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ABSTRACT

A technological scheme and equipment for hybrid process were developed, which is based on application of the energy of
supersonic plasma jet and electric arc to produce high-quality spherical powders at wire material atomization. Performed ex-
perimental studies of the particle size distribution, morphology and technological properties of the produced powder showed
that the above-mentioned process allows producing spherical powders in the range of 25-160 um, where the share of finely
dispersed fraction of 25-63 pm can be up to 70 wt.% with the coefficient of sphericity higher than 0.8, which results in high
technological properties (bulk density, flowability, etc.) of the produced powders, and is extremely necessary for their applica-
tion in additive technology. It is shown that the hybrid process is characterized by 2.5-6.0 times smaller specific flow rates of
gas for producing 1 kg of powder and 1.25-6.0 times higher productivity, compared to other industrial technologies of plasma

and electric arc atomization.

KEYWORDS: hybrid atomization, plasma jet, electric arc, productivity, spherical powders, additive manufacturing

INTRODUCTION

Over the recent years, the world has seen significant
development of additive manufacturing (AM) tech-
nologies of metal product synthesis, which is due to
a number of their essential advantages, compared to
the traditional (subtractive) technologies of casting,
metal treatment, etc. [16]: complete automation of the
process and flexibility of the product manufacturing
process is achieved; production cycle of component
parts from their design stage to manufacturing the fi-
nal products is significantly shortened; product man-
ufacturing cost is lowered due to a more rational use
of materials and production resources; there is a pos-
sibility of designing products with a functionally-gra-
dient structure and properties with optimized geomet-
rical, strength and weight characteristics.

It is anticipated that the world market of additive
technologies will increase more than 6 times by 2032,
from 15 to 95.6 bln USD (Figure 1) [7], where the
groups of methods of direct energy deposition (DED)
(up to 5 % of the total volume) and powder bed fusion
(PBF) (up to 35 % of the total volume) with take up a
considerable share of this market [8].

In our time the above-mentioned groups of metal
product synthesis methods are used predominantly in
high-tech industry segments at manufacture of com-
plex metal components of aviation and aerospace en-
gineering and locally in power industry and medicine.

Copyright © The Author(s)

The main factors, limiting the application of additive
technologies of metal product synthesis, also in oth-
er industry sectors, in addition to complex expensive
equipment, is the need to use high-quality spherical
powders of a certain particle size distribution as con-
sumable material to form additive layers and granular
compositions [9].

So, the above-mentioned group of DED meth-
ods includes the processes of direct metal deposi-
tion (DMD) and Laser Engineering Net Shaping
(LENS), cold atomization (CA) and plasma powder
transferred arc atomization (PPTAA), which use
powders predominantly in the fraction range of 45—
160 um (15-45 pum for CS process), and the group
of PBF methods consists of the processes of selec-
tive and direct laser melting and sintering (Selective
Laser Melting (SLM), Selective Laser Sintering
(SLS), Direct Metal Laser Sintering (DMLS)) and
Electron Beam Melting (EBM)), where powders
predominantly in the fraction range of 15-45 pm
(45-160 um for EBM process) are used for lay-
er-by-layer synthesis [10]. These powders should
also have minimal porosity, high degree of spheric-
ity, stable chemical and phase composition, so that
the most promising group of methods, satisfying all
the above-listed requirements, and well as allowing
adjustment of the particle size distribution of the
powders in a broad range of 15-160 um, are the
technologies using the energy of plasma and elec-
tric arc.
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Figure 1. Trends in development of the world market of additive technologies for 2022-2033
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It is known that such promising spheroidization tech-
nologies include the processes of plasma and electric
arc atomization of the melt, namely plasma rotating
electrode process (PREP), electric arc atomization
(AA), plasma-arc atomization (PA) of neutral and cur-
rent-carrying wires [11-13].

At present the PREP technology (Figure 2, a) is
one of the most wide-spread processes of manufac-
turing high-quality spherical powders, as it allows
producing powders from various materials with the
coefficient of sphericity of 0.93 and higher. Here, the
powder morphology is characterized by a practical
absence of defects in the form of satellites and parti-
cles of an irregular shape, internal porosity, etc. [14].
However, operation of the above-mentioned equip-
ment is characterized by considerable difficulties, as-
sociated with producing a finely-dispersed fraction of
<100 um, complex process of manufacturing a preci-
sion sputtered blank, insufficiently efficient use of this
blank material, low process productivity, etc.

Arc atomization (Figure 2, b) is a widely applied
technology, which is now used predominantly for

95.62

2027 2028 2029 2030 2031 2032

coating deposition and features simplicity and afford-
ability of the equipment, high productivity, which
in some cases can be equal up to 40 kg/h, yield of a
large quantity of fine fraction (<63 pum), etc. However,
despite the large number of advantages, a significant
drawback of arc atomization is use of cold gas for dis-
persion of the melt, forming at the end face of atom-
ized wires, which leads to formation of powders with
a high percentage of irregularly-shaped particles, sat-
ellites and with considerable internal porosity, making
their application in the field of additive technologies
impossible.

Another known technology of wire material
spheroidization is the plasma atomization process
(Figure 2, ¢), having two variants — atomization of
neutral (Plasma non-transferred arc (PNTA)) and
current-conducting (Plasma transferred wire arc
(PTWA)) wires. A feature of the above technology is
application of plasmatrons, generating high-velocity,
and in some cases supersonic plasma jets, the veloci-
ty of which is in the range of (2.5-18.5)-10> m/s that
greatly intensifies the dispersion processes and in-
creases the quantity of the produced fine fraction of
the powder [15]. Known is the equipment of Pyrogen-

Figure 2. Main plasma and arc technologies of producing spherical powders for additive technologies: ¢ — plasma rotating electrode
process (I — counter gas; 2 — granules, 3 — plasma arc; 4 — plasma-forming gas; 5 — cathode; 6 — rotating blank); » — arc atom-
ization of wire (/ — arc soldering iron; 2 — wire; 3 — wire feeder; 4 — arc; 5 — powder; 6 — atomization chamber); ¢ — plasma
atomization of wire materials (/ — plasmatron; 2 — wire; 3 — work chamber; 4 — container for powder collection)
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esis Company (Canada), operating by plasma atomi-
zation scheme, where the neutral wire is atomized by
three plasmatrons, that allows producing high-quality
spherical powders from titanium and titanium alloys
(Grade 1, Ti6A14V) and other materials, which by
their morphology and technological properties cor-
respond to powders, produced by the technology of
plasma atomization [16]. The productivity of the pro-
cess of plasma atomization of neutral wire, however,
does not exceed 3 kg/h (up to 5 kg/h in the case of
additional heating of atomized wire by an inductor
before its feeding into the plasma jet) at 143 kW total
power of the plasmatrons. Another approach to solv-
ing the above problem of increasing the productivi-
ty of plasma atomization process is application of a
scheme with current-conducting wire. Corresponding
equipment of PLAZER PL-30W [17] and PLAZER
PL-50-W brands was developed at PWI, together
with “Scientific and Production center “PLAZER””
LLC (Ukraine) [18], and theoretical and experimental
investigations of the efficiency of the process of the
efficiency of atomized wire heating were conducted
[19], which showed that in the case of plasma atom-
ization of current-conducting wire an increase of the
quantity of heat applied to the wire by more than 4
times occurs, and this, in its turn leads to increase of
the process productivity to 10-12 kg/h.

Thus, the most promising version of further evolu-
tion of the above processes is development of a hybrid
plasma-arc technology (hybrid plasma-arc atomization
(HPPA)), which is based on simultaneous application of
the processes of arc plasma atomization for spheroidiza-
tion of wire materials, as it allows combining the advan-
tages of both the processes and reaching a productivity
layer higher than that at application of arc atomization
process, with the powder morphology and particle size
distribution, inherent to the plasma atomization process.
A variant of such a device was proposed in patent [20].
It is noted that this device allows reaching a productivity
of up to 28 kg/h for 3.2 mm titanium wire of Ti6A14V
grade diameter at atomization at the total power of
113 kW, where the share of the fine fraction of 20—63 pm
is equal to 32 wt.%. However, in addition to the need for
further increase of the yield of fine powder fraction, the
above-mentioned process is characterized by super high
flow rates of inert gas (higher than 90 m*/h) that is much

Table 1. Chemical composition of the studied wire materials, wt.%

higher than in the known devices for ultra-high speed
plasma atomization, where the plasma-forming gas loss-
es are usually not higher than 30 m*/h.

As there are no open-access data on the design and
technological parameters of the process, equipment
characteristics, and other technological aspects of hybrid
atomization technology, except for the above-mentioned
patent, it necessitates performance of investigations for
development and evaluation of the suitability of the
process of hybrid plasma-arc atomization for spherical
powder manufacturing. For this purpose, PWI, in co-
operation with “Scientific and Production center “PLA-
ZER”” (Ukraine) where the specialists have extensive
experience of operation of equipment for arc atomiza-
tion, equipment for high-velocity (PLAZER-30, PLA-
ZERT-50) and supersonic plasma atomization (PLAZ-
ER-80) [21]) was developed.

RESEARCH OBJECTIVE AND TASKS

The objective of this study is development of the
technology and equipment for hybrid plasma-arc at-
omization and checking the effectiveness of their
application to produce spherical powders, where the
following tasks should be performed to achieve the
defined objective: select the optimal design parame-
ters of the hybrid device, study the particle size dis-
tribution, morphology and technological properties of
the produced powders, determine the technical-eco-
nomic characteristics of the above-mentioned method,
compare them with other plasma and arc processes.

MATERIALS
AND INVESTIGATION PROCEDURE

Solid wire from low-carbon steel of ER70S-6 brand
of 1.6 mm diameter was used as model material for
investigation of the powder particle size distribution,
produced by different atomization technologies and
1.6 mm molybdenum wire of MCh brand was used to
investigate the powder morphology and technological
properties. Chemical composition of the above-men-
tioned wires is given in Table 1.

Atomization experiments were performed in air
using equipment of PLAZER-50, PLAZERT-80 brand
(“Scientific and Production center “PLAZER” LLC,
Ukraine), for plasma atomization of current-conduct-
ing and neutral wire, respectively (Figure 3), which
allows using the subsonic and supersonic modes of

Wire brand C Mn Si P S Ni Cr
<0.07 0.9-1.4 0.4-0.7 <0.025 <0.035 <0.15 <0.15
ER70S-6 Mo \% Al Zr Ti Cu -
<0.15 <0.03 0.05-0.15 0.02-0.12 0.05-0.15 <0.5 -
Mo Si Other
MCh >99.92 0.02-0.04 <0.04
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a

b

Figure 3. Scheme of the process of plasma atomization of neutral () and current-carrying wires (b): / — nonconsumable tungsten
electrode (cathode); 2 — plasma-forming gas supply; 3 — plasma-forming nozzle; 4 — plasma arc; 5 — two-phase plasma jet; 6 —
neutral atomized wire; 7 — current-conducting wire (anode); 8§ — compression nozzle for accompanying gas supply; 9 — accompa-

nying gas supply
plasmatron operation. PLAZER-15AS unit (“Scientif-
ic and Production center “PLAZER””, Ukraine) was
used for arc atomization.
Technological parameters of the processes of plasma,
arc and hybrid atomisation of wires are as follows:
PA (PNTA) — plasma atomization of neutral wire
(PLAZER-80 unit):
plasmatron power, kW .. ... ... .. oL 68
plasma-forming gas flow rate, l/min. . ............... 500

PA (PTWA) plasma atomization of current-conducting wire
(PLAZER-50 unit):

plasmatron power, kW .. ... ... .. L 27

plasma-forming gas flow rate, l/min. . ................ 50

accompanying gas flow rate, /min. . ................ 800
AA — arc atomization (PLAZER 15AS unit):

electric arc device power, KW. . ........... ... ... ... 14

plasma-forming gas flow rate, l/min. . .............. 1000

HPAA — hybrid plasma-arc atomization
(PLAZER 15AS + PLAZER 80):
total power, KW. .. ... 82
plasma-forming gas flow rate, l/min. . ............... 500
Note: Atomization of the studied wire materials was conducted in
open atmosphere.

Hybrid plasma-arc atomization was performed
by the following scheme (Figure 5): plasmatron

Figure 4. Scheme of the process of arc atomization of wire mate-
rials: / — anode wire; 2 — cathode wire; 3 — arc; 4 — atomizing
gas; 5 — plume with atomized particles; 6 — wire feed mecha-
nism

switching on and supersonic plasma jet formation
were performed (Figure 5, ¢) at gas flowing through
plasma-forming nozzle 7/, which was followed by
switching on feed mechanism 2 of the wires which
were under the potential from the arc power source,
their feeding and convergence 3 in the axial zone of
the plasma jet at 10-15 mm distance from the plas-
ma-forming nozzle edge, where their melting, melt
formation and its further fragmentation occurred as
a result of aerodynamic influence of the plasma jet
(Figure 5, d).

Produced particles were collected in a contain-
er with water, in keeping with a procedure, given in
[22], followed by selection of samples to study the
particle size distribution and morphology of powder
surface (sample weight was not less than 200 g). Par-
ticle size distribution of laboratory powder batches
was determined by the method of sieve analysis, in
keeping with the procedure of ISO 25911:1988 “Test
sieving, Part 1: Methods using test sieves of woven
wire cloth and perforated metal plate”, using vibro
screen RLU-3 (Ukraine) with the following set of
sieves: 2545, 4563, 6375, 75100, 100125, 125160,
160200, 200250, 250315, 315400. Investigation of
particle shape and coating porosity was performed by
the methods of analytical scanning electron micros-
copy in scanning electron microscope MIRA3 LMU
(Ltd TESCAN, Czech Republic) with further analysis
of the obtained images in MIPAR program package.
Chemical composition of the powder was determined
by microprobe analysis using scanning electron mi-
croscope MIRA-3 LMU fitted with microanalysis
system INCA Energy 450 XMax-80 (Ltd Oxford In-
struments, Great Britain). Investigation of the powder
technological properties (flowability, bulk and appar-

6
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¢

d

Figure 5. Schemes of plasmatron and arc device arrangement in the process of hybrid plasma-arc atomization (a, b), appearance of
supersonic plasma jet of 1.5 Mach without (¢) and with wire feed (d) into the plasma jet zone: / — plasma-forming nozzle of the plas-
matron; 2 — atomized wires; 3 — wire convergence in the zone of plasma jet axial outflowing; 4 — direction of plasma-forming gas
outflowing; 5 — fragmentation of the melt forming at atomized wire tips

ent density) was performed using Hall instrument,
by the procedures of ISO 4490:2018 “Metallic pow-
ders — Determination of flow rate by means of a cal-
ibrated funnel (Hall flowmeter)” and ISO 39231:2018
“Metallic powders — Determination of apparent den-
sity, Part 1: Funnel method”. Process productivity, G,
and material utilization rate (MUR) were determined
by weighing of powder obtained at wire atomization
for 5 min, and initial wire weight before atomiza-
tion in laboratory scales TBE-12-0.5-(250x300)-13P
(Ukraine) with up to £0.5 g accuracy.

INVESTIGATION RESULTS
AND THEIR DISCUSSION

INVESTIGATIONS OF THE PARTICLE SIZE DIS-
TRIBUTION, MORPHOLOGY

AND TECHNOLOGICAL PROPERTIES

OF THE PRODUCED POWDERS

Figure 6 gives the results of studying the particle size
distribution of powder, produced at plasma, arc and

hybrid plasma-arc atomization of 1.6 mm steel com-
pact wire of ER70S-6 brand.

Investigations of the particle size distribution of the
produced powders showed that the hybrid plasma-arc
and plasma atomization of the neutral wire provide
the largest quantity of the fine powder fraction. Here,
much smaller particles are formed than in the process-
es of plasma atomization of current-conducting wire
and arc atomization, with average diameter of 67 and
54 um, respectively, and the quantity of fine fraction
of 25-63 um may reach 70 wt.% that is attributable to
increased gas-dynamic pressure on the melt, formed
during melting of the atomized wire tips in supersonic
mode of plasma jet outflowing that, in its turn, pro-
motes size reduction of the forming fragments [15].

Figure 7 shows a SEM image, obtained at hybrid
plasma-arc atomization of molybdenum wire of MCh
brand and the results of its processing in MIPAR pro-
gram. Application of exactly the refractory metals
in the hybrid plasma-arc atomization was due to the
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Figure 6. Particle size distribution of powder produced by different technologies of plasma atomization and arc atomization of 1.6
mm steel wire of ER70S-6 brand: 7/ — PA (PNTA), G =4 kg/h; 2— PA (PTWA), G = 11 kg/h; 3 — HPAA, G =24 kg/h; 4 — AA,

G=19kgh

problems of spheroidization of these materials, be-
cause of their physical and thermophysical properties,
such as high melting temperature (2620 °C for MO
and 3420 °C for W), heat conductivity, etc.

