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KZESO IS 90!
(Interview with the head of PrJSC KZESO Mikitin Ya.l.)

This year we celebrate 90 years from the day of establishment of KZESO — acknowledged world
leader in the field of creation and manufacture of suspended and stationary rail welding machines.
In respect of a jubilee the editorial board initiated an interview with a Head of Board of Private
Joint Stock Company «Kakhovka Plant of Electric Welding Equipment», Hero of Ukraine Miki-
tin Ya.l., which we believe will be interesting to the readers.

Yarosvav Ivanovych, please, tell how the plant was
founded, what stages of its establishment and de-
velopment can be outlined?

On September 1, 1929, Kakhovka Artisan-Industrial
School (till 1914 it was a plant of agricultural equip-
ment of merchant I. Gurevich), which provided train-
ing of the basics of metal and woodworking, manufac-
tured and repaired different agricultural equipment,
started on its territory commercial production of pis-
ton rings for tractor engines. We assume this date as a
Plant’s birthday.

In the beginning of the 1950™ Kakhovka Plant «Avtotraktorodetal No.22» was renamed as Kakhovka
Repair-Mechanical Plant and its activity came under the administration of «Dniprobud», which at that
moment took part in construction of Kahovka HPP. At the same time, there was reconstruction of the
enterprise following the set general plan, its area was expanded, engineering buildings, boiler house,
storehouses were constructed, new lines were laid. The result of these reforms was increase of number of
subdivisions, engineer specialists and the main thing was a real perspective of transformation of plant into
multibusiness enterprise.

«Welding» history of KZESO has started from 1959, when by the initiative of B.E. Paton specializa-
tion of the Plant was changed and it started output of electric welding equipment. Was it a happy
coincidence — choice of a small plant from Ukrainian province for manufacture of new welding
equipment?

A life-changing for the Plant governmental decree No. 624 «On further implementation into produc-

tion of welding engineering» was issued on July 5 (August 15) 1959 following a request of E.O. Paton

Electric Welding Institute (PWI) and personally its Director B.E. Paton, who managed to see in a small

machine-building enterprise on the South of Ukraine the potential for mastering new type of production.

The Plant equipped by that time with novel production equipment, competent staff and oriented on imple-

mentation of modern technologies, was ready to become an area for fulfillment of governmental program
on manufacture of welding equipment.

On January 1, 1960 Kakhovka Mechanical Plant was
renamed as the Plant of Electric Welding Equipment.
At that time, still Soviet enterprise started to demon-
strate their products at international exhibitions, name-
ly A482 automatic machine in Swedish city Goteborg,
automatic device ABS with power supply in Dutch
y city Utrecht.

What did cooperation with PWI give to the Plant?

’T:-_ In January 1964 Kakhovka Plant of Electric Welding
"2 Equipment created a branch of research design —
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technological bureau of PWI of the National Academy of Sciences of Ukraine. The main aim is to pro-
vide as soon as possible implementation into production of the achievements of science and technology,
strengthen the connections of scientific and design organizations with production for successful mastering
of new welding equipment. Created at that time powerful tandem of science and production became a
starting point in modern success of KZESO. An engineering center was created at the Plant to mobilize
engineering findings. Its work in tight cooperation with PWI (in particular, with department No.26 head-
ed by Acad. of the NAS of Ukraine S.I. Kuchuk-Yatsenko) significantly reduced the terms necessary to
realize technical ideas. The breakout to the world market was, first of all, possible due to the fact that we
in proper time understood that in order to be competitive it is necessary to have modern science, qualified
staff, first-rate ideas, novel technologies and well-equipped production.

Development of rail welding machines requires complex efforts in design, construction and creation
of welding technology, etc. How did you manage to form a team for solution of such complex tasks?
How do you attract youth to the Plant?

We always present our Plant as a high-tech enterprise
that, certainly, stipulates presence of professional staff’ |
at each step of manufacture of welding equipment.
Today, approximately 50 % of workers have profes-
sional technical education and almost 25 % are the
specialists with higher education. This allows solving
different technical problems; accept the challenges of
continuous technological development. Our design-
ers, technologists, engineers constantly improve their [
qualification level, master new programs for design-
ing.

I would like to notice that a lot of family dynasties
work at our enterprise. No matter how pathetic it may
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be, but experience of manufacture of welding equip-
ment hands on from grandfathers to grandsons. Today,
at the end of second decade of the XXI century, our
veterans, started their carrier at Kakhovka Plant back
in 1960", have still been working together with young
specialists.

How the Plant provide for the needs in labor and
engineering force?

= . The enterprise has implemented the system for train-
ing of staff of almost all trade jobs. Experienced spe-
cialists explain theoretical material and practical les-
sons take place under conditions of real production.
To get the specialists with higher education we send inquires to technical universities of our region. Be-
sides, around 100 people graduated from higher education institutions by assignment from the enterprise.

Ukrainian rail welding machines of «KZESO» type work on 5 continents in more than 100 coun-
tries. What helps you long years to keep the leading positions in the world market? What tasks
should be fulfilled due to activity of competitors from China and other countries and output of
counterfeit goods?

Annual mastering of new and new types of welding
equipment has become typical for the scientists of
PWI and Kakhovka machine-building engineers. Up-
to-date science and modern production created an in-
separable tandem, which is the locomotive that leads
the Plant to set aim, namely to be a leader in its field in
the world market, not simply move with the require-
ments of times, but think long-term and pass ahead the
competitors by a step or even two.

For the last decade we a lot of times faced with the
examples of copying of our products, attempts to is-
sue welding equipment under «kKKZESO» trademark at different territories. Of course, these are unpleasant
moments, but our analysis of such cases shows that these counterfeit goods do not work at all or have
totally low indices of efficiency and operation life. I feel sorry for such clients, which trying to save, or
being led into confusion, buy counterfeit goods and very soon face with a lot of problems.

KZESO produced more than 3000 rail-welding machines, about 80 % of which were supplied
abroad. When foreign deliveries began, who initi-
CYREVETCE ated them?

en, China

The first deliveries abroad were made to France (1971),
Japan, Austria (1973), Sweden, Poland, Czechoslova-
kia, Hungary, USA, Cuba, Romania (1975) and the
PWI was the initiator of these deliveries.

How do you form a stock of orders and how wide
is sales geography?

A stock of our orders is formed in different ways tak-
ing into account specifics of our products and terms of
its manufacture. There are regular clients, with whom
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it is enough to discuss volume of order and specifica-
tion, because they work with us for decades and sure K920 machine,
in quality of equipment and decency of fulfillment of ~ Kual-Lumpur, Malaysia
contract terms from the enterprise side. Every year
we have new clients, which necessarily come to Kak-
hovka, to see production facilities, personally discuss
conditions of future contracts. We are happy about re-
newal of active cooperation with «Ukrzaliznytsia». If G \
during the last 10 years the Plant has manufactured g i

more than 90 % of welding machines and complexes '
to export in the countries of the far abroad, then now

at last we started to get orders of equipment for con- ﬁ

struction and repair of Ukrainian rails. j e

The enterprise has a marketing department, where

young and progressive specialists analyze and study new markets and push forward our unique products
in new directions. Certainly, we every year take part in international exhibitions and specialized events
that also opens new possibilities for further development of KZESO. Wining confidence of customer and

complete fulfillment of its needs and wishes is one of our principles in competition for leadership and
stock of orders.

Welding machines of «kKKZESO» trademark work on all five continents, in more than 100 advanced coun-

tries of the world. T

Which problems does the Plant face with in the ep- ﬁﬁg‘n}?ﬁ;x‘ﬁwm
och of 4" industrial revolution due to implementa-
tion of digital technologies in all spheres of activ-
ity? How do you imagine the direction of further

development of rail welding machines?

The equipment will always change. Everything keeps
up with the development of science. Concord existing
between the advanced science, presented by PWI, and
modern engineering enterprise, KZESO, give the best
results in fulfilment of time requirements, and, cer-
tainly, our clients.

As for development of rail welding equipment, it is necessary to note, that machines and complexes of KZESO
are already the equipment of future. By the determination of Russian Acad. S. Glaziev, one of the authors of
theory of technological setup, «<KZESO» rail welding machines fulfil the requirements of the highest 6™ tech-
nological setup, i.e. being the equipment of XXI century. Use of the elements of artificial intelligence in the
recent models of KZESO machines for welding of rails in combination with modern computer equipment and
specially developed software allows performing preliminary testing of butt joint, set corresponding mode of
welding, follow the welding progress and remove disadvantages, use the algorithms for verification of quality
and ultrasonic testing of each butt joint being welded, develop e-passport of welding.

I may definitely say that KZESO is the manufacturer of modern welding machines and complexes, which
already use technologies of future that will be still relevant for many years. And we move forward, im-
prove and with confidence in own forces look in the future.

Interview was recorded by
Oleksandr Zelnichenko
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MULTIFUNCTIONAL ROBOTIC COMPLEX

E.O. Paton Electric Welding Institute

11 Kazimir Malevich Str., 03150, Kyiv, Ukraine
Tel.: + 38 (044) 205-25-16, 205-25-40

E-mail: vn@paton.kuev.ua, vnkorzhyk@qg.com




Performable technologies:

m  Pulsed-arc consumable electrode (filler wire) welding
m TIG welding with filler wire feed

m Plasma welding with and without filler wire

m Plasma spot welding with and without filler wire feed
m  Welding in «soft plasma» mode with filler wire feed

m  Hybrid plasma-MIG consumable electrode welding

Characteristics of welding robot

Work area, MM .........ccceoveiveveiiceceece e 1420
NUMDET Of BXES .....cvveeccece e 6
Lifting capacity of the «wrist», Kg........ccccvrivirrininne. 10
Lifting capacity of the «elbow», Kg..........cccvevvririnienes 12
Maximum positional repeatability error, mm............ 0.02
Maximum path error, MM...........cccccceveverrerrerercrenene, 0.10

Welded joints of aluminium AMg5 alloy

Plasma

MIG

TIG

Seam welding Plasma spot welding of 1 + 1 mm sheets
of 4 mm sheets

LLC «Research and Production Center «PLAZER»
10-A Filatov Str., office 2/10, Kyiv, Ukraine

Tel./fax: +38 (044) 247-42-55, 247-44-57

E-mail: michail@bigmir.net, plazer2010@meta.ua
www. plazer.com.ua




1o the 50" anniversary of welding in space

BEGINNING OF THE ERA

OF SPACE WELDING TECHNOLOGIES

Academician B.E. Paton

In October 16, 1969, for the first time in the world on the «Soyuz-6» space vehicle the USSR pilot-cos-
monauts Georgy Shonin and Valery Kubasov conducted experiments on welding and cutting in open
space using the universal automated unit « Vulkany.

Sergei Pavlovich Korolev, creator of practical cosmonautics, already in the early 1960s, specified the
task before the E.O. Paton Electric Welding Institute to develop a program of experiments to perform
welding and cutting in space. This research program, the ultimate aim of which was the creation of
welding equipment and technologies for joining materials in space using welding, began to be realized
in 1964, and in October, 1969, the experiments were conducted.

Georgy Stepanovich Shonin (1935-1997) —
USSR pilot-cosmonaut, Hero of the Soviet Union

In 1957, he graduated from the Yeisk Naval Aviation School. He served in the Soviet Navy. In
1960, he was selected to the cosmonaut corps. In 1968, he graduated from the N.E. Zhukovsky
Air Force Engineering Academy, Candidate of Technical Sciences. In October 11-16, 1969,
he made a space flight as the commander of the «Soyuz-6» space vehicle. Since November,
1990, G.S. Shonin was reserved.

Valeri Nikolayevich Kubasov (1935-2014) —
USSR pilot-cosmonaut, twice Hero of the Soviet Union

In 1958, he graduated from the Moscow Aviation Institute. In 1958—1966, he worked at the
RSC «Energia». He was involved in designing of manned space vehicles. In 1966—1993, he
was on the rolls in the cosmonaut corps. He made three flights into space (1969, 1975, 1980).
In October, 11-16, 1969 he made the first space flight as a flight engineer of the «Soyuz-6»
space vehicle (in the crew with Georgy Shonin). During the flight, for the first time in the
world an experiment on welding in space was conducted. After leaving the cosmonaut corps,
he continued his work in the RSC «Energiay, and since 1997 he was a research adviser.

The automated welding unit «Vulkany», in which experiments on welding
and cutting in open space were conducted, was designed and manufactured
at the E.O. Paton Electric Welding Institute.

In creation of the unit leading scientists, designers, technologists, assemblers
of equipment and testers of the Institute took part. A great help in creating the
unit was provided by the specialists of the S.P. Korolev RSC «Energia». It al-
lowed performing fusion welding in three different methods: by a low-pres-
sure arc with a consumable electrode, by a constricted low-pressure arc with
a hollow cathode and an electron beam. The unit «Vulkan» consisted of two
compartments. In a one (nonsealed) of them, devices to perform each of the
mentioned welding methods and a rotating table with samples to be welded
were located. During operation, in that compartment a low pressure — space
vacuum was maintained. In another (sealed) compartment, an autonomous
battery power source, a secondary power source (SPS was designed by the

Automated welding unit
«Vulkan»

Institute of Electrodynamics of the NAS of Ukraine), control units and mea-
suring instruments were installed. The unit was equipped with a remote con-
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trol. The mass of the equipment is about 50 kg. The power
of welding devices for different methods ranged from 0.6
to 1.0 kW.

The unit «Vulkan» was located in the airlock compart-

ment of the «Soyuz-6» space vehicle. For the period of | \

experiments, that compartment was depressurized. Inside
the pressure was maintained close to the outboard pressure
of 1:-10* mm Hg. During the experiment, the crew was in
a sealed return compartment, separated from the airlock
compartment by a closed hatch.

Outer space, where manned space vehicles and stations fly,
differs from the conditions on Earth by a number of so-
called outer space factors and, first of all, by microgravity
and space vacuum. Experiments on welding in space were
a completely new direction among the works performed
by our Institute. Therefore, when the directions of works
on welding in space were determined, different types of
welding both in the solid phase as well as fusion one were
considered. But the most flexible and widespread types of
welding works in space for performing possible assembly
and repair-restoration operations are the methods of fusion
welding. To apply welding methods that require the use of

i -
Kubasov V.N. and Shonin G.S. with the unit «Vulkan»
before flight at the «Soyuz-6» space vehicle (1969)

gases in outer space is very difficult. Outer space is a completely open infinite volume. Therefore, gas
molecules are rapidly removed into outer space. Great difficulties also arise when using the method
of arc welding with a consumable electrode in space. As the pressure of surrounding atmosphere de-

creases, the nature of arc discharge is changed. At
low pressure, the plasma-forming substance is no
longer gas, but fumes of filler and welded materi-
als. Although the pressure of fumes in the region of
the arc column is higher than the surrounding one, it
is not enough to obtain a localized arc discharge. A
great influence on the process of arc welding with a
consumable electrode is exerted by microgravity. It
complicates the transition of molten electrode metal
into the weld, and the metal droplets located on the
electrode can reach very large sizes. The problems
discussed above are practically absent in electron
beam welding. Space vacuum only contributes to a
high-quality performance of electron beam welding,
and microgravity does not significantly affect this
process.

The carried out experiments made it possible to es-
tablish that the most suitable type of welding in outer
space is electron beam welding. It was found that
during prolonged zero gravity and space vacuum,
the processes of welding and cutting with an elec-
tron beam proceed stably and the necessary condi-
tions for normal formation of welded joints and cuts
are provided. Thus, the experiments carried out in
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Set of the «Universal» equipment for manual electron beam welding

the unit «Vulkan» provided a wealth of information
that allowed creating new models of space welding
equipment in future and develop technologies for
welding in space.

The carried out experiment started the era of space
welding technologies.

The works on creation of equipment and technolo-
gies for welding in outer space were continued.

Universal manual tool (URI)

During the work in outer space on board a space ve-

hicle, the most unexpected situations may arise that require the use of welding and related technologies,
and often the type and scope of operations will have to be determined by cosmonauts directly in situ.
They will have to work in different areas of a space vehicle and deal with different structural materials.
For these purposes, at the E.O. Paton Electric Welding Institute a universal working tool (URI) was
created. The tests of URI in outer space were carried out aboard the «Salyut-7» station by cosmonauts
S.E. Savitskaya and V.A. Dzhanibekov. The carried out experiments on welding, cutting, brazing and
coating showed good results and confirmed a high efficiency of the URI equipment in outer space.

The next generation of equipment for welding in outer space was the creation of the «Universal» equip-
ment. [ts main difference from the URI was the more than
double increase in output power. In addition, a number of
basic components was modified, which provided an in-
crease in reliability of the tool. The «Universal» complex
passed comprehensive on-land tests and was recommend-
ed for the use as a standard tool at orbital manned sta-
tions. Unfortunately, for a number of objective reasons,
the «Universal» complex was not tested in outer space,
although it was supposed to be tested both on board the
space shuttle «Columbia» as well as at the «Mir» station.

Analysis of the results of on-land technological exper-
iments, conducted using the «Universal» equipment
showed that it can be used to weld aluminum and tita-
nium alloys, as well as stainless steel of up to 1.5 mm
thickness.

At present, at the E.O. Paton Electric Welding Institute
Hand electron beam tool of a new generation the works on creation of the next generation of electron
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beam tool for welding in outer space are carried out, which includes triode electron beam gun, sepa-
rated from high-voltage power source. The separation of electron beam gun from power source and
the use of flexible high-voltage cable with small-sized high-voltage connector for this purpose makes
it possible to significantly reduce the dimensions and weight of the tool, increase its maneuverability
when carrying out technological processes in outer space, increase the duration of continuous operation
and operational reliability, as well as to facilitate the replacement of tools for different technological
purposes directly outboard the space vehicle.

In electron beam tool of a new generation, the power was significantly increased — up to 2.5 kW,
which allows welding aluminum and titanium alloys, as well as stainless steel with a thickness of 6 mm.
The electron-optical gun system allows obtaining a sharply focused beam with a diameter of not more
than 0.6 mm. The mass of the gun is 2.5 kg (twice lower than in the «Universal»). The life of cathode
is significantly increased and is equal to 30—40 h. The replacement of a worked out cathode unit can
be performed in orbit during 5—-10 min. The tool is provided with the possibility to operate not only in
manual but also in automatic mode using robotic devices or manipulators.

Recently, all over the world the works related to exploration of the Moon are carried out. At the E.O. Pa-
ton Electric Welding Institute, the equipment is developed to perform electron beam welding under the
conditions of the Moon surface when creating long-term lunar bases and infrastructure for these con-
structions. Taking into account special physical conditions on the Moon surface, first of all, ultrahigh
vacuum (up to 10°"* mm Hg), the necessary sealing of joints can be reliably secured only by welding.
Therefore, the creation of welding equipment and technologies for assembly and repair-restoration
works on the Moon surface is very relevant during its exploration by a human. In addition to ultra-deep
vacuum, there are other physical features on the surface: a sharp change in temperatures from +140 °C
at day-time to —170 °C at night, reduced gravity (1/6 of gravity on Earth), lunar dust (regolith), etc.
All these features should be taken into account when developing both welding equipment as well as
when creating auxiliary devices — workplace of the operator. In the developed design of a gun the
conditions for electron beam formation in an ultra-deep vacuum were taken into account, which differ
significantly from those in on-land vacuum installations and in near-Earth space, where space vehicles
and manned space stations fly.

We are convinced that space welding equipment and technologies, the foundation of which was laid 50
years ago by the «Vulkan» experiment, will find application in different projects during construction of
industrial complexes on Earth orbit, exploration of the Moon and flights to other planets, and also on
the study of fundamental space phenomena.

