and the bottom of the foot, was 54 mm. In
the places of transition of the head into the web and
the web into the foot, the width of the HAZ was by
4-6 mm lower. This is caused by weakening of the
proximity effect due to difficulties of mounting mag-
netic conductors in such places. In the tram grooved
rails, the temperature difference between the rolling
surface of the head and the layer at a depth of 22 mm
was not more than 40 °C. The temperature of the web
was equal to the temperature on the rolling surface of
the head, the temperature of the rail feather was by
10-20 °C lower. The heating temperature of the upper
edge and the centre of the lip almost did not differ
from the temperature of other elements.

CONCLUSIONS

Inductors of heating devices for heat treatment of
welded butt joints of rail and tram grooved rails per-
formed by the methods of flash-butt or arc welding
applying high-frequency currents were developed.
Designs of inductors take into account the shape of
rails and the volume of cross-section elements.
Checking the efficiency of inductors in a local
heating of railway rails of type R65 and tram grooved
rails of type RT62 applying the currents of 2.4 kHz
frequency showed, that inductors provide a decrease
in the heating time of cross-section elements from
the workshop temperature to the normalization tem-
perature, the uniform heating of cross-section rail
elements, a low temperature difference between the
surface and deep layers of metal in the rail head and a

reduction in the width of the HAZ after heat treatment
as compared to existing equipment.
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ABSTRACT

Complex works were performed to study the quality of wrought semi-finished products, manufactured from an ingot of VT9
titanium alloy. Electron beam remelting technology was used to produce ingots of 600 mm diameter and 1.5 m length, from
which semi-finished products were manufactured in the form of hot-pressed rods of 315 mm diameter. Results of investigations
of structural and mechanical properties of semi-finished products in the form of hot-pressed rods are given. It is shown that the
metal of the produced ingots and wrought semi-finished products after the respective heat treatment meets the requirements of

the standards.

KEYWORDS: electron beam melting; high-strength titanium alloy; ingot; chemical composition; structure; deformation;

mechanical properties

INTRODUCTION

High-strength VT9 titanium alloy of Ti-Al-Mo-Zr-
Si alloying system was developed in the middle of
the previous century, and it became widely accepted
in batch production of parts of gas turbine engines
(GTE), which operate for a long time at up to 450 °C
temperature [1]. VT9 alloy is a two-phase (a+p)-al-
loy. High aluminium content and silicon alloying
ensure its higher high-temperature properties, com-
pared to the most widely accepted VT6 titanium al-
loy. VT6 titanium alloy is deformable, and it belongs
to materials with a high heat and corrosion resistance.
VT9 alloy is strengthened by heat treatment, name-
ly hardening and aging. An optimum combination of
mechanical properties is ensured by double annealing.
It is used to make discs, blades and other GTE com-
pressor parts [2, 3].

High requirements are made of service proper-
ties of critical parts, which are constantly increased
and become more stringent. This largely applies also
to the quality of initial materials [4]. Therefore, for
extensive application of titanium alloys in different
structures it is necessary to not only create new tita-
nium-based materials with higher service properties,
but also to improve manufacture of semi-finished
products from these alloys further on. Note that any

Copyright © The Author(s)

imperfections of chemical or structural homogeneity
in titanium alloys lead to lowering of product strength
and fatigue life. Producing titanium alloys involves
difficulties, which are due to high sensitivity of titani-
um to interstitial impurities, particularly, oxygen, ni-
trogen, hydrogen, carbon, as well as interaction with
many chemical elements, resulting in formation of
solid solutions or chemical compounds. More over,
one of the main structural imperfections of titanium
alloys is presence of refractory nonmetallic inclu-
sions. High activity of titanium leads to running of
physicochemical processes of interaction with gases
even in the solid state. Therefore, nonmetallic inclu-
sions, in particular nitrides and oxides, can form both
during ingot production, and at different stages of
technological processing into finished products. Non-
metallic inclusions can be introduced into the finished
product from charge materials during melting, as well
as formed at thermodeformational treatment of metal.
Titanium actively interacts not only with gases, but
also with other elements, including alloying compo-
nents of the alloys, so that local enrichment of indi-
vidual volumes of the ingots by alloying elements can
lead to formation of intermetallic inclusions, for in-
stance, Ti,Al, TiAl, TiCr,, and oth. [5].

At present, not all the processes of manufacturing
titanium alloy ingots allow producing sound metal,
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Figure 1. Ingot of VT9 alloy produced by EBM process

and violation of the technological process of produc-
ing titanium alloys results in appearance of defects
in the ingots, which lower the metal quality. Electron
beam melting (EBM) is the most effective process of
vacuum metallurgy to produce alloys, also from re-
fractory and reactive metals, with superlow content
of gas, volatile impurities and nonmetallic inclusions.
EBM allows controlling the melting rate in a wide
range, owing to an independent heating source, that,
in its turn, enables controlling the duration of met-
al staying in the liquid state. EBM is a technology
that allows practically completely ensuring removal
of high-melting inclusions of high- and low density.
Thus, EBM allows improving the quality of titanium
alloy ingots [6].

Most of the titanium alloys contain a large number
of alloying elements that makes their production by
electron beam melting somewhat more complicated.
At melting ingots of high-strength titanium alloys by
EBM there arises the problem of ensuring the speci-
fied chemical composition of the ingot, as melting in
vacuum promotes selective evaporation of alloying
elements with high vapour pressure [7]. In this case,
such elements include aluminium, whereas concen-
tration of elements in the ingot with vapour pressure
lower than that of titanium, in this case Mo, Zr and Si,
may even become somewhat higher. Calculations of
the predicted chemical composition of the ingots were
conducted proceeding from fundamental investiga-
tions of the processes of alloy component evaporation
from the melt in vacuum earlier performed at PWI [6],
and their results were used for correction of the billet
charge components. The alloying component with a
high vapour pressure, namely, aluminium, was added
to the charge to compensate for evaporation losses.

The charge billet for producing the ingots was formed
in a nonconsumable box. Electron beam unit UE5810
was used to conduct the melting operations [6].

Work on producing an ingot of VT9 titanium alloy
was performed and an ingot of a round cross-section
of 600 mm diameter and 1500 mm length was man-
ufactured (Figure 1). Ingots were produced by cold-
hearth EBM technology with portioned feed of liquid
metal into a water-cooled crucible.

The side surface of the produced ingots after cool-
ing in vacuum to a temperature below 300 °C is clean
without any concentration of impurity elements on
the surface in the form of an oxidized or alphized lay-
er. The depth of surface defects of “corrugation” type
was 2-3 mm, defects in the form of ruptures, cracks
or lacks-of-fusion were absent.

