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STRUCTURE AND PROPERTIES OF WELDED JOINTS
OF PT-3V TITANIUM ALLOY PRODUCED
BY NARROW-GAP WELDING

S.V. Akhonin, V.Yu. Bilous, R.V. Selin

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

ABSTRACT

Narrow-gap gas tungsten arc welding is an efficient and economical method for producing joints in thick titanium alloys. A key
feature of the developed technology is the stable chemical composition of the weld metal, with the proportion of base metal in
the weld reaching 89-91%. This work examines the influence of filler material on the structure and properties of welded joints
in PT-3V titanium alloy produced by narrow-gap welding with a tungsten electrode and magnetically controlled arc. Filler
wires of grades 2V and SPT2 provide high-quality formation of a concave weld bead surface during narrow-gap welding of
PT-3V titanium alloy. The tensile strength of welded joints produced using 2V filler wire reaches 643 MPa, corresponding to
86 % of the strength of the base metal. The use of SPT2 filler wire for narrow-gap welding of PT-3V titanium alloy made it
possible to obtain a weld metal structure similar to that of the base metal and to achieve weld strength equivalent to that of the
base metal in the as-welded condition.

KEYWORDS: titanium, titanium alloy, pseudo-a alloys, gas tungsten arc welding, narrow-gap welding, controlling magnetic

field, filler wire, microstructure, mechanical properties

INTRODUCTION

Narrow-gap gas tungsten arc welding is an efficient
and economical method for producing joints in thick
titanium alloys [1, 2]. For welded joints of titanium
alloys, it is particularly important to reduce the con-
sumption of filler wire and simplify the joint edge
preparation [3, 4].

At the E.O. Paton Electric Welding Institute, a
method for narrow-gap welding (NGW) with a tung-
sten electrode and magnetically controlled arc has
been developed [5]. This welding method offers ad-
vantages such as a narrow weld width and a small
volume of deposited filler metal [6, 7]. Another im-
portant feature of the technology is the simple joint
edge design [8]. In addition, welding is performed un-
der constant parameters. The weld metal has a stable
chemical composition [9, 10], and the proportion of
base metal in the weld metal reaches 89-91 %.

For welding PT-3V alloy joints by both manual and
automatic arc welding, filler materials of grades VT1-
00sv and 2V according to TUU 05416923.041-98
or GOST 27265-87 are recommended. VT1-00sv
is an unalloyed titanium wire with a tensile strength
of 6, = 295-470 MPa. Since tungsten arc NGW with
magnetically controlled arc results in a high propor-
tion of filler metal in the weld formation, the mechan-
ical properties of welded joints produced by NGW
are primarily determined by the properties of the filler
wire material [11]. Therefore, to ensure high strength

Copyright © The Author(s)

of the weld metal and the welded joint, the use of 2V
filler wire (Ti—Al-V system) is necessary.

However, the 2V filler wire is less alloyed com-
pared to the base PT-3V titanium alloy, which results
in lower weld metal strength compared to the base
metal. To achieve equal-strength weld joints using
NGW, it would be desirable to use filler wire with a
chemical composition equivalent to PT-3V alloy. Un-
fortunately, such filler wire is not specified in TUU
05416923.041-98 or GOST 27265-87, therefore it is
reasonable to investigate the possibility of using alter-
native filler wires.

Thus, it is important to study the influence of the
chemical composition of various filler wires on the
properties of welded joints of PT-3V titanium alloy
produced by NGW with a magnetically controlled arc.

OBJECTIVE OF THE WORK

To investigate the influence of filler material on the
structure and properties of welded joints of PT-3V ti-
tanium alloy produced by NGW with a tungsten elec-
trode under a controlling magnetic field.

MATERIALS AND METHODS

To achieve this objective, multipass NGW with
a magnetically controlled arc was performed on
45-mm-thick specimens made of PT-3V titanium al-
loy (Ti—Al-V system), GOST 19807-91. The chem-
ical composition of PT-3V alloy is given in Table 1,
and the mechanical properties for 12-60 mm thick-
ness are listed in Table 2. The length of the test sam-
ples for welding was 600 mm.
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Table 1. Chemical composition of PT-3V titanium alloy (GOST 19807-91), wt.%

Main components

Impurities, not more than

Ti Al v Zr Si Fe C 0, N, p, | roulother
impurities
Base 3.5-5.0 1.2-2.5 0.3 0.12 0.25 0.1 0.15 0.04 0.015 0.30

Table 2. Mechanical properties of PT-3V titanium alloy sheets (GOST 19807-91)

) ' Elongation Reduction of area Impact toughness
Sheet thickness, mm Ultimate tensile strength ©®), % ©), % (KCU), kI/m?
(), MPa
No less than
12-19 638-834 11 25
687
20-60 638-814 10 15

Table 3. Chemical composition of filler wires 2V and SPT2 (GOST 27265-87), wt.%

Main components Impurities, not more than
Grade
Ti Al v Zr i Fe c 0, N, p, |[lotalother
impurities
2V 1.5-25 | 1.0-2.0 - 0.20 0.07
Balance 0.10 0.12 0.04 0.003 0.30
SPT2 3.0-55 | 2535 | 1.0-2.0 0,15 0,05

Mechanical properties of the welded joints were
determined at room temperature using specimens cut
out from the base metal and the weld metal. Static ten-
sile tests were carried out on cylindrical specimens of
type MI-12, while impact toughness (KCV) was eval-
uated using sharp-notch specimens of type MI-50.

For welding the PT-3V titanium alloy, it is recom-
mended to use filler wires made of commercially pure
titanium grade VT1-00sv or the alloyed filler wire
grade 2V (Ti—Al-V system) (Table 3). The mechan-
ical properties of the 2V filler wire are presented in
Table 4. To achieve strength matching in the welded
joints, the filler wire grade SPT2 (Ti—-Al-V—Zr sys-
tem) (Table 3) was used as the filler material. The
PT-3V titanium alloy and the filler wires SPT2 and
2V belong to the group of pseudo-a alloys. The chem-
ical compositions of the SPT2 filler wire and the PT-
3V titanium alloy are similar. It should be noted that
a distinctive feature of the SPT2 wire is the presence
of zirconium as an alloying element in its chemical
composition. In titanium alloys, zirconium does not
act as either an a-stabilizer or a B-stabilizer.

Table 4. Mechanical properties of welding filler wires 2V and
SPT2 (GOST 27265-87)

Assembly of the components prior to welding
was performed using a backing, which was manu-
ally tack-welded to the reverse side of the parts be-
ing joined. This backing forms the lower wall of the
groove during the first pass [12, 13]. Welding of PT-
3V titanium alloy specimens 45 mm thick in a narrow
gap using a tungsten electrode with a magnetically
controlled arc was carried out under the welding con-
ditions given in Table 5. Macrosections of the welded
joints are shown in Figure 1.

The macrostructure of welds produced by NGW us-
ing 2V and SPT2 filler wires is similar. The height of the
deposited layer per single pass is 5 mm, and the weld
width for the first and subsequent passes is 11.2-11.6
mm. Based on these geometric parameters of the weld
macrostructure, the contribution of filler metal to the
weld metal is 89-91 %.

The applied filler wires, under the selected NGW
parameters for the PT-3V titanium alloy, ensure
high-quality formation of a concave weld bead sur-
face. No porosity or lack of fusion was detected in the
weld metal.