Space technologies in publications of the E.O. Paton Electric Welding Institute

B. E. IATOH
B & JANYHHCEHA

Welding in Space
CBAPKA 4 and the
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SCIENTIFIC AND TECHNICAL

https://doi.org/10.15407/tpwj2019.10.01

HYBRID LASER-MICROPLASMA WELDING
OF SHEET Ti-Al-V TITANIUM ALLOY"

LV. KRIVTSUN!, V.Yu. KHASKIN?, V.M. KORZHYK'?, .M. KLOCHKOV/!, V.V. KVASNYTSKYD,
O.A. BABICH'?, CAI DETAQ? LUO ZIYI* and HAN SHANGUO?
'E.O. Paton Electric Welding Institute of the NAS of Ukraine
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine. E-mail: office@paton.kiev.ua
2E.O.Paton Chinese-Ukrainian Welding Institute, Guangzhou, China
*National Technical University of Ukraine «Igor Sikorsky Kyiv Polytechnic Institute»
37 Peremohy Prosp., Kyiv-56, Ukraine

The process of hybrid laser-microplasma welding of sheet Ti—Al-V titanium alloy of TC4 grade (up to 3.0 mm) was
studied. The recommended technological parameters and conditions of laser-microplasma welding in an argon me-
dium, physical and mechanical properties of welded joints were determined, and the presence of hybrid effect was

established. 5 Ref., 3 Tables, 7 Figures.

Keywords: laser-microplasma welding, Ti-Al-V titanium alloy, heat input, strength, elongation, hybrid effect

Welded products from sheet titanium alloys are be-
coming ever wider accepted in modern industry. Such
products are characterized by high strength under the
impact of mechanical loads, light weight and high
corrosion resistance under operation conditions. Ex-
amples of such products can be structures which are
applied in aerospace, nuclear, chemical and food in-
dustries, and marine engineering when operating in
marine climate or at higher humidity (for instance,
tanks, filters), etc. A wide range of such structures are
made of titanium alloys up to 3.0 mm thick with ap-
plication of butt welded joints. As a rule, resistance,
argon-arc or electron beam welding are used to solve
such tasks [1].

However, such welding processes often do not
completely meet the requirements as to cost-effective-
ness and adaptability to fabrication of such structures
and by far not always allow making the physical and
mechanical characteristics of welded joints as similar
as possible to those of base metal. High requirements
as to geometrical accuracy of products from sheet tita-
nium alloys require application of measures and join-
ing technologies, which provide the minimum level of
residual welding deformations. One of the best weld-
ing methods today in terms of minimizing the residual

deformations, and producing high-quality and durable
welded joints of such alloys is electron beam welding
[2]. Recently, however, there have been attempts to
replace this method by laser welding, as a more effi-
cient one that does not require application of vacuum
chambers [3]. This method, however, has not yet be-
come widely accepted, because of comparatively high
cost of laser equipment. One of the ways to reduce
the cost of laser equipment is lowering the radiation
power due to its partial replacement in the welding
process by plasma-arc component. Such a process is
called hybrid laser-plasma welding [4]. Application of
the process of hybrid laser-plasma welding at preser-
vation of quality characteristics of welded joints on
the level of those in laser welding opens up a prospect
for creation of a new advanced welding technology.
Therefore, this work is devoted to studying the capa-
bilities of hybrid laser-microplasma welding of sheet
titanium alloys, in the case of a rather widely accepted
alloy of Ti-Al-V alloying system of 1.0 and 3.0 mm
thickness and is actual.

The objective of the work is optimization of basic
techniques of hybrid laser-microplasma welding of
sheet Ti—Al-V titanium alloy of TC4 grade (VT6 ana-
log), selection of recommended technological param-

Table 1. Chemical composition (wt.%) of TC4 alloy produced in PRC (VT6 analog)

Ti Fe C Si \Y N

Al Zr (6] H Additives

86.45-90.9 <0.6 <0.1 <0.1 3.5-5.3 <0.05

5.3-6.8 <0.3 <0.2 <0.015 Other — up to0 0.3

“Published by the materials of the paper presented at the International Conference «Innovation Technologies and Engineering in
Welding and Related Processes — POLYWELD», May 23-24, 2019, NTUU «Igor Sikorsky KPI», Kyiv, Ukraine.
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Figure 1. Diagram of integrated plasmatron and experiment per-
formance: / — laser radiation feeding of power P = 0.3—-1.2 kW;
2 — cathode assemblies; 3 — gas shielding; 4 — fastening to
robot arm; 5 — welding direction

eters of the process and welding conditions, as well as
determination of physical and mechanical characteris-
tics of the produced joints.

Technological studies of the process of hybrid
laser-microplasma welding of the mentioned tita-
nium alloy were conducted using a unit described
in [5], the circuit of integrated hybrid plasmatron
of which is given in Figure 1. Disk laser with radi-
ation wavelength A = 1.03 um was used during the
experiments, the power of which was changed in the
range of 0.3—1.2 kW. Focal spot diameter was equal
to about 0.4 mm. In the integrated coaxial direct ac-
tion plasmatron of original design applied for studies
the laser radiation was combined with the constricted
low-ampere arc of up to 2.3 kW power [5]. In this
plasmatron the focused laser radiation and constricted
arc were output jointly through a common nozzle of
2.5 mm diameter to the sample being welded, which

Figure 2. Process of laser-microplasma welding by integrated
plasmatron, fastened on the arm of KUKA KR30HA robot

ISSN 0957-798X THE PATON WELDING JOURNAL, No. 10, 2019

Figure 3. Appearance of plates of TC4 titanium alloy (8 =
= 3.0 mm) butt welded without a gap between the edges by la-
ser-microplasma process (radiation power P = 1.0 kW, welding
current / = 50 A, voltage U = 26 V, welding speed v = 36 m/h):
face (@) and reverse (b) side

was located at approximately 3 mm distance from
the nozzle tip. The focal plane of laser radiation was
positioned at the depth of approximately 0.5 mm rel-
ative to sample surface. Straight polarity continuous
arc was used in the experiments. The arc current in
integrated microplasmatron was smoothly adjusted
up to 80 A at up to 28 V arc voltage. Sheets of TC4
alloy of (200-300)*100x6 mm dimensions, where &
=1.0 and 3.0 mm (Table 1) were used as samples for
butt welding and bead deposition. Movement of inte-
grated plasmatron relative to the sample being welded
was performed by an anthropomorphic robot KUKA
KR30HA (Figure 2).

Conducted experiments demonstrated the high
stability of the process of laser-microplasma welding.
Positive results were obtained (Figures 3, 4) in the
case of hybrid butt welding of sheets of TC4 titanium
alloy (6 = 1.0 and 3.0 mm) with up to 0.1 mm gap
between the edges being welded. Here, the speed of
the hybrid process was 30 to 40 % higher than that
of laser welding and approximately two times higher
than that of plasma welding (Table 2).

Performance of a number of experiments enabled
determination of parameters of the modes of sound
(absence of undercuts, lacks-of-penetration and sag-

Figure 4. Macrostructure of a butt joint of TC4 titanium alloy (&
= 3.0 mm), produced by laser-microplasma welding in argon
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Table 2. Modes and results of laser, plasma and laser-microplasma welding of TC4 titanium alloy in argon

Batch Radiation | Welding |Arc voltage,| Welding | Heat input,
5, mm Result
No. power, W | current, A Vv speed, m/h J/mm

1 1.0 600 40 24 60 80 Hybrid welding, penetration, presence of undercuts

) 10 600 40 2 51 100 Hybrid welding, penetration, good weld formation,
absence of undercuts

3 1.0 600 — — 30 70 Laser welding, penetration, presence of undercuts

4 1.0 - 40 24 24 115 Microplasma welding, penetration

5 3.0 1200 50 26 42 190 Hybrid welding, penetration, presence of undercuts

6 30 1000 50 2% 36 200 Hybrid welding, penetration, good weld formation,
absence of undercuts

7 3.0 1000 - - 24 150 Laser welding, penetration, presence of undercuts

8 3.0 — 50 26 18 210 Microplasma welding, penetration

Table 3. Modes and result of hybrid laser-microplasma welding of a sound joint of TC4 titanium alloy (& = 3.0 mm)

Mode of laser-microplasma welding

Laser power P, W 1000 Welding speed v, m/h 0.6
Arc current [, A 50 Distance from the part to the nozzle, mm 3
Plasma gas flow rate (argon) O, /min 10 Flow rate of additional shielding gas (argon), Q , ., /min 20
Shielding gas flow rate (argon) Q_, I/min 10 Flow rate of gas (argon) for weld root shielding Q_, I/min 20
Dimensions of the produced weld
Width of face (top) side of the weld, mm 4.8 Width of weld reverse side (root), mm 1.5
Face side convexity, mm 0.1 Convexity of weld reverse side (root), mm 0.2

ging of the weld) hybrid butt welding of TC4 titanium
alloy sheets with protection of the weld pool and hot
(more than 200 °C) part of the weld by argon (Ta-
ble 3). These parameters were used to produce welded
joints of TC4 alloy 1.0 and 3.0 mm thick, from which
samples of XIII (XIIla) type were later cut out (GOST
6996-66) to perform mechanical testing.

Three series of 3 samples each were cut out in or-
der to perform mechanical testing of base and welded
joint metal of TC4 alloy (8 = 1.0 and 3.0 mm) butt

o1, MPa, 8, %

1200 ¢~
1000
800
600 +
w0t

200

| 2 3

Figure 5. Comparative results of mechanical testing of samples
of TC4 titanium alloy (light grey colour) welded by laser-micro-
plasma method and base metal (dark-grey colour) at their static
tension: 1, 2 — averaged ultimate strength o, (MPa) for samples
of 1.0 (/) and 3.0 (2) mm thickness; 3 — relative elongation & (%)
for all the cases
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welded by laser-microplasma method in argon atmo-
sphere. Tensile testing machine of MTS Criterion 45
type was used to perform static tensile testing of butt
welds to determine the ultimate strength o, (MPa)
and relative elongation o (%). Results measured for
each test series were averaged. The obtained aver-
aged values were used to plot the respective diagrams
(Figure 5). The derived results demonstrated that the
strength of joints of titanium alloy TC4, produced by
hybrid laser-microplasma welding, is equal to approx-
imately 85-90 % of base metal strength, relative elon-
gation of the thus welded samples is not much higher
than 40 % of that of base metal (6 = 4.5 for the joints

E, J/mm

200

100

0 1 1 1
1.0 L5 2.0 2.5

h, mm

Figure 6. Dependencies of heat input £ (J/mm) in laser-micro-
plasma (7), laser (2) and plasma (3) welding on thickness 4 (mm)
of welded sheets of TC4 titanium alloy
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Figure 7. Appearance of face () and reverse sides (b) of the beads in a plate of TC4 alloy of thickness 6 = 3.0 mm (from top to bottom):

hybrid, laser, microplasma

at 0 = 10 % for base metal). The given values are ac-
ceptable for most of the welding tasks.

During analysis of the conducted technological
studies, the process heat input (£, J/mm) was deter-
mined as a sum of powers of laser (P, W) and mi-
croplasma (0.8/U, W) components, related to weld-
ing speed (v, mm/s). Calculation results were used
to plot the dependencies of the change of heat input
of laser-microplasma and laser welding at the same
process speeds (Figure 6). Comparison of curves 1,
2 and 3 showed that the heat inputs of all the consid-
ered welding processes are rather close. Note that the
energy input of plasma process is the greatest in all
the cases, the laser process ensures the lowest energy
input in welding sheets 1.0 mm thick, and in case of
welding 3.0 mm thick sheets the hybrid and laser pro-
cesses become close as to the input energy.

The following experiment was performed in order
to compare the results of the laser, microplasma and
hybrid laser-microplasma welding. Laser-microplas-
ma welding in argon atmosphere was applied to en-
sure guaranteed penetration of plate from TC4 alloy
(0 = 3.0 mm) in the following mode: P = 1000 W, I =
=50A, U=26V, v=236 mh. Then, the same speed
with the same mode parameters was used to depos-
it two beads by the laser and microplasma processes
(Figure 7). Here, the sum of heat inputs of the process
components corresponded to the heat input of hybrid
welding. Examination of transverse sections of these
beads showed that the depth of hybrid welding pene-
tration is approximately by 25 to 30 % greater than the
sum of penetration depths of laser and microplasma
welding. This led to the conclusion about the avail-
ability of a pronounced hybrid effect in the case of la-
ser-microplasma welding by the considered process.

Conclusions

1. In the course of this work, hybrid laser-microplas-
ma welding of sheet titanium alloy TC4 in argon was

ISSN 0957-798X THE PATON WELDING JOURNAL, No. 10, 2019

studied. It was determined that in the case of abutment
of the edges to be welded with up to 0.1 mm gap,
hybrid welding allows producing sound welded joints
without the need for filler wire application, without
undercuts or sagging, characteristic for laser welding.
Here the speed of the hybrid process is higher than
that of the laser one by 30—40 %, and that of the plas-
ma process is higher approximately two times.

2. Analysis of the results of mechanical testing of
welded joints of TC4 titanium alloy, made by hybrid
laser-microplasma welding, shows that their static
tensile strength is equal to approximately 85-90 % of
that of the base metal, and relative elongation is high-
er than 40 %. These values are acceptable for most of
the welding tasks.

3. Comparison of heat inputs of the considered
welding processes showed that their values are quite
close. In all the cases, the energy input is the highest
in the plasma process. In welding 1.0 mm thick sheets
the lowest energy input is ensured by the laser pro-
cess, and in case of welding 3.0 mm thick sheets the
hybrid and laser processes are comparable in terms of
the input energy.

4. Comparative studies of beads deposited on sam-
ples of TC4 alloy by laser, microplasma and hybrid
processes showed that the penetration depth with the
hybrid method is approximately 25-30 % greater than
the sum of penetration depths in laser and micro-
plasma welding. Here, the sum of heat inputs of the
process components corresponds to the heat input of
hybrid welding. This is indicative of the availability
of the hybrid effect in the case of application of la-
ser-microplasma welding.

Note. The work was performed under project
No. 2018GDASCX-08-03 «Research and develop-
ment of laser and plasma technologies for hybrid
welding and cutting», Guangzhou, China, as well as
under special project No. 2017GDASCX-0411 «Ca-
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pacity — Building of Innovation — Driven Devel- 2.

opment for Special Fund Projects of the Programs

of the Academy of Sciences of Guangdong Province — ,
(PRC) «Investigations of physico-chemical processes
at interaction of vapour plasma with metal surface and
development of scientific fundamentals of the tech-
nology of water-air plasma cutting of sheet steels to
produce welded jointsy.
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INFLUENCE OF LASER POWER AND WELDING VELOCITY
ON THE MICROSTRUCTURE
OF Zr-BASED BULK METALLIC GLASS WELDED JOINTS®

HAIYAN WANGA', MA YANYIB?, ZHANG YUPENGA!,
DONG CHUNLINA!, YI YAOYONGA! and XI HUAIA'

!Guangdong Provincial Key Laboratory of Advanced

Welding Technology, Guangdong Welding Institute

(China-Ukraine E.O. Paton Institute of Welding), Guangzhou, 510650, China
2School of Materials Science and Engineering, Shenyang University of Technology, Shenyang, 110870, China

Laser welding is employed to weld Zr, .Cu,, ,Al, ,.Ni, ;. bulk metallic glass, and the effects of laser power and weld-
ing velocity on the microstructures of bulk metallic glass joints are studied. Owing to the high speed and high-energy
density of laser welding, the weld fusion zones remain amorphous structure. Some nano-grains are formed in weld
fusion zones and of benefits for the improvement of microhardness. Crystallization happens in heat-affected zone and
deteriorates the hardness of materials. The joint welded with laser power of 600 W and velocity of 110 mm/s exhibits
the lowest degree of crystallization. Larger laser power or slower welding speed would cause excessive heat accumu-

lation in heat-affected zone. 10 Ref., 1 Table, 3 Figures.

Keywords: Bulk metallic glass, laser welding; microstructure; crystallization

Zr-based bulk metallic glass (BMG) with specific
long-range disordered structure have many promising
merits [1], such us high strength, high hardness, and
excellent corrosion resistance, etc. These outstanding
properties make them promising candidates for poten-
tial applications in the field of consumer electronics,
medical apparatus, automobile industry and so on.
However, as BMGs belong to metastable materials,
the relatively weak glass forming ability and the de-
mand for quenching process limits their development
of large-scale products. Therefore, to extend the en-
gineering applications, many researches on various
welding technologies for BMGs have been carried
out, including friction stir welding, explosion weld-
ing, and diffusion welding, etc. Among these technol-
ogies, laser welding has attracted extensive interests
owing to their superiorities of fast welding velocity,
deep welding penetration and high energy density [2].
It can fulfill the demands of BMGs’ welding for high
solidification and thermal quench rate in both weld
fusion zone (WFZ) and heat-affected zone (HAZ).
Li, Kim and Kawahito et al. utilized laser or pulsed
laser welding to realize Zr,,CugAl,, Cug,Ni Zr,,Ti ¢
and Zrg Al Ni,Cu,, BMGs joints, respectively [3-5].
The reported studies reveal that crystallization easily
happens in WFZ and HAZ, so it is critical to control
the laser energy input to prevent heat accumulating
in welding zone, which depends on the two signifi-

cant parameters in laser welding, i.e., laser power and
welding velocity.

Herein, this work used laser beam to weld
Zrg, (Cu,, ,Al; ,sNi, o BMGs. The influences of
laser power and welding velocity on the microstruc-
ture of welding joints were studied and the optimal
parameters were obtained to realized high-quality
Zrg, Cu,, -Al, ,:Ni, - BMG joints.

Experimental. The Zr,, ;Cu,, ,Al, ,-Ni, .- BMGs
with sizes of 60 mmx20 mmx1 mm were prepared
by arc melting Zr, Cu, Al and Ni metals with a pu-
rity above 99.9 %. Before welding, the BMGs were
polished by 2000 mesh silicon carbide papers, and
cleaned by absolute ethyl alcohol to remove the ox-
ide and residues on welding surface. Then, the BMG
plates were welded by TRUMPF TRU DISK10002.
The movement of laser beam was controlled by
TRUMPF PFO 33, and the diameter of focus spot was
about 0.2 mm. Five samples with various laser powers

Welding parameters for Zr, (Cu,, ,Al,; ,sNi, ., BMGs

Sample No. Laser power P (W) Welding velocity, mm/s
1 600 90
2 600 100
3 600 110
4 570 100
5 630 100

*Based on presentation made at Conference «Polyweld-2019» (23-24 May 2019), NTUU «Igor Sikorsky KPI».
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and welding velocities were obtained. Table shows
their corresponding parameters in detail.

After welding, the samples were cut along the di-
rection perpendicular to the weld, and inlaid, polished
and polished successively. The cross-sectional surfac-
es were etched by chemical solvent of 3 ml HF, 50 ml
HNO, and 60 ml H,O.

The microstructures of BMG welding joints were
characterized by optical microscopy (OM, ZEISS
Ario Imager.M2m). The Vickers hardness of WFZ
and HAZ was evaluated by micro-hardness tester
(Buehler VH1202) with load and dwell time of 1 kg
and 10 s, respectively. The glassy or crystalline struc-
tures were identified by transmission electron micros-
copy (TEM, FEI Titan G2 300).

Results and discussion. Figures 1, a—e, show the
cross-sectional microstructures and morphology of
samples 1 to 5, respectively. The three zones of WFZ,
HAZ and unaffected base material (BM) can be clear-
ly identified according to the contrasting differences,
which are signed in the figures, respectively. As can
been observed in Figure 1, b to ¢, there are some little
pores existing in WFZs, which is mainly caused by
the key hole formed during laser welding. As for the
microstructures of HAZ, the bright spots are corre-
sponding to the crystallization area, and its proportion
can be utilized to evaluate the degree of crystalliza-
tion [4, 6, 7].

Generally, sample 3 which is welded under laser
power and velocity of 600 W and 110 mm/s, respec-
tively, shows the weakest degree of crystallization. To
study the effect of welding velocity on the crystalliza-
tion, samples 1, 2 and 3 are compared. It is obvious
that as the welding velocity increases from 90 mm/s to
110 mm/s, the crystallization is successively weakened.

This is owing to the relatively larger welding velocity,
which is beneficial to promote the heat conduction and
thermal quench happening in HAZ [6]. As for the influ-
ence of laser power, samples 2, 4 and 5 are taken into
considerations. As can be seen from Figure 1, d, when
the laser power is 570 W, the bottom of the weld is
incompletely fused, indicating that the input energy is
too low to weld. As the laser power increases to 600
and 630 W, the BMG joints become completely fused,
but the degree of crystallization also gets worse and
exhibit the largest crystallization area of sample 5.