In order to assess the quality of metal of the pro-
duced ingots, chemical composition was studied in
samples, cut out along the ingot length from the upper,
middle or lower part. Results of analysis of the pro-
duced ingot metal composition showed that alloying
element distribution along the ingot length is uniform,
and their content corresponds to grade composition
(Table 1).

Ultrasonic testing method was used to study the
presence or absence of internal defects in titanium in-
gots in the form of nonmetallic inclusions, as well as
pores. Investigations were performed by pulse-echo
method with ultrasonic flaw detector UD4-76 at con-
tact testing variant. When testing the ingots, multiple
small-amplitude reflections were observed, that is
typical for cast metal and is the result of signal reflec-
tion from grain boundaries (dendrites). No shrinkage
cavities, porosity or isolated reflections which could
be interpreted as large nonmetallic inclusions, were
found in the ingot.

In order to determine the influence of electron
beam melting technology on the quality of semi-fin-
ished products from high-strength titanium alloy
hot-pressed rods of 300 mm diameter were manu-
factured from an earlier produced VT9 alloy ingot of
600 mm dia (see Figure 1).

Forging was performed by the technological pro-
cedure, which consisted of three stages.

First stage is heating of 600 mm ingot to 1180 °C
temperature; billet soaking for 8 hours; forging on flat
heads to form a 450450 mm square.

Table 1. Distribution of alloying elements along the length of VT titanium alloy ingot, wt.%

Alloy grade Ingot part Al Mo Fe Zr Si O N
Upper 6.06 3.63 0.21 1.69 0.32
VT9 Middle 6.13 3.68 0.14 1.64 Same 0.11 0.012
Lower 6.64 3.21 0.22 1.67 0.31
OST1 90013-81 for VT-9 alloy 5.8-7.0 2.8-3.8 <0.25 1.0-2.0 0.20-0.35 <0.15 <0.05
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Second stage is heating of 450450 mm blank to
a temperature of 1100 °C; forging into a round rod of
360 mm diameter and its cutting into three parts.

Third stage is heating the billet of 360 mm diam-
eter to 1100 °C temperature; billet forging through a
square into a finished size of 315 mm diameter; and
straightening.

The temperature of the end of forging was not low-
er than 850 °C. Three deformed rods were produced,
and a 15 mm thick template was cut from each of
them for further studies.

In order to study the quality of the produced
semi-finished products from VT9 titanium alloy, com-
prehensive investigations were performed, which in-
cluded the following operations: producing templates
from wrought semi-finished products; heat-treatment
of the templates; preparation of template surface;
chemical etching of the templates; control of metal
macrostructure; cutting up into samples; determina-
tion of polymorphous transformation temperature
(Tpt), 20° C mechanical properties, long-term strength
level at 500 °C; and microstructure control.

Heat treatment of the manufactured forgings and
templates cut out of them was performed by the fol-
lowing mode:

e heating up to 950 °C temperature, soaking for
60 min, cooling in air;

e heating up to 550 °C temperature, soaking for
360 min, cooling in air.

After machining and etching of the template sur-
faces, their macrostructure was studied, and it was
established that the macrostructure of the manufac-
tured rod metal does not have any cracks, delamina-
tions, voids, ant no metal or nonmetal inclusions were
found.

For further studies samples were cut out of three
templates by electric-spark cutting by a scheme giv-
en below (Figure 2) for determination of mechani-
cal characteristics and temperature of polymorphous
transformation of VT titanium alloy.

AR

ez |

Figure 2. Scheme of cutting up a template into samples for further
mechanical testing

The experimentally determined polymorphous
transformation temperature (Tpt) for these samples of
VT titanium alloy was 950 °C.

Mechanical properties were determined at tem-
peratures of 20 and 500 °C after conducting the
above-described heat treatment. Testing for compli-
ance to standard requirements included tensile, im-
pact toughness, hardness and long-term strength test-
ing (Tables 2, 3).

These data lead to the conclusion that the majori-
ty of mechanical properties of semi-finished products
from VT9 alloy, produced by EBM process, comply
with standard requirements, but the ductility proper-
ties turned out to be lower than the standard ones. This
may be related to the fact that the deformation tem-
perature was in the region of B-phase existence and a
completely platelike structure with a rather large size
of the plates formed in the metal. It is known that the
values of material ductility very strongly depend on
the type of the structure and crystallite dimensions.
Lowering of reduction in area with a platelike struc-

Table 2. Mechanical properties of samples of wrought semi-finished product from VT9 titanium alloy

Template Sample number G, MPa 3, % v, % KCU, Jlem? Hardness, HB
number !
IC1 1129 3.2 9.0 23
1 1C2 1116 4.8 17.0 25 341
1C3 1120 4.0 12.0 20
2C1 1142 4.8 145 23
2 2C2 1139 Same 12.6 28 331
2C3 1127 3.2 11.8 Same
3Cl1 1089 4.0 13.4 35
3 3C2 1078 Same 18.5 Same 321
3C3 1101 6.0 20.6 30
0ST1.90107-73 932-1177 >6 >14 >29 269-363
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Table 3. Long-term strength of samples of wrought semi-finished products from VT9 titanium alloy at 500 °C temperature

a—1;b—2,c—3

Template number Sample number o, MPa T, h Note
1A1 132 No fracture
1 1A2 60 Same Same
1A3 96 With fracture
2A1 126 No fracture
2 2A2 Same 137 Same
2A3 113 »
3A1 96 With fracture
3 3A2 » 126 No fracture
3A3 137 Same
0OST1.90107-73 » >100 -
AT -.p_{\ 73 T3
' lf;/; 4
WAH oS
vz gl
S

Table 4. Mechanical properties of samples of wrought semi-finished product from VT9 titanium alloy after additional heat treatment

Template number | Sample number G, MPa 5, % vy, % KCU, Jlcm? Hardness, HB
1 1 1068 11 29 29 321
2 1092 10 14 30 311
2 1 1092 7 16 29 321
2 1067 10 42 30 Same
3 1 1078 11 29 33 »
2 1118 14 32 32 »
OST1.90107-73 932-1177 >6 >14 >29 269-363

ture, compared to the globular one, can reach 70-
80 wt.%, and relative elongation can be reduced by
40-50 % [8, 9]. Annealing temperature also was quite
low — at the lower limit of polymorphous transfor-
mation.

Most of the samples of VT9 titanium alloy have
passed long-term strength testing at 500 °C tempera-
ture and o = 60 MPa without fracture; average testing
time was 122 h.