Analysis of powder morphology in MIPAR pro-
gram showed that the powder is of a spherical shape
with average coefficient of sphericity (S = 0.84), de-
fects in the form of satellites and irregularly-shaped
particles being practically absent. A more detailed
consideration of powder morphology showed the

a

presence of oxide film in some local zones of its
surface, which may form during movement of mol-
ten particles as a result of their intensive interaction
with oxygen, present in the air and may lead to dete-
rioration of the coefficient of sphericity. To study this
phenomenon energy-dispersive X-ray spectroscopy
(EDX) of the mentioned local zones of powder sur-
face was performed (Figure 8, Table 2).

Oxygen content on the studied powder surface is
explained by the fact that the process of molybdenum

Figure 7. SEM image of powder of 15-45 pum fraction produced at hybrid plasma-arc atomization of 1.6 mm molybdenum wire of

MCh brand before (a) and after (b) processing in MIPAR program

Spectrum 3|

Spectrum |

Spectrum 3

a

Figure 8. SEM image (a) and results of analysis of elemental composition () in local zones of molybdenum powder surface by EDX

method

8
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Table 2. Results of EDX of local zones on the surface of pow-
der produced in the hybrid process of plasma-arc atomization of
1.6 mm molybdenum wire of MCh grade

Chemical composition of local zones, at.%
Local zone
Mo (6]
Spectrum 1 97.32 2.68
Spectrum 2 98.73 1.27
Spectrum 3 98.29 1.71
Spectrum 4 97.04 2.96

Table 3. Technological properties of molybdenum powder pro-
duced by the technology of spheroidization of irregularly-shaped
particles in induction plasma (ICPS) and hybrid plasma-arc atom-
ization (HPAA)

Production [Fraction size,[Bulk density,| Tap density, | Flowability,
method um g/em? g/em? s/50 g
ICPS 2553 6.25 6.80 11
HPAA 2545 6.05 6.45 14

wire atomization was conducted in an open atmo-
sphere with cooling in water, leading to interaction
of the surface layers of molten particles with oxygen
with oxide formation on their surface.

Investigations of technological properties (bulk
density, tap density and flowability) of molybde-
num powder produced by the technology of hybrid
plasma-arc atomization, showed that the above
powders do not essentially differ by these charac-
teristics (Table 3) from commercial powders made
by the technology of spheroidization of irregular-
ly-shaped powders in induction plasma (Induction
Coupled Plasma Spheroidization (ICPS), Tekna
Company, Canada). Lower technological character-
istics of the powder can be due to presence of oxide
film on the particle surface and narrower range of
the particle size distribution, shifted towards the
finely-dispersed fraction, which impairs the sphe-
ricity characteristics, and furtheron can be elimi-
nated when performing atomization in chambers
with a shielding atmosphere.

DETERMINATION OF THE TECHNICAL-
ECONOMIC CHARACTERISTICS OF THE
HYBRID PROCESS OF PLASMA-ARC
ATOMISATION AND ITS COMPARISON
WITH OTHER COMMERCIAL PROCESSES

Studying the productivity (Figure 6) of the above-men-
tioned processes showed that its highest values are
achieved at application of the processes of hybrid plas-
ma-arc atomization and arc atomization, and they are
equal to 24 and 19 kg, respectively. Improvement of
productivity of the hybrid plasma-arc process relative
to arc atomization by 25 % can be due to additional
heating of the atomized wires as a result of their con-
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Figure 9. Specific power consumption £ to produce 1 kg of steel
powder at atomization 1.6 mm wire of ER70S-6 brand produced
by different atomization technologies
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Figure 10. Specific gas consumption (GMR) to produce 1 kg of
steel powder at atomization 1.6 mm wire of ER70S-6 brand pro-
duced by different atomization technology

vective heat exchange with the plasma jet [17]. Cal-
culations of the material utilization rate for the hybrid
plasma-arc process showed that the above coefficient
is equal to 0.97, i.e. up to 3 % of the total weight of the
wire evaporates during atomization.

Determination of specific power consumption (Fig-
ure 9) showed that in terms of its economy the most
rational is application of the processes of arc and plas-
ma atomization of the current-conducting wire, where
power consumption is equal to 0.75 and 2.75 kW/kg,
respectively, while the process of hybrid plasma-arc
atomization is characterized by higher values of power
consumption equal to 5.5 kW/kg.

Determination of specific gas consumption (gas to
metal ratio (GMR)) to produce 1 kg of steel powder
of ER70S-6 grade at HPAA atomization (Figure 10)
showed that gas flow rate is the lowest in the process-
es of hybrid plasma-arc atomization and arc atomiza-
tion, where the value of specific gas consumption is
equal to 1.25 and 3.25 m*/kg, respectively.

CONCLUSIONS

1. A scheme and equipment for hybrid plasma-arc at-
omization process was developed, which uses the arc
for heating and melting of the atomized material, and
the supersonic plasma jet is applied predominantly for
melt fragmentation at the atomized wire tip at radial
feeding of the wires into it.
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2. The effectiveness of application of the hybrid
process of plasma-arc atomization to produce high
quality spherical powders, meeting the requirements
by their particle size distribution and technological
properties, to powders used in additive technologies
(SLM/SLS, CS, EBM, PPTAA and LENS) was con-
firmed in the case of a compact steel and molybdenum
wires of ER70S-6 and MCh brands of 1.6 mm diame-
ter. It is shown that the above process allows produc-
ing powders with average diameter (less than 70 pm),
where the share of the fine fraction of 25-63 um
can reach 70 wt.%. Studies of powder morphology
showed that the above process allows producing pow-
ders with the coefficient of sphericity of 0.8. This, in
its turn, ensures the high technological properties of
the powder (bulk density, tap density and flowability),
compared to the technological properties of powders
produced by the method of spheroidization of irregu-
larly-shaped particles in induction plasma.

3. Studies of technical-economic characteristics of
the hybrid process of plasma-arc atomization showed
that the above process has a number of advantages
relative to other plasma atomization and arc atomi-
zation processes, namely: increase of productivity by
25 %, compared to the process of arc atomization,
which may reach 24 kg/h for steel and reduction of
specific gas consumption to produce 1 kg of powder
by 2.5 times: from 3.25 up to 1.25 m¥/kg are achieved.
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ABSTRACT

Phase and structural transformations in multilayer Ti/Cu foils of eutectic Composition I (Ti50-Cu50 wt.%) and Composition II
(Ti22—-Cu78 wt.%), obtained by layer-by-layer electron beam physical vapor deposition of components in vacuum, were inves-
tigated using differential thermal analysis (DTA), X-ray diffraction (XRD), and scanning electron microscopy (SEM) methods.
It was found that during heating of the multilayer foils in the temperature range of 400-600 °C, due to the diffusion interaction
between Ti and Cu layers, the following intermetallic compounds are formed: Cu,Ti, Cu,Ti,, CuTi, and CuTi, in Composition I
foils, and Cu,Ti and Cu,Ti, in Composition II foils. Upon further heating, melting of the multllayer foils of both eutectic compo-
sitions occurs. The Composmon 1I foils begin to melt at a temperature of 879 °C, close to the equilibrium melting temperature
of the eutectic alloy of the same composition (875 °C), while in the case of Composition I foils, the onset of melting occurs at
a temperature of 915 °C, which is lower compared to the melting temperature of the eutectic alloy of Composition I (960 °C).

Considering that Cu,Ti and Cu,Ti, metastable phases are formed in multilayer Composition I foils, which are components of
the more fusible eutectlc of Composmon 11, the reduction in the melting temperature of the foil may be due to its metastable
structure. Such behavior of multilayer Ti/Cu foil of eutectic Composition I may facilitate softening of the temperature condi-
tions required to establish physical contact in the material bonding zone during their reactive brazing.

KEYWORDS: Ti—Cu alloys, eutectic, electron beam physical vapor deposition, vacuum condensates, multilayer structures,

phase transformations, melting

INTRODUCTION

It is known that multilayer foils (MF), consisting of
interlayers of reactive components, are characterized
by a pronounced heterogeneous structure and a con-
siderable margin of internal energy: excess chemical
energy, energy of elastic stresses in the layers, free
energy of interphase boundaries [1, 2]. MF heating
promotes solid phase reactions in it, running at a high
rate. Nature of phase transformations in MF is deter-
mined by reaction interaction of the layer components,
layer thickness, method of producing the foil, and it
differs from the equilibrium one due to a consider-
able area of the contact zone between the components
and a large number of grain boundaries in the layers
[3]. The features of phase transformations and forma-
tion of the specific structural-phase state (presence of
metastable phases, multiphase composition, structur-
al elements of the nanoscale size, defects of vacancy
type and pores) determine the physical properties of
the foil and direction of its practical application. So,
considerable heat evolution at running of SHS reac-
tion, initiated by foil heating, which consists of layers
of intermetallic forming components, allows using
such MF as a local heat source at high-speed brazing
[4, 5]. Formation of the nanostructured components

Copyright © The Author(s)
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and pores at MF heating ensures low-temperature
plastic deformation of the foil under the conditions
of thermomechanical loading, which determines the
possibility of its application as an interlayer at diffu-
sion welding of materials that are difficult to deform
[6, 7]. On the other hand, formation of nanostructured
and metastable components can lead to lowering of
the temperature of phase and structural transforma-
tions at MF heating [8]. It may be useful at application
of MF, which consists of layers of components of eu-
tectic systems, as braze alloy at brazing of materials
sensitive to thermal impact. From this viewpoint, MF
of Ti—Cu system should be noted, the components of
which are the base of the known braze alloys (for in-
stance, Ticuni 70, BTi-1, MBF 5012, etc.) for brazing
various materials.

The authors of [9] showed that in Ti/Cu contact re-
action pair at its heating an interlayer of liquid based
on a copper-enriched eutectic forms first, in keeping
with the constitutional diagram. In view of that it can
be assumed that the beginning of Ti/Cu MF melting
will occur at the temperature of low-temperature eu-
tectic transformation (875 °C in keeping with the con-
stitutional diagram). Thus, it is possible to optimize
the brazing process: lower the brazing temperature,
reduce the braze alloy thickness through application
of thin foil, and reduce the concentrational inhomo-
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Figure 1. Scheme of electron beam deposition of condensates
with a multilayer structure: / — work chamber; 2 — water-cooled
crucibles; 3 — screen non-transparent for the vapour phase; 4,
5 — titanium and copper ingots, respectively; 6 — vapour flows;
7, 8 — electron beam guns for evaporation; 9, /10 — electron
beam guns for substrate heating; // — substrate holders; 12 —
rotating substrate

geneity of the joint. In order to determine the nature
of phase transformations in Ti/Cu MF, a study of the
influence of layer thickness (layer period) and chemi-
cal composition of the foil produced by electron beam
deposition of the component vapour phases, on the
regularities of formation of its structure and phase
composition at heating.

EXPERIMENTAL STUDIES

Ti/Cu MF were produced by the method of electron
beam deposition of the components, in keeping with
the scheme given in Figure 1.

Vapour flows, forming at evaporation of Ti and Cu
ingots, are simultaneously deposited on a substrate ro-
tating around the vertical axis in a vacuum chamber.
An impermeable screen is mounted between the cru-
cibles to prevent mixing of their vapour flows. As the
substrate rotates, each section of it sequentially pass-
es over the crucibles, which is accompanied by the
deposition of the corresponding metal layer onto the
substrate surface. The ratio of thicknesses of the layer
components with such a deposition scheme is deter-
mined by the ratio of their evaporation velocities, and
the period of modulation of the multilayer structure
(sum of thicknesses for the two adjacent component
layers) is determined by the speed of substrate rota-

Table 1. Characteristics of manufactured MF and ingots
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Figure 2. Ti—Cu binary alloy phase diagram [11]

tion. Multilayer foils with the required component
ratio were produced by changing the ratio of evap-
oration rates of each of the ingots, and the structure
modulation period was varied at the change of the
speed of rotation. To prevent diffusion interaction of
the components during the deposition of vapor flows,
the substrate temperature was stabilized at 200 °C.

Microstructural characteristics of the materials
were studied by SEM method, using CamScan 4 elec-
tron microscope, fitted with energy-dispersive spec-
trometer EDS-200, on transverse sections prepared by
the standard procedure of machining the surfaces in
Struers Company equipment. Phase composition was
studied by the method of XRD analysis in DRON-4M
diffractometer in K radiation of the copper anode.

Temperature ranges of the phase and structural trans-
formations in the investigated materials were studied by
the method of differential thermal analysis in VDTA-
2000 unit [10]. Specimens heating was conducted in the
helium atmosphere at the rate of 20 °C/min.

In keeping with the phase diagram (Figure 2)
[11], Ti—Cu system is characterized by existence
of two alloys of an eutectic composition: eutectic
I — at Ti50—Cu50 (wt.%) ratio with melting tem-
perature of 960 °C and eutectic II with Ti22—Cu78
(wt.%) and melting temperature of 875 °C. In view
of that, MF with component ratio corresponding to
eutectic I and eutectic II were prepared for investi-
gations (Table 1).

Eutectic alloy Foil/ingot Layer alternation Ti Cu
type number period (Ti + Cu), nm Wt.% at.% Wt.% at.%
Ingot I — 49.9 56.9 50.1 43.1
Eutectic I No. 1 500 48.7 55.8 51.3 44.2
No. 2 150 47.5 54.6 52.5 45.4
. Ingot 11 — 21.8 27.0 78.2 73.0
Putectic I No. 3 700 204 254 79.6 74.6

13
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Figure 3. SEM image (a, b), diffraction patterns (c, d) and DTA thermograms of the produced Ti—Cu ingots of eutectic composition I

and eutectic composition II, respectively

Investigations of the features of running of phase
and structural transformations were conducted in
comparison with cast ingots of Ti—Cu alloys of eu-
tectic composition I and II (Figure 2, Table 1). Ingots
were produced by the method of double electron beam
remelting. Copper of MOk grade and VT1-0 titanium
were used as the charge.

Cross-sectional microstructure of the prepared in-
gots is given in Figure 3, a, b. One can see that both
the ingots have a microstructure characteristic for
eutectic alloys and have two components, differing
by their contrast. Chemical analysis of the sections
showed that in the case of ingot 1 (Figure 3, a) the
light-coloured regions have Ti,, ,Cu,, ,, composition,

43.4
dark-coloured regions are Ti  ,Cu,, ., and in the case

39.8°

of ingot 2 (Figure 3, b) Ti , .Cu,, , composition corre-
sponds to light regions, and Ti,.Cu,, , —to dark re-
gions. X-ray diffraction analysis showed that ingot 1
consists of two phases: Ti,Cu and TiCu (Figure 3, c)
and ingot 2 consists of Cu,Ti and Cu,Ti, phases (Fig-
ure 3, d). DTA showed that the melting temperature
of'ingot 1 is equal to 959+2 °C (Figure 3, e), and that
of ingot 2 is 88042 °C (Figure 3, f). Maximal melting
rate is observed at the temperature close to 900 °C.
Complete melting of the ingot occurs at heating up to
920 °C temperature.

Thus, in keeping with the equilibrium phase dia-
gram of Ti—Cu system, the chemical phase composi-
tions of the produced ingots 1 and 2 correspond to
eutectic alloys I and II, respectively (Figure 2).

14
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Figure 4. SEM images of the cross-section of Ti/Cu MF No. 1 (a) and No. 2 (b): dark layers — Ti; light layers — Cu

RESULTS AND THEIR DISCUSSION

Electron microscopic image of the characteristic mi-
crostructure of the produced Ti/Cu MF with differ-
ent period of component layer alternation is given in
Figure 4. One can see that the foil structure consists
of layers with clearcut boundaries. There are no pre-
cipitates of other phases or structural defects such as
pores or cracks on the layer interfaces.

X-ray diffraction analysis of as-deposited MF
revealed the presence of diffraction peaks from just
copper and titanium (Figure 5). This is indicative of
a perfect physical contact between the layers of tita-
nium and copper. The discrepancy between the ex-
perimentally revealed and theoretical intensity of the

diffraction peaks is the consequence of formation of
the crystallographic texture in the layers during depo-
sition.