To understand the difference of microstructures be-
tween glassy WFZ and crystalline HAZ, bright-field
TEM (BFTEM) and high-resolution TEM (HRTEM)
characterizations are employed. Figure 2, @ and ¢ show
the typical BFTEM and HRTEM images of HAZs, re-
spectively. Many grains as well as grains boundaries can
be observed, and the HRTEM result exhibiting ordered
lattice further verifies the crystalline structure of HAZ.
Figure 2, b and d are the typical BFTEM and HRTEM
results for WFZs, respectively. Different from Figure 2,
a, only several nano-grains are identified in Figure 2, b.
The HRTEM image shown in Figure 2, d reveals that the
microstructure of WFZ is generally amorphous, and the
nano-grain is with a size of about 80 nm in circumscribed
circle diameter. The formation of such nano-grains is as-
cribed to the high speed and high-energy density of laser
welding [8], which results in the increasing nucleation
rate and quickly drop of temperature during welding to
retard grain growth. These nano-grains are regarded as
the key to improving the mechanical properties of mate-
rials [9, 10], including hardness, strength, plasticity, etc.

To evaluate the mechanical properties of as-welded
BMG joints, the Vickers hardness of difference zones
for samples 1 to 5 is tested by a micro-hardness tester

Figure 1. Optical microscopy images for the cross-sections of the welds taken from a—e samples 1-5
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Figure 2. Typical BFTEM images of (a) HAZs and (b) WFZs, and the corresponding HRTEM images of (¢) HAZs and (d) WFZs for
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Figure 3. Vickers hardness of different zones for samples 1 to 5, and test point of 1, 2 and 3 are corresponding to BM, HAZ and WFZ,

respectively (a), the image of typical indentation for each test (b)

under the force of 1 kg and dwell time of 10 s, as shown
in Figure 3, a. Figure 3, b displays the typical indenta-
tion for each test. According to Figure 3, a, the hard-
ness of WFZ as 514~523 HV is generally higher than
that of BM as 507~509 HV, which is attributed to the
nano-crystallization happening in WFZ, as revealed
in Figure 2, d. On the contrary, the hardness of HAZ
is greatly decreased to 436, 456.9, 477.4, 491.3 and
500.2 HV for samples 1 to 5, respectively. It is con-
sidered that the severe thermal crystallization during
welding is the main reason for this sharply weakened
hardness in HAZ.

ISSN 0957-798X THE PATON WELDING JOURNAL, No. 10, 2019

Conclusions

In summary, Zrg, Cu,, Al sNi, . BMGs were
welded by laser welding, and the effects of laser power
and welding velocity on the microstructure, especially
the crystallization behavior, of BMG joints were stud-
ied. The WFZs’ microstructure of all samples remain
amorphous generally, but several nano-grains are
formed, which is advantageous to improve the Vick-
ers hardness of WFZ. As for HAZ, the joint welded
with laser power of 600 W and velocity of 110 mm/s
exhibits the lowest degree of crystallization. Larger
laser power or slower welding speed would cause
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excessive heat accumulation in HAZ, and, therefore,
result in severe crystallization reaction and deteriora-
tion of the mechanical properties of BMG materials.
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EFFECT OF HORIZONTAL MECHANICAL VIBRATION
ON SERVICE PROPERTIES OF DEPOSITED METAL

Ch.V. PULKA, M.I. PIDGURSKY]I, V.S. SENCHYSHYN, M.V. SHARYK and V.Ya. GAVRYLYUK
Ternopil Ivan Puluj National Technical University of MOS of Ukraine
56 Ruska Str., 46001, Ternopil, Ukraine. E-mail: Viktor Synchyshyn@i.ua

Wear resistance and stability of thickness of the layer of metal deposited by the induction method was studied. It is
shown that in surfacing using the powder-like solid alloy PG-S1 by ITES heating system (inductor, thermal and elec-
tromagnetic shields) with application of horizontal vibration and energy-saving surfacing mode, the wear resistance is
1.4 times increased, stability of deposited metal layer thickness grows by 10 % and deposited metal quality is improved
(transformation from coarse- to fine-grained structure), as compared to the technology without horizontal vibration.

14 Ref., 3 Tables, 5 Figures.

Keywords: induction surfacing, thin steel discs, horizontal mechanical vibration, microstructure, wear resistance,

thermal and electromagnetic shields, energy-saving mode

One of the most actual directions in the field of sci-
ence and technology is the modification of surface
of structural and tool steels in order to improve ser-
vice characteristics of parts of machines and mecha-
nisms operating in the conditions of increased oper-
ation and aggressive environments. Today, different
methods of surface modification are widely used in
machine-building and metalworking industries, such
as application of wear-resistant coatings by physical
and chemical methods, and different types of thermo-
chemical treatment.

Among the physical methods of forming functional
coatings, the method of induction surfacing is the most
effective for applying a layer of multicomponent ma-
terials. At present, one of the most promising ways to
improve the effectiveness of wear-resistant coatings is
to introduce additional technological operations in the
traditional way of induction surfacing, such as shielding
thermal and electromagnetic fields, modes of surfacing
with energy savings, exposure of the product to horizon-
tal and vertical mechanical vibration in the process of
surfacing, etc., which allow significantly increasing ser-
vice properties of the deposited metal layer.

Induction surfacing is a process used to restore
worn surfaces or to strengthen working surfaces
during the manufacture of new parts [1, 2]. This sur-
facing process has become widely used in agricultural
engineering [3]. An important prerequisite for provid-
ing a quality surfacing process is correctly selected
parameters of surfacing mode, which further affect
the quality of layer of deposited metal, and therefore
the service life of a deposited part.

In induction surfacing, to insulate those part sur-
faces which are subjected to unwanted heating, ther-

mal and electromagnetic shields are used. To appli-
cation of thermal and electromagnetic shields during
induction heating a number of works is devoted [4-6].
The shields are used in different technological pro-
cesses to harden parts, surfacing, etc. They are usually
used separately (i.e. only electromagnetic or thermal
shield). Moreover, it is very difficult to control tem-
perature in the surfacing zone to produce a high qual-
ity layer of deposited metal.

To improve the properties of deposited metal, the
authors developed a new surfacing technology using
the ITES heating system (inductor, thermal and elec-
tromagnetic shields) [7, 8], i.e. a combined simultane-
ous shielding of thermal and electromagnetic fields,
which allows achieving a more stable thickness of
layer of deposited metal due to the uniform tempera-
ture in the surfacing zone, since the powder-like solid
alloy is melted from the surface of base metal during
surfacing by heat transfer with a variable specific
power over time (energy-saving mode of heating) [9].

It is of interest to study the properties of deposited
layer of metal in the case when into the ITES system
during the use of energy-saving mode of surfacing,
additional technological operation, such as horizontal
mechanical vibration of the part to be surfaced, at the
moment of melting start of the powder-like solid alloy
to its full melting and cooling [10, 11] is introduced,
which will greatly improve the service characteristics
of the deposited layer of metal.

Procedure of investigations. Measurements of
microhardness were performed in the microhardness
meter M-400 of Leko Company. The microstructure
of the specimens was studied in the microscope NEO-
PHOT-32 (Germany). The etching of the specimens
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Figure 1. Device for regulating power in the zone of surfacing with thermal and electromagnetic shields rigidly fixed between each

other (description /—/0 see in the text)

deposited by the wear-resistant alloy PG-S1 was car-
ried out electrically in a 20 % water solution of chro-
mic anhydride with a voltage of U = 20 V, holding
time was T=15s.

Analysis of elemental composition of deposit-
ed specimens was carried out in the micro-analyzer
SX-50 (Camebax) of the Cameca Company. Tests for
wear resistance of deposited metal were performed in
the machine NK-M [12].

The results of investigations were expressed in
terms of relative wear resistance, which is equal to
the ratio of reference weight loss to the weight loss of
studied specimens.

Surfacing was carried out simultaneously on the
entire working surface with the use of a generator of
type HFI1-63/0.44 by mechanical horizontal vibration
on the energy-saving heating mode, which was regu-
lated by the device [13].

Investigation of the process of induction surfacing
of thin discs were carried out with the help of a heat-
ing system (ITES) (Figure 1) [14], which consists of
the upper 8 and lower 6 clamping plates, as well as
the drive 9 for lifting the upper plate 8. The part 3
with the charge /0 of a solid alloy PG-S1, prelimi-
nary poured on it, was installed in a two-turn annular
inductor, / — upper, 2 — lower turn. At the end of
the disc and at its lower surface opposite to surfacing,
around its perimeter, a thermal shield 4 is located, and
also at the end of the disc an electromagnetic shield
5 is installed, which are rigidly interconnected and

Table 1. Chemical composition (wt.%) of powder-like solid alloy

fixed to the lower plate. Electromagnetic and thermal
shields are manufactured with the possibility of ver-
tical movement relative to the end of the disc 3 and
turns of the inductor / and 2 by means of the drive 7,
fixed on the lower plate 6, which allows regulating the
temperature field in the surfacing zone, as far as in in-
duction surfacing a powder-like solid alloy is melted
from the surface of the base metal.

Investigation of the deposited metal produced by
means of the ITES heating system with the use of hor-
izontal vibration was performed on the microstruc-
ture, on the thickness of the layer of deposited metal
and on wear resistance in order to provide a deposited
bead with a width of 10-50 mm and a thickness of
respectively 0.8—1.5 mm.

The obtained results were compared with those
obtained by the heating system without horizontal vi-
bration.

In this case, discs were used made of 3 mm thick
steel St3 and a powder-like solid alloy PG-S1, the
chemical composition of which is given in Table 1.

Table 2 presents heating systems and heating pa-
rameters in energy-saving mode of surfacing [9].

The process of induction surfacing was carried out
simultaneously throughout the entire working surface
by using the generator of type HFI-63/0.44 without ro-
tation of the part. The technical characteristics of the
generator with horizontal vibration are the same as
without vibration, at the initial moment of time they
were following: voltage on the circuit was 2.2 kV; volt-

PG-S1

Deposited material

Hardness of

(U30Kh28N4S4)

C Cr Si Ni Mn B Cu w Fe deposited metal
Powder HRC
PG-S1 sormite No.I 1 s 331 07 31 | 0842 | 3.0-50 | 04-15 - - - Base 51
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Table 2. Heating systems and surfacing modes

Surfacing modes
. : Type of Nature of change in the specific
Heating systems Circuit Anode | Mains cur- | Anode cur- Surfacing P power on the inductor
voltage, voltage, | rent of the | rent of the . generator 109 3
time. s wW-10°, W/m
kV kV tube, A tube, A ’
Variables Wy A
K R 0.43
input numerator output denominator
(t=05) (t=225)
Without and with
ot ane Wh HFI-63/0.44
horizontal vibration W,
22 83 3.6 1.1 2 0.12
7.0 10.0 0.95 3.1
T

age on the tube anode was 8.3 kV; current of the tube
mains was 3.6 A; current of the tube anode was 1.1 A;
surfacing time of the entire working surface of the disc
was 22 s. The process was carried out without switch-
ing the generator, i.e., the specific power at the inductor
was changed by the energy-saving mode, which has the
form [9] and is determined by the formula
r m?
— g an
set sh(amzt) set

2
b

where T is the temperature at which the quality sur-
facing is carried out, which is reached over the time
T; Kg = cay, W/(m-°C); c is the specific heat capacity,
a is the temperature conductivity, m%s; vy is the den-
sity, kg/m*; m*> = Bi/2h*; Bi = 2ha/\ is the Bio criteri-
on; A is the coefficient of thermal conductivity of the
disc material, W/(m-°C); a is the coefficient of heat
dissipation, W/(m?-°C); t is the running time; 7 is the
surfacing time.

The final parameters of surfacing mode were re-
spectively 7.0, 10.0, 0.95, 3.1. The specific power
without vibration and with vibration, respectively, at
the initial moment was W, = 0.12-10° W/m’ and at the
end of surfacing W, = 0.43-10° W/m’ (see Table 2).

Let us consider metallographic examinations of
the layer of deposited metal produced with the help of
a heating system (ITES) with horizontal vibration and
without vibration.

The examinations were conducted in two cases
of induction surfacing with and without mechanical
vibration. To investigate the structure and wear resis-
tance of deposited metal, from the deposited work-
pieces the specimens were cut. Etching of the spec-
imens for metallographic examinations was carried
out step-by-step, electrolytically in a 20 % solution of
chromic acid (voltage was 20 V and holding time was
10 s), the structure of deposited metal was determined
by chemical etching in 4 % nitric acid solution.

ISSN 0957-798X THE PATON WELDING JOURNAL, No. 10, 2019

The microstructure of the base metal represents
ferrite and pearlite, and the microstructure of deposit-
ed metal of the investigated specimens consists of pri-
mary carbides (complex carbides of type (Fe, Cr),C,
and (Fe, Cr),C) in the form of large fan-shaped plates
having a hexagonal lattice with a clear boundary in-
terface with the matrix of carbide eutectics and matrix
austenitic structure.

The excessive carbides are usually arranged in the
form of separate plate precipitations in the central part
across the width and thickness of the deposited bead.
Rectangular and hexagonal precipitations represent
the carbides of different dispersions, a part of which
are excessive plate carbides, which are fairly uniform-
ly distributed in the matrix. The microhardness of the
carbides varied within AV 0.5-11710-12830 MPa.

The common for the two variants of deposited
metal are:

e the presence of hypoeutectic zone in the depos-
ited layer adjacent to the joint line and is character-
ized by the formation of dendrites of solid solution
(alloyed austenite) with the axes of the first and sec-
ond order, as well as carbide eutectics crystallizing
in the interdendritic space. The microhardness of aus-
tenite for the specimen without horizontal vibration
was (HV 0.5-4550-5140 MPa and HV 0.5-5150—
5900 MPa for the specimen with horizontal vibration.
In addition, structural heterogeneity along the joint
line was detected on the side of PG-S1 sormite, which
evidences that hypoeutectic dendritic area has a non-
uniform distribution;

e the formation of a limiting white strip of sol-
id solution (alloyed austenite) between the deposited
and base metal of variable width of 10-20 pm for the
specimen without vibration with microhardness of
HV 0.5-3030-3410 MPa, and for the specimen with
vibration HV 0.5-4500 MPa;

e on the side of the base metal near the fusion line,
a diffusion zone arises, which represents a thin-plate
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Figure 2. Microstructure (x200) of deposited metal specimens:
a — without vibration; b — with horizontal vibration

pearlite and ferrite along the grain boundaries, some-
times with a Widmannstatten orientation with a mi-
crohardness HV 0.5-2440 MPa, which has arisen as
a result of diffusion of carbon with sormite into the
base metal.

The microstructure of deposited metal is presented
in Figure 2.

The characteristics of microhardness of the struc-
tural components are given in Table 3.

It is necessary to note differences in the structure
of two variants of deposited metal. Horizontal vibra-
tion leads to a noticeable refinement of the carbide
component (Figure 2, b). Carbides having the appear-
ance of hexagons with an average side length of 10—
12 um without vibration (see Figure 2, @) are refined
to 3.5-5.0 um with horizontal vibration (Figure 2, b).

Table 3. Characteristics of microhardness of structural components

Figure 3. Distribution of carbon and chromium across the thickness
of deposited metal: « — without vibration; b — with vibration

The maximum depth of the eutectic zone is in the
specimen without horizontal vibration (see Figure 2, a)
and the minimum depth is in the specimen with horizon-
tal vibration (Figure 2, b) and it occupies the smallest
percentage of austenitic dendrites along the length of
surfacing as compared to the first case. During horizon-
tal vibration, the joint line on the side of the sormite rep-
resents mainly a white strip with the formation of almost
equiaxed grains of austenite (see Figure 2, ).

In order to determine the composition of structural
components (chromium, carbon) and to establish their
influence on properties of deposited metal, micro-X-
ray spectral analysis of deposited metal was carried
out (Figure 3).

In all cases, the analysis was performed at ap-
proximately the centre of the layer of deposited metal
perpendicular to the fusion line at a depth of up to
350 pm from the fusion boundary.

It was established that in the metal of the investigat-
ed specimens, carbon was bonded into carbides of type
(Fe, Cr),C, and (Fe, Cr),C, a noticeable redistribution of
diffusive carbon near the fusion line was not observed.

Figure 4 presents the diagrams of relative wear re-
sistance and hardness of deposited specimens (aver-
age for three tests).

As can be seen from Figure 4, for the case when
surfacing is performed without vibration, the wear re-

Microhardness of structural components, MPa

Technological operation
Chromium carbides Matrix White strip (transition zone)
Without vibration 11710-12830 4550-5140 3030-3410
With vibration 14300-15440 5150-5900 4500
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Figure 4. Relative wear resistance and hardness of deposited met-
al: | — without vibration; II — with vibration; 1 — relative wear
resistance; 2 — hardness of deposited metal, MPa

sistance is 2.6 and the hardness is 3800 MPa, and in the
case of applying horizontal vibration, the wear resistance
is 3.6 and the hardness is 5400 MPa, respectively. This is
achieved due to a more favourable distribution of alloy-
ing elements in the deposited layer of metal.

Figure 5 shows the curves of a normal distribu-
tion of thickness of the layer of deposited metal. The
uniform thickness of the layer of deposited metal as
compared to surfacing without horizontal vibration is
increased by 10 % (see Figure 5), which provides a uni-
form distribution of liquid metal in the surfacing area.

Conclusions

The studies of induction surfacing of parts showed that
with the use of horizontal vibration, combined shielding
of thermal and electromagnetic fields and energy-saving
surfacing mode, the wear resistance is increased by 1.4
times, the thickness of the deposited metal layer is in-
creased respectively by 10 % and the quality of depos-
ited metal is improved as compared to the technology
without application of horizontal vibration.
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DIFFUSION HEAT-RESISTANT COATINGS
FOR STAINLESS AND CARBON STEELS
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The paper presents the results of investigation of heat-resistant diffusion coatings on steel 08Cr7Ti and steel 45, pro-
duced by aluminizing and chromoaluminizing methods in powder mixtures at a temperature of 900-950 °C during
2-5 h. On the kinetic dependencies of oxidation of the specimens with coatings in the temperature interval of 800—
1000 °C, the parametric diagrams of thermal shock resistance were plotted. They allow evaluating endurance of protec-
tive coatings at any temperatures up to 1000 °C. 8 Ref., 3 Tables, 7 Figures.

Keywords: aluminizing, chromoaluminizing, heat-resistant coatings, microstructure, phase composition, oxidation

kinetics, thermal shock resistance parameter

All types of protective coatings, including heat-resistant
ones, can be divided into two main groups by the nature
of their formation: diffusion and layered coatings [1].

I — diffusion-type coatings, the composition of
which is the product of interaction of the saturating
medium with the base metal. They are produced by
saturating the surface of protected metal by one or
more elements to form a protective layer.

Il — layered-type coatings deposited on the sur-
face of protected metal of a heat-resistant material, for
example, applying the methods of thermal spraying.

The coatings of diffusion type are the most widely
used. Their advantage is a good bond strength with the
base and a relatively simple technology of deposition,
the disadvantage is a high temperature of formation
and rather active diffusion interaction with the base.

Layered-type coatings are as a rule deposited on
cold or slightly preheated base, but they have weaker
bond strength with the base than diffusion coatings
and require the use of more complex equipment.

Combining the methods of forming protective
coatings, obviously, will significantly reduce disad-
vantages of both groups.

During fulfillment of the project of the Program
«Resurs-2» P5.1.2 «Improving life time and effec-
tiveness of recuperative heat exchangers by depo-
sition of heat-resistant radiating coatings to protect
heating surfaces, operating in combustion flows, and
modernization of inner secondary emittersy, heat-re-
sistant coatings of two types were developed. The re-
sults of investigations of the coatings produced by the
methods of thermal spraying using composite powder
FeAlCr with the addition of 2 wt.% CeO,, were pub-

lished in [2]. This paper is devoted to the solution of
the same problem by using diffusion-type coatings.