Analysis of microstructure of the manufactured
semi-finished products from VT9 titanium alloy in the
form of hot-formed rods of 315 mm diameter showed
that the microstructure of all the samples corresponds
to type 4a—6a of the 9-type microstructure scale in In-
struction No0.1054-76 (Figure 3) [10].

Additional heat treatment of VT9 titanium alloy
samples was conducted to improve the ductility char-
acteristics. First heating temperature was increased to
980 °C, and the furnace soaking time of samples was
extended up to 120 min. Conducted mechanical test-

ing of the samples after additional heat treatment (Ta-
ble 4) showed the complete compliance of mechanical
characteristics of VT9 titanium alloy semi-finished
products, manufactured by EBM, with standard re-
quirements.

CONCLUSIONS

1. It is shown that ingots of VT9 titanium alloy, pro-
duced by the technology of cold-hearth electron beam
melting, are characterized by high homogeneity both
by their chemical composition, and by structure, and
absence of defects in the form of pores or nonmetallic
inclusions.

2. A technological procedure of thermodeforma-
tional treatment of 600 mm dia ingots from VT9 ti-
tanium alloy is proposed, which ensures producing
315 mm dia rods of a homogeneous structure.

3. Modes of heat treatment of 315 mm dia rods
from VT9 titanium alloy were determined, which
ensure complete correspondence of semi-finished
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product mechanical characteristics to standard re-
quirements.
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OPTIMIZATION OF THE DESIGN OF EDDY CURRENT PROBE
OF PARAMETRIC TYPE TO DETECT SURFACE CRACKS

V.M. Uchanin
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5 Naukova Str., 79060, Lviv, Ukraine

ABSTRACT

The paper summarizes the results of research concerned with optimization of the eddy current probe of the parametric type used
for surface defects detection. It is shown that the choice of eddy current probe diameter significantly depends on the smallest
length of cracks needed to be detected. In particular, it was determined that to detect a crack longer than 2 mm, it is optimal to
use an eddy current probe with windings mounted on the 1.2 mm diameter ferrite core. To detect shorter cracks longer than 1
mm, it is necessary to use an eddy current probe with windings on the 0.75 mm diameter ferrite core. The influence of ferrite
core parameters (length, magnetic permeability, and offset of winding from the ferrite core end) on the efficiency of parametric
type eddy current probes is analyzed. The results obtained should be used for eddy current probe optimization. The conditions
of separation of defect and lift-off influence are analyzed by interpretation of signals in the complex plane, and the possibility
of their separation for the developed eddy current probes for all nonmagnetic structural alloys is shown. The design of a para-
metric type eddy current probe makes it possible to increase their quality factor more than twice. The optimal choice of the
cable for connection of an eddy current probe and flaw detector is considered. The optimized parametric eddy current probes
were tested. The high sensitivity of the developed probe to short cracks longer than 2 mm with reliable separation of the defect

and lift-off influence was shown.

KEYWORDS: eddy current non-destructive testing, surface crack, eddy current probe, ferrite core

INTRODUCTION AND PROBLEM STATUS

Over the recent decades the eddy current method has
taken up a leading position among the most widely
accepted NDT methods, which ensure detection of
surface defects (for instance, fatigue cracks) in metal
structures without contact with the controlled surface
or even through a dielectric coating [1-9]. We will
note as a no-alternative example that only miniature
eddy current probes (ECP) may reliably detect cracks
in difficult-of-access places of aircraft structures, in
particular those located on the side wall of rivet holes,
where cracks usually form because of mechanical
stress concentration [1, 7]. At the same time, eddy
current flaw detection methods are sensitive to a range
of factors (in addition to defects), which essentially
influence the ECP output signal. These factors in-
clude changes in electric conductivity and magnetic
permeability of the studied material, variations of the
geometrical parameters, or lift-off between ECP and
surface of the evaluated object (EO). Experienced op-
erators are looking for a possibility to remove or re-
duce this interference to obtain reliable control results.
Changes of ECP lift-off or inclination are especial-
ly critical for manual eddy current evaluation, when
ECP position relative to EO changes during scanning.
Changes in the lift-off due to different roughness of
EO surface, or a change in dielectric coating thick-
ness, can also lead to wrong decisions about presence
of defects. Therefore, it is important to reduce the in-

Copyright © The Author(s)

fluence of the lift-off for a reliable detection of de-
fects. It is usually difficult to reveal short (even deep)
defects in the structures, such as corrosion pits and
shallow (even long) cracks. That is why development
of testing technologies is aimed at improvement of the
possibilities for detection of short and shallow defects
with high reliability based on reducing the influence
of interference of different physical nature. The reli-
ability of control is used to assess the probability of
defect detection, as a qualitative parameter based on
statistics. Even for one and the same equipment the
probability of defect detection is influenced by sever-
al factors, such as EO materials properties, defect type
and dimensions, testing conditions, etc.