Figure 6, a gives a thermogram of Ti/Cu MF No. 3,
in which the ratio of the components corresponds to
eutectic composition II. One can see that unlike the
ingot thermogram of the same chemical composi-
tion (Figure 3, f), a heat evolution peak is observed
in the temperature range of 450-520 °C. In keeping
with the diffraction studies after foil heating up to the
temperature of 700 °C (higher than the heat evolution
maximum), a change in its phase composition takes
place compared with the initial condition. Diffraction
peaks from titanium disappear, and peaks correspond-
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Figure 5. Diffraction patterns of produced Ti/Cu
30 40 50 60 20 80 20, deg MF No. 1 (a), No. 2 (b) and No. 3 (¢) in the initial

condition: / — Ti; 2— Cu
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Figure 6. DTA thermogram of MF No. 3 (a) and its diffraction pattern after heating to the temperature of 700 °C (b): / — Cu,Ti;

2— Cu,Tiy

,Ti;3—Cu
ing to Cu,Ti and Cu,Ti, intermetallic compounds are
formed. Peaks from copper are also present in the
diffraction pattern, which may be indicative of in-
complete running of phase transformations, because
of short duration of annealing or the need for heating
to a higher temperature. At the same time in keeping
with the phase diagram, Cu,Ti, and Cu,Ti, intermetal-
lics have close chemical composition and crystalline
structure, so that it can be assumed that longer an-
nealing or heating to higher temperatures ensures an
interaction of residual copper with Cu,Ti, phase. As a
result of such an interaction, a phase composition of
Cu,Tiand Cu,Ti, forms, which corresponds to compo-
nents of eutectic of composition II. This is confirmed
by DTA data, according to which melting of MF No. 3
occurs at the temperature of 879+2 °C, which prac-
tically coincides with melting temperature of ingot
No. 2 of the same chemical composition.

At heating of MF No. 1, where the ratio of the
components corresponds to eutectic composition I a
heat evolution maximum is also observed in the tem-
perature range of 450—600 °C on DTA thermogram
(Figure 7). At further heating, unlike an ingot of the
same chemical composition (Figure 3, e), MF melting

begins at the temperature of 915+2 °C, and at the tem-
perature of 95942 °C the melting process becomes
much more intensive. The melting process is over at
the temperature close to 1060+2 °C.

In keeping with the data of X-ray diffraction anal-
ysis at heating of MF No.l to the temperature of
700 °C synthesis of a number of intermetallic com-
pounds occurs through solid-phase reactions: TiCu,,
Ti,Cu,, Ti,Cu and TiCu. Thus, the start of melting of
MF No.l with an averaged chemical composition,
corresponding to eutectic I, at a lower temperature
(compared to the ingot) can be the result of interac-
tion between regions in MF, where TiCu, and Ti,Cu,
intermetallic compounds formed, which are the com-
ponents of eutectic II. As the volume fraction of these
phases is much smaller than that of Ti,Cu and TiCu,
the volume of molten metal and the respective ther-
mal effect in the thermogram will be small.

In keeping with the theoretical models of melt-
ing of eutectic alloys, formation of the liquid phase
occurs in regions of physical contact of the eutectic
components at temperature lower than the melting
temperature of each of the components [12, 13]. For-
mation of regions of physical contact creates the nec-
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Figure 7. DTA thermogram of MF No. 1 (a) and its diffraction pattern after heating to the temperature of 700 °C (b): / — TiCu;

2 —Ti,Cu; 3 — Cu,Ti; 4 — Cu,Ti,
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Figure 8. DTA thermogram of MF No. 2 (a) and its diffraction pattern after heating to the temperature of 700 °C (b): / — TiCu;

2—Ti,Cu
essary conditions for diffusion interaction between
the components, resulting in appearance on the phys-
ical contact boundary of diffusion-related volumes of
these components, where the chemical composition is
close to that of the eutectic [14]. At eutectic tempera-
ture such dipoles provide the conditions necessary for
appearance of liquid phase nucleus of a critical size
on their base. Here, the proportion of the components
contacting in the macrovolume is not important. It
is clear that the volume fraction of the melt forming
in the contact depends on how effectively the estab-
lished contact will promote diffusion interaction be-
tween the components, as well as on the contact area.
Considering that Ti/Cu MF form under vacuum,
there are no barriers for their diffusion interaction
in the contacts between Ti and Cu layers over the
entire area, and the density of contact surfaces per
a unit of volume is inversely proportional to layer
modulation period, it was anticipated that the vol-
ume fraction of the liquid phase can be increased by
an order through increase of the number of bound-
aries between MF component layers due to reduc-

tion of the layered structure modulation period, i.e.
presence of multiple contacts between MF com-
ponents with an averaged component ratio, which
corresponds to eutectic I, will promote its melting
beginning at a temperature close to that of melting
of the lower melting eutectic II.

To check this assumption, MF No. 2 with layer
modulation period of 150 nm and component ratio
close to the composition of eutectic I was studied.

One can see from DTA thermogram from MF No. 2
(Figure 8, @) that a heat evolution peak is present in
the temperature range from 440 to 600 °C, similar to
MF No. 1. At further heating of MF No. 2, however,
its melting occurs at the temperature of 960 °C that
corresponds to equilibrium melting temperature of
the alloy of eutectic composition I. In this case, no
low-temperature melting is observed. Results of X-ray
diffraction studies of MF No. 2 showed that at heat-
ing up to the temperature of 700 °C (Figure 8, b) just
two intermetallic compounds Ti,Cu and TiCu form as
a result of diffusion interaction. No diffraction indi-
cations of formation of additional TiCu, and Ti,Cu,

Figure 9. Electron microscopy images of the cross-sectional microstructure of MF No. 1 (a) and No. 2 (b) after heating to a temperature

of 700 °C
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intermetallics which are components of low-tempera-
ture eutectic II were revealed.

Electron microscopy images of cross-sectional mi-
crostructure of MF Nos 1 and 2 after heating up to
the temperature of 700 °C are given in Figure 9. In
the case of MF No. 1 (Figure 9, a) the layered struc-
ture is readily visible after heating, but precipitates in
the form of individual particles and interlayers, dif-
fering by their contrast, appeared in place of titanium
layers. On the whole, as one can see from images of
MF microstructure, after formation of intermetallic
compounds in it component distribution over the foil
thickness is rather non-uniform. Analysis of the image
of MF No. 2 microstructure (Figure 9, b) shows that
reduction of the period of layer alternation leads to
a more intensive diffusion mixing of the components
during heating, which results in the layered structure
becoming similar to the composite one (light-co-
loured regions as matrix, incorporating the dark-co-
loured inclusions).

Thus, attempts to increase the volume fraction of
liquid phase formation in MF through reduction of
the layer alternation period will promote more active
running of the diffusion interaction between the layer
components. It may lead to complete mixing of the
component layers in the solid phase and to formation
of quasi-equilibrium structure with phase composition
of eutectic I already at the stage of heating at tempera-
tures below the melting temperature of eutectic II. As
a result, the MF melting temperature will correspond
to its chemical composition, i.e. melting will start at
the temperature of 960 °C.

In view of that it can be assumed that the layer
modulation period should be greater than a certain
value that will allow ensuring the conditions for pres-
ervation of a metastable structure, forming in the con-
tact zone at the initial stages of diffusion interaction of
the components, up to higher temperatures.

Thus, to ensure the conditions necessary for lower-
ing the melting onset temperature of multilayer Ti/Cu
foils with eutectic composition I, the modulation peri-
od of the layered structure must be greater than a cer-
tain critical value, at which the heterogeneous distri-
bution of components across the thickness of the foil
will be maintained up to the melting temperature of
the more easily fusible eutectic II. It can be assumed
that the critical value of the modulation period of the
layered structure will depend on the foil heating rate.
At lowering of the heating rate, the critical value of
the modulation period should become greater.

Lowering of the temperature of the start of melting
of MF of eutectic composition I can provide a soften-
ing of the conditions of producing permanent joints,
both due to lowering of the bonding process tempera-
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ture, and of the time of soaking at bonding tempera-
ture. The latter will be promoted by diffusion mobility
of MF components due to heterogeneity and intensive
process of intermetallic synthesis. Such a softening
of the conditions of producing the joints will prevent
lowering of the strength of materials being joined, for
instance for titanium alloys after thermomechanical
treatment, and reduction of the soaking time at a high
temperature will promote preservation of their initial
structural state.

CONCLUSIONS

1. It is shown for the first time that the start of melting
of Ti/Cu MF with component ratio corresponding to
high-temperature eutectic of Ti50-Cu50 (wt.%) com-
position can take place at a lower temperature, close
to melting temperature of low-temperature eutectic of
Ti28—-Cu78 (wt.%) composition.

2. Lowering of melting temperature of MF of
eutectic composition I can be related to formation
of a heterogeneous structural state during heating,
the composition of which includes metastable TiCu,
and Ti,Cu, intermetallics, which are components of
low-temperature eutectic II.

3. To ensure a lowering of melting temperature of
MF of eutectic composition I (Ti50—Cu50) the lay-
ered structure modulation period should be greater
than a certain critical value, which will promote com-
plete mixing of the component layers during heating
and formation of the foil homogeneous structure up to
the melting temperature of the low-melting eutectic.
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ABSTRACT

Nuclear power industry requires structural materials that effectively absorb neutron radiation. For this purpose, boron and
boron-rich compounds and, in particular, boron carbide B,C and its composites are widely used. Both theoretically and exper-
imentally it has been shown that one such promising class of materials is boron carbide compositions with tungsten B,C-W:
tungsten phase inclusions containing heavy W atoms provide effective attenuation of the secondary gamma-radiation that
accompany the absorption of primary neutrons by the boron '“B isotope atoms. In this work, the composites with multilayer
morphologies — W/B,C/W, W/B,C/W,B,, W B,/B,C/W B, etc. — in which boron carbide layers alternate with metallic tung-
sten and/or tungsten pentaboride ones, are produced and investigated. Surface metallization of boron carbide crystals or grains
with tungsten powder, plate or coating is done by SPS (Spark-Plasma Sintering) and also by standard thermal sintering. SEM
(Scanning Electron Microscopy) structural-morphological, XRD (X-Ray Diffraction) phase- and EDS (Energy Dispersive
Spectrometry) chemical-compositions analysis of the obtained samples establishes that transition layers of W B, are formed on
the B,C—W interfaces, which ensures component-layers strong bonding.

KEYWORDS: boron carbide, tungsten, layered composite, metallization, thermal sintering, spark-plasma-sintering, radiation

shield

INTRODUCTION

For structural materials effectively absorbing neu-
tron radiation, nuclear power industry widely uses
boron-rich compounds and composites, in particular,
boron carbide B,C and its composites with metals
and other ceramics. Experimentally [1-5] and theo-
retically [6-9] it has been demonstrated that one of
such promising class of materials is boron carbide
compositions with tungsten B,C-W. Tungsten and/
or tungsten compounds phases, which contain heavy
W atoms, provide effective attenuation of the second-
ary gamma-radiation that accompany the absorption
of primary neutrons by the boron '°B isotope nuclei.
Composites with (poly-sandwich or multilayer mor-
phologies — W/B,C/W, W/B,C/W_B,, W B./B,C/
W,B,, etc. — in which boron carbide layers alternate
with metallic tungsten and/or tungsten boride ones,
were produced and investigated.

As known, tungsten- and boron-based thin films,
including B,C, as well as tungsten carbide WC and
boride WB,, display very high hardness [10]. To
expand the superior room-temperature mechanical
properties of tungsten foils, the W-containing me-
tallic laminate composites were fabricated [11]. The
effect of neutron irradiation on W foil could be in-

Copyright © The Author(s)
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vestigated to determine their resulting DBTT (Duc-
tile-to-Brittle Transition Temperature) shift. Physical
properties, processing techniques, and applications
of high-operating temperature (> 1200 °C) materi-
als with multi-layered ceramic/carbon, ceramic, and
metal structures were highlighted in [12]. They may
have a graceful failure mode and higher toughness as
compared to particle-reinforced ceramic composites
and, as multi-layered shields, provide better efficacy
than single-layered ones. Work [13] aimed to describe
the development of an online platform to calculate
(in the energy range of 0.015—15 MeV) the 36 GSPs
(Gamma Shielding Parameters), which are required to
investigate the materials gamma-ray shielding.

The influence of interface roughness on the re-
flectivity of B,C~W multilayers varying with bi-layer
number N was specially investigated [14]. For such
multilayers, fabricated by the DC (Direct Current)
magnetron sputtering method, with the same design
period thickness of 2.5 nm, a real-structure model
was used to calculate the reflectivity variations with
N =50, 100, 150 and 200 bi-layers. Their reflectivity
and scattering intensity measured by the XRD (X-Ray
Diffraction) indicate that reflectivity is a function of N
and interface roughness slightly increases from layer
to layer in process of multilayer growth.
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Coating different types of surfaces with metal-
lic tungsten is used in several modern technologies.
In particular, tungsten layer can be obtained [15] by
tungsten oxide WO, layer formation using the spin
coating to reduce it to a-W phase in a hydrogen at-
mosphere at 600—800 °C. With the aid of chemical
vapor transport of WO,(OH),, surface morphology is
transformed into rod-like, star-shaped cracking, flo-
rets, irregularly fibrous structures and, finally, spher-
ical tungsten particles. Usually, semiconductors are
coated with a thin layer of tungsten, which is mainly
carried out by the CVD (Chemical Vapor Deposition)
method, where SiH,, H, and WF, are used as precur-
sors, and the vacuum chamber is maintained at pres-
sures of about 20 to 760 Torr to improve the tungsten
deposition rate [16]. Tungsten thin film was deposit-
ed on Si(100) substrate by using the LPCVD (Low
Pressure CVD) technique [17, 18] also using WF, and
SiH, as source and W-reducing gases, respectively.

Pure-W metallic films are often deposited not only
by CVD, but also by PVD (Physical Vapor Depo-
sition), by sputtering or evaporation. To avoid the
chemical or physical methods drawback of using ex-
pensive high-vacuum instrumentation, metallic tung-
sten in form of thin film was reduced [19] from the
water-soluble W—IPA (Inorganic Peroxopolytungstic
Acid) composite powder prepared by dissolving met-
al tungsten in hydrogen peroxide and evaporating
the residual solvent. Commonly, metallic tungsten
deposition technologies on metal substrates applies
[20] aluminum Al, copper Cu and titanium Ti. Depo-
sition by ALD (Atomic Layer Deposition) and PNL
(Pulsed Nucleation Layer) techniques may also be
used to form tungsten nucleation layers. In industri-
al conditions, the evolution of the reduction process
of tungsten blue oxides ultrafine powder to tungsten
thin films under a counter-current flow of hydrogen
is described [21] by the following scheme: WO, ,, —
— WO, , - WO, — W. It was developed [22] the
HWALD (Hot Wire-Assisted ALD) to form W with
its filament heated up to 1700-2000 °C in the flow of
atomic hydrogen H generated by the dissociation of
molecular hydrogen H,, which reacted with WF, at
the substrate to deposit.

One of the practical and cheap methods is that me-
tallic tungsten is coated on the ceramic material us-
ing [23] the chemical solution deposition to fabricate
such films on the inner surface of alumina tubules.
This technique involves the preparation of tungsten
oxide layers from PTA (PeroxoTungstic Acid) pre-
cursor solution and their subsequent reduction to
tungsten in the presence of hydrogen. The suitability
of using W-matrix coating materials supersaturated
with B for stainless steel substrates was tested [24]

and all the W-B coated (including W-13 % B and
W-23 % B) materials are found to be nearly an order
of magnitude more resistant to material loss through
corrosion—wear compared to uncoated substrates.

As for the boron carbide-metal B,C-Me,
Me = Mo, W, Ni, etc., sandwich structures in gener-
al, they can be obtained by the boron carbide ceramic
metallization method [25], which comprises the fol-
lowing steps:

e mixing the metals powder, for example, 10—
40 wt.% of Mo, W and Ni, according to their weights
ratio, carrying out ball milling, and sieving through
300-mesh sieve;

e preparing paste by mixing the metal powder ob-
tained in the Step 1 with 5 wt.% ethylcellulose solu-
tion according to weight ratio of (100-120):30;

e printing the metalized paste obtained in the Step
2 on the 20-30 pum thick boron carbide ceramic part,
needing to be metalized, and drying it; and

e metalizing by putting the boron carbide ceram-
ic part dried in the Step 3 into a sintering furnace,
introducing hydrogen, keeping the temperature at
1650-1680 °C for 30-35 min, keeping the dew point
at 0—10 °C, and cooling along with the furnace.

The formed Mo—W-Ni proportioned metalized
layer alloy material to have thermal expansion close
to that of B,C. Then, the bonding strength is high, the
metalized stress is small, and due to the sub-pum metal
network structure, the metal is not prone to falling off
after being brazed.