Table 5. Welding parameters for NGW of PT-3V titanium alloy
using a tungsten electrode with an externally controlled magnetic

L Ultimate tensile| Elongation field
Wire diameter,
Grade mm strength (o)), (©), %, - ) ) - .
MPa not less than Welding Arc voltage, Welding | Filler wire | Shielding
speed (V,), v current /), | feed rate, gas flow
2V 490-635 20.0 m/h A m/h rate, [/min
From 1.6 to 7.0
SPT2 645-845 13.0 8 12-13 420-440 55-65 30
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Figure 1. Transverse macrosections of welded joints of 45-mm-thick PT-3V titanium alloy produced by NGW: a — using SPT2 filler

wire; b — using 2V filler wire

During NGW, no more than 11 % of the base
metal enters the weld pool. Determining the chem-
ical composition of the base metal and the weld
metal produced by NGW using 2V and SPT2 filler
wires showed that the weld metal made with fill-
er wire 2V contains the lowest amount of alloying
elements (Table 6). When using SPT2 filler wire,
the aluminium content in the weld metal is lower
compared with the base metal.

INVESTIGATION OF THE
MICROSTRUCTURE OF PT-3V TITANIUM
ALLOY WELDED JOINTS PRODUCED

BY NGW

The microstructure of the base metal of the PT-3V alloy
is shown in Figure 2. The base metal structure consists
of equiaxed primary B-grains of various sizes, bordered
by a continuous or discontinuous a-phase fringe (Fig-
ure 2, a) up to 15 pm thick. The intragranular structure
consists of lamellar a-phase plates up to 1.5 pm thick.
The lamellar a-phase structure contains fine parallel
boundaries (Figure 2, b). Small amounts of f-phase may
be present between the a-lamellae, although it is not al-
ways detectable by optical microscope.

Thus, the base metal contains predominantly
a-phase with residual B-phase stabilized by vanadi-
um. The relatively high density of intersecting lamel-
lar structures indicates good plasticity and deforma-
tion capability of the alloy.

The microstructure of the weld metal of the PT-
3V alloy produced by NGW using SPT?2 filler wire —
shown in the middle section of the weld in Fig-
ure 3 — consists of equiaxed primary B-grains formed
at temperatures in the B-region (Figure 3, a, b). The
boundaries of the primary grains are bordered by a
continuous or discontinuous o-fringe up to 15 um
thick. The microstructure inside the primary grains is
of the lamellar type. The a-phase plates are grouped
into colonies, and within each colony the a-lamellae
are parallel (Figure 3, ¢, d).

The microstructure of the weld reinforcement area
(upper part of the weld) of the PT-3V alloy welded by
NGW with SPT2 filler wire does not differ from the
microstructure of the rest of the weld (Figure 4, a, b).
The weld metal microstructure also consists of equi-
axed primary B-grains. Inside the primary grains, the
microstructure is lamellar, with a-phase plates form-
ing colonies in which the lamellae are parallel.

The microstructure of the weld metal of the PT-
3V alloy produced by NGW using the 2V filler wire
in its central region is shown in Figure 5. The weld
metal contains equiaxed and elongated primary grains
of various sizes, within which thin packets of lamellar
a-phase are located, with clearly defined grain bound-
aries. Despite the differences in configuration and size
of the primary grains, the intragranular microstructure
of the weld metal produced by NGW with the 2V fill-
er wire, which is lamellar in nature, is very similar

Table 6. Chemical composition of the base metal and weld metal of PT-3V alloy produced by NGW using 2V and SPT2 filler wires, wt.%

Specimen type Ti Al v Zr Cr Si Mo Fe
Base metal 3.95 2.14 0.05 - 0.08
Weld metal, SPT2 filler Balance 3.87 3.0 L5 0.01 0.01 0.07
Weld metal, 2V filler 2.58 1.70 0.03 - 00
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Figure 2. Microstructure of the base metal of PT-3V titanium alloy: a — x50; b — x100

to the microstructure of the base metal (Figure 5, a,
b). The weld metal also contains a-lamellae with dif-
ferent growth orientations, indicating complex orien-
tation relationships and heterogeneity in the forma-
tion of the a-phase. In certain regions, fine-dispersed

a-structures are observed, which may have formed as
a result of additional undercooling.

The microstructure of the metal in the fusion zone
of the PT-3V alloy welded joint, produced by NGW
using SPT2 filler wire, is shown in Figure 6. In the fu-

Figure 3. Microstructure of the weld metal of PT-3V titanium alloy produced by NGW using the SPT2 filler wire

6
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sion zone, the formation of fine primary grains is ob-
served (Figure 6, a), while the intragranular structure
resembles that of the base metal. The microstructure
of the fine primary grains is lamellar, consisting of
a-phase forming lamellae that can be either parallel or
intersect within the former B-grains, which is typical
for pseudo-a structures (Figure 6, b). This morpholo-
gy indicates a relatively high cooling rate in this area
during welding.

The microstructure of the metal in the fusion zone
of the PT-3V alloy welded joint, produced by NGW
using 2V filler wire, is shown in Figure 7. Fine prima-
ry grains are observed in the fusion zone (Figure 7, a),
while the intragranular structure resembles that of the
base metal (Figure 7, b).

The microstructure of the HAZ metal produced us-
ing SPT2 and 2V wires, immediately adjacent to the

b ’ f ’l .-l',J.

Figure 4. Microstructure of the weld metal in the upper part of the weld of PT-3V titanium alloy produced by NGW using the SPT2
filler wire

fusion zone — specifically, the large-grain area of the
PT-3V alloy — is identical and is shown in Figure
8. The metal in this zone consists of equiaxed prima-
ry grains (Figure 8, a) with a microstructure similar
to the intragranular structure of the weld metal grain
(Figure 8, b, ¢). The structure contains coarse grains
and elongated a-plates, predominantly oriented par-
allel to the heat gradient (Figure 8, b). A redistrib-
uted a-structure is noticeable in the form of loosely
ordered overlapping packets. The boundaries of pri-
mary B-grains, partially transformed into a-phase, are
occasionally observed.

In Figure 8, d, dispersed second-phase particles,
most likely B-phase, can be seen along the a-plate
boundaries. The size of these particles is 0.5 pm or
smaller (Figure 8, d). The microstructure of the HAZ
metal near the base metal (Figure 8, d, ) is also very

Figure 5. Microstructure of the weld metal of the PT-3V titanium alloy, produced by NGW using 2V filler wire
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Figure 7. Microstructure of the fusion zone metal of the PT-3V titanium alloy, produced by NGW using 2V filler wire

similar to other areas of the PT-3V alloy welded joint
produced by NGW with 2V filler wire.

Thus, the microstructures of the weld metal in
PT-3V alloy joints produced by arc welding with
SPT2 and 2V filler wires are similar. The similarity
of microstructures in different areas of PT-3V welded
joints may indicate a close phase composition, which
provides several advantages for these filler materials
belonging to the pseudo-a alloy class. Specifically,
these alloys are practically insensitive to strengthen-
ing heat treatment. The martensitic o'-phase formed
upon cooling from above the critical temperature has
physical and mechanical properties similar to those of
the a-phase. Moreover, the amount of -phase in al-
loys of this class is so small that its eutectoid decom-
position, if it occurs, does not significantly affect the
physical and mechanical properties. Thanks to these
characteristics, the 2V and SPT2 filler metals exhibit
excellent weldability, typical of pseudo-a alloys, and
high thermal stability.

DISCUSSION OF RESULTS

Determination of the mechanical properties of welded
joints of the new pseudo-a titanium alloy PT-3V, pro-
duced by NGW with SPT2 and 2V filler wires, led to
the conclusion that the lowest postweld strength val-
ues were observed in joints made with 2V filler wire,
at 643 MPa (Table 7), which corresponds to 86 % of
the base metal strength.