Important components of the procedure for surface
crack detection is selection of ECP type and geometri-
cal parameters for reliable detection of cracks, the di-
mensions of which characterize the sensitivity thresh-
old, and simple interpretation of the signal that allows
separation of useful signals, generated by cracks,
from those related to such factors as lift-off or influ-
ence of the edge [1, 5, 7, 9]. For the majority of eddy
current testing procedures, it is believed to be enough
to reliably detect more than 2 mm long and more than
0.2 mm deep cracks that determines the sensitivi-
ty threshold of eddy current flaw detectors (ECFD).
Such a defect should be reliably detected through a
dielectric coating up to 0.5 mm thick. In this case,
structural elements protected by anticorrosion coating
will be evaluated without a costly procedure of its re-
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moval. However, for testing aircraft engine compo-
nents, an attractive goal is the possibility to detect two
times shorter cracks (about 1 mm), for which the eddy
current technique can also be used in principle, under
the condition of correct selection of ECP parameters.
In works [1-8] different types of ECP were con-
sidered and analyzed, which can be used to detect sur-
face cracks. To detect short surface cracks in manual
scanning mode, it is the most convenient to use the
simplest ECP with one single-layer winding, mounted
on a cylindrical ferrite core (FC) [1, 8, 10-13]. An im-
portant advantage of such an ECP is the independence
of its sensitivity on the crack direction that allows se-
lection of arbitrary scanning paths without the need
to maintain ECP orientation relative to the direction
of the probable crack. Not less important features of
parametric ECP, influencing such a choice, are design
simplicity, small size, ease of meeting the require-
ments as to parameter repeatability in manufacture
and low cost [1, 7, 8, 10-11]. Such ECP are tradi-
tionally used in self-generator ECFD [8]. More over,
single-winding ECP are applied in ECFD operating
in resonance mode, the most widely spread of which
are known ECFD of DEFECTOMETR family (for
instance, DEFCTOMETR 2.837), developed in Ger-
many by Institute Dr. Foerster GmbH&Co0). In some
all-purpose ECFD, for instance of EDDYCON type,
produced by SPC “Promprylad” (Ukraine), or ECFD
of ELOTEST M2 type of Rohmann GmbH (Germa-
ny), the resonance mode is used as an auxiliary one.
Known is the traditional approach to determina-
tion of ECP efficiency, when the surface of a standard
specimen (SS) with a defect is scanned and the ECP
output signal from the defect is monitored. ECP effi-
ciency is determined by the parameters of the signal
from the defect, in particular, its amplitude. Such a
procedure is usually used during selection of optimal
ECP and working frequency to solve a specific flaw
detection task [1, 8, 14]. Such a practice was also en-
visaged by the European standard on determination of
ECP characteristics [15]. With such an approach, it is
difficult to compare the results of efficiency evalua-
tion performed by different researchers, as the exper-
iment conditions should be reproduced. In particular,
for SS manufacture, it is necessary to use a material
with identical electrophysical characteristics and in-
troduce a defect of identical dimensions. A method
to determine ECP efficiency, presented by the Amer-
ican Bureau of Standards in works [16, 17], is more
advanced. With this method, ECP impedance is mea-
sured when it is placed at a distance from SS (in “air”)
and when mounted on the surface of aluminium SS.
ECP efficiency is evaluated by the difference in the
measured impedances. A disadvantage of this method

is its dependence on the selected operational frequen-
cy, resonance frequency and number of ECP winding
turns that limits its application for determination of
ECP design efficiency, irrespective of the number of
turns and test working frequency.

For quantitative evaluation of the influence of
different structural factors on ECP efficiency, it was
proposed to use a dimensionless coefficient of eddy
current efficiency & (Uchanin V.M. Method to deter-
mine the efficiency of eddy current probes. Patent of
Ukraine 105072, 2014, Bull. No.4). Conditions nec-
essary for studying it were also determined, and in-
variant properties of the coefficient of eddy current
efficiency & for windings without FC were also deter-
mined, as regards winding diameter and turn number
[18]. A procedure for calculation of ECP efficiency &
was optimized for different ECP variants (also with
FC) by the method of volume integral equations [12,
13, 19], using VIC-3D program [20].

This work is a generalization of the results of a
number of investigations and developments, related
to an optimal selection of structural and electrical
parameters of the simplest ECP of parametric type,
which are most often used to detect surface defects.

1. ENSURING THE SENSITIVITY
THRESHOLD ALONG THE CRACK LENGTH
BY SELECTION OF THE DIAMETER

OF PARAMETRIC ECP WINDING

Selection of ECP winding diameter is determined by the
length of the shortest crack to be detected. A nonoptimal
selection of ECP dimensions may lead to overlooking
critical defects or unjustified increase of time losses for
testing. More over, analysis of the features of ECP signal
for cracks of different length is required for interpreta-
tion of test results. When selecting the diameter of ECP
winding, we will use the results of the work, in which
the volume integral method is applied to study the spatial
distribution of the signal generated by cracks of differ-
ent length [9]. During modelling, the crack was located
in the center of the system of coordinates: coordinate X
corresponded to the direction transverse relative to the
crack, coordinate Y ran in the direction along the crack.
ECP winding parameters are as follows: average wind-
ing diameter D, , winding thickness (difference between
the outer and inner radius) Ar and winding height | . The
signal from the crack was calculated in the form of intro-
duced by the defect module Z, of ECP impedance, which
was normalized to ECP impedance module Z , when
mounted in EO defectfree part: 2! =AZIZ . Crack
length and ECP coordinates were normalized to average
diameter of ECP winding: reduced crack length 1 _/D_,
reduced ECP coordinate along the crack y'=yD, .
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Figure 1. Changes of ECP signal during scanning with reduced
lengths: (o) — IC’r =03; (A) — IC’r = 1.0; (V) — IC'r =2.0;
(Y)—1I =50

During development of eddy current testing proce-
dures, information on the direction of possible prop-
agation of cracks, which in real structures are deter-
mined by acting mechanical stresses, is often taken
into account. It allows scanning in the direction trans-
verse relative to the crack that corresponds to distri-
bution of ECP signal amplitude along X coordinate
(Figure 1), which was derived for scanning through
the middle (y’ = 0) of four cracks of different reduced
length (I, = 0.3; 1.0; 2.0 and 5.0). One can see that

ECP signal dependence for short cracks (I’ < 0.3)
has two maximums, and at ECP location over the cen-
ter of such a crack (x’ = 0), the signal can reach zero.
However, with increase of crack length, the maximum
amplitude value of the signal from the crack is ob-
served exactly, when ECP is located directly over the
defect (x' = 0). With such scanning, the maximum is

sufficiently “sharp”, when ECP signal from the defect
at a short distance, which is close to one diameter of
ECP winding, rises abruptly to a maximum, and drops
as rapidly after the maximum is passed. Such a feature
allows the flaw detector operator reliably separating
the signal from the defect from possible interference,
the influence of which leads to slower changes of the
signal during scanning. This feature is exactly respon-
sible for certain advantages of such a scanning.
Figure 4 gives the distributions of ECP signals
during scanning along the crack length by axis ¥ un-
der the condition of preservation of ECP central po-
sition relative to the crack mid-plane. Note that the
maximums of ECP signal during performance of an
ordered transverse scanning in different crack sec-
tions (at different y coordinates) will also form a pro-
file, similar to the distributions in Figure 2. Derived
dependencies allow studying at which ECP position
relative to the crack we have maximum signal values
and possible sensitivity “dips” (“dead” zones).
Analysis of the obtained distributions (Figure 2)
shows their essential dependence on the ratio of crack
length to ECP diameter, i.e to the reduced crack length

|’ . Here, not only the amplitude characteristics of
ECP signals, but also the general view of signal distri-
butions, change. This encourages us to analyze them
separately.