A method of synthesizing B,C coatings of metal
substrates by using RF (Radio Frequency) plasma
source with an external magnetic field is described
in [26]. The nanohardness of coated steel surfaces is
found in the range of 14.0-16.6 GPa and the B,C coat-
ings with 1.73-3.89-times higher hardness than un-
coated (bare) steels serving as targets. This technique
seems useful also for B,C-coating of W substrates.

In this work, composites with multilayer mor-
phologies — W/B,C/W, W/B,C/W_B,, W B/B,C/
W,B,, etc. — in which boron carbide B,C layers
alternate with metallic tungsten W and/or tungsten
pentaboride W B, ones, are produced and investigat-
ed. The surface metallization of boron carbide crys-
tals or grains with tungsten (a) powder, (b) plate or
(¢) coating (formed by peroxpolytungstic acid aque-
ous solution treatment at 600 °C in hydrogen flow)
is done by SPS (Spark-Plasma Sintering) at tempera-
ture of 1300—1700 °C and pressure of 20—40 MPa for
6—10 min. Such layered composites are also obtained
by standard thermal sintering (at temperature of
1300-1500 °C in argon atmosphere or vacuum) of the
components bonded with organic compounds aque-
ous solutions containing 0.5—1.0 % boric acid. SEM
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Figure 1. B,C/W composite sandwich-like structures fabricated from tungsten plate and boron carbide powder: raw (a) monosandwich,
(b) polysandwich and (c¢) its sections, and (d) sandwich-like structure produced by SPS at 1500 °C

(Scanning Electron Microscopy) structural-morpho-
logical, XRD phase- and EDS (Energy Dispersive
Spectrometry) chemical-compositions analysis of ob-
tained samples has established that transition layers
of W_B, are formed on the B,C/W interfaces ensuring
the strong component-layers bonding.

OBTAINING OF RAW SANDWICH-
LIKE STRUCTURES

We have developed some new methods for obtain-
ing the raw B,C/W sandwich-like structures. As
a tungsten source, tungsten powder and plate are
used. Initial tungsten powder is obtained by dis-
solving tungsten scrap in 15-25 % solution of hy-
drogen peroxide. PTA is obtained by filtering and
drying the solution. By its reducing with hydrogen
at 500-600 °C for 4 h, it is obtained the tungsten
powder. Both commercial boron carbide and tung-
sten pentaboride powders, and boron carbide ma-
trix ceramic powders previously synthesized by au-
thors from available inexpensive reagents, are used
to prepare these sandwiches.

Here is described the synthesis method for
PTA. 5.0 g of tungsten powder is slowly dissolved
in 40 ml of 20-25 % H,O,. The H,O, solution is
added to the tungsten powder in 3 portions during
2 h (Note: The reaction is very exothermic!). Then,
15 ml of hydrogen peroxide solution is added to the
reaction mixture again and stirred at room tempera-
ture for 5 h. The solution is left for 12 h and then fil-
tered. A yellowish transparent solution is obtained.
Excess H,O, is decomposed using a platinum spi-
ral and the solution is evaporated under vacuum.
An orange crystalline substance containing 85.4 %
tungsten oxide WO, is obtained. The sample is
heated at 600 °C for 4 h.

As for other liquid-charge chemical synthesis
methods that also are used here, they are described
elsewhere [27-31]. These methods, previously de-
veloped for multi-component B,C-matrix ceramics
containing W compounds, have been modified for the
purpose of obtaining B,C-W layered composites.
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The manufacturing technology of B,C-W layered
composite and corresponding (poly)sandwiches is il-
lustrated in Figure 1. First, a paste of boron carbide is
prepared using ethylcellulose 1 % solution for binding
material, which also contains 0.5-1.0 % boric acid.
Tungsten plate discs and B,C wet (partially dried)
powder are then placed alternately in the press-form.
After pressing (at 5-10 atm) of the composite, the raw
product is dried at room temperature and further pro-
cessed by SPS at temperature of 1300-1700 °C and
pressure of 20-40 MPa for 6-10 min. The thickness
of the plates and the neutron absorbing material layers
placed between them, as well as the total number of
layers are variable.

The powder filling placed between the plates
can be composite, consisting of several compo-
nents. For example, it can be enriched with bo-
ron, tungsten, tungsten borides, etc. Some of the
sandwiches we made contain 10-30 wt.% W and
W _B.. Figures 2-4 show diffrectograms of initial
powders. In the boron carbide commercial pow-
der diffractogram, there are visible 3 intense B,C
peaks at 20 = 23.5, 34.8 and 37.7°. In addition,
there are also detected the traces of B,.C, C ,BO,
and C BO, phases. Diffractogram of mixture of
boron carbide and tungsten powders shows only 2
of 5 known peaks of W (40.4, 58.4, 73.3, 86.9 and
100.8°): 20 = 40.4 and 58.4°. In addition to B,C and
W phases, there are also detected the traces of WB,,
W.0,,, WO, and WO,. Peaks of W B, phase visible
in the diffractogram of mixture of boron carbide
and tungsten pentaboride powders are placed at
20 =25.5,35.3,39.9 and 52.7°. In this case, besides
main components B,C and W_B,, there is detected a
number of trace phases: W, WB,, WB,, WC, WO,,
W.0,, WO, W0, 6 WO,and C BO,.

By a similar method, sandwich composites can
be obtained from tungsten and boron carbide pow-
der pastes. In this case, the tungsten powder paste is
placed in the mold and pressed with a punch so that
the paste does not come out. Then they are added with
wet powder of the neutron absorbing (composite) ma-
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Figure 2. Boron carbide commercial powder diffractogram
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Figure 3. Diffractogram of mixture of boron carbide and tungsten powders

terial and pressed again. An image of the resulting graphite foil is placed with a certain amount of com-

section is shown in Figure 5. mercial W powder and pressed with a punch. Boron
In the next step, these intermediate products should ~carbide powder is added on top of the tungsten pow-
compacted using a sintering method. der, which is also pressed with a punch to smooth the

DETAILS OF SINTERING METHODS surfacg of the d.ep0s1jced powder. Thls surfage is cov-
ered with graphite foil and a graphite punch is placed

used to obtain the sandwich-like B,C/W composites o top. The pressform is placed in the SPS equipment
are given below. chamber, and, after its vacuuming, the powder is

For the SPS compacting of W and B,C powders, pressed at 3050 MPa at temperature 1500—1700 °C
the 12 mm diameter graphite press-form lined with  for 10 min holding time. Pulsed AC (Alternating Cur-
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Figure 4. Diffractogram of mixture of boron carbide and tungsten pentaboride powders
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Figure 5. Sandwich made of tungsten (thin) and boron carbide
(thick) powder paste layers

rent) mode with pulse duration of 5 us and pause of
1 us is used to sinter these ceramics. The sample heat-
ing rate reaches 100200 °C/min. They are cooled
in vacuum. Sandwich-like B,C/W composites are
obtained, where the boundary layer between compo-
nents is well observable.

As for the SPS compacting of W foil and B,C
powder, for its conducting a tungsten disk of
12 mm diameter and thickness of 1-2 mm is placed
on a graphite press-form of the same diameter lined
with graphite foil and poured with boron carbide
powder on top, and pressed with a punch to smooth
the surface of the poured powder. Then, the surface
is covered with graphite foil and a graphite punch
is placed on its top. Sintering is carried out similar-
ly to the described above. The samples are cooled
in vacuum. Sandwich-like B,C/W composites are
obtained, where the boundary layer between two
components is formed.

The following technological and measuring equip-
ment and devices have been used for realization of
above described processes.

To grind the powders there is used planetary mill
Pulverisette 7 Premium Line with grinding cup and
balls made from WC—Co hard alloy. For the ultra-
sound treatment and homogenization of suspensions
is used an ultrasonic cleaner (45 kHz) and JY92-1IDN
Touch Screen Ultrasonic Homogenizer (20-25 kHz,
900 W). Compaction of powder samples or simulta-
neous synthesis and compaction are carried out by

using the SPS equipment manufactured at the Geor-
gian Technical University (with an ability to operate
in DC, pulsed DC and pulsed AC modes). Thermal
treatment (< 1500 °C) of simples is implemented in
high-temperature vacuum furnace Kejia.

X-Ray XRD patterns are obtained with DRON-
3M (CuK, Ni filter, 2°/min) and XZG-4 (CuK,
L = 1.5418 A) diffractometers. Morphology and mi-
crostructure of the powders are studied with SEM
JEOL-JSM 6510 LV equipped with energy Disper-
sive Micro-X-Ray Spectral Analyzer X-MaxN (Ox-
ford Instruments). Particles size of the powders are
determined by the Scherrer method and also by pho-
ton correlation nanoparticle size analyzer Winner
802 DLS and Malvern Instruments Mastersizer. The
specific surface area of the composite powder is mea-
sured on a Micromeritics Gemini VII Instrument.

CURRENT DEVELOPMENTS

Such layered composites also can be obtained by
standard thermal sintering at temperature of 1300—
1500 °C in argon atmosphere or vacuum from the
components bonded with aqueous solutions of some
organic compounds containing 0.5-1.0 % boric acid.

Now we are developing this new technology for
making sandwiches, which will not use the SPS meth-
od, but will take the product of required profile under
pressure and then sinter/consolidate it using tradition-
al pressureless methods. In this case, it is necessary
to use binders to form a raw product. Encouraging
preliminary results have been obtained using organic
polymer solutions for binding material.

In this approach, expensive finely dispersed com-
mercial powders can be replaced by the commercially
available reagents. Boron carbide and multicompo-
nent powders of its composites should be received.
Several reports have been already published on this
issue. Here, these methods are used by us to obtain
neutron capture materials. Their essence is briefly de-
scribed below.

Target composites are obtained using inexpensive
reagent: boric acid, tungsten, titanium and zirconium
oxides, metal salts, and organic compounds, which
represent a source of carbidizing amorphous carbon,
as well as reductants. For example, preceramic pre-
cursors are obtained by pyrolysis of a paste made from
ammonium paratungstate, zirconium oxide, cobalt ac-
etate, sucrose and amorphous boron at 100-200 °C.

(N H4)|0 (HzW] 104])‘4]’[20 20 =200 °C WO:;_X— C0304— 600 —1000 °C B4C, WC-Co
—Co(CH3C00); -4H,0 — CoO-CoWO4—C — Z1B,, W;Bg,
—CioH00y1 —ZrOy—a-B —Z10;-a-B a-B, C, (m)ZrO»

Figure 6. General scheme of obtaining preceramic precursors from mixture of zirconium(I'V) oxide-ammonium paratungstenate—co-

balt(Il) acetate tetrahydrate—amorphous boron—sucrose
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Figure 8. XRD pattern of composite obtained from preceramic
precursors by SPS method at 1550 °C

General scheme of this example route is present-
ed in Figure 6. The component phases (B,C, ZrB,,
W B, and Co) are obtained by simple technology at
relatively moderate temperatures: 800-1000 °C. So
far, 1000 °C was the lowest temperature, at which the
W B, phase formation was detected.

It is experimentally established that the start-
ing compounds undergo the certain transformations
upon gradual heating to 1000 °C (Figure 7). Raw
products are made from preceramic precursors, and

SEl  20kV WD15mm SS60 X2,700 5 pm

Figure 9. SEM micrograph of simple obtained from preceramic
precursors by SPS method at 1700 °C

Figure 10. Raw sandwich made from preceramic precursor paste
obtained from zirconium oxide-ammonium paratungstenate—co-
balt acetate tetrahydrate—amorphous boron—sucrose system

neutron-capturing sandwiches are obtained by their
annealing. It is important that composites containing
boron carbide, tungsten boride and zirconium boride
are obtained in a single technological process. Tung-
sten carbide and zirconium diboride (Figure 8), which
are boron carbide particle growth inhibitors, are ob-

Figure 11. EDS mapping of (@) all elements in B,C/W composite, and separately (b) B, (¢) C and (¢) W atoms distributions in B,C and

W phases contact regions, respectively
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Figure 12. SEM images of fracture surfaces of B,C-W composite obtained by SPS from B,C and W powders at 1600 °C in magnifi-

cations of (a, X90) and (b, x10000)
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Figure 13. XRD pattern of B,C-W,B, composite obtained from B,C-W,B.~W sandwich composite after selectively removing of me-
tallic tungsten layer by treatment with hydrogen peroxide 30% solution, where peaks corresponding to B,C and W B, component- and

W trace-phases are shown separately

tained as intermediate products and contribute to bo-
ron carbide sintering.

It is interesting to note that the grains size of the
composite are small, ranges within 0.5-2.0 pm (Fig-
ure 9) and practically does not change during anneal-
ing at 1700 °C. Raw sandwiches are obtained from
similar preceramic powders (Figure 10). And by
mixing them, B,C-ZrB,-W,B, composite is formed,
which is a promising material for neutron capture
composites.

Preceramic precursors containing titanium and co-
balt and boron carbide matrix ceramics are obtained
in the same way. It is established that these sandwich-
es do not undergo exfoliation at the contact boundary
of metal and boron carbides and, due to the physi-
cal-chemical processes taking place during the com-
ponents sintering, are materials of high strength and
hardness. From the EDS mapping images (Figure 11),
it can be seen that at the phase boundary between
tungsten and boron carbide (Figure 12) the diffusion
of tungsten in the boron carbide layer and the forma-
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tion of tungsten pentaboride take place (Figure 13).
This phase is not detected after the tungsten layer se-
lective removal.

CONCLUSIONS

The favorable properties of tungsten borides for
shielding the spherical tokamak fusion power plant
central HTS (High-Temperature Superconductor)
core have been modelled [32] to minimize the pow-
er deposition into the cooled HTS core and to keep
its radiation damage to acceptable levels by limiting
the neutron and gamma fluxes. The shield materials
compared are W.B, WB, W_B, and WB, along with a
reactively sintered boride B ,,,C, 1, Cr; 1,.F€057.W ) 2000
monolithic W and WC. Five shield thicknesses be-
tween 253 and 670 mm (corresponding to plasma ma-
jor radii between 1400 and 2200 mm) are considered.
W B, gives the most favorable results with reduction
factor of > 10 in neutron flux and gamma energy depo-
sition as compared to monolithic W. In particular, the
W, B, monolithic shields are found to have even better
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performance than layered water-cooled ones, which is
advantage from the safety perspective due to the risks
associated with radio-activation of oxygen in wa-
ter-cooled shields. The naturally occurring boron '°B
isotope 20% fraction gives much lower energy depo-
sitions than the 0% fraction, but the improvement
largely saturates beyond 40 %. The performance of
W,B; is unrivalled by other monolithic shielding ma-
terials. This would be due to its trigonal crystal struc-
ture giving '°B higher atomic density compared with
other borides and, therefore, having just high enough
content of '°B to maintain a constant neutron energy
spectrum across the shield.

Alternatively, effective radiation shields can be
fabricated from tungsten composites with other boron
compounds. For example, the tungsten—hexagonal
boron nitride core—shell W(@h-BN nanoparticles have
been synthesized [33] by arc core discharge from tung-
sten atoms and borazine. The h-BN coats around the
We-nanoparticles surface improving in this way their
oxidation resistance. The fabricated 20 wt.% W@h-
BN/BP-epoxy composite exhibits thermal neutron
and gamma-ray shielding with absorption and attenu-
ation coefficients of 3.51 and 0.357 cm™!, respectively.
These core—shell nanosystems can effectively shield
not only the secondary y rays emitted by thermal neu-
trons capture process of '°B, but the primary vy rays as
well. The W@h-BN-based materials can be utilized
in space or extreme environments, where radiation
shielding is critical for human activities.

Sandwich-structures of °B-enriched layers pre-
pared by PLD (Pulsed Laser Deposition) serve [34]
for development of novel neutron detectors showcas-
ing improved efficiency, sensitivity and discrimina-
tion against y background signals arisen from envi-
ronment or neutron field.