The most promising diffusion methods for pro-
ducing heat-resistant coatings on steels include alu-
minizing and chromoaluminizing processes [3-6].
Moreover, in addition to thermal shock resistance,
diffusion saturation of the surface of metals and alloys
with aluminum and simultaneous or consequent sat-
uration with aluminum and chrome leads to increase
in corrosion and erosion resistance. Among numerous
methods of aluminizing and chromoaluminizing, the
method of saturation in powder mixtures obtained the
most widespread and industrial application.

It is known that structure, phase composition, pro-
tective properties and endurance of coatings depend
on such factors as composition of powder mixture,
temperature and time of diffusion saturation, con-
tent of alloying elements, and many other factors, in
connection with which the solution of the problem of
increasing endurance and efficiency of specific parts
requires additional investigations.

In the present work, the processes of aluminizing
and chromoaluminizing of steel 08Cr17Ti (used for
outer secondary radiators of recuperators) and steel
45 (to investigate the possible replacement of alloy
steel with carbon steel) were investigated.

Methods and materials. The processes of alu-
minizing and chromoaluminizing were carried out
in special containers with a seal at a temperature of
900-950 °C during 2—5 h. The main components of
the powder mixtures were:

e powder of aluminum parting dust (source of alu-
minum during aluminizing), a mixture of powders of
chrome and aluminum (during chromoaluminizing);

© A.L. BORISOVA, N.I. KAPORIK, T.V. TSYMBALISTA and M.A. VASILKOVSKAYA, 2019
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Figure 1. Microstructure (x400) of aluminized (a, b) and chromoaluminized (c, d) steel 08Cr17Ti and steel 45
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Figure 2. X-ray patterns of diffusion coatings on steel 08Cr17Ti (a, ¢) and steel 45 (b, d) produced by the methods of aluminizing (a,
b) and chromoaluminizing (c, d)
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Table 1. Characteristics of heat-resistant coatings

Characteristics of coating
Coating Thickness, pm Microhardness, MPa Phase composition
08Cr17Ti Steel 45 08Crl17Ti Steel 45 08Crl17Ti Steel 45
Aluminized 160£15 230+20 3240+450 2560+490 FeAl FeAl, Fe Al
Chromoaluminized 200£10 205+10 3340£630 2800£690 FeAl, Fe, ,Cr Al FeAl, Fe Al

e aluminum fluoride powder AlF, (process activa-
tor);

e aluminum oxide powder (inert additive that pre-
vents sintering of aluminum powder particles and a
mixture of aluminum with chrome);

e titanium hydride powder (to remove oxygen re-
mainders from powder mixture).

X-ray structural analysis (XRD) was performed
by applying the X-ray diffraction meter DRON-3 in
CuK -radiation with a graphite monochromator. The
phases were decoded using the ASTM hardware com-
ponents.

Cutting of specimens with coatings was performed
in the machine-tool Isomet 1000. The cut specimens
were filled with protacryl of grade M, grinding was

Amls, mg/em?2

900 °C
1000

800

1000°C
900

0.16

0.12 800

0.8 -

0.4

1 1 1 | 1
0 | 2 3 4 5

Am/s, mg/em?

(=

t,h

performed using an abrasive paper with a grain size
from 600 to 1200, and polishing was performed us-
ing diamond discs from 80—40 to 20—14 in the ma-
chine-tool Row Rathenow Metasines. The final pol-
ishing was performed in a felt disc using a chrome
oxide suspension. To reveal the microstructure, etch-
ing of the specimens was carried out in an alcohol
solution NHO, for steel 45 and HF for steel 08Cr17Ti.
Metallographic examinations were performed with
the use of the microscope Neophot 32 equipped with
a digital photo camera. Microhardness was measured
by using of the microhardness tester PMT-3 at a load
of 50 g. The number of measurements was at least 50.

Results and discussion. Figure 1 presents the mi-
crostructure. Figure 2 shows X-ray patterns of diffu-

Amls, mg/em?2
3.0 1000 °C
2.5
2.0 900
1.5 800
1.0
0.5
0
0.16 1000 °C
900
0.12
0.3 800
0.4
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e

Figure 3. Kinetic dependencies of oxidation of aluminized (a, ) and chromoaluminized (c, d) steel 08Cr17Ti (a, ¢) and steel 45 (b, d)

and also unprotected steel 08Cr17Ti (e)
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Figure 4. Microstructure (x200) of aluminized (@, b) and chromoaluminized (c, d) steel 08Cr17Ti (a, c¢) and steel 45 (b, d) after tests

on thermal shock resistance at a temperature of 1000 °C during 5 h

sion coatings on steel 08Cr17Ti and steel 45, and in
Table 1 their characteristics are given.

As follows from the presented data, at diffusion
saturation of steels with aluminum, on their surface
layers of iron intermetallide are formed, which dif-
fer in thickness and hardness. As is known, chrome
inhibits the diffusion of aluminum into iron, which
results in a smaller thickness of aluminized layer on
steel 08Cr17Ti as compared to that of steel 45, while
its hardness increases due to the presence of chrome.
It should be noted, that beyond the region of interme-
tallide FeAl, the region of solid solution of aluminum
in iron is located, spreading to the depth up to 400 um
(for steel 08Cr17Ti) and to 600 um (for steel 45). Its
microhardness is smoothly decreased in the direction
to the core (from 2000 to 1500 MPa).

During chromoaluminizing of steel 08Crl17Ti
in the surface layer of the coating, two intermetal-
lides were revealed: FeAl alloyed with chrome, and
Fe, ,Cr Al  (a phase close to Fe,CrAl, as to its

31.2 58.5
composition), and on steel 45 — FeAl and Fe Al al-

loyed with chrome. The microhardness of these coat-
ings is slightly higher than that of the aluminized lay-
ers on the same steels.

Typical kinetic dependences of oxidation of dif-
fusion coatings and unprotected steel 08Cr17Ti are
shown in Figure 3, a and Figures 4 and 5 demonstrate
microstructure and X-ray diffraction patterns of coat-
ings after tests on thermal shock resistance at a tem-
perature of 1000 °C.

As follows from the presented data (Figure 3), the
mechanism of oxidation of diffusion coatings submits
to the parabolic temporal law in the entire studied tem-
perature range of 800—1000 °C. Judging by the results
of X-ray diffraction analysis (Figure 5, Table 2), the
main changes in phase composition during oxidation
of diffusion coatings are the formation of aluminum
oxide Al O, in the surface layers, behind which there
is a region of intermetallides FeAl or Fe Al (in case
of aluminizing) or intermetallides FeAl and Fe Al al-
loyed with chrome (in case of chromoaluminizing),
gradually passing into solid solutions. Judging by the

Table 2. Characteristics of coatings after tests on thermal shock resistance at a temperature of 1000 °C during 5 h

Characteristics of coating
Coating Thickness, pm Microhardness, MPa Phase composition
08Crl7Ti Steel 45 08Crl7Ti Steel 45 08Cr17Ti Steel 45
Aluminized 320+15 320420 2780+560 2370+400 FeAl, ALO, FeAl, ALO,
Chromoaluminized 29045 300+10 3260+520 2230£320 (F, Cr),Al ALO, (Fe,Cr)Al, ALO,
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Figure 5. X-ray patterns of aluminized (a, ) and chromoaluminized (¢, d) steel 08Cr17Ti (a, ¢) and steel 45 (b, d) after tests on thermal

shock resistance at a temperature of 1000 °C during 5 h

results of X-ray spectral microanalysis, the content of
aluminum in the coating decreases both as a result of
the formation of an oxide film, as well as due to its re-
sorption in the base. Thus, for example, on the surface
of chromoaluminized steel 08Crl17Ti in the initial
state (Figure 6, a), the content of aluminum is about
31 wt.%, which corresponds to the composition of
intermetallide FeAl, gradually decreasing at a depth
of about 150 pm to 15 % (approximate content of Al
in Fe,Al), and then to 2 % at a depth of 600 um. Af-

ter oxidation at a temperature of 1000 °C during 6 h,
these values amount approximately to about 20 %, re-
spectively, and in the surface layer to about 15 wt.%
at a depth of about 200 um (Figure 6, b).

Comparing the microstructure of diffusion coat-
ings in the initial state (Figure 1) and after oxidation
at a maximum temperature of 1000 °C (Figure 4), the
presence of longitudinal (in depth) cracks on steel
08Cr17Ti and their practical absence on steel 45 can
be noted.

Fe, Cr, Al, wt.% Fe, Cr, Al, wt.%
80 Fe 'p..---"'_".-_ = = o ];C
60
70
50 +
60
50 40 +
40 30
30
Cr 20 4 Al
20
10 Cr
10 Al
1 | 1 |
0 200 400 hopum 0 h 50 100 150 h, pm

Figure 6. Distribution of elements in depth of diffusion layers of chromoaluminized steel 08Cr17Ti in the initial state («) and after

oxidation in air at a temperature of 1000 °C during 5 h (b)
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Figure 7. Parametric diagrams of thermal shock resistance for aluminized (a, b) and chromoaluminized (c, d) steel 08Cr17Ti (a, ¢) and

steel 45 (b, d) according to the results of tests on thermal shock resistance at a temperature of 1000 °C during 5 h

Defects in diffusion coatings of this kind arise in
connection with occurrence of residual stresses, the
value and sign of which depend on chemical and
phase composition of diffusion layer, which in this
case is significantly different (see Figure 2, Table 1).

Table 3. Results of calculation of parameters of thermal shock resistance of chromoaluminized steel 45

As for the effect of such kind of cracks on thermal
shock resistance of protective coatings, it is far from
unique. The fact is that to provide endurance of coat-
ings operating at high temperatures, thermal shock
resistance is an equally important characteristic, on

Oxidation Specific increment lge Parameter of thermal
Temperature, K 1091 time, h lgt cl))f mass, mg/cm? lgg % shock resistance P
1 0 0.32 —0.49 6.71 6.709746
2 0.301 0.467 -0.33 6.408746
3 0.477 0.52 —0.28 6.232746
1073 0.932 4 0.602 0.66 —0.176 6.107746
5 0.699 0.72 —0.143 6.010746
6 0.778 0.75 -0.12 5.931746
1 0 0.54 -0.267 6.138 6.137731
2 0.301 0.9 —0.046 5.836731
3 0.477 0.97 -0.012 5.660731
173 0-852 4 0.602 1.04 0.018 5.535731
5 0.699 1.08 0.03 5.438731
6 0.778 1.457 0.16 5.359731
1 0 0.75 -0.122 5.65 5.655584
2 0.301 1.04 0.0185 5.354584
3 0.477 1.36 0.136 5.178584
1273 0.785 4 0.602 1.47 0.168 5.053584
5 0.699 1.51 0.179 4.956584
6 0.778 1.727 0.237 4.877584
0 =33025.5
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which preservation or delamination of protective lay-
er in the process of tests depends. One of the ways
to increase thermal shock resistance is to reduce the
effective elasticity modulus of the protective layer
by creating deformation structure [7]. This can be
achieved due to preservation of a significant residu-
al porosity or creation of microcracks in an artificial
way, oriented perpendicularly to the surface of a coat-
ing interface with the base [8]. As was shown by the
investigations, in this work the presence of cracks in
coatings did not impact the nature of their oxidation,
which is evidenced by kinetic dependencies of oxida-
tion of diffusion coatings, presented in Figure 3.

The carried out investigations allowed evaluating
endurance of protective parts for any temperatures up
to 1000 °C by plotting parametric diagrams of thermal
shock resistance (Figure 7).

The methodology of plotting parametric diagrams
of thermal shock resistance is described in detail in
[4], and in Table 3 as an example, the results of calcu-
lating parameter of thermal shock resistance of chro-
moaluminized steel 45 are presented according to the
results of this work.

Conclusions

As a result of carried out investigations, it was found
that aluminizing increases thermal shock resistance of
steel 45 by 2 times, steel 08Cr17Ti — by more than
7 times, and chromoaluminizing of steel 45 — by 3.5
times. The highest thermal shock resistance in the
range of 800-1000 °C belongs to the chromoalumi-
nized steel 08Cr17Ti, which exceeds the resistance
of unprotected steel at 1000 °C by more than 25
times. Comparison of results of this work with pre-
vious investigations [1] showed that diffusion coat-
ings (aluminizing and chromoaluminizing) are able
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to protect steel 08Cr17Ti and steel 45 from oxidation
to higher temperatures (up to 1000 °C) as compared
to AM- and EM-coatings produced of a composite
powder FeAlCr — CeO, (up to 800 °C). However,
it should be borne in mind that as compared with dif-
fusion methods, the methods of thermal spraying are
characterized by such advantages as ability to protect
large-sized parts and producing large thicknesses of a
protective layer.

At present time, prototype specimens of inner
secondary emitters of recuperators of steel 08Cr17Ti
and steel 45 with diffusion and thermal sprayed coat-
ings were made for long-term tests by using the main
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2019-2020.
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1o the 70" anniversary of the creation of electroslag welding

ELECTROSLAG WELDING PROCESS.
ANALYSIS OF THE STATE AND TENDENCIES
OF DEVELOPMENT (Review)

B.E. PATON, K.A. YUSHCHENKO, S.M. KOZULIN and L.I. LYCHKO
E.O. Paton Electric Welding Institute of the NAS of Ukraine
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine. E-mail: office@paton.kiev.ua

The paper presents the results of analytical review of investigations and commercial application of electroslag welding
and surfacing in Ukraine, as well as foreign countries from the beginning of the XXI century. Analysis showed that
the volume of application of electroslag welding of thick metal (more than 100 mm) in different branches of industry
has noticeably decreased. However, stable growth of its application in the recent years has been noted in construction
of bridges and high-rise buildings, ship building, as well as repair of large parts of machines on-site. The developed
steels having low sensitivity to grain growth in the heat-affected zone, allowed expanding the range of products made
by electroslag welding. There is a considerable increase of the volume of application of electroslag surfacing with strip
electrode for anticorrosion coatings in pressure vessels, separators, steam generators, compressors and other equip-
ment, being operated in oil and gas, power, metallurgical, paper-and-pulp and chemical industries. 51 Ref., 5 Figures.

Keywords: electroslag welding, electroslag surfacing, welding equipment, technology, wire electrode, consumable
nozzle, strip electrode, specific energy input, heat input, steel, heat-affected zone, impact toughness

Electroslag welding process in Ukraine. Seventy
years ago [1], a new method of electric fusion weld-
ing, named electroslag welding (ESW), was devel-
oped and successfully implemented at the E.O. Paton
Electric Welding Institute (Kyiv) for welding vertical
butt joints of blast furnace casings. This method fea-
tured a whole range of technical and technological
advantages compared to the available industrial meth-
ods of fusion welding [2].

The phenomenon of emergence, development and
subsequent application of the methods of ESW and
electroslag surfacing (ESS) in industrialized countries
is attributable to the high potential of the process [3,
4] for development of the economy.

Its successful application was promoted by co-
operation with leading industrial enterprises of the
USSR, CMEA, as well as many other foreign com-
panies [2, 5].

On the threshold of the XXI century, the high sci-
entific and technical level of the currently available
methods, welding equipment, fixtures and technolo-
gies of ESW and ESS in welding production of various
industries of mechanical engineering and construction
allowed successfully solving the important tasks. For
instance, development of the technique and technology
of consumable nozzle ESW of structures from stainless
steels of 18-8 type; investigation and development of
the technology and technique of ESW of steels for el-
ements of superconducting magnetic systems of ITER
thermonuclear reactor; development of the technology
and technique of ESW of position butt joints in titani-
um ring blanks of 1000 mm diameter with 100 mm wall

thickness; welding of copper to chromium-zirconium
bronze by large cross-section electrode in manufacture
of powerful current conduits of the power system of
Tokamak fusion reactor, etc. [3, 4, 6].

Tendencies in ESW development over 10-15
years, starting from 1990 and analysis of information
(about 3000 titles from 37 countries) [3] allowed de-
termination and systemizing the main directions:

e development of low-alloyed steels with good
weldability, the welded joints of which at up to 200
mm thicknesses have the required properties without
subsequent heat treatment;

e improvement and development of new filler ma-
terials for welding;

e application of new low-alloyed steels (up to 30
to 40 % of the total material volume), used in struc-
tures made by ESW;

e development of requirements to the quality of
metal and thick initial billets (up to 3000 mm) from
higher strength alloyed steels;

e improvement of the technique and technology
of ESW of circular butt joints predominantly for large
billets of more than 2500 mm diameter;

e investigation and development of new types of
welded joints at lowering of specific unit costs;

e development of the techniques and methods of
producing permanent joints of a compact cross-sec-
tion with application of the electroslag process and
liquid filler metal.

Forecast estimates of future welding production
envisaged, first of all, development and application
of new generation welding equipment with program
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Figure 1. Two-electrode AD-381Sh machine for ESW of 30-
100 mm thick metal

control of ESW technological process. Here, at intro-
duction of new welding equipment, it is rational to
provide the maximum possible level of mechaniza-
tion and automation of assembly and auxiliary opera-
tions, as they take up to 50-70 % of the time of total
cycle of welded metal structure fabrication [3].

In order to realize the technologies of ESW and
ESS of large nontransportable metal structures in site,
mobile groups were set up, fitted with the required set
of equipment, including local heat treatment means.

The following two processes became the most
widely accepted in welding production in mechani-
cal engineering sectors and construction: electroslag
welding with wire electrode (ESW WE) and with con-
sumable nozzle (ESW CN). They are used to make
the main types of the joints (butt, fillet, tee) and types
of welds (straight, circular, variable profile). For these

Figure 2. Two-electrode ASh 115M2 machine for ESW of posi-
tion circular and curvilinear butts joint of 40-200 mm thickness

34

processes, PWI developed a whole range of welding
machines, including batch-produced machines of
A-535, A-1304 and A-820K type [2, 3].

In 1990 a new machine was developed for ESW
with wire electrodes for metal of up to 450 mm thick-
ness (instead of A-535), which was designated ASh-
112 [3]. For ESW of butt joints of low-alloyed steels
of 09G2S type 30—-100 mm thick, new generation as-
sembly welding machine of AD-381Sh type was de-
signed (Figure 1) [7].

In 2004-2006 a two-electrode machine ASh 115 M
was developed for ESW of position circular welds of
large metal structures of 14000 mm and larger diam-
eter, which has no analogs in the world practice of
welding production (Figure 2) [8].

In order to perform ESW CN, machines of ASh-
110, ASh-113 and AShP113 M2 types (Figure 3) were
developed, which ensure duplication during welding
of practically all the elements of the welding circuit
(mechanical and electrical) [3, 9, 10]. New generation
machines of modular type are fitted with systems of
welding process control, and enable continuous mon-
itoring and certification of the mode parameters [11].

ESW development in Ukraine and in the world
practice is going on, both as regards investigations of
welding process proper and its industrial application.

An important direction in development of the elec-
troslag process is regulation of input and distribution
of thermal energy in the welded joint zone to ensure
thermal cycles, not lowering the strength characteris-
tics of the HAZ metal without subsequent high-tem-
perature treatment [12].

Application of higher-strength structural materials
opens up the possibilities for increasing the scopes of
ESW application [13]. These steels have low sensitiv-
ity to overheating in the HAZ [2, 14-16].

Studies of electrode and base metal melting in the
welding zone [17-19] showed that electrode surface
melting in interelectrode gap of the slag pool is ac-
companied by formation of higher temperature ener-
gy nugget. Dimensions (volume) of the nugget vary
cyclically due to electrode metal inflow to it. Nugget
contact with the metal pool surface is accompanied by
electrodynamic shock, as a result of which the met-
al pool, absorbing the thermal energy of the nugget,
shifts towards the edges being welded, and performs
their partial melting. It is shown that the dimensions
of the energy nugget, welding current values and met-
al pool shapes have common regularity of a cyclic
nature. Each cycle is completed by formation of a
«discharge» into the metal pool. Welding current os-
cillogram at the moment of such a «discharge» shows
peak increase of current 3 to 5 times [17, 18]. If this
is confirmed by further studies, it will be possible to
determine the optimum conditions of energy nugget
existence and improve process control system.
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The high level of service properties of welded joint
metal is achieved under the condition of reducing the
heat input. Specific energy input £ of the electroslag
welding process is in the range of 104-208 kJ/cm? for
most of the cases of ESW of low-alloy steel metal [2].