To begin with, we will consider the most interest-
ing case of short cracks, which we will conditionally
assume to be cracks of reduced length |’ < 1.2. For
short cracks distribution of ECP signal is of a two-
hump symmetrical shape with the minimum at ECP

7, 7z
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Figure 2. Distribution of ECP signal along axis
Y for cracks of different lengths: a — (e) —
' =03; (@) — I' =05, (V) — I' =0.8;
cr cr cr

(A)— 1 =1.0;b— (m) — 1! =12;(e) —
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position directly over the crack (aty = 0). For a very

short crack (relative to ECP dimensions), at || < 0.3
the amplitude can reach zero at crack location in the
center of ECP winding. This is readily attributable to
the features of distribution of ECP eddy current densi-
ty, which is maximal directly over the winding turns,
and fades to zero, when moving closer to ECP center
(so-called “dead” zone), that is we have zero ECP sig-
nal in the case, when a short crack is located in the
central “dead” zone of ECP and practically does not
influence the eddy current redistribution. At the same
time, ECP signal reaches its maximal value, when the
crack middle is located directly under ECP windings,
and has a maximal influence on eddy currents. Hence,

it becomes clear that for short cracks with Ic’r <10
the distance between the maximums is approximate-
ly equal to winding diameter D_, and in the reduced
coordinates in Figure 2, it is equal to 1.0. With in-
crease of crack length, the distance between the max-
imums increases only slightly (see the distribution for

I’ = 1.2 and 1.5 in Figure 2, b), and the values of
signal amplitude in the minimum point become larger.

At IC’r = 1.5 the ECP signal distribution already has
three maximums, as the central minimum begins to
gradually transform into a maximum. With further in-
crease of crack length, this maximum grows (see, for

instance, signal changes for IC'r = 1.7 in Figure 2, b).
At further increase of the crack length, ECP sig-
nal distribution has only one maximum, when ECP
is located directly in the crack center with two sym-
metrical almost horizontal regions on both sides. It
is important that increase of crack length, beginning

from |C'r = 4.0 already does not influence the signal
amplitude in the central part of the distribution. With
increase of reduced crack length I'r , the central maxi-
mum becomes broader, and a horizontal region forms
(Figure 2, c). Established features of distribution
of a signal from cracks of different length allowed
suggesting a new method for determination of their
length, invariant relative to the specified testing sen-
sitivity (see Uchanin V.M. Eddy current method to
determine the crack length. Patent of Ukraine 86505,
2009, Bull. No.3).

“Dips” in signal distribution in Figures 1 and 2, a,
lead to the conclusion about the possibility of over-
looking short cracks under the condition of incorrect
selection of ECP diameter and scanning through the
crack center. Here, misinterpretation of the results is
also possible, as two maximums for a short crack can
be taken as signals from two individual defects. Let us
consider a physical explanation of the process of for-
mation of the characteristic distribution of ECP signal

in the case of a crack of reduced length | > 1.5 (Fig-
ure 2, b). A gradual increase of signal amplitude be-
gins at ECP movement into the crack zone. At further
ECP displacement along the crack by axis Y, the be-
ginning of the crack enters the “dead” zone, increase
of ECP signal amplitude decelerates, and a horizontal
region forms. Then the crack crosses the eddy current
circuit from ECP other side, and further increase of
the signal begins, which reaches a maximum direct-
ly over the defect. At further ECP movement, already
the crack end falls within the “dead” zone, and anoth-
er horizontal region forms.

The presented results were used to substantiate the
dimensions of ECP for testing aircraft components,
where the goal was to detect more than 2 mm long
cracks [8]. For this purpose, the optimal ECP are
those with windings, mounted on FC of 1.2 mm di-
ameter that corresponds to a relatively uniform signal

distribution for 1’ > 1.7 in Figure 2, b. We will an-
alyze parametric ECP with FC of such a diameter in
greater detail in the next section from the view point
of optimization of FC parameter selection. An ECP
with a winding mounted on FC of 0.75 mm diame-
ter was developed to detect short cracks of more than
1 mm length in aircraft engine parts.

2. OPTIMIZATION OF FERRITE CORE
PARAMETERS OF PARAMETRIC ECP

Interaction of ECP turns with the material of the eval-
uated object (EO) is significantly reduced, depending
on the distance from them to EO surface. Therefore,
ECP geometry has an essential influence on its sensi-
tivity [1, 16, 17]. FC application has the purpose of in-
creasing the electromagnetic interaction of ECP upper
turns with EO material. Therefore, optimal selection
of the design of ECP with FC is an important stage of
its development. Among the structural parameters of
ECP with FC the most essential is FC diameter D, and
length I, winding length | (which for the single-layer
winding is determined by the number of turns w and
wire diameter d) and (offset) shifting I of the wind-
ing relative to FC end (Figure 3).

Itis obvious that FC diameter D, in most of the cas-
es determines the diameter of ECP winding, selection
of which was described in the previous section. All
the other above-mentioned parameters of ECP with
FC (Figure 3) influence the operation of parametric
ECP in different ways. For quantitative evaluation of
their influence we will use the given above coefficient
of eddy current efficiency & (furtheron referred to as
efficiency &). For parametric ECP with one winding
we will analyze FC influence on efficiency &, depend-
ing on the number of turns w, which was varied from
1 up to 100 during calculations. Efficiency & of similar
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Figure 3. Design of the simplest ECP with one single-layer wind-
ingon FC

windings of ECP without FC was also determined for
comparison. Dependence of & coefficient on the num-
ber of turns was studied, when the winding is placed
directly at the end of 10.0 mm long FC with initial
magnetic permeability (MP) of the material p = 100,
600, 1200, 2000 without shifting (I, = 0). Calculations
were conducted for working frequency of 10.0 MHz
when mounting on a copper sample that corresponds
to the conditions of investigation of efficiency & [18].
Dependencies of efficiency & on the number of turns
w for coils without core and with FC with different
initial MP p are shown in Figure 4, a.

Derived dependencies show (Figure 4, a) that ef-
ficiency & for ECP with single-layer winding, mount-
ed on FC, becomes significantly higher, compared
to ECP without a core, depending on winding length
(number of turns w), even at minimum value of FC
material MP p. At the same time, this effect depends
on winding length, as efficiency § gradually decreases
with its increase. Derived dependencies of efficiency
g for MP u = 100 and p = 600 are rather close. De-
pendencies of efficiency & on the number of turns w
(or winding length) for u = 600, 1200 and 2000 are
practically identical. This is confirmed by the depen-
dence of efficiency & on initial MP p of FC material
(Figure 4, b). This dependence was calculated for a

0.40
0.351
0.301
0.251
0.204
0.154

0.2
0.051

o

0-r T T T T
0 2 4 6 8

10 12 14 16/, mm

Figure 5. Dependence of efficiency & on FC length in case of
mounting the winding at FC end (), with an offset of 0.5 mm (m)
and in the absence of FC (o)

single-layer coil, which consists of 25 turns, wound
with 0.06 mm wire, placed with a shifting of 0.5 mm
on FC of 1.2 mm diameter and 7.0 mm length. Re-
sults, presented in Figure 4, b, show that efficiency
€ increases from 0.24 up to 0.27 with increase of the
initial MP p from 100 to 2000. The greatest increase
of efficiency &, however, is observed in the initial por-
tion of the dependence, when MP has not yet reached
value p = 500. At further increase of MP p, increase
of efficiency ¢ is insignificant.