In this work, the '"B-based neutron capturing
sandwich and multilayer structures are obtained using
powder mixtures of compositions B,C, B,C-W and
B,C-W,B.. It is established that tungsten pentaboride
phase is formed at the contact boundary between
tungsten and boron carbide interfaces, which ensures
component-layers strong bonding.
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ABSTRACT

The procedure of high-temperature uniaxial creep testing of welded joints “base-deposited metal” made of difficult-to-weld
high-temperature nickel alloys (HTNA) of ZhS32 type, containing more than 60 vol.% of the strengthening y'-phase, has been
developed. It allows using witness specimens to estimate the uniaxial creep strength level at temperatures of 975 and 1000 °C
for the conditions of series restoration of edges of the working blades of modern aircraft gas turbine engines with microplas-
ma powder deposition. Its development took into account the need in working with larger sizes and, accordingly, the higher
restraint of a welded workpiece for the manufacture of specimens for mechanical tests compared to the typical conditions of
series restoration of the blade edge in industry, and also some techniques for hot cracks prevention were proposed. Its feature is
the use of “dovetail” type grippers for specimens with a working part of 7.5-9.0 mm?, which provides a significant reduction in
their sizes. The new approach of choosing the shape and dimensions of the specimen for uniaxial creep testing, the technique of
preparing and forming the required welded workpieces with microplasma powder deposition allows a significant reduction in
heat input and approximation of the deposition modes for witness specimens to the industrial modes of series restoration of edg-
es of working blades of aircraft gas turbine engines. Due to this, in the welded joints “base-deposited metal” of the high-tem-
perature nickel alloys with directional solidification, which represent workpieces for the subsequent production of such witness
specimens, it is possible to avoid the known manifestations of the tendency to crack formation during the deposition process
and postweld heat treatment. The developed procedure was approved to evaluate the uniaxial creep strength of ZhS32 deposited
metal specimens and specimens “50 % of base (ZhS26-VI or Zh32-VI) + 50 % of deposited (ZhS32) metal” at 975 °C and
1000 °C on 40 h base holding and comparison of the relevant experimental data with the technical condition requirements for
these cast nickel-based superalloys was carried out.

KEYWORDS: microplasma powder deposition, welded joint “base-deposited metal”, difficult-to-weld high-temperature nick-

el alloys, uniaxial creep testing

INTRODUCTION

In our country, working blades of difficult-to-weld
high-temperature nickel alloys (HTNA) ZhS26 and
ZhS32 (Table 1), designed for operation in modern
aircraft gas turbine engines (GTE) for operating tem-
peratures 950-1100 °C are manufactured in large vol-
umes and remain in operation. At domestic aircraft re-
pair enterprises, series technologies for the restoration
of shrouded and unshrouded blades on the base of the
process of microplasma powder deposition [1-4] with
the use of a filler material of equivalent level of alloying
were mastered. Evaluation of the mechanical properties
of such welded joints “base-deposited metal”, compen-
sating for the losses of damaged material of parts in
the local zones of a shroud platform or an airfoil edge
(Figure 1), remains to be the relevant task. In particular,
this applies to one of the most important indices of such
materials — uniaxial creep strength at 975 and 1000 °C
[5, 6]. Simultaneous combination of two adverse fac-
tors — larger sizes and, accordingly, higher restraint
of a welded workpiece compared to the typical condi-

Copyright © The Author(s)

tions for restoration of a blade edge in industry and the
known high tendency to crack formation in fusion weld-
ing of HTNA with a high content of the strengthening
v'-phase require individual approaches for evaluation of
high-temperature creep strength of these welded joints.
Similar publications of other authors during the prepara-
tion of this article were not found.

The review of the known standards for mechanical
tests [7, 8] and their analysis [9] show that they regulate
the parameters of the working area of the specimen,
and the guidelines on the shape and sizes of its gripping
part bear only recommended nature. The consumption
of the material to manufacture the specimen for me-
chanical tests depends on its geometric dimensions
(length of the working area and overall dimensions of
the gripping part), and also on the required tolerances
on its mechanical treatment. But regardless of the type
of the specimen for mechanical testing (flat, cylindri-
cal), it can be stated that the need in forming its grip-
ping part during the manufacture significantly increas-
es the overall dimensions of both directly the specimen
as well as the corresponding resulting workpiece.
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Table 1. Content of base alloying elements in high-temperature nickel alloys

wt.%

Alloy c Cr Ni Co Al Ti
ZhS26-VI 0.12-0.18 4.3-5.3 8.7-9.3 5.6-6.1 0.8-1.2
ZhS32-VI 0.12-0.17 4.3-53 Base 9.0-9.5 5.7-6.2 -
VZhL12U 0.14-0.19 9.0-10.0 13.5-14.5 5.1-5.7 4.2-4.7

ChS40 <0.05 19.0-21.0 - 24-2.7 —

Table 1. Cont.
0,
Alloy wt% -
Mo W Nb Ta Re \% Fe Si, Mn
ZhS26-V1 0.8-14 10.9-12.5 1.4-1.8 — - 0.8-1.2 <0.5 <0.3
ZhS32-VI 09-1.3 8.1-8.9 1.4-1.8 3.7-4.7 3.6-43 - <0.5 <0.2
VZhL12U 2.7-34 1.0-1.8 0.5-1.0 - - 0.5-1.0 <1.0 <0.2
ChS40 8.0-10.0 4.5-5.5 — — - — <5.0 <0.3
The main problems that significantly complicate the THE AIM

use of standard procedures for the preparation of welded
workpieces and manufacturing of specimens from them
for the welded joint “base-deposited metal” of HTNA,
which simulates the conditions for restoration of work-
ing blades of aircraft GTE, are the following:

e Limited deformation capacity of the deposited
metal of HTNA with a content of the strengthening
v'-phase of more than 50 vol.% in a state directly after
surfacing (for example, according to [10-12] & .. <
< 0.7 %) and a high tendency of the cast base metal
to the formation of cracks in fusion welding. This, in
turn, prevents the performance of a defect-free depo-
sition with a volume of more than 2-3 cm® [12] by an
increase in the number of heat inputs into the product
due to the components of efficient thermal power of
the arc and heat input [13, 14].

e High cost of base metal workpieces and special-
ized HTNA filler materials, need in their manufactur-
ing by an individual order.

e Complicated mechanical treatment ability of
HTNA [15].

DI S5 X

Figure 1. Appearance of restored shrouded working blades of
modern aircraft GTE [3]: a — working blades of high-pressure tur-
bine, ZhS32-VI alloy; b — working blades of medium-pressure
turbine, ZhS26-VI alloy

of the work is to develop a procedure of high-tempera-
ture tests on uniaxial creep strength of specimens with
microplasma powder deposition of working blades of
GTE aircraft blades made of difficult-to-weld HTNA.

The preliminary positive experience of using minia-
ture flat proportional specimens for tensile tests at high
temperature in the MTS-810 servohydraulic machine at
the PWI [9] has been gained. It consist in a significant
reduction of the overall dimensions of the gripping part
of the flat specimen for mechanical testing, and accord-
ingly the volume required for its manufacture of weld-
ed workpiece from HTNA due to the use of “dovetail”
type grippers-adapters. In turn, the releavant tasks in the
framework of development of a new testing procedure
for high-temperature creep strength were the develop-
ment of a typical specimen and grippers-adapters for the
MP-3G test machine, as well as shape, sizes, modes of
deposition of initial welded workpiece, which guaran-
tees its producing without crack formation.

DEVELOPMENT OF RESEARCH METHODS

During the preliminary analysis, 3 types of specimens
were selected for high-temperature strength tests as ini-
tial prototypes. From the flat specimen, which is used at
the PWI [16] and has a gripping part with holes under
a pin of 8 mm diameter, the shape of the working area
was borrowed (25 mm length, 7.5-9.0 mm? calculated
cross-section, Figure 2, a). To specify the necessary
geometric characteristics of the gripping part, the fol-
lowing cylindrical prototype specimens were analyzed:
with a diameter of 4xM6, 5xM8 and 6xM10 according
to ISO 6892-2:2011 [7] (Figure 2, b); close to the spec-
imen MI-83 [16] (Figure 2, ¢), which, as is known, is
serially used for tests of HTNA VZhL12U and ZhS6U
on a high-temperature creep strength. On these spec-
imens, on the base [17], the geometric characteristics
of surfaces (Figure 2, b) were identified, which in the
threaded connection resist to the most dangerous shear
[18] and crumpling forces: an area of resistance to shear
forces S and the equivalent material volume V of a
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Figure 2. Prototype specimens used to design an optimized flat proportional miniature specimen for the task of testing welded joint
“base-deposited metal” of HTNA on high-temperature creep strength: ¢ — flat proportional specimen of the PWI; b — cylindrical
specimen according to ISO 6892-2:2011 [7]; ¢ — cylindrical specimen for testing HTNA VZhL12U and ZhS6U

gripping part of the specimen (Table 2), which resists
to crumpling. Based on the known principles of the the-
ory of similarity [19], the determined indices of metric
threads M6 and M8, were converted into the required
dimensions of the gripped part of the flat “dovetail” type
specimens (Figures 3, 4). Further, for the MP-3G test
machine, a set of the specialized fixture made of HTNA
VZhL12U with holes under a pin with a diameter of
6 mm was manufactured (Figure 5), which involves the
use of the intermediate gripper-adapter to mount flat
specimens with a gripped part of the “dovetail” type.

In addition to the performed verification calcu-
lations of shear and crumpling strength of a gripping
part of the proposed specimen (see Figure 4, a), its
serviceablility was checked by simulating the stat-
ic loading process at a temperature of 1000 °C in the
SOLIDWORKS Simulation 2015 software package of
the corresponding 3D models of a new and a standard

specimen with a diameter of 4xM6 (Figure 5). In this
case, reference data from the mechanical characteris-
tics of the material of the cast HTNA ZhS32-VI were
used according to [20]. The results of physical mod-
eling showed that in the proposed flat specimen (see
Figure 6, a, b), a set level of stresses of 150 and 200
MPa is directly implemented on its working area and
is identical to the standard specimen with a diameter
of 4xM6 (see Figure 5, ¢, d). In places of transition to
the gripping part, the concentration of high stresses is
not observed.

Checking the manufactured set of a fixture for
high-temperature testing of welded joints of diffi-
cult-to-weld high-temperature nickel alloys for creep
strength was carried out in several stages with a grad-
ual increase in the test temperature and the level of
the material heat resistance. At the first stage, for the
mentioned tests by multilayered deposition, the “ver-

Table 2. Ratio of basic geometric parameters of cylindrical specimens with a diameter of 6xM10, 5XM8 and 4xM6 according to ISO
6892-2:2011 with the results of calculations of equivalent geometric characteristics for flat proportional specimens: S, — cross-section-
al area of the working zone of the specimen; S, — area of the thread, which resists to the shear force in the gripper; V; — equivalent
material volume that resists to the buckling and shear force in the gripper (in the thread or flat proportional specimen)

Cylindrical specimen Flat proportional specimen
According to | According to
Average Inner g g
. < , Thrﬁig thread thread I;Iumber s . . \ Figure 4, a, Figure 4, b,
pe o T PHCR L fiameter d,,|diameter d,, OIS 2, | 5, mm p MM S,=9mm* | § =18 mm’
mm pes
mm mm V,, mm’
154.47 69.87 74.0 -
Diameter 4XM6 12.56 1 5.35 4.92 12
77.35" 34.93" 37.00° -
208.82 110.01 - 110.00
Diameter 5xM8 19.63 1.25 7.188 6.65 9
104.41" 55.00 - 55.00
263.14 176.81 - -
Diameter 6xM10 28.26 1.5 9.026 8.38 8
131.57 88.41" - -
“For half of the volume of the threaded connection or gripper of the “dovetail” type.
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Figure 3. Equivalent surfaces of resistance to shear and crumpling force for the threaded connection of the prototype specimen (a) and
the scheme of their conversion into the gripping part of the optimized flat proportional specimen of the “dovetail” system (b)

12
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64

b

Figure 4. Drawings of designed optimized miniature flat proportional specimens with the gripper of the “dovetail” type for tests on
high-temperature creep strength: @ — with the cross-sectional area of its working part S, = 9 mm?*, b — with the cross-sectional area

of its working part of S, = 18 mm?

tical wall” workpiece was manufactured, from which
after grinding of its side surfaces, the optimized flat
proportional specimens were cut out by means of the
electrical discharge machining (Figure 7). At the sec-
ond stage, the preparation of the welded workpiece
“50 % of base + 50 % of deposited metal” was prac-
ticed, from which the optimized flat proportional
specimens were similarly cut out (Figures 8, 9).

RESULTS OF EXPERIMENTS
AND THEIR ANALYSIS

The conditions and results of testing the deposited
ChS40 metal, layered deposited ZhS32 + ChS40 met-

metal are presented in Table 3 (experiments Nos 1-3).
They proved the proper operation of the manufactured
set of the specialized fixture for the test MP-3G ma-
chine: at 7= 550 °C and ¢ = 69 kgf/mm? — holding of
atleast 120 h; at 7=975 °C and 6 = 7.5-10.0 kgf/mm?
— holding of approximately 20 h. The next stage of
the research works was practicing the shape and sizes
of the welded workpiece for the welded joint “50 % of
base + 50 % of deposited metal”.

When using a conventional deposition of ZhS32
alloy to the edge of the plate from the cast HTNA
ZhS32-VI or ZhS26-VI to form a gripping part of a
flat proportional specimen according to Figure 4, a, it
is necessary to use a single-layer deposition with the

al, formed respectively to [21], and deposited ZhS32

i

|l|l§|:iqi|I£pl|llgj i '

Tt T

" oo e T R
5 mh:cmhu:tl-ﬂ 5 !n.?l'.....l--| Lok P

_,\.

Figure 5. Appearance of the optimized flat proportional specimen compared to the specimen of a conventional shape (a) and manu-
factured assembly of a specialized fixture for the test MP-3G machine (). Designations: / — main gripper; 2 — intermediate grip-
per-adapter; 3 — specimen for mechanical testing; 4 — pin of 6 mm diameter

32



DEVELOPMENT AND APPROVAL OF THE PROCEDURE OF HIGH-TEMPERATURE

&, N/'m® o, N/m?

6.724-10 8 6.724108
6.166-10 8 6.166-108
5.607-10 % t 5.609-108
5.049-10 % 5.051-108
4491108 4.493-108
| 3.932:108 | 3.936-108
3374108 3.378-108
| 2.816:108 2.821-108
2.258-108 t 2.263-108
1.699-10 8 1.706-108
1.141-10 8 1.148-108
5.829-107 5.904-107
2.406:107 3.208-106

o, N/m® o, N/m?

4.800-10 8 s e67108

08
e 5.867-108

- 5 8
4.000-10 350

108
S 4.801-108

3.201- 8
201 4.267-108

t 2.801-108
3.734-108

2.401-108
3.201-108

t 2.001-108%
< 2668108

L 1.601-10
2134108

1.201-108
" 1.601-10 8

8.010-10
1.068:10 8

4.011-107
] 5.347-107
1.138:10 2 2
1.517-107

Figure 6. Results of physical simulation of 3D models of a new specimen (@, b) and a specimen with a diameter of 4xM6 (c, d) from
the cast HTNA ZhS32-VI alloy at 1000 °C in the software SOLIDWORKS Simulation 2015 package

bead height of 6—7 mm on the side of the deposited
metal (Figure 8, a, b). However, it turned out that such
modes of microplasma powder deposition on the edge
of the plate with a thickness of 3.5-5.0 mm, which
are characterized by the actual welding current value
I'=25-35 A, effective heat power g /v = 350450 W
and input power ¢ /v = 2000-3000 J/mm, cause the
formation of regular cracks (Figure 8, ¢, d). Accord-
ing to the data of metallographic testing of 10 sec-
tions, they are localized in the deposited metal. Their
appearance is explained by the occurrence of tensile
deformations in the process of deposition, that exceed
the preliminary set limited deformation capacity of
the deposited ZhS32 metal [11]. In turn, in view of
the preliminary set direct proportionality between the
value of the input heat and cross-section of the de-
posited bead in microplasma powder deposition [14],
their appearance may be caused by an increase in the
heat input to the product [13] within a longer time of
welding pool existence during formation of a bead
with a height of 6—7 mm by single-layer deposition.
At the same time, the preliminary formation of the
depression on the edge surface of the plate made of
HTNA along the shape of the working part profile of the
flat proportional specimen (see Figure 4, a, b) allows en-
suring the formation of a gripping part on the side of the
deposited metal at a height of the deposited bead reduced
to 3—4 mm. Such modes of deposition compared to the
first variant are characterized by the heat input g /v =
= 10001500 J/mm, which is accordingly explained by
the formation of a much smaller cross-section of the de-
posited bead [14]. The next heat treatment of such weld-
ed workpiece by the modes of aging 1050 °C — 2.5 h
and homogenization (1265 °C — 1.5 h for the base metal
of ZhS26-VI alloy or 1280 °C — 1.5 h for the base met-

al of ZhS32-VI alloy) did not reveal any manifestations
of the tendency to cracking in it according to the results
of liquid penetrant testing and metallographic testing. A
typical example of a high-quality microstructure of the
base and deposited metal in the fusion line area is pre-
sented in Figure 10. After manufacturing specimens for
testing on creep strength by means of the electrical dis-
charge machining, the neighborhood of the fusion line
between the base and deposited ZhS32 metal was quite
evenly distributed in the middle of its working area.
According to the practiced procedure (see Fig-
ure 4, a, b), microplasma powder surfacing of 3 weld-
ed workpieces “50 % of base + 50 % of deposited
metal” with ZhS32 alloy was performed and after
passing of the appointed heat treatment, additional
grinding, polishing of electro-erosion cutter surfaces
and capillary testing, the specimens were tested for
high-temperature creep strength at 975 and 1000 °C.