The highest postweld strength values were ob-
served in joints made by NGW with SPT2 filler
wire, at 759 MPa (Table 7). The strength of joints
produced using SPT2 filler wire is comparable to
the strength of the base metal (Table 7). It should
be noted that the weld metal strength is somewhat
higher, reaching 818 MPa, or 109 % relative to the
base metal strength. Failure of the MI-12 speci-
mens during testing of the welded joints occurred
through the weld when 2V filler wire was used, and
through the base metal when SPT2 filler wire was
used. Thus, the weld metal of joints produced with
SPT?2 filler wire exhibits slightly higher strength —
about 9 % greater than the base metal — immedi-
ately after welding.

The impact toughness values of the notched weld-
ed joint specimens produced with 2V filler wire ex-
ceed those of the base metal. This is due to the lower
content of alloying elements in the weld metal, which
consists of approximately 90 % filler metal from the
2V wire. The impact toughness values of welded joints
produced with SPT?2 filler wire are about 83 % of the
base metal and correspond to the impact toughness
values of the weld metal. The conducted studies allow
the conclusion that using SPT2 filler wire for NGW
of PT-3V titanium alloy enables the formation of a
weld metal structure similar to that of the base metal
and ensures comparable strength of the welded joint.
For a comparative assessment of the performance of

8
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Figure 8. Microstructure of the HAZ metal of the PT-3V alloy, produced by NGW

welded joints produced with SPT2 and 2V filler wires,
further studies on low-cycle fatigue strength are re-
quired. It should be noted that when using 2V filler
wire, the strength of the welded joints is slightly lower
than that of the PT-3V base metal. However, during
arc welding of titanium alloys, the weld metal is also

alloyed through the transfer of elements from the base
metal into the weld. This allows the use of filler wire
less alloyed than the base metal. High performance of
welded joints in thick titanium alloys can be ensured
due to the high ductility and impact toughness of the
weld metal.

Table 7. Mechanical properties of the base metal and welded joints with a thickness of 45 mm made of PT-3V titanium alloy, welded

by EBW”
c, Oy KCV, J/em?
Specimen 3,% v, %
MPa Weld | HAZ
Base metal PT-3V, 6 =45 mm 747 678 197 30.8 95.3
Welded joint, filler metal 2V 643 604 41.2 107 | 78
Weld metal, filler metal 2V 609 506 18.3 47.4 107
Welded joint, filler metal SPT2 759 691 12.1 30.1 79 | 77
Weld metal, filler metal SPT2 818 716 11.8 36.9 79
Weld metal, filler metal 2V after heating at 780 °C 799 750 10.7 45.1 89.2
"Average of three results is given.
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To increase the strength of PT-3V alloy welded
joints when using 2V filler wire, postweld annealing
can be applied. Annealing at 780 °C followed by fur-
nace cooling allows the weld metal strength to rise to
799 MPa, with an impact toughness of KCV' = 89 cm?
(see Table 7). However, practical application of an-
nealing is not always feasible for welded joints of
thick titanium alloys.

Thus, the use of SPT?2 filler wire for NGW of PT-
3V titanium alloy with a magnetically controlled arc en-
sures that the welded joint achieves strength comparable
to the base metal immediately after welding.

CONCLUSIONS

1. Filler wires 2V and SPT2, when used for NGW of
PT-3V titanium alloy with a magnetically controlled
arc, ensure sound formation of the concave weld bead
surface. The strength of welded joints made with 2V
filler wire 1s 643 MPa, which is 86 % of the base met-
al strength.

2. The microstructure of the weld metal in PT-3V al-
loy joints produced by NGW with SPT2 and 2V filler
wires is similar and consists of equiaxed and non-equi-
axed primary B-grains. The microstructure within the
primary grains is lamellar a-phase. The similarity of mi-
crostructures in different areas of the welded joints of
PT-3V alloy indicates a close phase composition.

3. The use of SPT2 filler wire for NGW of PT-3V
titanium alloy allows the formation of a weld metal
structure similar to that of the base metal and ensures
comparable strength of the welded joint immediately
after welding.
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ABSTRACT

The paper is devoted to the analysis of modern approaches to improving the bullet resistance of welded joints of high and
ultra-high hardness armor steels. Based on the analysis of actual chemical composition of foreign-produced armor steel heats,
the average content of key alloying elements influencing the structural and phase transformations under welding thermal cy-
cles has been determined. In order to reduce the level of structural and mechanical heterogeneity of the metal of the welding
heat-affected zone (HAZ) during the manufacture of welded assembly units of armored vehicle hulls from foreign-made steels,
the content of Ni, Cr, Mo, B, as well as Si and V (in the case of alloying steel with them) should be the object of in-coming
quality control, for which the minimum lower limit of the content of alloying elements in them should be determined through
additional research. The current state of welding-metallurgical approaches for improving the ballistic resistance of armor steels
is examined. These methods involve differentiating the mechanical properties of welds through the combination of welding,
hardfacing, and auxiliary materials, or through the regulation of their structural and phase composition using advanced filler
metals and combined or hybrid welding technologies. Literature data on the compositions of primary welding materials used
for deposition of ballistic-resistant layers by hardfacing are provided. Particular attention is given to the potential of plasma
powder hardfacing (PPH) for local reinforcement of weld metal and HAZ, ensuring controlled heat input and minimal mixing
between base and filler metals. The advantages and limitations of PPH are summarized, and key directions for further research
are outlined to facilitate the successful implementation of this technique for enhancing the ballistic performance of welds of
high and ultra-high hardness armor steels.

KEYWORDS: welded joints, high and ultra-high hardness armor steels, bullet resistance, hardfacing, plasma-powder hard-

facing

INTRODUCTION

Rolled sheets from armor steels are widely used in weld-
ing production of military vehicle hulls with the level
of protection from small arms bullets and small caliber
shells. The main characteristic determining the service-
ability of these materials for their intended purpose, is
ballistic performance, i.e. resistance to kinetic ammu-
nition penetration (bullet resistance, respectively, in the
case of antibullet protection of a military equipment ob-
ject). In its turn, ballistic resistance as a type of the steel
resistance to shape change and destruction under the
conditions of high-speed impact loading is directly con-
nected with the steel physical and mechanical properties.

The main mechanical characteristic, determining the
ability of the material to resist penetration of another
body, is its hardness. With increase of hardness which is
proportional to the ultimate strength, the ballistic resis-
tance of steels designed for armor protection, also rises
[1]. High values of hardness and strength of rolled steel
are the necessary conditions for preservation of its ballis-
tic resistance, but the requirements to its characteristics
are not limited to them. Under the conditions of pulsed
impact loading a transition of the striker kinetic energy

Copyright © The Author(s)

into a shock wave occurs during its collision with the
armored barrier. This, in its turn, generates a packet of
compression and unloading waves with different inten-
sity, resulting from the process of high-speed energy ex-
change on the contact and reverse surfaces of the barrier,
as well as on the interfaces of phases and structural com-
ponents. Moreover, the pulsed impact loading may lead
to considerable heating of the material, which will be
accompanied by phase transformations and its transition
into the state of hydrodynamic fluidity under the condi-
tions of a nonuniform compression, as a result of which
the fracture resistance will be determined not by mate-
rial strength or hardness, but largely by its dynamic vis-
cosity. By the data of [2] the ballistic resistance of steel
armor, alongside its mechanical strength and hardness,
is determined by its ability to deformation hardening, re-
sistance to thermal softening, heat capacity, temperature
dependence of yield stress, as well as the microstructural
features and chemical composition.