The next dependencies (Figure 5) allow evaluation
of the influence of FC length and winding position on
it on ECP efficiency &. For this purpose, efficiency &
was calculated for ECP, where the single-layer wind-
ing consists of 25 turns, wound with 1.2 mm wire.
As indicated above, ECP of such a diameter are op-
timal to detect 2 mm long cracks. Calculations were
conducted for core material MP p = 500. Coefficients
of efficiency & for parametric ECP with different FC
length were calculated for a winding, placed at the
end of FC without shifting (I, = 0), and for winding,
mounted with shifting |, = 0.5 mm (Figure 3). Effi-
ciency & of ECP with similar winding without FC was
also calculated and was equal to approximately 0.025
(point o in Figure 5).

sy

0.2651

0.2601

0.2551

0.250

0.245

0.2401

0 — T~ T T T T T T T * T T T T T T T v T
0 10 20 30 40 50 60 70 80 90 100w
a

0 500 1000 1500 2000 u

b

Figure 4. Dependencies of efficiency & of single-layer parametric ECP on number of turns w in the absence of FC (m) and with FC with
material MP p =100 (o) and p > 600 (A) (a) and on initial MP p of FC material (b)
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The given results show that FC application signifi-
cantly increases the efficiency of parametric ECP. For
windings placed at the end of FC, & coefficients are
increased 7 times even for short FC 0.5 mm long. ECP
efficiency & rises with increase of FC length. When a
certain FC length is reached (close to 5 mm for this
winding), increase of efficiency & becomes slower, and
when FC length |, = 10.0 mm is reached, it becomes
close to the maximum value. These results show that
it is rational to select FC length I in the range from
6.0 up to 10.0 mm. Here, efficiency of ECP windings
mounted with an offset of 0.5 mm, decreases not as
strongly as for short FC of the length smaller than |, =
=2.0 mm. For FC of length I, = 10 mm shifting of the
winding relative to FC end to distance |, = 0.5 mm
decreases the efficiency & 1.45 times. Such losses can
be considered acceptable. Note that such a shifting of
the winding relative to FC working end prevents pos-
sible ECP failure through wear during scanning of EO
surface. Therefore, a certain compromise during se-
lection of winding shifting I is justified. More over,
these results allow evaluation of the possible changes
in ECP characteristics, when part of FC wears in op-
eration. It must be remembered that absolute value of
ECP inductance also increases significantly with FC
application.

3. OPTIMIZATION OF ELECTRIC
AND DESIGN CHARACTERISTICS
OF PARAMETRIC ECP

Investigations, presented in Sections 1 and 2, were
used to design the basic parametric ECP for aviation
industry of Ukraine, in keeping with the specifica-
tions of the main customers (SC Antonov, SC Ivchen-
ko-Progress, PJSC Motor-Sich, etc.). Currently avail-
able range of FC was analyzed and taken into account
during development. The main characteristics of basic
ECP are given in Table 1.

SELECTION OF WORKING POINT
FOR SEPARATION OF THE INFLUENCE OF THE
DEFECT AND THE LIFT-OFF

ECP parameters given in Table 1, determine the im-
pedance of inductive winding Z , provided it is placed
at a distance from electrically conducting objects (in
“air”). Let us consider the changes in electrical char-
acteristics of basic parametric ECP, when placed on
nonmagnetic structural materials with different spe-
cific electric conductivity (SEC). Inductance L and
introduced resistance R, of basic ECP (without ca-
ble) were calculated by the method of volume inte-
gral equations [11, 12, 19] at operational frequency
of 2.0 MHz, when mounted on SS from nonmagnetic
metal, the SEC o of which was changed from 0.05

to 58.0 MS/m. Moreover, inductances of basic ECP
without the cable, when mounted on SS with different
SEC, were measured, using quality factor meter VM
560. Obtained results (Figure 6, a) show a good con-
vergence of the calculation results with the experiment
(within 5-8 %). Here, the inductance of basic ECP at
operational frequency of 2 MHz decreases essentially
in the range of SEC change up to 0.5 MS/m. At fur-
ther increase of SEC in the range up to 5.0 MS/m, the
speed of inductance rise with SEC increase becomes
smaller. At further increase of SEC up to copper SEC
value (58.0 MS/m) inductance L of ECP winding
practically does not change. It allows substantiation
of the possibility of using only two modes for ECFD:
first — for testing low-conductivity nonmagnetic al-
loys (titanium alloys, austenitic steel) with SEC from
0.44 up to 2.4 MS/m; the second — for testing in a
broader range from magnesium alloys (smallest SEC
value of 5.8 MS/m) up to copper (58.0 MS/m). Such a
wide range of SEC for the controlled alloys in the sec-
ond mode can be ensured due to slight changes in ba-
sic ECP inductance within the range of SEC changes
in these alloys (Figure 6, a). It significantly simplifies
the design of self-generator ECFD.

With SEC increase, introduced resistance R, of
ECP winding firstrises to amaximum at 6 ~ 0.2 MS/m,
and then begins decreasing that corresponds to gener-
al regularities of the theory of eddy current technique
as to changes in impedance components with SEC in-
crease [1-6].

The influence of the defect and lift-off between
ECP and EO surface can be separated by realization
of the “”supercritical” mode (point “B” in Figure 7),
which is in place with high values of generalized pa-
rameter B=R icocppo >5; where: R is the equiva-
lent radius of ECP winding; @ = 2xf, where f is the
operational frequency; p, = 4110~ H/m is the mag-
netic constant; u and o are the relative MP and SEC
of EO material.