Figure 7. Scheme of producing an optimized flat proportional
specimen of deposited metal for high-temperature tests of the
deposited metal: / — technological base of austenitic stainless
steel; 2 — position of the fusion line with the deposited metal;
3 — deposited metal of heat-resistant or high-temperature alloy;
4 — optimized flat proportional specimen
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Figure 8. Regularities of crack formation in the welded joint “50 % of base (BM) + 50 % of deposited (DM) metal” made of HTNA
of ZhS32 type produced by a single-layer microplasma powder deposition of ZhS32 alloy with ¢ /v = 380-450 W and ¢ /v =
=2000-3000 J/mm: a — scheme of preparation of welded workpiece and cutting of the specimen for mechanical testing; b — ap-
pearance of a single-layer deposition; ¢ — results of liquid penetrant testing after removal of the side reinforcements of the deposited
bead; d — appearance of cracks in the deposited ZhS32 metal detected during metallographic testing

The test results are presented in Table 3 (experiments
Nos 4-6). Their interpretation taking into account the
experimental data previously obtained at the PWI [2]
and the basic requirements for the minimum level of
mechanical properties of the cast HTNA ZhS32-VI
and ZhS26-VI according to TS 1-92-177-91 pub-
lished in [6, 7], is given in Figure 11.

The experimental data of tests of the specimens
“50 % of base + 50 % of deposited metal” on creep
strength with the participation of the deposited ZhS32

metal, cut out along the fusion line with the cast ZhS26-
VI or ZhS32-VI alloy, exhibit that the indices for the
basic 40 h creep strength relative to the level of relevant
requirements in the acting TS on the cast ZhS32-VI or
7ZhS26-VI alloys [6, 7], are the following:

e for the specimen “50 % of base (ZhS32-VI) +
50 % of deposited (ZhS32) metal” after heat treatment
by aging mode 1050 °C — 2.5 h — approximately 0.5
at 1000 °C;

Table 3. Results of tests on uniaxial creep strength of specimens of welded joints with microplasma powder deposition

Experiment Specimen description Specimen Preliminary heat treatment e Load 6, | Holding time T,
number PECIMER CeSCrpHo pecimen type of the specimen ’ kgf/mm? h and min
According to {1050 °C —2.5h + 760 °C — p
1 DM of ChS40 Figure 4, a 10h+ 650 °C —25 h 550 69.0 120 h
2 DM of ZhS32 + ChS40 (L) According to 1050°C —2.5h 975 75 17 h 25 min™
Figure 4, b
3 DM of ZhS32 1050°C—2.5h 975 10.0 10 h™
50 % BM of ZhS32-VI + o .
4 + 50 % DM of ZhS32 N 1050°C—2.5h 1000 14.5 60 h
ccording to
50 % BM of ZhS32-VI + .
F 4 °C—1. . in"*
5 + 50 % DM of ZhS32 igure 4, a 1280°C—1.5h 975 20.0 23 h 30 min
50 % BM of ZhS26-VI + o .
6 + 50 % DM of ZhS32 1265°C—1.5h 975 20.0 44 h
"The specimen was removed without fracture.
“Fracture of the specimen occurs over its working part.
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Figure 9. Features of surface preparation and technique of surfacing welded workpiece for welded joint “50 % of base — 50 % of
deposited metal” made of HTNA: a — scheme of preparation of welded workpiece and cutting of the specimen for mechanical testing;
b — preliminary formation of depression before deposition; ¢ — appearance of a single-layer deposit; d — welded workpiece after

partial removal of side reinforcements of deposited bead

e for the specimen “50 % of base (ZhS32-VI) +
50 % of deposited (ZhS32) metal” after heat treatment
by homogenization mode 1280 °C — 1.5 h— approx-
imately 0.6 at 975 °C;

e for specimen “50 % of base (ZhS26-VI) + 50 %
of deposited (ZhS32) metal” after heat treatment by
homogenization mode 1265 °C — 1.5 h — approxi-
mately 0.77 at 975 °C.

Thus, it was established that the welded joint
“base-deposited metal” with the height of the deposit-

1 mm

ed layer of ZhS32 alloy of up to 3 mm in the zone of
the fusion line has sufficiently high indices of the creep
strength — at a level of 0.5-0.6 at temperatures of 975
and 1000 °C relative to the minimum requirements for
the cast ZhS32-VI alloy; at a level of 0.77 at a tempera-
ture of 975 °C for the cast ZhS26-VI alloy. For the ser-
viceability of the restored sealing elements of working
blades of high- and medium-pressure turbines (edges
of shroud platforms and upper edge of the airfoil) made
of HTNA ZhS32-VI and ZhS26-VI alloys, a sufficient

500 pm

50 pm

Figure 10. Typical example of a high-quality microstructure of welded joint “50 % of base (BM) +50 % of deposited (DM) metal of

ZhS32 alloy
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© 50 % BM of ZhS32-VI + 50 % DM of ZhS32 after h/t 1050 °C — 2.5 h,
at 7=1050 °C

Figure 11. Results of testing specimens of base metal (BM), deposited metal (BM) and “50 % of base (BM) + 50 % of deposited (DM)
metal on the creep strength at temperatures of 975 and 1000 °C, produced with microplasma powder deposition of ZhS32 alloy, com-
pared to requirements of acting standard and technical documentation for the cast ZhS32-VI and ZhS26-VI metal

creep strength is achieved at 975 and 1000 °C, which
is proved by the practice of long-term operation of the
restored working blades on modern aircraft GTE [1-4].

The analysis of the experimental data obtained by
the authors of the article and materials of the previous-
ly published work [22] allows predicting the presence
of a significant decrease in the indices of a high-tem-
perature creep strength, first of all namely for the de-
posited ZhS32 metal compared to the high-temperature
area of the heat-affected-zone of the cast heat-resistant
ZhS32-VIand ZhS26-VI alloys. It is assumed that such
a decrease in the creep strength of the deposited ZhS32
metal may be predetermined by the excellent condi-
tions of its formation compared to the serial technol-
ogy of casting HTNA with a directional solidification,
in particular, a significant difference (at least by an or-
der [11]) in the cooling rates in the region of the tem-
perature interval of the solidification of ZhS32-VI and
ZhS26-VI alloys, which in turn significantly affects the
characteristics of the dendritic structure during solidi-
fication (see Figure 10), namely the parameter of the
distance between the axes of dendrites. Direct causes
for reducing the properties of the creep strength namely
of the deposited ZhS32 metal at temperatures of 975
and 1000 °C require further research.

CONCLUSIONS

1. The procedure of high-temperature tests for uniaxial
creep strength of welded joints “base-deposited met-
al” made of difficult-to-weld high-temperature nickel
alloys of ZhS32 type, based on the use of optimized
miniature flat specimens with a cross-section of the
working part of 7.5-9.0 mm? with a gripping part of
the “dovetail” type and intermediate grippers-adap-
tors has been developed. In this case, under the con-
dition of the same thickness of the welded workpiece,
the material consumption compared to a flat prototype
specimen is reduced by 2-3 times.

2. For the deposited metal of high-temperature
nickel alloys, which has a limited deformation capac-
ity in the process of multilayered deposition, the pro-
posed procedure allows producing specimens without

defects and guarantees a high reliability of corre-
sponding experimental data.

3. In order to prevent cracking, during the prepara-
tion of a welded workpiece “50 % of base + 50 % of
deposited metal” of a high-temperature nickel alloy, it
was proposed to preliminary make a sampling-deepen-
ing to 2.5-3.0 mm on the edge surface of the plate with a
thickness of 3.5-5.0 mm. This allows limiting the height
of the deposited bead to 34 mm and, by reducing its
cross-section and the amount of surfacing material, lim-
iting its heat input to 1000-1500 J/mm at the efficient
power of the microplasma arc of 350-450 W by an in-
crese in the rate of microplasma powder deposition.

4. Approval of the developed procedure was car-
ried out when testing the specimens of deposited met-
al and specimens ‘“base-deposited metal” along the
fusion line: at 550 °C — on the base of 100 h; at 975
and 1000 °C — on the base of 40 h.

5. It was established that the welded joint “base-de-
posited metal” with the participation of the deposited
ZhS32 metal, which also includes a high-temperature
area of the heat-affected-zone of the base metal, has
the following indices of the uniaxial creep strength on
the base of 40 h compared to the minimum admissible
ones for the cast nickel-based superalloy according to
TS: at a level of 0.5-0.6 at temperatures of 975 and
1000 °C relatively to the cast ZhS32-VI alloy; at a
level of 0.77 at a temperature of 975 °C relatively to
the cast ZhS26-VI alloy.

6. The serviceability of the welded joint “base-depos-
ited metal” made of HTNA of ZhS32type at a level of
creep strength determined in the work was proved by the
practice of operation during a set interrepair period of a
large number of motor sets of working blades of high-
and medium-pressure turbines of modern aircraft GTE,
restored by the Ukrainian aviation industry since 2005.
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ABSTRACT

The paper presents the results of design and experimental studies carried out to modernize welding equipment to increase the
reliability of operation in site conditions and improve ergonomic performance. The results of improving the technology and
technique of welding vertical joints with forced weld formation in order to increase the efficiency of the process and expand
its technological capabilities, as well as improve the sanitary and hygienic working conditions of the welder-operator are pre-
sented. The A-1150 and AD343 machines were modernized and prototypes of the machines were manufactured to create new
specialized assembly welding equipment based on a modern element base in compliance with ergonomic requirements. The
study of the macrostructure of the welded joints showed that the weld metal is dense, and no defects in the form of lacks of
fusion, cracks, pores, nonmetallic inclusions, etc. were found. The main advantages of the proposed method compared to ESW
and the method of welding with forced flux-cored wire formation are shown. The technology and equipment for submerged
arc welding with forced formation of vertical joints of low-carbon low-alloy steels with a thickness of 12-80 mm have been
developed and successfully implemented in factory and site conditions.

KEYWORDS: clectroslag welding, electric arc welding with forced weld formation, assembly machines, low-carbon low-al-

loy steels, fluxes, heat input, impact toughness

INTRODUCTION

At present, in Ukraine, one of the important areas of
performing welding works in the workshop and field
conditions are the works on the creation and restoration
of metal structures manufactured of metal of medium
(different dimensional values) and large range of thick-
nesses. Other indices of welding conditions causing the
choice and application of welding and technological pro-
cess may be: speed of work performance, availability of
qualified performers and the possibility of quick produc-
tion of filler material, technological equipment available
in the designated place of works.

In the modern production, vertical welds with
forced metal formation are performed mainly with the
use of two technological processes: electroslag weld-
ing (ESW) and an electric arc process with forced
weld metal formation (EAW). Electroslag welding
from the time of its invention has become widespread
all over the world [1, 2].

ESW is the most widespread in the manufacture of
parts of machines and metal structures of large thick-
ness (more than 50 mm), such as housings of rolling
mills, frames of jaw crushers, oversized bands of ro-
tary fire kilns, housings blast furnaces, etc. [3]. This
is predetermined by the high performance (in terms
of melting rate of filler metal, ESW is out of com-
petition) and the stability of the process, deep metal-
lurgical treatment of weld metal (absence of defects
in the form of pores and slag inclusions), possibility
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of welding metal of excessively large thicknesses,
cost-effectiveness of the process, low sensitivity to
the quality of edge preparation, relatively low cost of
welding consumables, which are not scarce, etc.

However, the use of ESW during the construction
of large metal structures of large thickness in the field
conditions is not always acceptable due to the high
heat input of the process that leads to growth of grains
of weld metal and heat-affected-zone (HAZ). As a
result, the mechanical characteristics of a joint are
reduced, especially, impact toughness is noticeably
reduced at low temperatures. The situation can be im-
proved by the following high-temperature treatment
(HTT), but it requires large-sized furnaces, the use of
which for welding of large metal structures, especial-
ly in site conditions, is unrealistic.

All this facilitated the development of alternative pro-
cesses of mechanized welding of small thickness metal
in a one pass. One of them turned to be electric arc weld-
ing using flux-cored wire with forced weld formation by
water-cooled copper shoes, both self-shielding and with
additional gas shielding [4]. The method not only pro-
vides high performance of wire melting, but also became
non-alternative to produce welds in a one/two passes in
different spatial positions, both circumferential on pipe-
lines, gas holders, spherical tanks, as well as “on the
overhead” when welding horizontal girths of structures
of the metal of at least 25 mm thick. However, the meth-
od required additional measures to protect the welding
zone from drafts, especially at the height, and was too
sensitive to side deviation from the vertical. Welding of
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metal of more than 30 mm thick using two flux-cored
wires turned to be complicated because of the difficulties
with the positioning of the wire in depth due to intense
radiation and emission of fumes. In addition, production
of flux-cored wire is non-serial, it has a high price and a
short storage period because of its hygroscopicity.

Therefore, PWI conducted research on the devel-
opment of welding method with forced formation of
vertical welds under a thin layer of molten slag using
solid-section wires [5]. The first experiments on prac-
ticing of such technique of weld performance showed
the prospect of the method, since it combined a stable
process course and reliable protection of the welding
pool, which was an urgent task.

However, this method did not find an industrial use
for several reasons:

e absence of a compact mechanism of drawing
two wires for welding in the site conditions, which
would provide their reliable and stable feeding to the
welding pool;

e lack of mechanism for positioning wires in the
slit between welded edges;

e flux AN-47, under which the process was per-
formed, did not ensure its stability.

AIM OF THE WORK:

designing of mobile equipment and industrial tech-
nology for joining metal in site conditions with the
thickness from 10 mm to the maximum possible in
site conditions during the manufacture of tanks of var-
ious purposes, bridge spans, etc.

TASKS OF THE WORK:

e modernization of welding equipment in order to in-
crease the reliability of work in these conditions and
improve ergonomic indices;

e improvement of technology and technique of
welding vertical joints with forced weld formation in
order to increase the efficiency of the process and ex-
pand its technological capabilities, as well as improve
sanitary and hygienic conditions.

MATERIALS AND RESEARCH METHODS

Experimental studies of the process of two-elec-
trode welding with forced formation were carried
out as follows:

e welding of specimens of low-alloy structural 09G2
and 10KhSND steels of 12, 20 and 25 mm thick was
performed with the use of a prototype of a two-electrode
apparatus and VSZh-1600 DC power source;

e clectrode wires of Sv-08G2C and Sv-10NMA
grades were used;

e fluxes for the process performance were chosen
based on the following criteria: electrical conductivity
and toughness in the molten state; technological prop-
erties, such as stability of the process, wetting of a

shoes with the cooled water, which requires the qual-
ity formation of the weld metal; visual signal about
the need to add another portion of flux to the weld-
ing pool; welding was performed with the use of flux
grades AN-47, AN-22, AN-60 and AN-67A;

e the main criteria for choosing electrode wire were
its diameter, which ensures the stability of the process
when welding metal of different thickness; chemical
composition that guarantees obtaining of mechanical
properties and impact toughness of welded joint, which
meet the requirements of standard documentation;

e using the procedure given in [6, 7], in the weld-
ing process, the high-speed recording of electrical
mode parameters (I, U, V) was performed by means
of the Hall sensors, the ADC E-140 module and the
Power Graph software. Numerical values of electrical
parameters of the welding process were recorded at
a frequency of 10 thou records per second. To deter-
mine the efficiency coefficient of the process 1, during
welding, the temperature and water consumption for
cooling the copper slider were measured. Water tem-
perature was measured by means of the Doubl Laser
Infra Red Thermometer, which provides the measure-
ment accuracy of 0.1 °C;

e tests of the weld metal and HAZ on the impact
bending of Charpy specimens were conducted.

PRESENTATION OF THE BASIC MATERIAL

To carry out two-electrode welding of vertical joints
with forced weld formation, a complex of works was
performed to create the mobile welding equipment. In
the process of designing a new apparatus, the design
of the apparatus A-1150 was selected as a base, which
is trackless, i.e. it moves along the slit between the
welded edges of the sheets.