At ESW with wire electrode, E lowering is lim-
ited by the conditions of preservation of the stability
of running of the process proper and satisfactory weld
formation.

It is shown that:

e at £ < 45.0 kl/cm? sound welds (without solid-
ification cracks) are produced for metal of 30—-60 mm
thickness using one electrode (¥, =3.0-5.0 m/h, V up
to 600 m/h);

e in the range of V= 1.0-3.0 m/h E_lowering
from 90 to 55 kJ/cm? is observed, respectively. Here,
even V_increase up to 7-8 m/h does not allow lower-
ing E_below 45 kJ/cm?;

e ESW in forced modes (¥, > 4.0 m/h) can be
performed with new generation machines at complete
automation of the process;

e it is recommended to perform ESW in forced
modes in a narrow gap (24—18 mm) with flux-cored
wire of 2.6—1.8 mm diameter, as well as solid wire of
2.0—1.6 mm diameter;

e metal of the welded joint produced at values £
(7545 kJ/cm?) of ESW is characterized by higher
quality.

Lowering of the specific energy input £ (by 23 %)
in ESW of titanium into a narrow gap (22 mm) leads
to reduction of the HAZ width and lowers the proba-
bility of running of undesirable structural transforma-
tions in the base metal.

Noteworthy is the work aimed at further devel-
opment and improvement of the technique and tech-
nology of repair of large metal structures directly on
site. Processes have been developed for restoration
of defects (predominantly, through-thickness cracks),
arising in service of large-sized nontransportable met-
al structures by the method of multipass ESW with
consumable nozzle [20, 21].

Technologies and technique have been developed
for refurbishment of working elements of rapidly
wearing machine parts using ESW, such as large gear
teeth, heavy hammers of coal mills, steel and cast iron
hot rolling rolls. Welding equipment was designed
and practical recommendations on their application
were issued [22, 23].

A method was proposed for ESW or ESS by cor-
rosion-resistant stationary consumable sectioned
electrodes of a large cross-section in a narrow gap for
rectilinear and curvilinear butt joints of thick metal
[24]. Large cross-section electrode and wire elec-
trode, powered from different sources, are used in the
welding zone. Such a scheme of welding process run-
ning allows an effective application of the advantages
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Figure 3. Portable two-electrode AShP 113M machine for ESW
with consumable nozzle of 40—120 mm thick metal

and eliminating the disadvantages of the above weld-
ing processes [2]. The gap between the edges being
welded and stationary sectioned electrode is equal to
1.5-3.0 mm and it should be filled with a ceramic type
dielectric. The optimum material of the insulators are
fluxes of AN-9U or AN-45 type, applied on the sur-
face of electrodes in the form of powders, flux paper
or flux board with binder additives (3—8 % of liquid
glass). Investigations of ESW conditions showed that
at a narrow gap and large cross-section of the sta-
tionary electrode, the area of existence of the stable
process becomes narrower and shifts towards lower
stresses in the slag pool (for the canonic method U =
= 52-40V; for this method U = 40-25 V). The effec-
tiveness of using the new method will be ensured by
applying for stationary electrodes the power sources
with program control of the main parameters of the
welding mode (U, [ , P ) within the specified limits,
both in the manual and in the automatic cycle. This
ensures reduction of the amount of deposited metal;
satisfactory conditions for weld formation at smaller
E . There is a change in the distribution of thermal
energy across the thickness of the edges being weld-
ed, in the technological capabilities of producing the
welded joints, including those from dissimilar mate-
rials, in repair operations on restoration in large-sized
parts in heavy engineering.

ESW by wire electrodes and consumable nozzle is
widely applied for joining metals of 30—100 mm thick-
ness [25, 26]. PJSC NKMZ together with PWI created
a unique installation for ESW CN (Figure 4) of metal,
the welded cross-section of which can reach the dimen-
sions of 40006000 mm [9]. The machine was brought
into operation in 2002. The production section, where
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Figure 4. Appearance of an installation for ESW with consumable
nozzle for joining metal, the cross-section of which can reach the
dimensions of 4000x6000 mm. (G.Z. Voloshkevich Section of
ESW of thick metal at PJSC «NKMZ», Kramatorsk)

the machine operates, was named after G.Z. Volosh-
kevich, who made the most significant contribution into
ESW creation, development and introduction. Over the
last almost twenty years the installation welded unique
metal structures [27] of rolling mill bed plates, and
other heavy engineering equipment (Figure 5).
Electroslag welding process abroad. In major
Russian enterprises the scope of ESW application for
manufacture of traditional products has markedly de-
creased by now. Increase of this process application
for repair purposes, as well as for joining oversized
parts of a large thickness in site is noted. The range of
products, restored using electroslag surfacing (ESS)
has changed [28]. Known are examples of revival of
ESW sections in mechanical engineering plants. For
instance, in 2016, the market demand for drums for
modular power boilers and pressure vessels (cylin-
ders) increased. In 2017, an installation based on
A-535 machine for ESW of circular welds of drums
was restored at LLC «Sibenergomash-BKZ» [29].

Figure 5. Welded billet of the hydraulic press beam. Billet weight
is 150 t, cross-section of a weld (shown by an arrow) made by
ESW with consumable nozzle, is 2490x3860 mm
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It allows making welds of up to 2000 mm diameter
with up to 150 mm wall thickness. ESW of the drum
of BKZ-160-100 GM boiler of the capacity of 160 t
of steam per hour was performed, and work on man-
ufacture of the drum for E-550-13.8-560 KT boiler
and pressure vessels (cylinders of hydraulic type
BG-10000/32) is conducted. Technology of ESW of
vessels is successfully applied instead of multilayer
automatic submerged-arc welding.

In 2016 ESW was applied to manufacture an oxy-
gen converter of the capacity of 320 t of liquid metal
for JSC «kEVRAZ-ZSMK» for the first time in Russia
and in the South-Ural Machine Building Plant [30].
Advanced technology of ESW of thick metal was mas-
tered. A-535 machines are used to make rectilinear butt
joints of 40—-160 mm thickness, and curvilinear posi-
tion welds of 40-160 mm thickness are made using
ASh-115M2 machines, developed at PWI [8].

JSC «Atommash» uses the technology of electro-
slag surfacing by strip electrode, allowing a significant
reduction of the time for surfacing operations. Welds
of up to 10000 mm length and up to 300 mm thick-
ness are made in ESW installation, including those
for manufacturing thick-walled spherical bottoms.
Investigations are performed in order to improve the
quality of NPP products from pure 10GN2MFA and
15Kh2NMFA steels with application of ESW [31].

JSC «Tyazhmashy», OJSC «Uralmash» and OJSC
«Penzkhimmash» operate installations, using A-535
machines for ESW of circular and rectilinear butt joints
of up to 350 mm thickness. At OJSC «Tyazhmekh-
press» the bed tables of hot stamping presses with nom-
inal force of 153 MN of 240 t weight are made from cast
parts using ESW CN of up to 400 mm thicknesses [32].
At OJSC «Uralkhimmash» ESW with strip electrode of
60 mm width was mastered and applied for the first time
in manufacture of the bottom and casing shells of the
equipment. Application of this method allowed signifi-
cantly reducing the labour intensity due to the fact that
surfacing was performed without the transition zone in
one layer. Application of this process allowed reducing
welding material consumption and improving the pro-
cessed surface quality. OJSC «Baltiysky Zavod», as a
result of joint work with PWI, mastered ESW of pan-
els of 40009000 mm up to 7000x9000 mm size from
08Kh18N10T steel of 40—50 mm thickness, using AD-
381Sh machine in construction of tanks for metal-wa-
ter protection. At OJSC «Volgotsemmashy three ESW
shop sections, based on A-645, A-535 and A-433R ma-
chines are in operation, where welding of jaw crusher
frames, cement kiln bands, band shells, mill covers,
etc. of 45 to 1200 mm thickness is performed [33].
LLC «Pneumatic conveying equipment Plant», togeth-
er with LLC «Remax» use precision ESW of bands of
rotary cement kilns and metallurgical furnaces directly
at customer enterprise. Longitudinal butt joints of met-
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al shells of 60 to 120 mm thickness are made, as well
as repair of service cracks by multipass ESW in cement
kiln bands without their dismantling [34].

The mechanical-repair plants of Bratsk TIC, OJSC
«Severvostokzoloto» and OJSC «Yakutskugol», to-
gether with PWI, set up reconditioning sections with
application of ESS of worn helical gears of Swedish
debarking drums, combs of lugs of Komatsu caterpil-
lar tractors and platform swing drive gear of Japanese
excavators Marion-204. Setting up the repair sections
allowed reducing import purchases of wearing parts.

Portal «naplavit.rf» demonstrates electroslag sur-
facing (ESS) in the current-conducting sectioned
mold of stamps, punches, working ends of mandrels
of a piercing mill and other products of up to 100 mm
diameter. The installation for ESS of flat surfaces of
products in the horizontal position allows forming a
thin (from 3 mm) and wide (up to 55 mm) layer of de-
posited metal at minimum (from 1 mm) and uniform
penetration depth [35].

A stable growth of the scope of ESW and ESS in-
vestigations and application in different industries is
observed in Western countries.

In the USA the method of narrow-gap consumable
nozzle ESW was used to make twenty welds in the
support tower of San-Francisco-Oakland bridge under
construction [36]. The length of each single-pass weld
was 10 m, butt thickness was 100 and 60 mm. Five
types of edge preparation were used. ESW technol-
ogy (equipment and training) was provided by Elec-
troslag Systems (EST & D), Portland, Oregon within
the framework of cooperation with the University of
Portland and American Bridge Company. Welding was
followed by ultrasonic and X-ray inspection of welded
joints. The total time of welding all the butt joints was
two months. ESW application allowed a significant re-
duction of the time and labour intensity of welding op-
erations, as proceeding from preliminary calculations,
the total time of welding the butt joints with the arc
method was six months. Ultrasonic testing of quality of
200 m of welds was repeated in 2013.

According to the materials of a review paper [37],
the latest modification of narrow-gap ESW (ESW-
NGQG) has currently being recognized by AASHTO in
the USA to be suitable for welding regular types of
bridge steels and was included into the bridge weld-
ing code (AWS D1.5: 2010 c). Work is in progress
on inclusion of ESW-NG welding into AWS D1.8
Structural Welding Code — Seismic Supplement. It
is shown that the process of narrow-gap ESW is sta-
ble both at direct and at square sine wave alternating
current. Linde Union Carbide Division and Hobart
Brothers Company patented two designs of the con-
sumable nozzles and method of ESW with oscillat-
ing consumable nozzle. Flat plates of the consumable
nozzles, having a channel for welding wire passage,
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which replaced the round cross-section nozzles, al-
lowed reducing the gap from 32 to 19 mm. ESW-NG
method is designed for application during mounting
at the site of construction of the steel structure. It is
particularly acceptable for welding W-shaped extend-
ed heavy flanges, with 45 to 50 deg. deviation from
the vertical. Welding a heavy column with applica-
tion of submerged-arc welding takes 30 h or more.
For comparison, it takes about 30 min. to weld both
the flanges of any thickness, using ESW-NG. Thus,
the authors of review [37] summarize the following.
ESW is no longer considered as the only variant for
joining thick plates in the shop. It can be used and be
cost-effective in site, in welding stiffeners and support
plates to steel section flanges, as well as in joining
the diaphragms to inner walls of box-type columns.
Modern achievements in ESW field, implemented in
ESW-NG, are used in the construction sites of large
high-rise buildings and in bridge construction. ESW-
NG has established itself as the most cost-effective
method for many joints, including large thickness
welds in steel bridges and buildings.

Arcmatic Welding Systems Company (USA) spe-
cializes in modular systems with computer program
control of the welding process, specially developed
for ESW of thick plates [38]. Portable systems are pro-
posed for consumable nozzle ESW with manual con-
trol of the console, which carries the ducts for electrode
wire feeding, power cables and hoses for cooling water
supply. Installations based on a two-position manipula-
tor are also used, providing its fast (5 min) readjustment
from the arc welding method to ESW of metal of up to
300 mm thickness. The above equipment is proposed
for fabrication of wind towers, off-shore platforms,
heavy pressure vessels, beams and columns from struc-
tural steel, bridge beams and other structures. These
installations are becoming the most widely accepted in
ESW CN of construction column diaphragms.

Transportation Research Board (TRB) of the Nation-
al Academy of Sciences of the USA conducted studies
on welding the railway rails using ESW. Comparison
and analysis with ESW showed that thermit welding
of rails is a less capital intensive, less expensive, more
portable process, but the weld quality is poor. Average
cost of making thermit welds is 350 USD for each butt
joint. Joints produced by other welding processes are
more costly, of the order of 500 USD each. Flash-butt
welding is highly capital intensive and, therefore, cost-
ly, requires application of trains for transportation of
rail-welding machines. It is anticipated that ESW will
take a position between the two above-mentioned pro-
cesses, and will be comparable with them as to quality
and cost (about 250 USD).

Typical areas of application of electroslag welding
in Japan in the XX century, included the following ob-
jects: joining large castings, stiffeners of the upper deck
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of ships, longitudinal welds in cylindrical pressure ves-
sels, housings of blast and oxygen furnaces. However,
the low impact toughness of metal of the weld HAZ
was the greatest obstacle to wider introduction of ESW
in Japan. Studies were performed to increase the impact
toughness of HAZ metal [39, 40] due to application of
steel, insensitive to grain growth in the HAZ, with the
purpose of expanding the range of products manufac-
tured using ESW, [15, 16]. In order to increase the scope
of application of ESW of steels with ultimate tensile
strength of 490-590 MPa, Nippon Steel Corporation
developed a new technology of improving the impact
toughness of HAZ metal, which is called Super High
HAZ Toughness Technology with fine microstructure
(HTUFF®). With this technology, thermally stable ox-
ides and sulphides, containing Mg and Ca, are dispersed
in the steel in the form of fine particles, and growth of
y-grains in the HAZ metal near the welded joint line is
significantly delayed by the fine particles, which results
in manifestation of the effect of grain refinement and in
achieving > 70 J Charpy impact toughness in the HAZ
metal at 0 °C. In keeping with the developed technol-
ogy, metal of 60 and 80 mm thickness, is widely used
in fabrication of shelf structures, pipes, buildings and
in civil engineering, with ESW application. Total mass
of steel used for ESW was about 280 000 t [16]. From
the beginning of the XXI century, production of large
sea container ships, in which the loading hatches had to
be made from steel sheets of 70 to 100 mm thickness,
has markedly increased in Japanese shipbuilding [41].
TMCP technology of steel production was developed,
which includes controlled rolling and heat treatment
in 4 —A_, temperature range, in order to perform sin-
gle-pass welding of steel of such thickness using weld-
ing processes with a high heat input (arc welding with
forced formation and ESW). This technology allows
markedly increasing the strength and impact toughness
by grain refining with formation of bainite or marten-
site with addition of microalloying elements, such as
titanium and niobium. High-strength steels with the
yield point of 390 and 460 N/mm? have been devel-
oped, in ESW of which formation of a coarse structure
in the HAZ metal is excluded. Steels developed with
application of TMCP and HTUFF technologies are ap-
plied in production of tankers, cargo ships, ships for
liquefied petroleum and natural gas transportation that
allowed lowering the ship weight and increasing the
transportation effectiveness.

Over the recent years the process of ESW of aluminium
busbars was developed [42] in Canada. CANMEC Com-
pany (Quebec Province) purchased Linde Company devel-
opments on application of ESW technology for welding 50
mm aluminium. For welding busbars of 275 mm thickness,
CANMEC Company together with CQRDA (Quebec Cen-
ter for Research and Development of Aluminium) and Na-
tional Research Council of Canada (NRC) developed new
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machines, capable of feeding three- . .. five-electrode wires
and ESW technology. New technology was applied in con-
struction of an aluminium plant (346 000 t/y) in Iceland.
Aluminium busbars were welded by ESW 4 times faster,
compared to the traditional welding method (arc method
of «chequered platey). The welds ensured the high quality
of the welded joints, electric conductivity of busbars in the
weld zone was increased at least by 20 %. Electric losses
were lowered due to complete penetration of the edges.

Chinese companies offer machines and units of
console and gantry types for ESW with wire electrodes
and consumable nozzle, as well as HJ431 flux [43].
The above equipment is designed for ESW of hous-
ing covers of construction beams and transverse parti-
tions of columns. Thickness of welded butts is mainly
equal to 16-65 mm. Research group of the Academy
of Construction of the Hunan Province performed ex-
tensive analysis of weldability of high-strength R-bars
HRB400, both theoretically and experimentally. ESW
of R-bars from strengthened steel of 20MnSiV grade
is applied [44]. Kingarc Autopweld Company, Taiwan
demonstrates a simplified machine for consumable tu-
bular nozzle ESW of construction column diaphragms.

In Turkey the paper on «Electroslag Welding Pro-
cess and Its Application» was published, where the
history of ESW creation and development in indus-
trialized countries was described [45]. Turkish expe-
rience of ESW application and prospects for its ap-
plication in the future are also described there. ESW
is currently used for welding of circular butt joints of
presses, furnaces, engine housings, wheels for asphalt
machines. Butt joints of ship plates and castings of
parts of 13 — 400 mm thickness are welded in chem-
ical, petroleum, marine and power plants. Examples
of application of ESW of low-alloyed carbon steels
are given, namely, pressure vessels, tank cars, boilers,
compressors, bridges, tankers with double-hull. In
Turkey ESW is used as the welding process, provid-
ing more effective results, compared to the traditional
methods. The most often used electrode wire diam-
eters are 2.4 and 3.2 mm. In addition, wires of 1.6
up to 4.0 mm diameter are also successfully applied.
Electrode wire reels of two types are used: small ones
for winding 27 kg and large ones for 270 kg of wire.
It is planned to apply ESW for manufacturing nucle-
ar reactors, construction of industrial buildings, dou-
ble-wall fuel tanks and other structures.

In Italy ESW by three wire electrodes is used for
joining low-carbon steel plates of 25 to 300 mm thick-
ness in the vertical or close to vertical position [46].

Voestalpine Boehler Welding Company, Austria,
proposes equipment, technology and welding con-
sumables for electroslag cladding (ESSC) with strip
electrode 15-120 mm wide [47]. Advantages of this
process are shown, compared with submerged-arc
cladding with strip electrode for instance, ESS depo-
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sition rate is up to 23 kg/h, and that of electric arc
cladding is not more than 14 kg/h. Deposited metal
dilution by base metal does not exceed 7 %. In electric
arc cladding it reaches 18 %. It is noted that an ide-
ally smooth outer surface of the deposited metal and
sound overlapping of the layers are ensured owing to
electromagnetic control of the process of deposited
metal formation, in ESS with strip. Examples of ESS
with strip electrode of unalloyed, low-alloyed, mar-
tensitic, and stainless steels, nickel alloys, as well as
cobalt and copper alloys, are given. In the oil and gas
industry ESS with strip electrode is applied for depo-
sition of anticorrosion coatings of a large area in such
equipment as pressure vessels, separator vessels and
high pressure separators. Electroslag facing is also
widely used for cladding the inner surface of pipes,
and valves for oil and gas transportation. In chemical
and pulp and paper industry this process has found
application in equipment, exposed to corrosive me-
dia, high pressures and temperatures. This process is
the most efficiently applied for anticorrosion cladding
of vessels, tanks, valves, pumps, compressors, drums
for production of paper, mixers, etc. In power indus-
try, ESS with strip electrode is applied for facing the
internal surfaces of reactor vessels, steam generators,
etc. In Belgium, Germany [48], India [49] and Poland
[50] the process of ESS with strip electrode became
accepted in similar industries instead of flame surfac-
ing and submerged-arc strip cladding. ESAB (Swe-
den) applies ESS with strip electrode (60—90 mm
width, 0.5 mm thickness) for anticorrosion cladding
of carbon steel with 316L or 347 steels [51]. ESS of
stainless and nickel layers is applied for repair of cor-
roded equipment and improvement of corrosion prop-
erties of the new structures. In Norway ESS with strip
electrode is applied for facing the inner surfaces of
CLAD metallurgical pipes of up to 254 mm diame-
ter and up to 12.5 m length. Typical dimensions of
strip electrodes from Inconel 625, 825, 316 alloys, are
15/20/30%0.5 mm. Surfacing deposition rate is 12 to
24 kg/h, depending on the strip size.