Figure 7 shows that in the “supercritical” mode the
changes of introduced resistance due to defect (D) and
lift-off (L) have different sign, unlike the “subcritical”

Table 1. Characteristics of basic ECP

Characteristic Value

FC diameter D, mm 1.2
FC height I, mm 7.0
Number of turns w 25

Wire diameter d, mm 0.06
FC material MP p, 500
Distance I, mm 0.5
Number of layers 1
Winding resistance, Ohm 1.2
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Figure 6. Dependence of inductance L (a) and introduced resistance (b) of basic ECP on SEC o of EO material: A and m — calcula-

tion; A — experiment

mode (point A). The maximum point in Figure 6, b
corresponds to the start of fulfillment of the condi-
tion of “supercritical” position of the working point
of the introduced impedance hodograph, required to
separate the influence of the defect and the lift-off.
It means that for basic ECP at more than 2.0 MHz
working frequencies the possibility of separation of
the influence of the defect and the lift-off is realized
even for low-conductivity titanium alloys with SEC
in the range from 0.44 to 2.4 MS/m.

REDUCTION OF THE INFLUENCE
OF PARASITIC COMPONENTS OF IMPEDANCE

Equivalent circuit of parametric ECP, including the
components for their connection to ECFD, can be pre-
sented in the form of three elements, connected in se-
ries. We will denote their impedance as follows: Z —
impedance of ECP winding directly; Z, — impedance
of winding terminals and Z_— impedance of the cable
for ECP connection to ECFD. Impedance Z  directly
of ECP winding was analyzed in the previous section.
Impedance of other elements, in particular, terminal
impedance Z, and connecting cable impedance Z_are
parasitic, as they do not participate in formation of a

—
(=)

ol/oL

0 (R - R[))/(l)L[) >

Figure 7. Influence of defect (D) and change of lift-off (L) on the
hodograph of ECP impedance for the working point in the “sub-
critical” (point A) and “supercritical” (point B) modes [1]
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useful signal from the defect, and their changes may
lead to reduction of ECP quality factor on the whole
and generation of additional interference. In self-gen-
erator or resonance ECFD these elements are part of
the oscillatory circuit, so that they can significantly
influence their operation and limit ECP interchange-
ability (Figure 8).

Let us consider in greater detail the parasitic com-
ponents of ECP impedance, namely: terminal imped-
ance Z, and connecting cable impedance Z . Parasitic
impedance Z, can be inadmissibly large, as in para-
metric ECP with a small number of turns (25 in basic
ECP) the terminal length is commensurate with the
total length of winding turns. It leads to reduction of
informative fraction of the components of paramet-
ric ECP impedance (active and inductive resistances),
introduced by the defect. Here, ECP quality factor is
also significantly reduced. It has an essential influence
on their sensitivity in autogenerator and resonance
operating modes. In order to reduce the influence of
parasitic impedance Z, of the terminals, a design of
parametric ECP was proposed, into which a dielec-
tric insert was incorporated, having two electrically
conducting buses, the cross-sections of which are by
an order of magnitude larger that those of winding
wire (see Uchanin V.M., RybachukV.G., Kyrychen-
ko I.1. Surface parametric eddy current probe. Patent
of Ukraine 137775, 2019, Bull. No.21). Figure 9, a
shows the design of parametric ECP for manual test-
ing, where: 1 is the ECP casing; 2 is the winding; 3 is
the connector; 4 is the dielectric insert; 5 are the elec-
trically conducting buses; 6 are the terminals; 7 are

Figure 8. Equivalent circuit of parametric ECP: 1 — ECFD; 2 —
oscillatory circuit
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Figure 9. Designs of high-Q parametric ECP: a — ECP for manual testing; b — miniature ECP for testing difficult-of-access zones

using a manipulator

the connecting wires; 8 are the connector contacts.
Inductive winding terminals are connected to the ends
of electrically conducting buses from the side of insert
end face, adjacent to the winding, and terminals of
the cable connector or the cable proper are connected
to the ends of electrically conducting buses from the
side of the opposite end face of the dielectric insert.
It is better to place the electrically conducting buses
from one side of the plate of the dielectric insert, as
in this case their parasitic capacitance is significantly
smaller.

In addition, these design features were used to
create miniature ECP to detect defects on the inner
surfaces of difficult-of-access cavities using manipu-
lators. Design of miniature ECP (Figure 9, b) consists
of a tubular polystyrol casing 1 of 4 mm diameter and
8 mm height, respectively, which contains FC 2 with
winding 3 and dielectric insert 4 with electrically con-
ducting buses. All the ECP elements are fastened in
casing 1 using epoxy 5. The protruding beyond the
casing parts of electrically conducting buses of the di-
electric insert are the contacts for ECP connection to
ECFD cable. Testing showed that the Q-factor of such
ECP is Q = 0.53, unlike ECP of a traditional design,
for which Q = 0.253. Thus, the proposed technical
solution allows increasing the quality factor of para-
metric ECP more than 2 times.

OPTIMUM SELECTION OF THE CONNECTING
CABLE FOR CONNECTION
OF PARAMETRIC ECP

As noted above, the characteristics of the cable for
connection of the parametric ECP, also essentially
influence ECFD operation. This is particularly true
for self-generator and resonance ECFD, in which the

cable impedance changes the resonance contour char-
acteristics. Z_values of the cable depend on its grade
and cable length. In order to select the cable grade,
its mechanical properties are analyzed, in particular
flexibility and resistance to multiple bending during
control operation performance. Cable length should
be within 1-1.5 m for convenient scanning of EO sur-
face by the operator under real production conditions.
Due to that cable impedance Z_cannot be reduced to
such small values compared to winding impedance Z
that it could be ignored. During cable selection it is
important to ensure stable Z_values during procedural
manipulations and ECP interchangeability. The lat-
ter is particularly critical for self-generator ECFD of
LEOTEST ECFD type, for which it is specified that
the distributed capacitance of the connecting cable
should be equal to 100 + 5 pF. Depending on cable
grade, not only the capacitance, but also other pa-
rameters, in particular specific attenuation (per a unit
of length), are changed. In small diameter cables it
reaches 0.4 dB/m. In thicker cables this parameter is
essentially smaller and may drop to 0.05 dB/m, but
they are not quite suitable for application, because of
their low flexibility. Cable characteristics, in particu-
lar, their quality factor, essentially depend on the used
materials. Materials based on polyethylene, polysty-
rene, and polytetrafluoroethylene are used for insula-
tion. The central conductor of the radiofrequency ca-
ble can consist of one or several copper wires, tinned
copper, copper with silver coating, etc. For optimal
selection of the cable using quality factor meter of
VM 560 type, electrical parameters of different cable
variants of 1.5 m length were measured. The results
are given in Table 2, where: R is the resistance; C is
the capacitance; Q is the quality factor; L is the induc-
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Table 2. Electrical characteristics of the cables (1.5 m length)

Cable type R, Ohm C, pF Q L, uH p, Ohm Ry Ohm
RK 50-1.5-11 0.24 121.0 6.0 0.23 40.3 242
RK 50-1.5-13 0.09 147.3 10.4 0.15 38.4 399
RK 50-2-11 0.25 168.0 7.0 0.19 33.7 236
RK 75-2-11 0.17 100.6 10.2 0.28 48.9 499
RK 75-2-13 0.20 97.9 10.8 0.34 58.5 632
RK 75-2-13A 0.18 99.0 10.6 0.31 63.5 673
Shielded twisted pair MGTF-0.14 0.41 110.0 12.0 0.79 95.3 1144
Shielded twisted pair MGShV-0.2 0.11 165.0 26.0 0.44 101.7 2644
Shielded wire MGShVE-0.2 0.14 257.0 7.5 0.90 54.8 411

8
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1 2
|
3 ; 9
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5 4

Figure 10. Appearance of SS with defects of SOP 5 type

tance; p=+/L/C is the wave resistance; Req =pQ is
the equivalent resistance.