Movement of this apparatus is realized by making
cuts in the sharp ribs of the edges of steel sheets by
the teeth of the cone-shaped running wheel of the ap-
paratus trolley during its pressing by plate-like springs
through the knife fixed to the trolley — the rear suspen-
sion on the back side of the joint. This suspension pulls
and presses the rear shoes — one of two water-cooled
copper shoeses forming a weld. Such an apparatus is
the most used one in the construction works.

To provide a two-electrode submerged arc weld-
ing process, a compact mechanism for feeding two
electrode wires (Figure 1) was designed, which by
its sizes did not exceed the standard mechanism for
welding using one flux-cored wire. Its joint traction
gear has two conical grooves for wires. Each of these
wires is pressed with its idle gear with the same con-
ical groove in the teeth, which allowed feeding both
wires reliably and at the same speed.

Moreover, there were added mechanisms for adjust-
ing the position of electrode wires in the slit between the
edges (and distances between them) both separately and
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Figure 1. Appearance of upgraded drive for feeding electrode wires

together across the thickness of the joint, and at an an-
gle relative to the weld axis. This, in combination with
a standard corrector on the suspension axis, allowed al-
most plane-parallel displacing of the wires without the
danger of “short-circuiting” the tips of the nozzles on
welded edges, which would lead to their damage.

The welding voltage supply in such a mechanism
is common to both wires, that is, welding is carried
out by the so-called “split” arc with power from one
current source with remote control.

To ensure the possibility of installing an additional
coil with an electrode wire, the design of the coil bracket
was changed. Taking into account the twice increased
weight of the electrode wire and a load on the running
trolley, certain changes were introduced into its design.

For a dosed flux supply, a flux-hopper with a
spring-loaded shutoff rod was designed, which makes
it possible to use a solenoid and a time relay to de-
termine a portion of flux. The operator had only to
determine the moment and frequency of charging, but
when the joint deviated from the vertical position at

Figure 2. Appearance of prototype of mounting apparatus for
welding vertical joints
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more than 20°, such a flux-hopper did not completely
block the flow of flux. Therefore, a flux-hopper was
designed with a spring-loaded gate-valve, which reli-
ably blocked the flow of flux during welding of joints
when they deviated from the vertical.

As a result of the carried out design and experi-
mental works, a prototype of the mounting appara-
tus for two-electrode welding of vertical welds using
solid cross-section wires was designed and manufac-
tured (Figure 2).

Vertical welds and welds inclined to vertical (to
30°) were produced under the minimum possible lay-
er of molten flux, which allowed closing the welding
arc from its escaping outside (into the atmosphere).
This enabled a visual control (in the gas-cutter glass-
es) of the positioning of welding wires in the slit-gap
between the welding edges, which is important when
feeding two wires simultaneously.

The required depth of the molten flux layer de-
pended only on the arc voltage required to melt weld-
ed edges at a gap sufficient for safe passing of the
nozzle tips, and was determined after stopping the
process after the slag solidified above the weld metal.
A fairly accurate dependence (approximate equality)
of the required height of the molten flux layer and a
gap at the joint was noted. Supporting the minimum
possible molten flux layer allowed solving two tasks:

e receive a signal about the need in charging the
next portion of flux;

e significantly, compared to ESW, reduce the
heat input and, as a consequence, increase the impact
toughness of welded joint to 27 %.

If slag spattering is absent, the flux during weld-
ing was spent only for the formation of a thin (about
1.4-1.5 mm thick) slag crust on the weld surface and
proportionally depended on the gap in the joint, and
therefore on the voltage. The dependences of flux
consumption on an increase in the outlet of welding
wires was not observed.

Fluxes, that maintained the electroslag process
were not used for conducting research, since the main
task of developing the technology was to obtain the
process that is as close as possible to the electric arc
process. This allows reducing the heat input into the
base metal and thus increasing the impact toughness
of welded joint, especially at low temperatures. The
latter is important when welding metal structures in
site conditions, where HTT is impossible.

The first studies of welding with forced forma-
tion were performed using fluxes of grades AN-47
and AN-60. Flux AN-60 provided satisfactory results
during welding metal of 30—50 mm thick but low sta-
bility of the process on the metal of smaller thickness-
es. In this case, both in the first and second cases, a
tendency to leaking of a melt from under the shoes
was observed. During welding under the flux AN-22,




IMPROVEMENT OF TECHNOLOGY AND EQUIPMENT FOR WELDING VERTICAL JOINTS

Pa/ls
=
— b
w S

1 L

I'ou
o
=
wn

T

4

1 1 T 1
1150 1250 1350 1450

0
1050 7081

Figure 3. Dependence of flux toughness on temperature [8]: 7 —
AN-67A; 2 — AN-348; 3 — AN-60; 4 — AN-22

a high stability of the process and satisfactory (with-
out undercuts) weld surface formation were observed.

However, when using the mentioned flux, leaking
of the liquid flux from under the working surface of the
shoes was periodically observed, apparently due to the
low temperature of its melting, which is unacceptable.

Studies have shown that flux AN-67A has satisfac-
tory technological properties to produce welded joints
with forced formation using solid cross-section wires.
It provides a high stability of the process, presence of
a clear signal about the need in adding another portion
of flux, satisfactory formation of the weld surface and
easy separation of a skull crust.

The only disadvantage of the flux was its tendency to
form undercuts-indents at the edges of the weld due to
its high toughness. The problem was solved by changing
the configuration of forming weld of the shoes groove.

Thus, fluxes having high electrical conductivity
and required toughness are the best for welding verti-
cal joints (Figure 3) [8].

The first studies of submerged arc welding of met-
al with a thickness of 16 mm were performed using
wires of 2 mm diameter [5]. However, a relatively
small volume of welding pool did not allow increas-
ing the feed rate of electrode wires of this diameter
when welding metal of 14-20 mm thick in order to
reduce the heat input, and an increase in the welding
gap is not rational from the economic point of view.

It was experimentally established that satisfactory
stability of the process can be ensured by using wires
of 1.6 mm. Therefore, welding of smaller thicknesses
involves the use of electrode wires of even smaller di-
ameter. The use of electrode wires of 2 mm diameter
can be recommended for welding metal of more than
20 mm thick.

The use of electrode wires alloyed only by Ni and
Mo (for example, Sv-10NMA) did not allow reach-
ing the level of impact toughness of the weld in ac-
cordance with regulatory documents. It was exper-
imentally determined that about 1 % Mn should be
introduced into the weld metal to provide the required
impact toughness. This was achieved by mixing the
metal of two electrode wires of Sv-08G2S and Sv-
10NMA grades in a joint welding pool. In this case,
the weld metal by its chemical composition approach-
es the surfacing using the wire Sv-08GINMA.

Figure 4. Submerged arc welding of vertical joint of 20 mm thick
with forced formation

Welding of specimens of 12-20 mm thick was
performed at the calculated specific input energy
E = 53.8-60.6 kJ/cm* (Figure 4).

Visual inspection of welds showed that the quality
of weld formation is satisfactory, undercuts and corru-
gations are absent (Figure 5).

The examination of welded joint macrostructure
showed that the weld metal is dense, no defects in the
form of lacks of fusion, cracks, pores, nonmetallic
inclusions were detected (Figure 6) [9]. The average
depth of the base metal penetration is 7 mm and HAZ
width does not exceed 7-8 mm.

The oscillograms of the high-speed recording of
electrical mode parameters are shown in Figure 7.

In order to increase the values of impact toughness
of welded joints, the technique of welding metal with
the thickness of 40 mm in two passes at X-edge prepa-
ration was practiced (Figure 8).

In order to expand the technological capabilities of
the process, the specimens of a steel of 50 and 64 mm
thick were welded (assembled of two sheets of 32 mm
thick). Welding of 50 mm thick metal was satisfactory,
and for a metal of 64 mm thick, the heat of the arcs was
not enough for rapid flux melting — its certain amount
remained on the pool surface between the wires. To
prevent this, the design of the wire feed mechanism
was adjusted for feeding three electrode wires (without
changing the dimensions), and the nozzles were replaced
by a one solid with the ability to adjust all or one wire

|l 2 3 4

Figure 5. Appearance of welds, produced by welding with forced
formation: /, 2 — rewelded specimens of 12 and 20 mm thick,
respectively
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Figure 6. Transverse macrosections of welded joints of 12 (a) and
25 mm (b) thick

in a depth of the slit simultaneously. The feed mecha-
nism was mounted on the designed suspension already
of the rail apparatus on the base of the mechanism for
movement of the apparatus AD343. This allowed the
Elita-Burji Plant (Tbilisi) to manufacture structural el-
ements of the concert hall Ureki-Natanebi (Figure 9) of

D1300

LA

800

0 0
140 141 142 143 144 145 146 Time, s

Figure 7. Fragment of welding oscillograms with a stable process

60 and 80 mm thick without angular deformations. The
technology of manufacturing square-section pipes with
a wall of 20 mm thick with radius rounding along the
length was also practiced there.

At present, submerged arc welding was used to
produce vertical welds and welds inclided at 30° from
the vertical on about 20 span structures of non-stan-
dard bridges, overpasses, tunnel walls. Moreover
time, the normative service characteristics of joints,

Welded
joints

2700

b

Figure 9. Design schemes of support (a) of 80 mm thick and column head () of 60 mm thick

42




IMPROVEMENT OF TECHNOLOGY AND EQUIPMENT FOR WELDING VERTICAL JOINTS

including impact toughness at temperatures of up to
—45 °C were provided.

The main advantages of the proposed method
compared to ESW and the method of arc welding us-
ing flux-cored wire with forced formation:

e the possibility of refusal from further HTT of
welded metal structures due to the low heat input in
the base metal [9, 10];

e the possibility of defect-free renewal of the pro-
cess after an unforeseen (emergency) stop;

e high economical efficiency of the process by
more than twice decrease in the welding gap and re-
duction in flux consumption;

@ high efficiency of welding due to a significant in-
crease in the melting coefficient of the electrode wire
(welding speed reaches 10 m/h instead of 2.5 m/h
when using flux-cored wire);

e providing the quality protection of the welding
pool and stable performance of welding process in
site conditions in the presence of wind load;

e high cost effectiveness due to the use of non-
scarce, not hygroscopic and relatively inexpensive
welding consumables;

e improved sanitary and hygienic working con-
ditions of the welder-operator due to the absence of
intense radiation and a significant decrease in the vol-
ume of emissioned harmful fumes.

CONCLUSIONS

1. As a result of the performed works, the process of
welding with forced formation of vertical welds us-
ing solid cross-section wire of low-carbon low-alloy
steels of 12—-80 mm thick was improved in the labora-
tory conditions. Welding consumables were selected,
that provide the necessary mechanical properties of
welded joints.

2. A-1150 and AD343 apparatuses were updated
and prototypes of apparatuses were manufactured for
the creation of a new specialized site welding equip-
ment on a modern elemental base that complies with
the requirements of ergonomic indices.

3. Technology and equipment for submerged arc
welding with forced formation of vertical joints of
low-carbon low-alloy steels of 10-80 mm was devel-
oped and successfully implemented in the factory and
site conditions.
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REINFORCEMENT OF AN NPP PIPELINE WITH
A WALL THINNING DEFECT
BY APPLYING EXTERNAL WELD OVERLAY

G.V. Vorona, O.S. Kostenevych, O.S. Milenin, O.V. Makhnenko

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

ABSTRACT

Repair of NPP pipelines with erosive and corrosive wear defects is an urgent problem of the nuclear power industry of Ukraine.
When repairing the pipeline, the defective section is cut out and a new pipe coil is installed by welding. However, for a large
number of technological pipelines with identified isolated defects, inadmissible wall thinning, replacement of a pipe section is
associated with a large volume of repair work. To extend the service life, the defective section of the pipeline can be reinforced,
for example, by welding an external overlay, weld deposition, installing a bandage or a welded sleeve. In order to justify the
expediency of using reinforcing structures of welded external overlay type at pipeline repair, a finite element analysis of the
stress-strain state of a straight section of the pipeline with an erosion-corrosion wear defect under the action of internal pres-
sure before and after repair was carried out. The results of the analysis showed a high efficiency of reinforcement the defective
section of the pipeline in the case of using a welded external overlay at repair. The obtained results can be used at justifying the
introduction of alternative pipeline repair technologies at NPPs of Ukraine.

KEYWORDS: NPP, pipeline, erosion-corrosion wear, wall thinning defect, reinforcing structure, welded external overlay,

stress-strain state, ductile fracture, finite element method

INTRODUCTION

Erosion-corrosion wear (ECW) in pipelines is one of
the common problems at long-term operation of NPP.
At repair the defective pipeline section is cut out, and
a new pipe coil is installed by welding. This process
is rather labour consuming and requires draining the
transported liquid. As regards pipelines of the primary
and secondary circuit of NPP units, such a repair tech-
nology is the most reliable and completely restores
the pipeline service life. For a large number of tech-
nological pipelines, however, replacement of a pipe-
line section, particularly when individual local wall
thinning of inadmissible dimensions is detected, can
be excessive. In other sectors, for instance in the main
pipeline transportation [1] or in foreign standards [2,
3] there exist several methods of pipeline repair by re-
inforcement of the defective section, namely welding
an external overlay, weld deposition, installing a ban-
dage or welded sleeve. The effectiveness of the defec-
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tive section reinforcement by mounting a bandage or
welded sleeve was considered earlier [4]. In this work
the variant of pipeline reinforcement exactly by the
welded external overlay is considered. The variant of
installing the overlay and its geometrical parameters
are shown in Figure 1.

The objective of the work is calculation-based as-
sessment from strength viewpoint of the possibility
of using an alternative technology of repair of NPP
technological pipelines with ECW defects by welding
an external overlay.

The admissibility of further operation of a pipeline
section with ECW defect was assessed from the view-
point of ductile fracture, namely, by the results of pre-
diction of the increment of plastic strain intensity (strain
criterion) in the defect zone under the action of opera-
tional load. The finite element method was used to study
the influence of the geometrical parameters, namely ini-
tial gap between the pipeline surface and welded overlay

Hz or [z
w
i _l_ Overlay g Weld
- i 2
f B 2h (HI'T.'ZL B
Inner surface

Figure 1. Scheme of reinforcement of the pipeline defective section by a welded external overlay: a — general view of the pipeline

with the mounted overlay; b — section in the external overlay zone
Copyright © The Author(s)
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Thinning defect

a

AR,

b

Figure 2. Geometrical model of the straight defective section of the pipeline (1/4 part) (a) and inner semi-elliptical defect of wall

thinning (b)

and linear dimension of the overlay relative to the size
of the wall thinning defect, as well as residual welding
stresses generated by welding the external overlay on the
effectiveness of reinforcement in the straight pipeline
section with the wall thinning defect.

PROBLEM DEFINITION

As an example we considered the straight pipeline
section having one of the standard dimensions and
load parameters for NPP technological pipelines:
material was steel 20, pipeline external diameter
D = 630 mm, wall thickness s = 25 mm, design pres-
sure P = 11.8 MPa, temperature 7= 300 °C.

Critically dangerous geometrical parameters of
pipeline wall thinning defect were determined (Fig-
ure 2, b) by MT-T.0.03.224—18 procedure [5] from the
viewpoint of admissibility of further operation of the
pipeline section. Dimensions of the critical wall thin-
ning defect (idealized ECW defect of semi-ellipsoid
shape) can be as follows: length L = 25 = 50 mm,
width 4 =5 =25 mm, depth a = 20 mm.

The following dimensions of the reinforcing struc-
ture of the type of welded external overlay were se-
lected: overlay thickness is equal to pipeline thickness
W =s = 25 mm, distance from the thinning edge to
overlay edge B = 70 mm, overlay length in the cir-

Plane of
symmetry (1)

cumferential direction H_ = 190 mm, in the axial di-
rection L_= 240 mm.

FINITE ELEMENT MODEL

These parameters were used to develop the geomet-
rical and finite element model of the straight pipeline
section with ECW defect. Due to symmetry in the two
planes (longitudinal and transverse) the developed
model consists of 1/4 of the full model (Figure 2, a).
Mechanical properties of the material are as follows:
Young’s modulus £ = 2.1-10° MPa, Poisson’s ratio
pn = 0.3, yield limit for steel 20 at the temperature of
T=300°C,c_ =177 MPa[2]. The finite element mod-
el with welded overlay application was developed in
a similar way.