In Estonia, a section for reconditioning worn teeth
of large-modular gear shafts of the drive of rotation
of the platform of stepping excavators ESh 15/90 and
ESh 10/70, using ESS, was set up on the base of «Es-
tonslanets» Concern, as a result of joint work with
PWI. Gear shafts reconditioned without subsequent
machining of involute profile, are successfully oper-
ating in Narvsky and Aidu open-pit mines.

Conclusions

1. Over the past period from the beginning of XXI
century, the scope of ESW application in manufac-
ture and repair of products of greater than 100 mm
thickness has markedly decreased both in Ukraine
and abroad. Nonetheless, a stable growth of the scope
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of'its application for joining 30 to 100 mm thick metal
is noted over the recent years.

2. A range of new welding equipment was de-
signed, featuring a high reliability of ESW perfor-
mance, and ensuring continuous monitoring and
certification of the main mode parameters. New tech-
nologies have been developed, which allowed widen-
ing the range of products, manufactured with ESW
and ESS application. Recently, the methods of ESW
with tubular consumable nozzle (diaphragms, stiffen-
ers, reinforcement and other elements of construction
columns, bridges) became the most widely accepted,
as well as methods of ESS with electrode strip and
consumable nozzle (deposition of protective coatings,
reconditioning worn parts of machines, etc.).

3. The following is expected in the next 5 to 10
years: widening of the scopes of ESW with wire elec-
trode, as well as with tubular consumable nozzle in
a narrow gap in fabrication of large-sized structures
(primarily, construction) from metal with lower sensi-
tivity to HAZ overheating in the shop and site condi-
tions; producing large cast-welded, rolled-welded and
forge-welded billets for heavy engineering with up to
40006000 mm cross-sectional dimensions, which
can be realized by the technology of consumable noz-
zle ESW, applied with success at PJSC «NKMZy;
expansion of the fields of application of the process
of ESS with strip electrode for deposition of anticor-
rosion coatings of a large area for pressure vessels
and separators, tanks, valves, pumps, compressors,
steam generators, pipes, operated in oil, gas, power,
chemical and other industries; increase of the scope
of application of the technologies of reconditioning
repair of metal structures and rapidly wearing parts
of machines, based on application of ESW with wire
electrodes, multipass ESW and new methods of ESS.
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PECULIARITIES OF HYBRID LASER-ARC WELDING
OF STAINLESS STEEL"

E. TURYK, M. BANASIK, S. STANO and M. URBANCHYK
Lukasevich Research Network — Institute of Welding
16-18 Bl. Czeslava Blvd., Gliwice, 44-100, Poland

The use of hybrid laser-arc welding laser + MAG for joining elements of large structures of stainless steel is a relatively
new problem. The paper discusses the issues of technology of hybrid welding of austenitic steel X2CrNil8-9 and aus-
tenitic-ferritic steel X2CrNiMoN21-5-1 using a disc laser of 12 kW capacity. The technological conditions of hybrid
welding with a full penetration of butt joints of steel with a thickness of 8, 12 and 20 mm, as well as T-joints with a butt
weld with a partial penetration were determined. The typical defects in welds of high-alloy stainless steels, produced

by hybrid welding, were indicated. 5 Ref., 20 Figures.

Keywords: hybrid welding, laser+arc, active gas, stainless steels, arc and beam parameters, location of sources,

typical welding defects

Hybrid laser-arc welding is a process which has
been intensively studied, developed and implement-
ed during recent years [1-5]. The application of hy-
brid laser-arc welding using consumable electrode
(HLAWCE) laser + welding with solid wire in inert
and active gases (ISO 4063: 521 + 135 process) for
joining parts of large structures of stainless steel is a
relatively new problem. The method of hybrid weld-
ing is technologically complex — it is necessary to
select the parameters of welding arc and laser beam,
a suitable mixture of shielding gas and a spatial ar-
rangement of both used energy sources (end of elec-
trode wire and spot of beam focusing) with respect to
each other and to the line of edge butt for each type
of joint.

This paper discusses the technology of hybrid la-
ser + MAG welding of austenitic steel X2CrNil8-9
and ferritic-austenitic steel X2CrNiMoN21-5-1 with
the use of a disc laser of 12 kW power and a special
hybrid head.

Results of experiments. Technological tests for
selection of shielding gas for hybrid welding of steel
X2CrNil8-9 with electrode wire G 19 9 L Si and weld-
ing of steel X2CrNiMoN21-5-1 with electrode wire G
22 9 3 N L showed that the stability of hybrid process,
the required shape of welds and minimal spattering are
provided by a gas mixture of 97.5 % Ar + 2.5 % CO,,.

The penetration depth and width of the butt joint
were measured for the four values of diameter of the

used light guide (200, 300, 400 and 600 um) and two
directions of moving the hybrid head: with a laser as
the leading heating source (designation L — 4) and an
electric arc as a leading heating source (designation
A — L). The measurements confirmed that regardless

n !/
B2
11.4
10.1 10.0
8.7 79 2
I. 1
a 200 300 400 600
m/
m
2.7
1.7 1.8
1.2
200 300 400 600

Diameter of light guide, pm

Figure 1. Change in penetration depth (a) and width of the lower
part (b) of the weld for different values of diameter of the used
light guide and the direction of moving the hybrid head. For a:
1 — penetration depth L — 4, mm; 2 — penetration depth 4 — L,
mm; for b: 1 — width of the lower part of the weld L — A, mm;
2 — width of the lower part of the weld 4 — L, mm
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Nozzle

Ol of welding torch T—“k__/r ——

f beam

Figure 2. Spatial position of the system «laser beam — welding
head MAG — element to be welded», laser beam perpendicular to
the material: « is the distance from the end of the wire to the zone
of laser beam focusing, a is the inclination angle of welding torch
MAG relative to the laser beam axis; L is the electrode stickout;
d_ is the distance from gas nozzle to element, d_ is moving for-
ward of contact end from gas nozzle

of direction of welding, penetration depth is compa-
rable for individual diameters of applied light guides,
and with an increase in diameter of the light guide,
penetration depth decreases and the width in the lower
part of the weld increases (Figure 1).

From the point of view of maximizing penetration
depth, the most suitable solution seems to be the use
of a light guide with the smallest diameter. However,
due to the stability of HLAWCE welding process (sta-
bility of the gas-dynamic channel formed as a result
of a laser beam effect) and to provide the width of the
weld in the region of its lower part at a level of more
than 1 mm, it is recommended to choose a light guide
with a larger diameter. Further, a light guide with a

LA

Figure 4. Location of laser beam focus relative to the surface of
the specimen (f'= 0 — position of the focus on the sheet surface)
diameter of 400 pm and with the direction of welding
A — L was used.

An important group of parameters is a mutual spa-
tial position of the system «laser beam — MAG weld-
ing torch — element to be welded» (Figure 2).

The most advantageous for automatic MIG/MAG
welding is setting of a holder perpendicular to the ma-
terial being welded (angle a = 0°). In the process of
hybrid welding, laser beam is responsible for the ob-
tained penetration depth to a much greater extent than
welding arc and therefore it is set perpendicular to the
material being welded.

For the technological head used in the study, the
inclination angle of the torch holder MAG was select-
ed as o = 25° and the distance from the end of the
wire to the focusing zone of laser beam was selected
as a <2 mm, providing a safe (without collisions with
laser beam) welding process. Increasing the distance
o to about 4 mm does not have a significant effect
on the process. The produced weld shape is compara-
ble (Figure 3, a, b). A further increase in the distance
causes a decrease in the volume of the weld (Figure 3,
¢) and, in extreme case, a noticeable decrease in the
penetration depth (Figure 3, d).

Figure 3. Patterns of macrostructure of the weld produced at different distance of wire end from the zone of laser beam effect: « —a =
=2;b—4;¢c—6;d—8mm
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Figure 5. Macrostructure of butt joints of specimens of 40 mm thickness produced at different arrangement of laser beam focus relative

to the surface of material to be welded (power of laser radiation
=11 m/min): a — f=0; b —-5; c ——-10 mm

A separate issue is arrangement of the laser beam
focus relative to the material being welded (Figure 4).
Technological tests of HLAWCE were carried out on
specimens of 40 mm thickness with different setting
of the position of the laser beam focal point: = 0; —5
and —10 mm (Figure 4).

The penetration depth did not change significantly,
it ranged from 12.3 to 14 mm (Figure 5). Based on the
latter, in future it is recommended to set the position
of focusing laser beam on the surface of the material
being welded.

Then, the dependence of the penetration depth
and geometric dimensions of welds on the power
of laser beam in the HLAWCE process was stud-
ied. Depending on the power of laser beam in the
range of 6-12 kW, the penetration depth was 12.5—
18.5 mm. A significant effect on the penetration
depth is also exerted by the gap of elements being
joined, which was confirmed by tests at a gap of 0
and 0.8 mm (Figure 6).

Technological tests of welding butt joints with
a thickness of 8, 12 and 20 mm after laser cutting
(roughness of surface was respectively < 11.3; < 14.2
and < 70.0 um) showed that the roughness of sur-
face of welded edges up to R_ = 70.0 um does not
cause violation of stability of the HLAWCE process.
In the case of plasma-arc cutting in the installation

2u

P, =11 kW, welding speed v = 0.7 m/min, wire feed rate v =

B Weld B
B Weld A
Gap
0.8 mm
Gap
0 mm
1 1 1 1

5 10 15

Average penetration depth, mm

25

Figure 6. Average values of penetration depth of butt joints of
specimens of 40 mm thickness, produced at different gap value g
(double-sided welding, first weld — A, second — B)

YUN-3000M, applying the mixture Ar-H, as a plas-
ma-forming gas, the roughness is lower than 70.0 um
and the surface is also suitable for HLAWCE welding.

The bevel of edges, characteristic for plasma cut-
ting can cause axial displacement of individual welds
in a double joint. The bevel of edges in the specimens
with a thickness of 25 mm and a length of 600 mm
was measured after industrial plasma cutting at an in-
dustrial partner. The measurement results showed that
the bevel of edges is relatively large and at an unfa-
vourable combination of sheets for welding, when the

B

b

a

B

C

Figure 7. Different methods of combining parts, prepared for welding, after plasma cutting: a — summing of bevel at one side of a
butt; b — displacement of x axis of separate welds in a double joint; ¢ — visualization of absence of penetration, arising as a result of
combination of parts with the bevel
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Figure 8. Arrangement and dimensions of welds of double-sided hybrid joint of sheets of 40 mm thickness with edge preparation after

industrial plasma cutting and grinding

bevel is folded, on the surface of the sheets a gap of
more than 2 mm width is formed. As the thickness of
a sheet increases, the bevel becomes larger.

The appeared bevel leads to the fact that combina-
tion of parts in the butt joint can be obtained in two
ways (Figure 7). In the first case, the bevel is summed
on a one side of a butt of the parts, causing an increase

in the gap. In the second case, the bevels are located
on the opposite sides, and that allows mating parts at
a smaller gap. However, a risk of axial displacement
of individual welds in a double-sided weld exists. In
this case, insufficient penetration in the central part of
the joint is probable, despite providing the appropriate
penetration depth of individual welds (Figure 7, ¢).

Figure 9. Macrostructure of welds produced by laser beam hybrid welding with a power of 6-12 kW: a — P=6; b — 8; ¢ — 10;

d—12kW
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Figure 10. Dependence of penetration depth ¢ on the power of
laser beam P, in HLAWCE

The considerations mentioned above confirm the
results of HLAWCE of sheets of 40 mm thickness af-
ter industrial plasma cutting on the specimens provid-
ed by an industrial partner. Due to the fact that during
mating of sheets in accordance with Figure 7, a, the
gap 2u was more than 3 mm, an attempt was made to
mate sheets for welding in accordance with the sec-
ond method (Figure 7, b) in order to obtain the small-
est possible gap. After welding, metallographic spec-
imens in four selected locations along the length of
the welded joint were manufactured. Macrosections
of the produced joints are shown in Figure 8.

The average penetration depth was about 18 mm,
which did not allow producing a double-sided welded
joint of 40 mm thickness with a full penetration. On
metallographic sections, displacement of axes of indi-
vidual beads was observed as a result of using plasma
cutting as a method of butt joint preparation. Due to

Wy, Wa, W, i, mm

Wy

6

P, kW

W3

|
t

Figure 11. Dependence of weld dimensions on laser beam power
in HLAWCE
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Figure 12. Macrostructure of double-sided welded joint of § mm
thickness (P, = 5.0 kW, v = 1.2 m/min, v_ = 8.4 m/min, arc
current /, = 225 A, arc voltage U, = 21 V, welding input energy
0=3.9kl/cm)

the need in maintaining coaxial alignment of individ-
ual weld beads in a double-sided weld, it is necessary
to provide a method of edge preparation which will
guarantee a side edge, perpendicular to the sheet sur-
face. For materials of up to 15 mm thick, laser cutting
is sufficient. For thicker materials edge machining
may be required.

To determine the effect of laser beam power in the
HLAWCE process on the penetration depth and the
shape of welds, welding of sheets of 40 mm thick was
carried out with the edge surface after milling, with a
gap of 0.8—1.0 mm, varying the power of laser radia-
tion from 6 to 12 kW (Figures 9-11).

Figure 13. Macrostructure of welded joint of 12 mm thickness
(P, =55kW,v =12 m/min, v = 8.6 m/min, arc current / =
=250 A, arc voltage U, =28 V, 0 = 6.3 kJ/cm)

Figure 14. Macrostructure of welded joint of 20 mm thickness
(P,=6.5kW, v =10 m/min, v = 8.5 m/min, arc current / =
=235 A, arc voltage U, =27V, 0 = 7.7 kl/cm)
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Figure 15. Macrostructure of one-sided T-joint of 20 mm thick-
ness with partial penetration (P, = 10.0 kW, v = 0.7 m/min, v _ =
=8.5m/min, [ =227 A, U =29V, 0= 14.2kJ/cm)

Figure 16. Macrostructure of double-sided T-joint of 20 mm
thickness (P, = 10.0 kW, v = 1.3 m/min, v . = 8.5 m/min, / =
=241 A, U, =28V, 0=7.7 kl/em)

Figure 17. Back side of T-joint of sheets of 20 mm thickness —
humps

Figure 18. Longitudinal section of butt joint of 8 mm thickness —
humps and porosity

46

Figure 19. Appearance of one-sided welded joint with a thickness
of 20 mm (P, = 11.0 kW, v_ = 0.4 m/min, v_ = 8.5 m/min, /, =
=222 A, U =31V,Q=21.5kl/cm): a — face side — unfilled
groove and burn-through after about 110 mm; b — root side —
lack of penetration, excess melting and penetration of copper pipe
for forming gas supply

With an increase in the power of laser beam, pene-
tration depth increases, however, not according to lin-
ear dependence. A change in the power of laser beam
from 6 to 8 kW leads to an increase in the penetration
depth by about 4.5 mm (Figure 10). With a further in-
crease in the power by 2 kW, the penetration is higher
by 0.7 mm. At a power of laser beam being 12 kW, the
penetration depth was 18.5 mm. With an increase in
the laser beam power by 50 %, from 8 to 12 kW, the
penetration depth is increased by 1.6 mm, i.e., only
by 9 %.

Based on these results, the modes of laser + MAG
hybrid welding of double-sided butt joints of steels
X2CrNil8-9 and X2CrNiMoN21-5-1 with a thick-
ness of 8, 12 and 20 mm (Figures 12—14) in flat po-
sition, butt joints of these sheets with backing weld-
ing using MAG and HLAWCE method, as well as
one-sided and double-sided T-joints were determined
(Figures 15, 16).

Figure 20. Macrostructure of root weld of butt joint of steel
X6Cr13 with a crack (indicated by an arrow)
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Non-destructive and destructive tests of a dou-
ble-sided butt joint of plates of steel X2CrNil8-9 with
a thickness of 12 + 12 mm (see Figure 13) showed
that they meet the requirements of the standard ISO
15614-14 for certification of hybrid welding proce-
dure.

Defects in welds of HLAWCE. Specific defects
of one-sided welds made by hybrid welding include
unstable formation of back side (root) of welds and
porosity (Figures 17, 18).

In one-sided welding of hybrid butt joints, typical
defects are lack of penetration at the weld root and
excess of penetration. At the beginning there is a re-
gion of the weld without a full penetration, then, a
short region with a full penetration goes, followed by
a burnout and leakage of liquid metal of weld pool
(Figure 19).

Defects of welds of high-alloy steels, made by hy-
brid welding, include also hot cracks. The suscepti-
bility to hot cracks formation was observed in case of
producing a root weld of a butt joint of steel X6Cr13
of 50 mm thickness with root face of 15 mm (Fig-
ure 20).

Conclusions

1. Hybrid laser + MAG welding allows producing
double-sided butt joints of steel X2CrNil8-9 and
X2CrNiMoN21-5-1 with a thickness of 8, 12 (one-sid-

O EBRE T RICAY

il

K33CO

ed) and 20 mm (double-sided), as well as butt joints
with backing welding by the MAG and HLAWCE
method with a full penetration in flat position.

2. Hybrid welding allows producing T-joints of
sheets susceptibility of 8, 12 and 20 mm thickness
with a butt weld with a partial penetration, often re-
placing T-joints with a fillet weld, as well as T-joints
of sheets of up to 20 mm thickness with a butt weld
in flat position.

3. Specific defects of welds of high-alloy stainless
steels made by hybrid welding include: unstable for-
mation of the root of welds, porosity and hot cracks.

1. Atabaki Mazar, M., Ma, J., Yang, G., Kovacevic, R. (2014)
Hybrid laser/arc welding of advanced high strength steel in
different butt joint configurations. Materials and Design, 64,
December, 573-587.

. Brian, M. Victor (2011) Hybrid laser arc welding. Edison
Welding Institute, ASM Handbook, 64, Welding Fundamen-
tals and Processes, 321-328

. Krivtsun, [.V., Krikent, .V., Demchenko, V.F. et al. (2015) In-
teraction of CO,-laser radiation beam with electric arc plasma
in hybrid (laser + TIG) welding. The Paton Welding Journal,
3-4,6-15.

. Lembeck, H. (2010) Laser hybrid welding of thick sheet met-
als with disk lasers in shipbuilding industry. Int. Laser Tech-
nology Congress AKL.

. Turichin, G., Velichko, O., Kuznetsov, A. et al. (2014) Mobile
hybrid system for pipeline welding on the base of 20 kW fi-
ber laser. In: Proc. of 8" Int. Conf. on Photonic Technologies
LANE, 1-4.

Received 27.06.2019

. ELDI(‘ EO[TII'RIENI
leader fu flic ficdd of e’ ﬂ‘hh butt weldix -«({ Tails

MOBILE RAIESWEEDING COMPLEXES

ISSN 0957-798X THE PATON WELDING JOURNAL, No. 10, 2019

47




INDUSTRIAL

https://doi.org/10.15407/tpwj2019.10.07

VACUUM DIFFUSION WELDING OF vy-TiAl INTERMETALLIC
WITH HIGH-TEMPERATURE NICKEL ALLOY
WITH APPLICATION OF INTERMEDIATE Al/Ni NANOLAYERS

Iu.V. FALCHENKO, L.V. PETRUSHYNETS, T.V. MELNICHENKO, A.I. USTINOV and V.E. FEDORCHUK
E.O. Paton Electric Welding Institute of the NAS of Ukraine
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine. E-mail: office@paton.kiev.ua

Effect of structural characteristics and chemical composition of nanolayered interlayers based on Al-Ni system on for-
mation of joints of y-TiAl-based alloy and high-temperature nickel alloy in vacuum diffusion welding was studied. It
is shown that application of nanolayered clad interlayers ensures formation of a diffusion zone with monotonic change
of the content of components, where the phase composition and micromechanical characteristics are determined by the
interlayer chemical composition, as well as lowers the probability of brittle phase appearance in the butt joint. 18 Ref.,

6 Tables, 7 Figures.

Keywords: vacuum diffusion welding, intermetallics, nanolayered interlayers

Titanium aluminides are a promising materials for
manufacturing parts of aircraft engines, sheathing and
honeycomb structures of supersonic flying vehicles
[1]. Casing seals, air filters, nozzle parts, compressor
blades, combustion chamber structure elements, car
engine valves, etc. are manufactured from cast titani-
um aluminides [2].