The speed of striker interaction with the barrier
during firing of small arms ammunition (bullets) is
usually in the range of 600900 m/s. However, the
result of this interaction, alongside the dimensions,
properties, structure and chemical composition of

1




O.A. Slyvinskyy et al.

Table 1. Typical mechanical properties of high- and ultra-high-hardness hot-rolled armor steels in the heat-treated state

Material Hardness, Yield limit, 5 ,, | Ultimate strength, 6,| Relative elongation | Impact energy KV,
HBW MPa MPa after rupture 8, % J
High-hardness steel 480-540 >1250 1450-1800 >8 >25
Ultrahigh-hardness steel > 570 > 1300 >2000 >17 >12

the barrier is also determined by the diameter, weight
and material of the striker, its hardness, angle of inci-
dence, shape of the head part, etc. Due to the multifac-
torial nature of the process, there is no unambiguous
analytical dependence between the mechanical prop-
erties, which can be experimentally determined under
the conditions of standard laboratory tests, and bullet
resistance of armor material. Proceeding from empir-
ical dependencies of armor steel resistance to pen-
etration, established by the results of ballistic tests,
hot-rolled steel designed for antibullet protection of
military equipment, should have high hardness and
strength, while preserving sufficient impact toughness
and ductility (Table 1). Here in countries oriented to-
ward military collaboration with NATO, the rolled
steels for light armored vehicles is divided into ar-
mor steels of high and ultrahigh hardness, in keeping
with the requirements specified in US DOD standards
MIL-DTL-46100 “Armor Plate, Steel, Wrought,
High-Hardness” and MIL-DTL-32332 “Armor Plate,
Steel, Wrought, Ultra-High-Hardness”, respectively.
The set of service properties of armor steels of high
and ultra-high hardness is ensured by their alloying by
Ni, Cr, Mo, V, Si, Mn and B, as well as by the tech-
nologies of out-of-furnace treatment during melting
to provide high purity of the materials as to impurities
and nonmetallic inclusions and of thermomechanical

Weld

treatment to create maximal dispersion and homoge-
neity of the structure [1].

HETEROGENEITY OF THE MECHANICAL
PROPERTIES OF ARMOR STEEL WELDED
JOINTS. STATE OF THE PROBLEM

At present ensuring equivalent ballistic resistance of
the welded joint metal, compared to the base metal,
remains one of the key challenges in industrial pro-
duction of welded assembly units from armor steels.
The main problem consists in lowering the weld metal
hardness and strength through application of welding
materials, the chemical composition of which is se-
lected primarily with the purpose of preventing cold
cracks. The most widely used composition of such
materials is the low-carbon high-alloy steel of aus-
tenitic class of 20 % Cr—10 % Ni—6 % Mn type. In
its turn, the processes of full and partial austenitiza-
tion, collective recrystallization, repeat hardening or
high-temperature tempering in individual regions of
the HAZ, which are due to the influence of the ther-
modeformational cycle of welding, have a significant
impact on the service properties of the metal in this
part of the joints [3, 4].

Figure 1 gives a typical result of testing a bul-
let-resistant welded joint in high-hardness armor
steel with damage to the metal of the weld and HAZ.

@

A2V
%

\,&W

‘~ﬁ< {

Bd\(, metal

Figure 1. Results of ballistic testing of a welded joint of high-hardness armor steel [5]: @« — piercing; b — plug knocking out; ¢ — plug

shearing; d — bulge; e — striker fragmentation
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Based on the results of ballistic testing, according
to the behaviour of the material of the target and the
armor-piercing striker, we can single out five main
mechanisms of their interaction [5]:

e puncture, which is accompanied by plastic ex-
pansion of the hole without striker deformation (Fig-
ure 1, a);

e plug knocking out — target material tearing out
with signs of plastic deformation at the point of its
interaction with the striker (Figure 1, b);

@ plug shearing — target material tearing out with-
out macroplastic deformation, striker deformation
(Figure 1, ¢);

e formation of a bulge on the back side of the
target, striker deformation or fragmentation (Fig-
ure 1, d);

e striker fragmentation with full preservation of
target integrity (Figure 1, e).

On the whole, the nature of substandard damage to
the weld and individual sections of the HAZ may dif-
fer from the one shown in Figure 1, depending on the
multifactor mechanism of interaction of the means of
destruction and the armor barrier. However, insufficient
resistance of the metal of the weld and HAZ during
high-velocity shock-wave loading, caused by bombard-
ment by kinetic munitions, is a common problem when
welding armor steels, and it is directly connected with
the course of structural-phase transformations, which
accompany welded joint formation. Influence of thermal
cycles of welding on the structure and phase composi-
tion of the HAZ metal in quenched and tempered armor

steels is quite well studied in [6—8]. Based on the results
of these experiments the degree of degradation of the
mechanical properties of welded steel, with other things
being equal, in particular constant welding heat input,
is determined by its chemical composition, namely con-
tent of elements, capable under the non-equilibrium
conditions of phase transformations, to ensure austenite
transformation at as high a temperature as possible in the
high-temperature part of the HAZ, with the purpose of
partial self-tempering of the newly formed martensite,
and maximum possible deceleration of tempering of the
initial structure in the HAZ low-temperature part.

Table 2 is a comparison of the requirements to
the chemical composition of armor steels according
to MIL-DTL-46100 and MIL-DTL-32332 with the
declared (according to the manufacturer) maximal
content of elements in the foreign-made steels of high
(Armox 500T) and ultra-high (Mars 600) hardness
widely used in local production of armored vehicles.
One can see from the above that in contrast to do-
mestic practice, when the respective regulatory doc-
uments clearly indicate the steel alloying limits, the
content of elements, critically important for the set of
properties of armor steels, in particular C, Mn, Si, Ni,
Cr, Mo, V, B, in this case is either not regulated at all,
or just the upper alloying limit is indicated.

Table 3 gives a comparison of the declared by the
manufacturer maximum content of the main alloying
elements for a number of foreign-made armor steels
with average content based on the results of chemical
analysis of the heats.

Table 2. Regulated chemical composition of high- and ultra-high-hardness armor steels, wt.%

Maximum permissible Armox 500 (maximal Maximum permissible |Mars 600 (maximal content
Chemical element value content by manufacturer’s value by manufacturer’s
acc. to MIL-DTL-46100 specification) acc. to MIL-DTL-32332 specification)
Carbon 0.32 0.32 0.55 0.45
Manganese Not limited Not limited 1.0
Phosphorus 0.02 0.015 0.02 0.01
Sulphur 0.01 0.01 0.01 0.002
Silicon 0.4 1.0
Nickel 1.81 24
Chromium Not limited 1.01 Not limited 0.5
Molybdenum 0.7 0.5
Vanadium -
Niobium - Not limited -
Boron 0.003 0.005 0.003 0.003
Copper 0.25 0.75 -
Nitrogen 0.03 0.03 —
Titanium 0.1 0.1 -
Zirconium 0.1 0.1 -
Aluminium 0.1 0.1 -
Lead 0.01 - -
Tin 0.02 — —
Antimony 0.02 - -
Arsenic 0.02 — —
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Table 3. Maximum and average content of the main elements in foreign-made armor steels based on chemical analysis of the melts