The problem of the stress-strain state of the de-
fective pipeline section was considered in the elas-
to-plastic definition, as plastic strains can develop in
the zone of ECW defect under the action of internal
pressure. In the defect zone the working pressure
P =11.8 MPa is applied to the pipe inner surface. Ax-
ial tensile stresses were added to the model end face
surface as a boundary condition [8]:

_PD)2
2s

zz

—c_, =72.6 MPa. 1)

Figure 3. Finite element model of pipeline straight section with a wall thinning defect and reinforcing welded external overlay: a —

model scheme; b — grid of finite elements in the defect zone

45




G.V. Vorona et al.

Minimal dimension of the finite elements (hexag-
onal volume element) of the model grid is equal to
3 mm (Figure 3, b). Minimal size of the plotted grid
elements was selected proceeding from the condition
that the value of the maximal equivalent plastic strain
changes by less than 5 % at 2 times reduction of the
grid minimal dimension.

In pipelines with detected ECW defects the mode of
fracture under the impact of internal pressure, is, usually
due to the ductile mechanism. The deformation criteri-
on was used to predict the critical condition at ductile
fracture under the action of internal pressure in pipeline
material with erosion-corrosion wear defect [7]:

del
I

c

- 1, ®))

where de! is the increment of plastic strain intensity;
g, is the critical value of plastic strain, which depends
on the rigidity of the stressed state, temperature, ma-
terial inhomogeneity, etc.

RESULTS OF FINITE ELEMENT ANALYSIS
OF SSS

Results of the conducted analysis of SSS of pipeline
section without the reinforcing structure showed that
under the impact of internal pressure P = 11.78 MPa
maximal circumferential stresses of up to 227 MPa
(Figure 4) arise in the defective zone, which exceed
the material yield limit (177 MPa).

The nominal admissible stress of static strength is
determined according to PNAE G 7-002-86 [6], un-
der the condition that

_ . fo, o \
[o] m1n{2.6,1.5}. (3)

At temperature 7= 300 °C the yield limit and ulti-
mate strength are equal to 6 =177 and 6, = 363 MPa,
respectively. In keeping with (3), the admissible stress
is equal to [6] = 118 MPa. Such an approach, based on
comparison of acting stresses of pipeline wall, devel-
oping under internal pressure with admissible stresses
for pipeline material in practice is used to establish
the nominal dimensions during design. Evaluating the
boundary state, determined by development of ductile
fracture of pipeline material with a thinning defect,
this approach is too conservative. More rational is the
above-described approach (2), based on analysis of
the results of increment of ductile strain intensity in
the defective zone.

By the results of finite element analysis in the case
of the defective pipeline section without the reinforc-
ing structure, the maximal circumferential stresses
(227 MPa) exceed the admissible stresses and reach
the material yield limit (Figure 4, a), and the maximal
intensity of plastic strains (Figure 5, a) in ECW defect
zone is equal to de? = 0.011 (1.1 %). Such an in-
crement of the intensity of plastic strains exceeds the
established “conditional” limit value ¢ = 0.01 (1%)
[7]. Therefore, it can be assumed that conditions are in
place for the start of development of ductile fracture
of the material.

In the case of a defective section of the pipeline
with the mounted external overlay, even though the
maximal circumferential stresses (225 MPa) still
exceed the admissible stresses and reach the materi-

Gy MPa
225

Figure 4. Distribution of circumferential stresses Oy in the pipeline defective section: @ — without the reinforcing structure; b — with

external overlay
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Figure 5. Distribution of the increment of plastic strain intensity in the defective zone of pipeline section: ¢ — without the reinforcing

structure de’ = 0.011; b — with external overlay de’ = 0.004

al yield limit (Figure 4, b), the maximal intensity of
plastic strain (Figure 5, b) decreased to de/ = 0.004
(0.4 %) and is no longer higher than the limit strain
of 1 %. Thus, mounting a reinforcing structure of
the type of welded external overlay effectively con-
tributes to the prevention of development of plastic
strains and pipeline failure in the zone of wall thin-
ning defect under the action of internal pressure.

INFLUENCE OF THE INITIAL GAP

Derived results of numerical prediction of the stress-
strain state of the pipeline defective section at its re-
inforcement by mounting an external overlay showed
that the value of gap g between the surfaces of the
pipeline and the overlap during its mounting does not
influence the effectiveness of the defective section un-
loading (Figure 6, «), i.e. unloading occurs not due to
contact interaction between the surfaces of the pipe-
line and the overlay, but as a result of reinforcement
of the defective section through the welded joint of

de?, %

the external overlay. This is an important advantage
of such a repair technology, as no thorough work on
overlay surface preparation and its pressing to the
pipeline surface are required before mounting the
welded external overlay.

INFLUENCE
OF EXTERNAL OVERLAY DIMENSIONS

Another important parameter of the technology of re-
inforcement of the pipeline defective section by the
welded external overlay are the geometrical dimen-
sions of the overlay. The overlay thickness is usually
taken equal to the wall thickness of the pipeline being
reinforced, as in the case of ECW defect development
through the entire wall thickness, the welded external
overlay will have the load-carrying capacity, close to
that of the pipeline wall. The linear dimension of the
external overlay should be greater than that of wall
thinning defect. In Figure 1 this increase of the dimen-
sions from each side of the external overlay is marked

-k A - A o
S S e e =
Lok ™ na |
0.8 B
——ty——— .
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b

Figure 6. Dependence of maximal values of the increment of intensity of plastic strains de/ in the pipeline defect zone on the size of
the gap g (a) and for external overlays of different dimensions (b): ¢ — B =70 mm; ¢ — 105; m — 140; A — 210
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Figure 7. Distribution of circumferential stresses in the zone of pipeline defective section with an external overlay: a — residual weld-
ing stresses; b — from operational load allowing for residual welding stresses

as size B — the distance from the defect edge to that
of the overlay. Minimal size B should be [3]:

B:3\/D-s:3\/630-25z70mm. w
4NV 2 4N 2

Results of prediction of the influence of dimension
B on unloading of the pipeline defective section (Fig-
ure 6) showed that at increase of the linear dimension of
the overlay the intensity of increment of ductile strains
from operational load in the wall thinning zone becomes
much greater, i.e. the effectiveness of the reinforcing
structure becomes smaller. This is also explained by the
fact that reinforcement of the defective section occurs
through the welded joint of the external overlay, and the
farther is the welded joint from the wall thinning zone,
the lower is the effectiveness of unloading in the thinning
zone. Therefore, at repair it is more rational to use min-
imal admissible linear dimensions of external overlays,
which will ensure greater effectiveness of the defective

"
def, %
00200
00178
0156

0
0004
0022
"

section reinforcement, and will reduce the material cost
and welding time.

INFLUENCE
OF RESIDUAL WELDING STRESSES

Considering that the welded joints of the external
overlay can influence the SSS in the zone of pipelines
defect, numerical determination of the residual state
of the defective section after welding the external
overlay was performed. Welding was conducted by a
three-pass fillet weld. Welding speed was 2 mm/s, en-
ergy input in the first pass was 23.2 kJ/cm that in the
second and third passes was 28.5 kJ/cm.

Residual stresses and strains were determined us-
ing thermoplastic analysis by finite element method
as a result of following the kinetics of stresses and
strains in time under the impact of the thermal cycles
of heating and cooling during performance of each
welding pass along the external overlay edge.

Figure 8. Distribution of the intensity of plastic strains de! in a pipeline section with a wall thinning defect with an external overlay

after welding and loading by internal pressure and temperature (in the thinning zone de? =0.001-0.002)
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In keeping with the results of the numerical study
(Figure 7), high (up to the yield limit and higher)
tensile residual stresses form in the zone of exter-
nal overlay welded joints, which in the zone of the
wall thinning defect cause generate the balancing
high compressive stresses of up to 200 MPa. At op-
erational load under the impact of internal pressure
P =11.8 MPa and temperature 7= 300 °C the residual
stresses are redistributed, and a stressed state forms
in the zone of wall thinning defect (Figure 7), which
is characterized by a zone of high tensile stresses (up
to the material yield limit) of smaller dimensions,
compared with the data without allowing for the re-
sidual welding stresses (Figure 4, b). Accordingly,
the increment of the intensity of plastic strains de’
in the zone of wall thinning in the pipeline defective
section, from operational load, decreased from 0.004
to 0.001-0.002 (Figure 8). We can come to the con-
clusion that the compressive residual stresses, devel-
oping in the wall thinning zone as a result of welding
the external overlay, can contribute to increase of the
effectiveness of reinforcement of the pipeline defec-
tive section.

CONCLUSIONS

Results of the conducted package of computational
studies of the effectiveness of unloading the defec-
tive section of a pipeline with ECW defect showed
that mounting the welded external overlay can be an
effective technology of repair of the technological
pipelines with ECW defects for the needs of nuclear
power engineering. It was determined that:

1. It is rational to use minimal admissible dimen-
sions of external overlays, that ensures the highest
efficiency of reinforcement the pipeline defective sec-
tion and reduces the material costs and repair time.

2. A significant advantage of welded external over-
lays over bandages and welded sleeves is the fact that
the initial gap between the reinforcing structure and
the wall in the case of welded external overlay does
not influence the effectiveness of unloading the pipe-
line defective section. This factor allows greatly re-
ducing the labour consumption of the process of the
overlay preparation and mounting (welding) at pipe-
line repair.

3. Compressive residual stresses, forming in the
wall thinning zone as a result of external overlay weld-
ing, can contribute to increase of the effectiveness of
reinforcement of the pipeline defective section.
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INTERNATIONAL INSTITUTE OF WELDING AWARD

In 2024, Yevgenia Chvertko, Associate Professor of the Department of Welding
Production at Kyiv Polytechnic Institute, PhD, has received the International Insti-
tute of Welding award. Yevgenia Chvertko served on the Board of Directors of the
International Institute of Welding from 2021 to 2024. In this position, she actively
promoted the integration of Ukrainian specialists into the global welding industry.
Yevgenia continues her activities as a newly elected member of the International
Authorization Board, a joint body of the International Welding Institute and the
European Federation for Welding, Joining and Cutting, which deals with training,
retraining, certification and qualification of welding personnel and certification of
welding companies.

In 2001, Yevgenia Chvertko graduated from the Welding Faculty of the Nation-
al Technical University of Ukraine “Kyiv Polytechnic Institute” with a Master’s
Degree in Welding Industrial Systems. After graduation she started working at the
Department of Electrical Welding Equipment as an assistant. She worked as a se-
nior lecturer, then as an associate professor, and held the position of deputy dean
for work with foreign students and deputy dean for international cooperation. She
@l has been actively involved in career counseling activities. She is a co-organizer of
prof. vevsenio cuverrio |l the annual festival “TechnoArt-KPI”, developer of thematic lectures and master
S classes, in particular on welding of decorative structures. In 2018 she became a lau-
reate of the State Prize in Education as a co-author of the work “Development and
implementation of innovative teaching technologies for training of specialists in the
profession of welder”. Currently she works at the Welding Production Department
of the E.O. Paton Institute of Materials Science and Welding.

In 2011 she presented her candidate’s thesis on monitoring the process of resistance butt welding of concrete reinforce-
ment bars. She holds international professional qualifications of International Welding Engineer, European Welding En-
gineer and International Welding Inspector.

INTERMATIONAL INSTITUTE OF WELDING

D
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Since 2008 she has been involved in training, certification and qualification of welding production personnel under the
programs of the International Institute of Welding and the European Federation for Welding, Joining and Cutting. She led
the creation of an Approved Training Body based on the Welding Faculty. At present, the training body is a part of the
E.O. Paton Institute of Materials Science and Welding and has a license to train in the International Welding Engineer,
Technologist and Specialist programs. Since its establishment, more than 300 students, graduates and industry represen-
tatives have been trained and successfully obtained professional qualifications.

Since 2009 she has been a member of the Ukrainian delegation to the International Institute of Welding and the European
Federation, for Welding, Joining and Cutting. She actively participates in the activities of working groups on development
and implementation of training programs, qualification and certification of welding personnel. Among the most successful
projects are the development of harmonized theoretical and practical examinations for welding coordinators and inspec-
tion personnel, participation in the development of the training program for mechanized, orbital and robotic welding,
participation in the development of a procedure for re-crediting previous work experience and education for applicants
(the procedure for welding coordinators was implemented this year, the procedure for inspectors is currently being devel-
oped). The main provisions of the re-crediting procedure were highlighted in a report at the PolyWeld-2023 conference.
In 2018, she became the first representative of Ukraine to the team of assessors who audit the activities of bodies operating
under the licenses of the International Institute of Welding and the European Federation for Welding, Joining and Cutting.
In 2021 she was elected to the Board of Directors of the International Institute of Welding. During her tenure on the Board,
together with the E.O. Paton Institute of Electric Welding of the National Academy of Sciences of Ukraine, she has sig-
nificantly intensified cooperation with professional organizations in Ukraine. In particular, the participation of Ukrainian
scientists, including young specialists, in professional events has significantly increased, which helps to integrate scien-
tific youth into the international welding community and to inform foreign colleagues about modern developments and
research.

At the beginning of the large-scale invasion, she greatly contributed to revoking russia’s membership in the International
Institute of Welding, as well as the relevant licenses for personnel qualification and certification of welding companies.

We sincerely congratulate Yevgenia and wish her further fruitful work!
Editorial Board
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CERTIFIED QUALITY:
THE USE OF WELDING WIRE IN THE TRANSPORT INDUSTRY

Today, welding technologies play a crucial role in the manufacturing and repair of transpor-
tation, from railway cars to commercial vehicles. The quality of welding materials directly
affects the safety, durability, and performance of vehicles. That is why stringent control and
adherence to international standards are so important.

A prime example of the application of high-quality welding materials is their use in the rail-
way industry, where safety and reliability are always top priorities. DNIPROMETYZ TAS, a
manufacturer specializing in welding wire, has recently been certified by Deutsche Bahn —
a leading railway operator in Europe. This certification confirms that our products meet the
most stringent requirements and can be safely used in the construction and repair of railway
rolling stock.

e Manufacturing Capabilities and Technologies

At DNIPROMETYZ TAS, advanced technologies from the Swedish manufacturer Lamnea
Bruk AB and high-quality raw materials are used in the production of welding wire. Quality
control of wire rods and testing of finished products are conducted in our own accredited
laboratory, equipped with modern instruments for chemical analysis, mechanical tests, and
welding technology tests. This ensures the production of the highest quality products, veri-
fied by leading industrial enterprises.

The plant employs intelligent production management systems, enhancing efficiency and
flexibility, and improving customer orientation at all stages of production. The plant places
particular emphasis on product certi-
fication and holds several important
certifications, including 1SO 9001
and TUV NORD compliance with
European standards. Our products
also meet the safety and health re-
quirements of the European Union,
as confirmed by CE marking.

e Advantages of Welding Wire for
Transportation

The welding wire produced at our
plant, thanks to stringent quality con-
trol standards, is ideal for complex
welding tasks in the transport indus-
try. It provides high joint strength,
corrosion resistance, and durability,
which is critical for vehicles operat-
ing in various climatic conditions.

Furthermore, our collaboration with
organizations such as Deutsche
Bahn allows us to continuously im-
prove production technologies, de-
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velop innovative solutions, and ensure unparalleled quality of welding materials. Our plant
manufactures welding wire grades 3Si1 and 4Si1, with diameters ranging from 0.6 to 2.0 mm,
which have successfully passed Deutsche Bahn certification.

e Reliability of Supplies

Effective logistics and timely delivery of products are key to our success. The plant has its
own fleet, which reduces delivery time and improves service quality, ultimately contributing
to increased customer satisfaction.

Reliability and speed of delivery play a crucial role in meeting our clients’ needs. Therefore,
we continuously work on improving operational efficiency, allowing us to provide high-quality
products in the shortest possible time.

e Environmental and Social Aspects

DNIPROMETYZ TAS not only strives for excellence in products but also continuously in-
vests in the development of its employees and technologies. Regular training and qualifi-
cation courses are conducted both internally and with the involvement of external experts.
The plant actively collaborates with educational institutions and technical universities to stay
abreast of the latest achievements and technologies.

Additionally, we place significant emphasis on sustainable development and environmental
responsibility. Energy-efficient technologies are used in the manufacturing process, and we
aim to minimize waste. All our operations comply with environmental standards, and envi-
ronmental audits are conducted regularly. We also invest in the development of environmen-
tally friendly production methods to reduce our impact on the environment.

Deutsche Bahn certification is not only a confirmation of quality but also a commitment to
our clients. We continue to improve our technologies to meet the strictest requirements of
the transport industry and offer the market products that adhere to the highest standards
of reliability. Our plant remains one of
the leading manufacturers of fasteners
in Ukraine, maintaining a leading posi-
tion and actively expanding its markets
both domestically and internationally.