With progress of aerospace technologies and de-
velopment of new structural high-temperature alloys,
the need arises for joining pairs of dissimilar materi-
als, for instance, y-TiAl intermetallic alloys and nick-
el-based high-temperature alloys. Combination of
dissimilar high-temperature materials in the structure
widens the possibilities of its functional application.

The currently available technologies of fusion
welding of these materials do not allow obtaining
high-quality welded joints, because of liquation phe-
nomena, structural and phase transformations in the
weld metal and HAZ, that leads to hot cracking in
the joint [3, 4]. Vacuum diffusion welding (VDW) is
the most promising method of joining y-TiAl-based
alloys to nickel-based high-temperature alloys [5-7].
However, with this welding method, joint formation
is accompanied by appearance of a diffusion zone of a
complex phase composition, including brittle phases,
which can have a negative effect on the joint mechan-
ical properties. On the other hand, such low ductility
of y-TiAl makes it more difficult to establish physical
contact in VDW. Ductile interlayers are usually used
for activation of the surfaces being joined in diffusion
welding of dissimilar materials and intensification of
diffusion processes [8]. However, application of in-
terlayers, produced by rolling and having 50-300 um
thickness, leads to formation of a diffusion zone with

chemical composition and mechanical properties,
markedly different from those of the materials being
welded [9]. At application of such an approach, pre-
liminary hydrogenation of the interlayers is used for
intensification of diffusion processes in the joint zone.
However, to prevent hydrogen evolution at the heat-
ing stage, welding is performed with application of
high-intensity heat sources, capable of ensuring the
rate of temperature rise of up to 1200 °C/min [6].

In order to activate the diffusion processes at for-
mation of the joint, it is promising to apply coatings or
intermediate foils with nano- and submicrocrystalline
structure, characterized by superplasticity that allows
localizing plastic deformation of the surfaces being
welded directly in the butt. So, the authors of [6] con-
ducted laser modification of titanium aluminide sur-
face that in combination with deposition of TiAl layer
on the nickel alloy surface ensured producing a sound
joint. The authors of [7, 10, 11] showed that appli-
cation of nanolayered interlayers in the form of foil
or coatings in VDW of dissimilar and difficult-to-de-
form materials, allows activation of the surfaces being
welded, increasing the intensity of the diffusion pro-
cesses and reducing the thermomechanical impact on
the materials being welded. From this viewpoint, it is
promising to apply an interlayer in the form of nano-
layered reactive foil, produced by EBPVD method,
which is characterized by intensive running of phase
transformations and low-temperature plastic deforma-
tion at thermomechanical loading [12, 13]. Selection
of chemical composition and structural characteristics
of the interlayer is determined by chemical composi-
tion of the materials being welded and product oper-
ating temperature.
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Table 1. Alloy chemical composition

Chemical composition, wt.%

Alloy
Al Si Ti Cr Mn Fe Ni Nb
Ni-alloy EI437B 0.92 0.46 2.65 21.01 0.25 0.83 73.88 —
y-TiAl alloy 32.65 — 59.24 3.9 — — — 4.21

The objective of this work is studying the features of
formation of joints of y-TiAl-based alloy and high-tem-
perature nickel alloy with chromium content > 20 wt.%
and with volume fraction of y'-phase < 10 vol.% by
VDW method through nanolayered interlayers.

Experimental procedure. Chemical composition
of y-TiAl-based alloy and high-temperature nickel al-
loy is given in Table 1.

v-TiAl-based alloy was produced by the method
of electron beam remelting with subsequent isostatic
pressing under pressure of 120—150 MPa at the tem-
perature of 1260 °C for 4 h that ensured heating of
casting defects. The produced material was subject-
ed to homogenizing annealing at 1100 °C for 6-8 h,
low-speed rolling at the temperature of 1200 °C and
homogenizing heat treatment at 1100 °C for 6-8 h.
Produced alloy based on y-TiAl intermetallic is char-
acterized by lamellar two-phase structure of y/a,.

High-temperature nickel alloy with < 10 vol.%
volume fraction of y'-phase belongs to the group of
satisfactorily weldable alloys and is characterized by
high heat resistance, low heat conductivity, high sus-
ceptibility to mechanical hardening (work hardening)
during mechanical treatment [14].

Sample preparation for welding consisted in their
cutting in electroerosion machine, surface grind-
ing and degreasing. Samples were butt welded in
U-394M unit. Diffusion welding of y-TiAl intermetal-
lic alloy with high-temperature nickel alloy was con-
ducted in vacuum V= 1.33.10° Pa at temperature
T = 1050 °C, pressure P = 20 MPa, and welding
time 7, = 20 min.

Interlayers based on Al-Ni system in the form of
nanolayered foil with uniform distribution of compo-
nents and clad by metal layers 20—35 pum thick, with
layer alternation period of 60—200 nm (Figure 1, a, b),
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Figure 1. Microstructure and strain rate at heating under uniaxial tension of nanolayered foil with uniform distribution of the compo-

nents (a, b) and of clad foil (b, d), respectively
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Table 2. Interlayer characteristics

Chemical co.mposmon Of?l/Nl reactive Thickness of reactive and cladding interlayers, pm
Interlayer interlayer, wt.%
Al Ni Reactive interlayer Cu Ni
AI/Ni (AINi) 34.82 65.18 30 - —
AI/Ni (AINi,) 13.32 86.68 34 - —
Ni—Al/Ni—Ni 32.56 67.44 17 - 3+3
Cu-Al/Ni-Ni 12.03 87.97 22 2 1

Ni-alloy

al |

50 pm

b | 100 um

Figure 2. Microstructure of the joint of y-TiAl — nickel alloy, produced by diffusion welding without an interlayer (/-4 —analysis

region)
were produced by the method of layer-by-layer elec-
tron beam deposition of vapour phases of aluminium
and nickel, described in detail in [15]. Structure and
chemical composition of interlayers are shown in Ta-
ble 2. At heating of multilayer foil under the conditions
of uniaxial tension, it undergoes low-temperature in-
tensive plastic deformation, similar to superplastic de-
formation, that is due to phase and structural transfor-
mations, occurring in it at heating [13] (Figure 1, ¢, d).

Analysis of microstructure of welded joints and
nanolayered foils was conducted using scanning elec-
tron microscope CamScan-4, fitted with a system of
energy-dispersive analysis EDX INCA 200 for de-
termination of chemical composition of material on
flat samples. Samples for investigations in the form of
transverse sections of the foils and welded joints were
prepared by a standard procedure, using grinding-pol-
ishing equipment of Struers Company.

Evaluation of microhardness and coefficient of
ductility of welded joints was performed by deter-
mination of micromechanical characteristics in Mi-

Table 3. Chemical composition of sections in the joint zone,
shown in Figure 2, a

Anal.ysis Chemical composition of analysis zones, wt.% Phase
region | Al Ti Cr Fe Ni Nb
1 2292 | 6548 | 43 - 3.78 | 3.52 -
2 24.45 | 3941 44 0.48 | 28.15 | 3.11 T,
3 12.77 | 13.36 | 7.06 - 66.8 - T,
4 7.7 5.83 | 35.66 — 50.82 — —

50

cron-gamma unit by the method of automatic indenta-
tion, using Berkovich diamond pyramid (a0 = 65°) at
0.4 N load [16].

Investigation results. Welding of y-TiAl inter-
metallic alloy with high-temperature nickel alloy. In
VDW of titanium aluminide with EI437B alloy with-
out interlayers the joint forms a diffusion zone ap-
proximately 35 pum thick, made up by intermetallic
layers based on Ti—Ni—Al system of different compo-
sition (Figure 2, Table 3), predominantly consisting of
1,-ALNiTi, and 7,-AINi,Ti phases [17]. Formation of
intermetallic layers leads to an increase of diffusion
zone microhardness up to 14 GPa.

Formation of intermetallics with mechanical charac-
teristics, markedly different from those of the alloys be-
ing welded, is due to stresses arising in the joint, leading
to cracking at cooling (Figure 2) in the zones, adjacent to
the nickel alloy, in which chromium diffusion results in
formation of CrNi, brittle phase (Figure 2, b).

It can be assumed that the ductile nanolayered in-
terlayer will not only ensure physical contact of the
surfaces being welded, but will also have an effect
on the nature of diffusion processes in the joint and
formation of the diffusion zone phase composition.
In order to assess such an effect, we studied the role
of nanolayered interlayers based on AI-Ni system,
having chemical composition, corresponding to the
stoichiometry of AINi and AINi, intermetallics and of
clad interlayers on their base, namely Ni—Al/Ni(Al-
Ni)-Ni, Cu-Al/Ni(AINi,)-Ni in formation of y-TiAl
joints with the high-temperature nickel alloy.
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Table 4. Chemical composition of sections in the joint zone,
shown in Figure 4, a

Analysis Chemical composition of joint zones, wt.%
k Phase
region Al Ti Cr Ni Nb
1 22.94 59.72 1.76 11.62 3.97 —
2 13.69 24.27 — 60.64 1.4 T,
3 12.25 5.59 — 82.16 - —
4 12.83 0.31 1.35 85.51 - —

Investigation of the effect of Al/Ni interlayer on
formation of the joint of intermetallic y-TiAl alloy and
nickel alloy.

1. Interlayer of AINi composition.

Use of nanolayered foil of AINi composition as an
interlayer does not lead to joint formation (Figure 3),
that, apparently, is the consequence of high reactivity
of the foil and formation of a brittle intermetallic layer
based on AINi compound in the joint, the presence of
which promotes cracking in the butt joint at cooling.

2. Interlayer of AINi, composition.

Diffusion welding of y-TiAl alloys and high-tem-
perature nickel alloy was conducted using nanolay-
ered foil of AI-Ni system as an interlayer, the com-
position of which corresponds to AINi, intermetallics.
As one can see from analysis of the joint microstruc-
ture (Figure 4, a), use of such an interlayer ensures
activation of interdiffusion of the components of foil
and alloys with formation of a sound joint. Consid-
ering the fact that the reactivity of nanolayered foil
of AINi, composition is by an order of magnitude
lower [18] than of that of AINi composition, it can
be assumed that the nature of phase transformations
at nanolayered interlayer heating has an effect on the
diffusion processes in the joint. Interdiffusion of the
components results in formation of a diffusion zone
approximately 50 pm wide with a monotonic change
of the component concentration in it (Figure 4, b, Ta-
ble 4). Reaction diffusion of the alloys and interlayer

Intensity, cond.un.

Ni-alloy

~ 20pum

Figure 3. Microstructure of the joint of y-TiAl — nickel alloy,
produced using AINi interlayer

components from the side of y-TiAl results in forma-
tion of a ternary intermetallic phase 1, in the joint,
leading to increase of the material microhardness in
the butt joint area (Figure 4, ¢).

Effect of the clad interlayer based on Al-Ni system
on formation of the joint of intermetallic alloy y-TiAl
and nickel alloy.

1. Ni-Al/Ni-Ni interlayer.

Absence of the joint formation when using an inter-
layer of the composition, corresponding to AINi stoi-
chiometry, gave grounds to assume that the presence
of cladding interlayers of nickel on the nanolayered
foil surfaces allows improving the physical contact of
the surfaces being welded due to chemical affinity of
nickel interlayers to y-TiAl and nickel alloy [12].

Diffusion welding of y-TiAl and nickel alloy was
conducted through a clad Ni—AI/Ni-Ni interlayer,
which consists of nanolayered foil of AI-Ni composi-
tion, corresponding to AINi stoichiometry, and nickel
cladding layers (Table 2). As shown by metallograph-
ic studies of welded joints, the butt joint does not have
any pores or cracks (Figure 5).

Application of clad nanolayered foil in welding
provides joint formation and promotes activation of

40
Distance, pm

50

Figure 4. Microstructure (a) and component distribution (b) in the joint of y-TiAl — nickel alloy produced using a nanolayered inter-

layer of AINi, composition
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Figure 5. Microstructure (a) and component distribution () in the joint of y-TiAl — nickel alloy, produced using clad Ni/Al-Ni/Ni

interlayer

Table 5. Chemical composition of sections in the joint zone,
shown in Figure 5, a

Analysis Chemical composition of the joint zones, wt.%
region Al Ti Cr Ni Nb
1 24.94 40.39 3.52 28.05 3.11
2 13.77 24.07 0.40 60.67 1.10
3 21.78 0.75 1.06 76.41 —
4 6.20 3.01 24.56 66.23 —

the diffusion processes in the interlayer. Interdiffusion
of the alloy and foil components leads to formation in
the butt of a diffusion zone 45 pm wide with a mono-
tonic change of component concentration (Figure 5,
b) and laminated structure. Layers of intermetallic
phases based on Ti—Ni—Al with different component
ratios form from y-TiAl side (Table 5). Presence of
nickel layers on the intermediate foil surface, on the
one hand, promotes reduction of chromium diffusion
from the nickel alloy, that is indicated by a low chro-
mium content in the diffusion zone, and on the other
hand, ensures formation of an intermetallic enriched
in nickel (ALNi,) in the central part of the diffusion

v

Intensity, cond.un.

200+

zone (Table 5, analysis region 3), that promotes low-
ering of material microhardness to 6.8 GPa.

2. Cu—Al/Ni—Ni interlayer.

Diffusion welding of y-TiAl and nickel alloy was
conducted through a clad Cu—Al/Ni-Ni interlayer,
consisting of nanolayered foil of AI-Ni system, corre-
sponding to stoichiometry of AINi, and cladding lay-
ers of copper and nickel (Table 2). The interlayer was
placed so that the copper layer contacted y-TiAl, and
the nickel layer was in contact with the nickel alloy.
Such a placement of the interlayer is predetermined
by the chemical affinity of the components of the
cladding layers and the alloys.

The joint microstructure is shown in Figure 6, a.
Diftusion mixing of the alloy components ensures for-
mation of the diffusion zone, consisting of layers with
different phase composition (Figure 6, b, Table 6), where
copper is concentrated in the area close to titanium in-
termetallic, that is the consequence of chemical affini-
ty of titanium and copper and, probably, formation of a
low-temperature eutectic component, that improves the
physical contact of the surfaces being welded.

Ni-alloy

100+

50

L]
30
Distance, pm

40

Figure 6. Microstructure () and component distribution (b) in the joint of y-TiAl — nickel alloy, produced with application of clad

Cu/Al-Ni/Ni interlayer
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Table 6. Chemical composition of sections in the joint zone
shown in Figure 6, a

Analysis| Chemical composition of the joint zones, shown in Figure 6, a
region | Al Ti Cr Fe Ni Cu Nb
1 22.74 | 62.65 | 6.24 — 1.63 3.07 | 3.66
2 25.38 | 39.19 | 4.70 — 1648 | 11.32 | 2.94
3 15.34 | 1045 | 2.37 | 0.92 | 67.40 | 3.51 —
4 16.14 | 4.69 | 4.92 1.96 | 72.30 — —

Figure 7 gives the values of microhardness and co-
efficient of ductility of the alloys being welded and
the diffusion zone of the joints, produced by VDW
without an interlayer and with a clad interlayer of dif-
ferent composition. One can see that application of a
clad nanolayered interlayer allows lowering the ma-
terial microhardness in the diffusion zone more than
two times, compared to the joints produced without
an interlayer at preservation of the coefficient of duc-
tility on the level of that of the base materials.

Conclusions

1. Defects in the form of extended cracking sections
appear in the joint from the nickel alloy side in dif-
fusion welding of y-TiAl alloy and high-temperature
nickel alloy, that is the consequence of formation of
brittle intermetallic phases with high microhardness
(up to 14 GPa) and of CrNi, phase.

2. Application of a clad nanolayered interlayer
based on Al-Ni system in diffusion welding of y-AINi
alloy with the high-temperature alloy ensures produc-
ing sound joints due to formation of a diffusion zone
with the monotonic nature of component distribution
and lowering of its microhardness.
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In the period from September 9 to 13, 2019, IX In-
ternational Conference «Beam Technologies in Weld-
ing and Materials Processing» (LTWMP-2019) was
held in Odessa at «Arkadia» hotel. The Conference
was organized by the E.O. Paton Electric Welding In-
stitute of the NAS of Ukraine, NTUU «Igor Sikorsky
Kyiv Polytechnic Institute» and International Associ-
ation «Welding.

More than 60 scientists and specialists from
Ukraine, Slovakia, Germany, Belarus and China took
part in the Conference. It was organized in the form
of plenary and poster sessions; conference working
languages were Russian, Ukrainian and English (syn-
chronous translation of the papers was provided). 37
presentations were made during the plenary and post-
er sessions.

The Conference was opened by Academician
L.V. Krivtsun, Deputy Director of PWI, Chairman of
Conference Program Committee. In his address he
noted that papers on laser subjects, hybrid and 3D
technologies were submitted for presentation at the
conference, as well as papers on electron beam tech-
nologies in welding and special electrometallurgy.
Academician L.V. Krivtsun also noted the role of the
vapour-gas channel in beam technologies at forma-

INTERNATIONAL CONFERENCE
«BEAM TECHNOLOGIES IN WELDING
AND MATERIALS PROCESSING»

tion of welded joints and role of the synergic effect in
hybrid technologies.

Let us mention some of the papers which give an
idea about the issues raised at the conference:

e «Features of formation of metal structure of
products from titanium alloys, produced by 3D
printing with application of profiled electron beam
by xBeam 3D Metal Printing Technology», Koval-
chuk D.V., PJSC «NVO «Chervona Hvilyay», Kyiv;

e «Contribution to the welding of hot-rolled al-
uminium-lithium alloys by electron beam», Drimal
Daniel, PRVA ZVARACSKA a. s., Bratislava, Slovak
Republic;

e «Specialized technological electron beam
equipment for realization of additive process of lay-
er-by-layer manufacturing of metal products with ap-
plication of powdered materials», Nesterenkov V.M.,
PWI, Kyiv;

e «Electron beam melting of high-temperature
titanium alloys of Ti—Si—Al-Zn—Sn system», Sever-
in A.Yu., SC «SPC Titan» of PWI, Kyiv;

e «Optimization of technological parameters of
layer-by-layer formation of products from VT6 titani-
um alloy using EBW based on mathematical model-
ing», Kandala S.M., PWI, Kyiv;

Academician I.V. Krivtsun addressing the Conference at the opening
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e .