Analysis of Table 2 leads to the following conclu-
sions:

1. In the absence of stringent requirements as to
cable length, all the grades of ratio-frequency cables
with up to 100 pF specific capacitance and satisfacto-
ry quality factor can be used.

2. As to electrical parameters, cable of RK 75-2-11
grade looks the most suitable. Its application, how-
ever, is limited, because of high mechanical rigidity,
which rises considerably at low temperatures.

3. Shielded wire pairs of MGTF-0.14, MGShV-0.2
and MGShVE-0.2 grades are hardly suitable for ap-
plication by the totality of their electrical parameters.

4. Cables of RK-75-2-13 and RK 75-2-13A grades
are optimal to manufacture longer (about 1.5 m cables)
that is related to low values of specific capacitance.

5. Cables of grades RK 50-1.5-11 and RK 50-2-11
have relatively higher capacitance, lower quality fac-

a

tor, wave and equivalent resistance. Therefore, they
can be used in the cases, when a relatively small cable
length is admissible.

4. EXPERIMENTAL TESTING

OF PARAMETRIC ECP: ANALYSIS

OF SENSITIVITY AND POSSIBILITY
OF SEPARATION OF THE INFLUENCE
OF DEFECT AND LIFT-OFF CHANGE

The ECP presented above was studied using ECFD
of EDDYCON type in the resonance mode. ECP was
tested using standard specimen (SS) of SOP 5 type
from aluminium, and titanium alloy and from ferro-
magnetic steel, respectively (Figure 10). Short slots of
2 mm length and up to 0.1 mm groove were made on
SS surface by electric spark method. Slots of 0.2 and
0.5 mm depth were made on the surface of SS from
an aluminium alloy, and slots of 0.5 mm and 1.5 mm
depth were made on the SS from titanium alloy and
steel. In addition to slots in SS flat part (defects 1,
2 in Figure 10), slots were made on the cylindrical
convex (defects 3, 4 in Figure 10) and concave (de-
fects 5, 6 in Figure 10) regions of 6 mm radius. In
addition, two defects of 0.5 and 1.0 mm length (de-
fects 7, 8 in Figure 10) were introduced in SS edge
zone. Such SS allow evaluation of ECP sensitivity by
defect depth and length in ferromagnetic steels and
nonferromagnetic materials with different SEC for
flat and curvilinear surfaces. The defectfree portion of
these SS was also used to record the ECP signal from
a change of lift-off. Looking ahead, we will note that

Figure 11. Signals of parametric ECP from a cracklike defect 2 mm long and 0.2 mm deep (a) and 0,5 mm (b) in aluminium alloy SS

and from a lift-off change (a, b) at working frequency of 1.0 MHz
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a

Figure 12. Signals of parametric ECP from a cracklike defect 2 mm long and 1.5 mm deep and from the change of lift-off in SS from

titanium alloy (a) and from ferromagnetic steel (b)

basic ECP allowed reliable detection of all the defects
in the above-mentioned SS, including defects on the
convex and concave surfaces in the edge zone.

Results of testing parametric ECP to detect short
cracks on SS from an aluminium alloy (Figure 11)
demonstrated a sufficient sensitivity to defects 2 mm
long and more than 0.2 mm deep with good separation
of the signal from the lift-off and defect at operational
frequency of 1.0 MHz. For this purpose, a method-
ological technique was used, when vertical sensitivity
is higher than horizontal sensitivity (by 24 dB in Fig-
ure 11, a, and by 18 dB in Figure 11, b).

In order to test parametric ECP on titanium alloy
SS, the operational frequency was increased up to
2 MHz, because of their essentially smaller SEC. Re-
sults of testing SS from a titanium alloy are given in
Figure 12, a. Figure 12, b shows the results of testing
SS from ferromagnetic steel at | MHz operational fre-
quency. Here, vertical sensitivity is also greater than
the horizontal one (by 18 dB in Figure 12, a, and by
12 dB in Figure 11, b).

Results presented in Figure 12, a, b show that
ECP ensures detection of cracks longer than 2.0 mm
in titanium alloys and ferromagnetic steels with the
possibility of effective debugging from the influence
of lift-off change. Note that the lower sensitivity by
depth for defects in titanium alloys, compared to sen-
sitivity to defects in aluminium alloys is known, and
it is attributable to their essentially lower SEC. For
ferromagnetic steels the sensitivity by depth is often
limited by a significantly higher risk of interference,
reducing which requires either additional magnetiza-
tion or application of selective ECP [21].

CONCLUSIONS

1. Results of investigations and developments, asso-
ciated with optimization of the design of parametric
ECP to detect surface defects, were generalized.

2. Selection of ECP diameter was substantiated, de-
pending on the smallest length of cracks to be detected.
It is shown that in order to detect more than 2 mm long
cracks, application of ECP with windings mounted on

FC of 1.2 mm diameter is optimal. To detect short cracks
more than 1 mm long an ECP was developed with wind-
ing mounted on FC of 0.75 mm diameter.

3. The influence of FC parameters (length, mag-
netic permeability and winding shifting from FC end)
on the efficiency of parametric ECP was analyzed for
their optimization.

4. Conditions of separation of the influence of the
defect and lift-off were analyzed by interpretation of
signals in a complex plane, and the possibility of their
separation was shown for all the nonmagnetic struc-
tural alloys.

5. A design of parametric ECP is presented, which
allows improving their quality factor more than 2 times,
and the issue of optimal selection of the connecting cable
for ECP connection to ECFD is considered.

6. Testing of basic parametric ECP was conducted,
which confirmed its high sensitivity to short cracks
more than 2 mm long with reliable separation of the
influence of the defect and lift-off.
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