Steel C Mn Si Ni Cr Mo Number

Max. Av. Max. Av. Max. Av. Max. Av. Max. Av. Max. Av. |of melts
Quardian 500 0.30 | 0.26 1.2 0.80 0.4 0.21 1.2 0.83 0.8 0.44 0.6 0.29 16
Armstal 500 032 | 0.30 1.2 1.0 0.5 0.23 1.1 1.21 0.9 0.86 0.3 0.26 10
Miilux Protection 500 0.30 0.27 1.7 1.1 0.7 0.35 0.8 0.19 1.5 0.41 0.5 0.10 42
Armox 500T 032 | 0.28 1.2 0.85 0.4 0.26 1.8 0.90 1.0 0.50 0.7 0.35 17
Swebor Armor 560 036 | 0.34 1.6 1.3 0.6 0.25 - 0.05 - 0.43 - 0.02 12
Mars 600 0.45 0.44 1.0 0.49 1.0 0.79 2.4 1.90 0.5 0.15 0.5 0.33 12
Armox 600T 0.47 | 0.40 1.0 0.66 0.7 0.24 3.0 1.98 1.5 0.46 0.7 0.33 12

Despite the complete correspondence of rolled
sheets from the steels given in Table 3 to the required
level of ballistic protection, it is exactly the signifi-
cantly lower content of alloying elements (com-
pared to the declared maximum) which may lead to
formation of extended sections of the HAZ with a
low level of strength and/or impact toughness in the
welded joints [6, 8] and which can have a negative
effect on their bullet resistance. For instance, by the
data of [6] increase in welding energy input from 0.5
to 0.9 kI'mm ™' resulted in an increase in the extent
of HAZ section “softened” (in relation to base met-
al hardness) 2.9 times for Miilux Protection 500 steel
and just 1.5 times for alloyed steel of 30Kh2N2MF
type. Under the conditions of exposure to identical
welding thermal cycles, the hardness of the high-tem-
perature tempering section of the HAZ in Miilux
Protection 500 steel decreased ~2 times, while its
structure consisted predominantly of granular bainite
(Figure 2, a). For steel of 30Kh2N2MF type metal
hardness of a similar HAZ section with the formed
structure of troostite with different degree of disper-
sion was reduced ~1.65 times (Figure 2, b).

The authors [6] explain the different level of struc-
tural-mechanical heterogeneity of the welded samples
by that an increased content of Si, Cr, Mo in the steel
of 30Kh2N2MF type and its additional alloying by V
ensure a more significant inhibition of the processes
of softening of the HAZ sections in it, which are heat-
ed to the temperatures of high-temperature tempering
and partial austenitization during welding, than that

in Miilux Protection 500 steel, which de facto was al-
loyed only with Mn and B, while the content of other
elements (0.31 wt.% Si; 0.41 wt.% Cr; 0.08 wt.% Mo;
0.012 wt.% V) did not provide a sufficient influence
on deceleration of tempering of its initial structure.

Thus, minimizing the extent of softened HAZ sec-
tions and degree of degradation of the mechanical
properties of the metal in these sections, requires at
the least a rational selection of the base metal, with a
sufficient content of elements increasing the stability
of overcooled austenite and slowing down its temper-
ing, in particular, nickel, chromium, molybdenum,
boron, as well as silicon and vanadium (in the case the
steel is alloyed with them) [1, 6]. From the materials
given in Table 3 this primarily concerns Miilux Pro-
tection and Swebor Armor steels. Additional research
is needed to determine the minimum lower limit of al-
loying element content for the rolled stock from these
materials applied in manufacture of welded armored
vehicle hulls.

At present two approaches — design and metallur-
gical are used to ensure equivalent ballistic resistance
of the metal of armor steel welded joints, compared
to the base metal. In the first case, respective design
of welded components of the military armored vehi-
cle hulls is envisaged, with mounting of reinforcing
armor lining on the reverse side of the weld or appli-
cation of such joint types, where one of the parts com-
pletely covers the weld, by using tee-, overlap, tenon,
and slot joints. A drawback of such solutions is great-
er metal content and weight of the structure, unsolved

Figure 2. Microstructure of the transition zone between the incomplete recrystallization area (left) and tempering area (right) in welded
samples of Miilux Protection 500 steel () and 30Kh2N2MF steel () at a welding energy input of 0.9 kJ-mm™' [6]
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problem of possible softening of the HAZ metal and
the metal loosing the necessary bullet resistance.

The metallurgical approach envisages an increase
in ballistic resistance of butt welded joints of armor
steels by forming heterogeneous properties of the
weld metal due to a combination of welding, hard-
facing and auxiliary materials or regulation of their
structural and phase composition by introducing
advanced welding materials, combined and hybrid
welding technologies.

FORMATION OF HETEROGENEOUS
(COMBINED) PROPERTIES
OF THE WELD METAL

A method of multipass welding with alternation of the
applied welding materials and using plastic interlay-
ers in the weld structure is known from the experience
of cold cracking prevention in thick-walled welded
joints of hardening steels. This approach was the base
for a series of studies on creation of a heterogeneous
weld structure with mechanical properties differen-
tiated across the joint thickness. The authors of [9]
proposed using 1-2 high-hardness layers 18 mm thick
in the weld structure for coated electrode welding of
armor steel butt joints. Here, the effect of enhancing
the ballistic resistance of the combined weld metal is
observed under the condition of formation of a hard
interlayer inside across the weld thickness, between
the root and filling (facing) passes, made with elec-
trodes of austenitic class (Figure 3).

The role of a buffer interlayer deposited on the
edges being joined before welding is emphasized. In
the opinion of the authors of [9], this interlayer of a
ductile high-alloyed steel of austenitic class not only
promotes lowering of the risk of cold cracking during
welding, but also prevents propagation of the shock
waves through the HAZ metal due to inherent plastic
flow in the direction opposite to striker penetration.

For the above welded joint type with a com-
bined weld the optimal thickness of the hard layer of
~5.5 mm was established, which corresponds to ~0.3
of the base metal thickness, and the influence of the
composition of reinforcing hardfacing materials on
bullet resistance characteristics was compared [10].

Despite the available results, the question of the
sequence of hardfacing in the structure of combined
welds of armor steel welded joints remains open. In
particular, in [11], by the results of comparison of
two grades of flux-cored hardfacing wires and the se-
quence of the hard interlayer arrangement relative to
the root and filling passes, made with austenitic elec-
trode wire of G 23 12 L Si type, it was determined
that the highest bullet resistance is ensured by the ex-
ternal location of the reinforcing layer from the firing

Striker penetration

Plastic flow

Figure 3. Schematic representation of the interaction of the com-
bined weld with the high-speed striker [9]: B — buffer interlayer
deposited on the butt edges; 1 — 6 — sequence of weld layer
deposition (1, 3, 5, 6, B — austenitic (stainless) steel, 2, 4 —
high-hardness wear-resistant material

side. Although no through-and-through penetration
occurred in any of the cases (Figure 4, ¢, d), the ex-
ternal location of the hard interlayer allows scattering
the impact energy over a larger cross-sectional area of
the weld with a high ductility and toughness, capable
of relaxing the generated stresses without brittle frac-
ture. In the case of placing the hard interlayer inside
the weld, the process of further deposition of facing
layers leads to undesirable structural changes which
contribute to a decrease in its hardness [11].

The technologies of enhancing the bullet resistance
of butt welds in high-hardness armor steel, imple-
mented in welding production of Soviet and domestic
armored vehicles, also envisaged hardfacing with spe-
cial coated electrode or gas-shielded flux-cored wire
[12] from the external surface of the welded joints.

The chemical composition of welding materials for
making combined welds with an enhanced ballistic re-
sistance and hardness of the formed reinforcing interlay-
ers, based on literature data, is given in Table 4.