Participants of LTWMP-2019 Conference

e «Optimization of technological operations of la-
ser welding and laser surfacing of elements of small-
sized nozzle blocks of liquid rocket engines», Shely-
agin V.D., PWI, Kyiv;

e «Modeling of temperature fields in electron
beam sintering», Semenov O., PWI, Kyiv;

e «Electron beam technology as a method of pro-
ducing thermal barrier coatings of ZrO,-Y,0, system
with good functional characteristics on different types
of metal bond coats», Kurenkova V.V, LLC «Paton
Turbine Technologies», Kyiv;

e «Formation of consumable electrodes from
sponge titanium by the method of electron beam sur-
face melting», Pikulin A.N., SPC «Titan» of PWI,
Kyiv;

e «Microstructure of VT20 titanium alloys pro-
duced by the method of layer-by-layer electron beam
surfacing with application of local powdered materi-
als», Matviichuk V.A., PWI, Kyiv;

e «Hybrid laser-microplasma welding of stainless
steels», Khaskin V. Yu., Chinese-Ukrainian Paton Insti-
tute of Welding, Guangzhou, PRC;

e «Adaptive control of the process of laser weld-
ing and surfacing of parts of a complex shape, while
ensuring the geometrical accuracy of trajectory move-
ments», Kombarov V.V., SPC «KHAI-Engineering.
Kharkiv;

e «Regularities of the effect of the parameters of
selective laser melting (SLM) on formation of a single
layer from high-temperature nickel alloy INCONEL
718», Adzhamskyi S.V.,, LLC «Laser additive technol-
ogies of Ukraine», Dnipro;

e «Structure and properties of the joints of AA7056
T351 aluminium alloy, made by electron beam weld-
ing», Berdnikova E.N., PWI, Kyiv,

ISSN 0957-798X THE PATON WELDING JOURNAL, No. 10, 2019

e «Modeling of the stress-strain state of steam
turbine blades from titanium alloy at reconditioning
repair with application of electron beam surfacingy,
Kandala S.M., PWI, Kyiv;

e «Investigations of laser-casting process of pro-
ducing bimetals for different functional purposes»,
Salii S.S., NTUU «lgor Sikorsky Kyiv Polytechnic
Institute», Kyiv;

e «EBW and heat treatment of sparsely doped ti-
tanium alloys based on B-phase», Belous V.Yu., PWI,
Kyiv;

e «FElimination of humping effect in laser-arc
welding of higher strength steels», Khaskin V. Yu., Chi-
nese-Ukrainian Paton Institute of Welding, Guang-
zhou, PRC;

e «Structure and properties of dissimilar tita-
nium-aluminium welded joints, produced by laser
weldingy, Sidorets V.N., PWI, Kyiv;

e «Hybrid system for electron beam evaporation
and ion sputteringy, Kuzmichev A.l., NTUU «lgor
Sikorsky Kyiv Polytechnic Institute»;

e «Electron beam melting of sparsely doped titani-
um-based alloys», Berezos V.A., SPC «Titan» of PWI,
Kyiv;

e «Investigation of the features of the processes of
welded joint formation in laser welding of steels and
alloys in different positions», Bernatskyi A.V., PWI,
Kyiv;

e «Effect of condensed multilayer protective coat-
ings on cyclic strength of VT-6 alloy», Mikitchik A.V.,
International Center for Electron Beam Technologies
of PWI, Kyiv;

e «Microstrengthening of the boundaries of de-
posited layers in items produced by electron beam
surfacing», Khokhlova Yu.A., PWI, Kyiv.
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Presentations on laser application in medicine, for
3D printing of plastics and two presentations on ap-
plication of non-beam concentrated heat sources were
also made:

e «Effect of pulsed-arc welding modes on thermal
cycles and geometrical parameters of welds and HAZ
of welded joints made by high-alloyed welding con-
sumables», Poznyakov V.D., PWI, Kyiv;

e «Melting temperature of metal nanoparticles in
plasmay, Dragan G.S., SRI of Physics of I.I. Mech-
nikov Odessa National University.

Outside of conference program, A4.P.Mukhachev,
Director of the Center of Chemical Technologies of
the Academy of Engineering Sciences (Kam’yanske)
spoke about the directions of the Center activity on
restoration of hafnium, zirconium, niobium and mo-
lybdenum production in electron beam remelting
units in Ukraine.

Polishko A.A. (PWI) made a presentation about
YPIC/WRTYS 2020 «Young Professionals Interna-
tional Conference on Welding and Related Technolo-
gies», May 19-22, 2020, Kyiv (https://ypic2020.com)
and invited the scientists, specialists and business
leaders to take part in it as presenters, listeners and
sponsors. Representatives of a number of Ukrainian
industrial enterprises from Kyiv, Dnipro, Zapor-
izhzhia, Kharkiv, Kryvyi Rih, Kam’yanske, using
laser and beam technologies in the production cycle,
also participated in the conference without making
presentations.

The Conference was completed by a Round Table
on «New developments in the field of 3D beam tech-

nologies». During the round table urgent problems of
development of beam welding technologies were dis-
cussed in relation to manufacturing 3D products from
various metallic materials, and finished products were
demonstrated, which were manufactured by laser 3D
prototyping (LLC «Laser Additive Technologies of
Ukraine») and in electron beam units (PJSC «<NVO
«Chervona Hvilyay», PWI).

Proceedings of LTWMP-2019 Conference will be
published by the end of 2019. The Proceedings of the
previous eight LTWMP Conferences can be ordered
from «Avtomaticheskaya Svarka» Editorial Board
or received in the public domain in PWI publishing
house site at the following link: http://patonpublish-
inghouse.com/eng/proceedings/Itwmp.

Friendly, hospitable and creative atmosphere of
the Conference contributed to development of use-
ful discussions, and establishing business contacts.
Conference participants unanimously supported the
proposal to conduct the following tenth International
Conference on beam technologies in welding and ma-
terials processing (LTWMP-2021) in September 2021
in Odessa, Ukraine.

Organizing Committee of LTWMP-2019 Confer-
ence expresses gratitude and appreciation to PJSC
«NVO «Chervona Hvilya», High Energy Technolo-
gies Companies, Chinese-Ukrainian Paton Institute
of Welding, PWI «Titanium» Center, PWI Electron
Beam Welding Center, and PWI International Center
for Electron Beam Technologies for their assistance in
conducting the Conference.

Dr. A.T. Zelnichenko

CUTTING WORLD 2020
THE TRADE FAIR FOR PROFESSIONAL CUTTING TECHNOLOGY

www.cuttingworld.de.
2019.

From April 28 to 30, 2020, Cutting World will be open at Messe Essen. It
is the only trade fair to concentrate on the entire process chain on the
subject of cutting. Numerous exhibitors have already taken the opportu-
nity to secure booth areas in the new Hall 8 for themselves. Since recently,
these have also included the following companies: Assfalg, Boschert,
Cam Concept, Eckelmann, Kjellberg, MGM, ProCom and Rosenberger.
Air Liquide Deutschland, BKE, IHT Automation, NUM, STM Waterjet
and Yamazaki Mazak Deutschland had previously confirmed their partici-
pation. Any interested exhibitors can find the registration documents at

The registration deadline will be November 30,
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CALENDAR OF OCTOBER

Calendar of October”

OCTOBER 1, 1934  Presidium of the USSR AS appointed E.O. Paton (1870-1953) as a director
of Electric Welding Institute. To recognize welding as a reliable technological process it was neces-
sary to carry out complex investigations of mechanics of welded structures, processes of metallurgy
and materials science of welding, arc discharge physics; it was a need in development of appara-
tuses, materials and new welding technologies. These are the purposes, which made a basis for
establishment by the initiative of E.O. Paton the first in the world practice Institute, which in the next
years won leading grounds in development of welding engineering and technologies.

OCTOBER 2,1934 First fly of training, two-seater low-wing aircraft AIR-9 with M-11 engine of Ya-
kovlev DTB, piloted by pilot Yu.l. Piontkovsky. On July 4, 1937, pilots Irina Vishnevskaya and Ekat-
erina Mednikova made a woman international record for light aeroplanes of the first category. They
reached 6518 m height. The fuselage of the plane is truss, welded of steel tubes and additionally
braced. Such a decision was very unusual for that time, but significantly simplified plane production.

OCTOBER 3,1967 Experimental rocket airplane «North American X-15A-2» gained the speed of
7273 km/h that is 6/72 times higher the sound velocity. First and for the 40 years single in the history
piloted hyperacoustic air vehicle-plane performed suborbital piloted space flights. The peculiarity
of airplane «North American X-15» was wide application of welding in its production. Thus, around
70-80 % of welded structures were in the airplane structure.

OCTOBER 4, 1957 First artificial Earth satellite was launched. Work of designers and manufac-
turers during satellite production was carried out simultaneously due to constricted terms. The main
difficulty was in manufacture of spherical semi-shells by hydrodrawing, their welding with frame and
polishing of the outer surfaces, even minor scratches were not allowed on them; welding of welds
should be tight and was X-ray controlled, and tightness of assembled container was checked by
helium leak detector.

OCTOBER 5, 1929 Birthday of N.P. Lyakishev (1929-2006), researcher-metallurgist, academician of the RAS and
NAS of Ukraine. He developed a series of sparsely-alloyed cold-resistant steels with good weldability for
main gas pipelines of northern designation and technological processes of their commercial production. He
initiated implementation in the metallurgy of the process of direct iron production. In 1975-1984 he was a

) director of I.P. Bardin TsNllchermet; in 1987-2004 he was a director of A.A. Baykov Institute of Metallurgy
and Materials Science.

—y

OCTOBER 6, 1893 Birthday of Meghnad Saha (1893—-1956), Indian physicist and astronomer, member |

of the Royal Society of London (1927). The scientific works of M. Saha refers to thermodynamics, static
physics, astrophysics, theory of propagation of radio waves, nuclear physics. An important scientific basic
for development of arc welding was a theory on plasma ionization. To characterize the process of ionization
M. Saha in 1921 proposed the equitation, named after that by his name. In development of this equation
in 1924 |. Langmuir derived the formulae for determination of the level of ionization of vapors of substance
evaporating from heated surfaces.

OCTOBER 7, 1934  Akulov N.S. (1900-1976), Soviet physicist, academician, specialist in the field of ferromagnetism
developed in 1934 the first magnetic flaw detector. He studied influence of magnetic fields on different char-
'\ acteristics of ferromagnetic metals. He was awarded with the USSR State Prize for application of developed
theory of ferromagnetism in metal flaw detection.
=y

5N

OCTOBER 8, 1936 Birthday of V.N. Zamkov (1936-2005), a well-known scientist in the field of metallur- e
gy and welding of titanium alloys. Among the works of V.N. Zamkov it is necessary to note the development | % -
of a new method of argon-arc welding of titanium over a flux layer, which allowed fundamentally changing -
titanium welding technology, and thus, solving the problem of increase of welded joint quality. Under his m
direct leaders there were developed fundamentally new consumables for welding, namely fluxes and flux-

cored wires.

*The material was prepared by the Steel Work Company (Kryvyi Rih, Ukraine) with the participation of the editorial board of the Journal. The
Calendar is published every month, starting from the issue of «The Paton Welding Journal» No.1, 2019.
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OCTOBER 9, 1950 USSR State Prize was awarded to B.l. Medovar, R.l. Lashkevich (PWI),
G.K. Slysh, A.M. Garagulya, P.I. Sobolev (Khartsyzsk Pipe Plant) for development of a new high-per-
formance method of automatic twin arc welding of large diameter pipes. Method of automatic twin arc
welding of pipes promoted rapid development of domestic pipe production.

OCTOBER 10, 1731 Birthday of Henry Cavendish (1731-1810), British physicist and chemist. In 1766 Cavendish
published the first important work on chemistry «Artificial air», where he informed about discovery of «com-
bustible air» (hydrogen). He extracted (1766) carbon dioxide and hydrogen in pure form, accepting the latter
as phlogiston, determined the main composition of air as a mixture of nitrogen and oxygen. He derived

f" > nitrogen oxides. These discoveries were an important constituent for next development of technology of
= autogenous welding.

OCTOBER 11, 1963 Howaldtswerke-Deutsche Werft Company in Kiel lied down a keel Otto
Hahn, one of the fourth ever built merchant ships with nuclear power system. It was set afloat in 1964.
In 1968 38-megawatt nuclear reactor of the ship was launched and seal trial was started. In October
of the same year Otto Hahn was certified as merchant and research ship. In order to secure a crew
it was decided to weld a reactor block in special large compartment. At that particularly rigid require-
ments were made to the welds and for this multiple tests of their quality were carried out.

OCTOBER 12,1940  Soviet pilot V. Kokkinaki started testing of the second variant of single-seat
plane II-2, Soviet attack aircraft designed at DTB-240 under the leadership of llyushin S.V. Being the
main attack power in the Soviet aviation, II-2 attack aircraft played outstanding role in the Second
World War. It was the war-plane of the most mass production in the history of air construction. In
total there were produced 36 thou. The fuselage of the aircraft was all-metal or mixed type. The front
part represented itself welded shell (armored hull) of stamped sheets of armor of 4—6 mm thickness,
joined by riveting and welding. Developed high-performance technology of combined welding of ele-
ments of structure of 1I-2 and Yak-7 of hardened steel was honored with Stalin Prize in 1946.

OCTOBER 13, 1941  State Defense Committee made a decision on construction of two plants in
Barnaul, one of them on production of tank T-50. Tank hull was welded of armour sheets of 45 mm
thickness, except for bottom and top (20 mm). In welded faceted turret 45 mm gun of 1934 year type
and coaxial with it machine-gun of 7.62 mm bore were located. Sheet of the hull of T-50 were joined
by welding and located under high tilting angles. To 1942 the engineering drawings for hull of homog-
enous armour of 40 mm thickness optimized for semi-automatic welding were prepared.

OCTOBER 14, 1948 The first in the history of aviation supersonic flight took place in 1947. It was
done by pilot Charles Yeager on «Bell X-1» plane with liquid rocket which was launched from carrier
aircraft Boeing-B29 and gained 2600 km/h velocity. Airfframe was made of high-strength aluminum,
fuel tanks were welded of steel. Welding was also used in manufacture of airframe parts.

OCTOBER 15,1992 Publication of one of the patents of B.I. Medovar (1916-2000), leading scientist in the field of weld-
ing and metallurgy, academician, representative of the Paton school. Starting from 1960 he was developing
the theoretical fundamentals of materials science and metallurgy of austenite steel welding. He was dealing
with the problems of surfacing, remelting and casting. He is one of co-authors of technology of electroslag
welding. Starting from 1979 he was a head of the works on development of new class of structural metallic
materials obtained by electroslag remelting method.

OCTOBER 16,2104 The last model of new generation of iMac computers was issued. The main
peculiarity of it was strikingly thin body. In presentation it was mentioned in passing about some rev-
olutional welding technology, which allowed making the body significantly thinner. It emerged that for
joining the parts of new iMac the technology of rotation friction welding was used. As a result it was
possible to get smoother and stronger joint, which provides the possibility to make the part thinner at
that this process uses less energy than traditional joining technologies. Thanks to this thickness of
body edge in Apple compurer is only 0.5 cm.
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OCTOBER 17, 2001 Day of death of P.I. Sevbo (1900-2001), a well-known designer and scientist, representative of
the Paton school, which for a long time was a head of design bureau of the E.O. Paton Electric Welding In-
stitute. During the Second World War the personnel of the bureau under P.I. Sevbo leadership rapidly de-
veloped and implemented tens of specialized apparatuses and machines for automatic welding of armour
hulls of T-34 tank. In the post-war years P.l. Sevbo actively worked on development and improvement of
welding equipment for many braches of industry. He developed a series of projects related with complex
automation of welding production.

OCTOBER 18, 1888  Method of metal-arc welding developed by N.G. Slavyanov was tested on
public in presence of state commission in welding of crankshaft steam-engine. This date is consid-
ered as a birthday of Russian electric welding. The first in the world welding shop (so called electric
casting factory with electric generator) was organized at the plant and since 1889 the record started
to be kept «Record on works carried using electric casting of mining engineer Slavyanov at Perm
cannon plant». Certificates on quality of performed works after part operation was mandatory at-
tached to the record.

OCTOBER 19, 1958  Opening of the First International Exhibition in Brussels, where one of the
main sights was Atomium. One the symbols of Brussels is a huge steel construction located on North-
West, on Heysel park hill. It was designed by architect André Waterkeyn and constructed under the
leadership of André and Michel Polak. By the idea of Waterkeyn its structure symbolizes beginning
of new age, i.e. age of science, exploration of space and peaceful usage of nuclear energy. These
unusual structure consists of 9 spheres «atoms» and presents a model of crystal of ferrum enlarged
165 bin times. Atomium can be considered as an anthem of welded structures of the XX century.

OCTOBER 20, 1480 Birthday of Vannoccio Biringuccio (1480-1539), Italian alchemist, metallurgist and
architect. He was studying alchemy, metallurgy and casting for a long time in Italy, Czechia and Austria.
He was a well-known in Europe casting craftsman and dealt with manufacture of military equipment in
Florentine Republic. Here in 1529 Biringuccio casted one of the largest for that time cannons of more that
6 t weight and 6.7 m length. In his ten-volume work «Pyrotechnics» he describes, in particular, creation of
butt joint using forge welding with the help of silver, broken glass and other materials. This was the way for
joining swards and other types of weapon.

OCTOBER 21,1954 Birthday of I.V. Krivtsun, leading scientist in the field of theoretical investigations and mathematical
modelling of physical phenomena in low-temperature technological plasma, academician, representative
of the Paton school. He developed such novel hybrid processes as laser-microplasma welding of met-
als of small thicknesses, laser-plasma powder surfacing and spraying of ceramic materials, laser-plasma
deposition of diamond and diamond-like coatings. For practical implementation of indicated technological
processes it was developed a series of integrated laser-arc plasmatrons, which have no analogues in the
world practice. |.V. Krivtsun is the author of more than 270 research works, four monographs and ten patens.

OCTOBER 22,1967 During the International Exhibition in 1967 the visitors were able to see the
largest in the world open air geodesic dome, known as Montreal biosphere. The dome was construct-
ed using approximately 65000 parts, including 13 km of extruded aluminum tubes welded in hexagon.
It has no inner bearing elements and almost all 80 tons structures stands on five pylons filled with
concrete.

OCTOBER 23,1953 First public performance of the largest for that time helicopter YH-16 Trans-
porter. It was piloted by Harold Peterson and George Callahan and became the first in the world heli-
copter with two gas turbine engines. Length of heavy transport helicopter made 24 m, diameter of two
main rotor — 25 m. Such a dimensions were explained by technically set duration of flight, i.e. 2250
km. For the first time high-frequency resistance welding was used in construction of the helicopter.

OCTOBER 24, 1804  Birthday of Wilhelm Eduard Weber (1804—1891), German scientist-physicist. The main works of
scientist belong to the field of magnetic phenomena and electricity. He determined an absolute system of
electric measurements. The unit of measurement of magnetic flux is named after him. It was stated in 1881
at International Electric Congress in Paris.
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OCTOBER 25, 2005 Start of operation of airliner A380, wide-body passenger plane, the largest
serial airliner in the world. According to the designers, the most complex problem in development of
plane was the problem of weight reduction. Seat capacity is 525 passengers in the cabin of three
classes and 835 passengers in one class configuration. Progressive welding technologies and im-
proved aluminum alloys were used for reduction of plane weight. For lower panels of fuselage laser
welding of stringers and skin was used that significantly reduced amount of fasteners.

OCTOBER 26, 1972  Sikorsky I.I. (1889-1972) died. He was a world-known aircraft designer of Ukrainian origin. First
serially produced helicopter of his design Sikorsky R-4 Hoverfly flied for the first time on January 13, 1942.
Its fuselage was framed and welded of steel tubes. Whole fuselage had linen skin. The cabin was with Plexi-
glas windows and aluminum aprons between them.

OCTOBER 27, 1984 Official opening of through traffic on Baikal-Amur mainline (construction
in 1938-1984) of 3819 km length. Nowadays there is reconstruction of mainline, including laying of
continuous track using alumothermic welding.

OCTOBER 28, 2013  Zumvalt class missile destroyer was set afloat. Zumvalt destroyer is the
key part of the SC-21 program of USA Navy. Program started in 1991 was directed on development
of a family of universal ships of new generation. Destroyers of this series are the multipurpose and
designed for attacks of enemy on shore, counter-air missions and fire support from sea. Develop-
ment of this type of ship is one of the recent achievements of military equipment. Arc welding having
increased requirements to weld quality was widely used in this project realization.

OCTOBER 29, 1955  Battle ship Novorossiysk (until 1948 ship of Italian Navy «Giulio Cesare»)
went down in Sevastopol harbor. 829 people died. In May 1955 it was included in the Black Sea Navy
Fleet and regardless declining ages (44 years) it became the most powerful ship in USSR. Repair
was carried out in Sevastopol with wide application of welding.

OCTOBER 30, 1961 The most high-capacity explosive device in the history of humanity was
exploded in Novaya Zemlya. AS of USSR headed the development of bomb AN602. Capacity of ex-
plosion is 575 megatons in TNT equivalent.

OCTOBER 31,1935 First pilot variant of DI-6 plane (CDB-11), Soviet two-seat fighter was given
by the plant-manufacturer for ground and plant tests. In the process of manufacture of this fighter
atomic-hydrogen welding was used for the first time in the USSR for welding of wing spars. Fuselage
of DI-6 is framed and welded of steel tubes with light outer cage, coated from the back side with linen.
The wings are two-spar and welded of tubes. Later on the plane started to be produced with welded
fuel tanks.
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