Reference [17] is a study of the fundamental pos-
sibility of increasing the hardness of the facing layer
of the weld by welding with standard chromium-nick-
el-manganese wire of austenitic class of G 18 8§ Mn
type in a mixture of 98 % Ar +2 % CO, over a carbon
fibre filler (CFF) based on a carbon-containing fabric
of UUT-2 grade, placed into the gap between the edg-
es being welded. During welding the electrode and
filler carbon material melt forming a liquid pool. Al-
loying of the surface takes place due to the electrode
wire, and CFF allows increasing the carbon content in
the weld metal. With increase of CFF specific weight
in the weld composition its structure becomes simi-
lar to that of high-chromium cast iron with extended
precipitates of the cementite component and average
microhardness of 380-395 HV/ ..

For samples from Armox 500T steel the authors of
[18] are studying the method of gas-shielded consum-
able electrode wire welding over a pre-applied layer
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Figure 4. Appearance of a combined welds in butt welded joints of 8 mm Armox 500T steel before (a, b) and after (c, d) ballistic tests
[11]: @, ¢ — hard interlayer was made using EnDOtec. DO30 flux-cored wire inside the weld; b, d — hard interlayer was made using
Durmat FD 739 flux-cored wire on the external surface of the weld

of flux-paste containing nanoparticles of WC, SiC and
TiC carbides. Based on the research results, not only
an increase in weld metal hardness to 578-654 HV,
but also refining of its structure and increase in pene-
tration depth through contraction of the arc column by
tungsten and silicon ions were established.

REGULATION OF THE
STRUCTURAL-PHASE COMPOSITION
OF THE WELD METAL

In the contest of welding armor steels, in this research
area a search for new promising welding materials
with high values of deposited metal strength under the
condition of preservation of its crack resistance is per-
formed, as well as introduction of welding methods
with the possibility of independently influencing the
process productivity indices (penetration depth, weld-

ing speed) and consumption of welding materials and
their proportion in the weld metal, respectively.

The authors of [19] proved the possibility of for-
mation of the structure of carbide-free bainite in the
weld metal of a butt joint in high-hardness armor steel
made with an experimental coated electrode of the
following composition (wt.%):

Fe—03C-16Si—1.8Mn—12Ni—1.3 Co-—
-1.3Cr-0.25Mo0-0.015S-0.015P.

Structure of carbide-free bainite, consisting of
lath-shaped crystals of the ferrite phase, and residual
austenite, and contains no cementite particles, is char-
acterized by high strength, hardness of ~450 H} and
is not prone to cold cracking. However, the impact
toughness values of the weld metal turned out to be
somewhat lower than those of the base metal, because

Table 4. Chemical composition and hardness of the deposited layers of materials for the bullet-resistant layer, wt.%

. . Hardness
Grade C Si Mn Cr Ni Mo B w V | Nb | Co Fe 1B Source

AWS E FeCr-A7 4.0 1.5 1.0 30 - 2.0 - - 05 | — - ~648 9]
AWS E WCI 30/40 2.4 0.18 - - 0.3 0.36 - 56.4 - - - 595-685 [10]
Durmat FD 739 1.0 - - 20 - 33 4.4 5.7 - |34 - 830-900 [11]

Castolin
0.5 0.4 1.4 1.0 - - 3.7 - - - - 745-850 [11]

EnDOTec DO*30 Bal.

AN-180

0.11-0.20/0.20-0.70| 1.0-1.60 | 1.0-1.60 | 2.0-2.50 |0.35-0.70| — - - - - 364477 [12]
(15KhN2GM)
Chromium white cast
. 4.3 091 1.66 29.8 - - - - - - - ~655 [13]
iron
WC-alloy 1.0 1.5 - 10.0 48 5.4 - [ 30(WCQ) | 0.5 - - 35 ~595 [14]
Stellite-6 (AWS
A5.13 1.1 <2.0 - 30 <3.0 <1.0 - | 4050 | 0.5 | — | Bal. | <3.0 ~430 [15]
ERCoCr-A)

Castolin

5.0 2.0 5.0 20 - 10 5.0 10 - 10 - Bal. ~900 [16]
EnDOTec DO*390N
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of precipitation of an austenite phase with coarse
block morphology between the dendrite branches.

A promising direction of development of welding
materials for hardening steels are such which allow
realization of the effect of low-temperature transfor-
mation of austenite in the weld metal [20]. These are
low-carbon alloyed welding consumables of Cr—Ni
and Cr-Ni—Mn system, which ensure a delay in aus-
tenite decomposition to the temperature of 200 °C
and lower. In this case, martensite transformation in
the welded steel HAZ will occur under the same ther-
modeformational conditions, as during welding with
austenitic materials and that is why welding is al-
lowed to be performed without preheating. In its turn,
the low-temperature transformation of austenite into
low-carbon lath martensite in the weld metal gives it
high strength with sufficient ductility and toughness
in most cases. At present, however, the majority of
publication devoted to the introduction of these ma-
terials for welding high-strength steels, is limited to
structural steels with the yield limit of 690-960 MPa.

A certain increase in the values of strength and
hardness of the metal of the weld made with stan-
dard low-carbon welding materials can be achieved
in welding of armor steels containing 0.25-0.45 wt.%
carbon by regulation of the weld dilution by the de-
posited metal. This is impossible for conventional
methods of consumable electrode arc welding, as
the feed rate of electrode wire is strictly tied to the
welding current value, required to achieve certain
penetration The methods of welding without filler or
with the filler material feed rate independent of the
energy parameters of the heat source, the hybrid and
combined welding technologies allow influencing the
structural and phase composition of the weld metal
to a greater extent. There are successful examples

Table 5. PPH advantages and drawbacks [22, 26, 27]

of similar approaches to realization of the task of
enhancing the strength of the weld metal of welded
joints in high-hardness armor steels for hybrid plas-
ma-arc welding [21].

It should be noted that practically all the above-giv-
en examples of the methods of enhancing the ballis-
tic resistance of butt welded joints in armor steels are
limited to the area of metallurgical reactions during
welding, and they are capable of influencing the com-
position and properties of just the weld metal and the
fusion zone. The influence on the softening processes
outside the weld is mostly extensive in nature: limita-
tion of welding energy input, application of concen-
trated welding heat sources with the purpose of max-
imal narrowing of the HAZ. A promising direction in
solving the problem of heterogeneity of the working
properties of the metal of armor steel welded joins can
be application of the method of deposition of a hard
bullet-resistant layer on the surface of the weld, and,
if required, the HAZ, with minimal heat input into the
welded joint metal, ability of separately controlling
the processes of supplying energy and feeding the
filler material, and a wide range of materials for the
reinforcing coating.

PROSPECTS FOR PLASMA-POWDER
HARDFACING

The PPH method allows precisely controlling the de-
posited layer thickness, ensures localized heat input,
minimizing of the degree of mixing and high adhesion
of the layer to the base [22]. This is achieved, in par-
ticular, due to the high degree of plasma arc ioniza-
tion, which provides a concentrated thermal impact
in a limited zone [23]. More over, feeding the powder
filler materials together with the shielding gas directly
into the arc zone, prevents its oxidation and allows

Advantages

Drawbacks

High effectiveness of powder utilization (deposition > 95 %)

Requires a metal base for closing the electric circuit

Possibility of using inexpensive powders, resistance to changes
in their quality

Limited used on surfaces with complex geometry
(for instance, grooves, corners)

Formation of a continuous coating with minimal porosity

High heat input requiring additional cooling in case of hardfacing
small parts

Single-pass deposition of thick layers, reducing the number of passes

Impossibility of stable deposition on vertical surfaces due to the
influence of gravity

Strong metallurgical bond between the coating and the base

Mixing can change the properties of both the coating
and the base material

Fine-grained microstructure of the deposited layer

Residual stresses in the coating, which may influence its durability

Melting zone protection by inert gas prevents metal oxidation during
the process

Possibility of forming the alloys directly in the molten pool,
including metal composites

Minimal penetration depth

Metallurgical compatibility of the coating material
and the substrate should be taken into account
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producing high-quality coatings clean from the metal-
lurgical viewpoint [24].

As with any other thermal methods of surface en-
gineering, under PPH conditions a heat-affected zone
and a region of the coating mixing with the base metal
are formed, the processes in which have a significant
influence on the treated product performance. How-
ever, the degree of mixing for the layers of more than
1 mm thickness, deposited by PPH, usually is not
higher than 5 %. At the same time, for arc surfacing
methods mixing can be up to 15-40 % which requires
multilayer deposition of the coating to achieve the de-
sired properties [25].

Table 5 gives the generalized characteristic of PPH
method, based on the data of published sources.

In [14] introducing a reinforcing bullet-resistant in-
terlayer inside a multipass weld was realized by PPH,
which allowed controlling the heat input, ensuring a
shallow penetration depth, and, consequently, smaller
mixing in the zone of fusion with the base. However,
despite the technological advantages, the PPH method
still has not become widely accepted for deposition of
bullet-resistant reinforcing layers on the surface of armor
steel welded joints. This is due both to high requirements
to the process stability, and the need for further improve-
ment of the technological parameters, allowing for the
features of welding high-strength hardening steels. The
technology is promising, but it requires further investi-
gations in the direction of selection of powder compo-
sitions, lowering the residual stresses and increasing the
adaptability to complex product geometries.

CONCLUSIONS

In welding armor steels of high and ultrahigh hard-
ness achievement of equal strength of the welded joint
with the base metal requires very complicated techno-
logical solutions and is practically impossible at pres-
ent from the viewpoint of its implementation, while
ballistic resistance of the joints should be provided
due to design or local reinforcement.

In order to prevent excess softening of the HAZ
metal during manufacture of welded assembly units
of armored vehicle hulls from foreign-made steels, the
content of Ni, Cr, Mo, B, as well as Si and V (in case
of the steel alloying with them) should be the object
of in-coming control. For this purpose, the minimal
lower limit of their alloying element content should
be determined by additional studies.

The main welding-metallurgical directions of en-
hancing the ballistic resistance of the weld metal in
armor steel welded joints are as follows:

e differentiation of the mechanical properties by
combining the welding, hardfacing and auxiliary ma-
terials;

18

e regulation of the structural and phase composi-
tion by introducing new welding materials, combined
and hybrid welding technologies.

In the first area high-hardness layers on the surface
or inside the metal of a multipass weld are created using
hardfacing materials with high values of resistance un-
der the conditions of high-speed shock-wave load.

In the second area a search is carried on to estab-
lish new compositions of welding materials capable
of ensuring high values of deposited metal strength
under the condition of preservation of its crack resis-
tance, and the possibility of applying welding pro-
cesses with filler material feed rate independent of
energy parameters of the heat source, in particular
hybrid processes, is investigated.

PPH application can be a promising method to en-
hance the bullet resistance of the welds and the soft-
ened sections of the HAZ, due to a controlled heat
input, shallow penetration depth and wide range of
powder materials for the reinforcing coating.
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ABSTRACT

The work investigated the formation of coatings containing the MAX phase Ti,AIC, by plasma and high-velocity oxy-fuel
spraying using TiC-TiAl powder. The composite powder was produced by processing a powder mixture of the initial compo-
nents TiAl and TiC in a planetary mill for 5 h, resulting in the formation of a powder with conglomerate-type particles contain-
ing the phases of the initial components and the target MAX phase Ti,AlC,. Coatings produced by plasma and high-velocity
oxy-fuel spraying methods were investigated using X-ray phase analysis, optical microscopy and microdurometry. It was found
that during plasma spraying, due to the intensive interaction of powder particles with the gas environment and high-tempera-
ture process conditions, the formation of titanium carbonitride TiC N, , and a significant decrease in the content of the MAX
phase Ti,AlC, relative to the powder are observed in the coating. The coatings have a lamellar structure with high (~ 15 %)
porosity and microhardness of 4390 + 920 MPa. At high-velocity oxy-fuel spraying, due to the lower thermal load compared
to the plasma spraying method, the coating retains most of the original phase composition of the powder. The coating structure
is less lamellar and denser (porosity does not exceed 1 %), contains unmelted and partially melted deformed particles, and the
average microhardness is 3810 + 840 MPa.

KEYWORDS: coating, plasma spraying, high-velocity oxy-fuel spraying, MAX phase, phase composition, structure, micro-

hardness

INTRODUCTION

Over the past two decades, a new class of nanolam-
inate compounds, the so-called MAX phases, which
combine the properties of metals and ceramics, has
attracted considerable attention of the scientific
community. MAX phases with the general formula
M AX (n=1,2,3,.) represent a large family of
layered compounds with weak metallic bonds be-
tween M and A atoms and covalent bonds inside the
layers M_, X , where M is an early transition metal;
A is an element of group A; X—C, N, B and/or P [1].
Due to their unique structure, MAX phases exhibit
excellent heat resistance, good electrical and thermal
conductivity, relative ductility at high temperatures,
and resistance to oxidation and thermal cycling [2].
Among the various compositions of MAX phases, the
Ti~Al-C phases of system (Ti,AlC and Ti,AlC,) are
notable as one of the most thoroughly studied alumin-
ium-containing carbides. These compounds are dis-
tinguished by high thermal stability, wear resistance,
chemical inertness and the ability to form a protective
a-AlLO, film upon oxidation, which ensures their du-
rability in aggressive environments [3, 4].

For the synthesis of MAX phases Ti,AlIC and
Ti,AlC,, the methods of hot pressing [5], cold press-
ing followed by sintering (including spark plasma

Copyright © The Author(s)

sintering) [6, 7], and mechanical alloying [8] are the
most commonly used. The technology of self-prop-
agating high-temperature synthesis, in the course of
which synthesis occurs as a result of a solid-phase re-
action, can also be considered a promising method for
producing powders with MAX phase [9]. As initial
materials, the powders of both simple elements (Ti,
Al, C) and compounds (TiH,, TiC, TiAl, TiO,) in var-
ious combinations are used.

The most common methods for producing MAX
phases on the surface of products in the form of thin
films are phase vapour deposition (PVD) and mag-
netron sputtering [10]. Thermal spraying methods are
used to deposit coatings with a thickness of > 50 um.

The advantages of thermal spraying processes over
other deposition methods are the simplicity of the
equipment, the absence of the need to carry out the
processes in a protective atmosphere and the ability to
produce coatings of up to several mm thick on parts of
various configuration. However, popular modern meth-
ods of thermal spraying, such as plasma and high-ve-
locity oxy-fuel spraying (HVOF) have not found wide
application for the formation of coatings based on
Ti,A1C, due to the high flame temperature, which
usually causes decomposition and/or oxidation of the
MAX phases [11, 12]. Instead, the methods of PS and
HVOF are used to spray coatings based on the MAX
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phase Ti,A1C, in the phase composition of which, due
to phase transformations during the spraying process,
the MAX phase Ti,A1C, is also formed [13-15].
Coatings with a high content of the MAX phase
Ti,A1C, (74-84 %) were produced by the plasma meth-

od using the sprayed material in the form of a suspension

[16]. The formation of a high content of the MAX phase
is probably associated with the formation of a protective

aluminium oxide phase on the surface of the particles in

a high-temperature vapour, which prevents further de-
composition of the Ti,AIC, phase.
Research is also being conducted on the develop-

ment of composite coatings in which Ti,A1C, MAX

phase powder, which is usually produced by sintering,
is used in coatings as a strengthening additive. Thus,
to improve the operational characteristics of thermal

protective coatings (TPC) under high temperature and

high pressure, a new TPC design with a ZrO,-Y O, ce-
ramic layer and a NiCrAlY sublayer was developed,
to which different amounts of Ti,A1C, particles (5, 10,
and 15 wt.%) were added [17]. The coatings were pro-
duced by supersonic plasma spraying. Studies of the

resistance of coatings to high-temperature oxidation

have shown that with 5 % of Ti,A1C, in the sublayer,
the coating exhibits a smaller weight increase than con-
ventional TPC after oxidation at 950 °C for 80 h.
Composite coatings based on LaMgAl O, with the
addition of 5, 10, and 20 wt.% Ti,A1C, as a self-heal-
ing component and a binder for sintering [ 18]. The coat-

ings were deposited by the plasma method, followed
by annealing at 1200 °C to evaluate their self-healing

ability; the behaviour during high-temperature oxida-
tion in air and corrosion resistance at 1300 °C were
studied. The results showed that an increase in the con-

tent of Ti,A1C, significantly increases the self-healing

efficiency, as evidenced by crack closure and pore iso-
lation. The composite coating with 20 wt.% of Ti,A1C,

demonstrated the highest stability under the studied

conditions and the stability of the phase composition,

which indicates the prospects of its use as a hardened
coating at high temperatures.

A nanocomposite coating was produced by plasma
spraying of a powder mixture of 50 % of Ti,Al1C, —
50 % of Cu [19]. It was found that the nanocomposite
coating has an unusual microstructure with nanomi-
crometre phase synergistic enhancement, consisting of
submicrometre layers of Cu and nanoparticles of Cu(Al),
Ti,O,, TiO, and A1,TiO,. During the spraying process,
Al is removed from Ti,AlC,, forming a large amount of
ductile Cu(Al) and diffusion of Cu into Ti,AlC, occurs,
resulting in the formation of a spatial Cu mesh structure
in the coating. The nanocomposite coating has a high
fracture toughness and resistance to crack growth, as
confirmed by a three-point bending test.

THE AIM

of this study was to investigate the formation of coat-
ings under plasma and high-velocity oxy-fuel spray-
ing of coatings containing the MAX phase Ti,A1C,
when using mechanically synthesized TiC-TiAl pow-
der for spraying.

MATERIALS AND RESEARCH PROCEDURES

The composite powder (CP) of the TiC-TiAl sys-
tem was used as a material for spraying coatings. It
was produced by the method of mechanochemical
synthesis (MChS) by processing the initial TiAl and
TiC powders in a high-energy planetary mill Activa-
tor 2SL for 5 h at a speed of 600/900 rpm. X-ray dif-
fraction patterns of the initial TiAl and TiC powders
used to produce the CP by the MChS method and their
characteristics are shown in Figure 1 and Table 1, re-
spectively.

The content of the initial powders in the mixture
was calculated to produce the MAX phase Ti,AIC, by
reaction (1) and was 38.5TiAl + 61.5TiC (wt.%).

TiAl + 2TiC = Ti,AlC,. (1)
Plasma spraying was carried out in a serial instal-
lation UPU-8M using a Metco F4 MB plasmatron
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Figure 1. X-ray diffraction patterns of initial powders: a — TiAl; b — TiC
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Table 1. Characteristics of initial powders used to produce the CP
by the MChS method

Table 2. Technological parameters of PS-coatings of TiC-TiAl
powder system

Particle Chemical Phase
Powder . ..
size, um | composition, wt.% content, %
. Ti—62.5; TiAl -91;
<
Al 40 Al-375 Ti,Al-9
. Ti—79.2-80; .
TiC 40-63 C - 19.4-20.2 TiC - 100

type. To spray coatings by the high-velocity oxy-fu-
el spraying method, the VShGPN-1 installation was
used produced at the PWI on the basis of the HIPO-
JET 2700M prototype (Metallizing Equipment Co.
Pvt. Ltd., India). The technological parameters of the
PS and HVOF are given in Tables 2 and 3.

To study the powders and spraying coatings, me-
tallography, microdurometry, and X-ray diffraction
phase analysis (XRD) were used.

To study the structure of powders and sprayed
coatings, a Neophot-32 optical microscope with a
digital photography device was used. For quantita-
tive analysis of the pore content in the coatings, an
optical procedure (image analysis method) was used,
which consists in determining the area falling on the
detected pores relative to the entire surface area of the
coating section. The digital image was processed by
Image- Pro Plus software, which allows measuring
porosity (highlighting inclusions that differ in colour
and brightness), determining the number and percent-
age of pores by area.

Microhardness measurements were performed us-
ing a PMT-3 device at a load of 50 g. Each specimen
was subjected to 30—50 measurements, followed by
the determination of the average value and the con-
struction of variation curves that allow finding the
most probable microhardness values.

The phase composition of the powder and coating
particles was studied using a PANalytical X’Pert PRO
diffractometer with CuKal radiation (A= 0.15406 nm).

Parameter Value
Current, A 600
Voltage, V 40
Plasma gas flow rate Ar/N,, I/min 30
Proportions of plasma-forming gas Ar/N,, % 80/20
Transport N, gas flow rate, I/min 5
Powder flow rate, kg/h 1.4
Spraying distance, mm 100

Table 3. Technological parameters of HVOF-coatings of TiC—
TiAl powder system

Parameter Value
Fuel gas flow rate CH,, /min 28
Fuel gas pressure CH,, atm 5.5
Oxygen flow rate, m*h 4
Oxygen pressure, atm 8
Air flow rate, m*h 15
Air pressure, atm 5
Transport gas flow rate, /min 20
Transport gas pressure, atm 5
Spraying distance, mm 140

The voltage on the tube anode was 45 kV, the current
was 40 mA. The diffraction patterns were recorded
in increments of 0.025° with an acquisition time of
1 s. The diffractometric data were processed using the
High Score Plus software.

RESULTS OF THE EXPERIMENT
AND THEIR DISCUSSION

When a TiC-TiAl powder mixture is processed in
a planetary mill for 5 h as a result of repeated pro-
cesses, particle grinding, and cold welding, the final
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Figure 2. Microstructure (x400) () and X-ray diffraction pattern (b) of TiC-TiAl MChS powder
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Figure 3. X-ray diffraction patterns of coatings produced by spraying TiCT-iAl MChS powder by plasma (@) and high-velocity oxy-fu-

el spraying (b)

MChS product is a composite powder consisting of
conglomerate-type particles with a size of < 40 pm
(Figure 2, a).

The X-ray phase analysis (Figure 2, b) revealed
that the produced MChS powder has a multiphase
structure consisting of the initial components (TiC,
TiAl, and Ti,Al) and the MAX phase Ti,A1C,, a
product of the interaction of the initial components.

According to XRD data, the coating deposited by
the plasma method of TiC-TiAl MChS powder con-
sists of TiC carbide and titanium carbonitride phases
TiC N, intermetallic phases TiAl, Ti,Al, MAX
phase Ti,AlC,, TiO, oxide in two modifications of
rutile and anatase, and aluminium Al O, oxide (Fig-
ure 3, a). As a result of phase transformations occur-
ring in the powder during the plasma spraying process,
the intensity of peaks corresponding to the intermetal-
lic phases TiAl, Ti,Al, and the MAX phase Ti,A1C,
significantly decrease compared to the MChS powder.
The main phases in the produced coating are TiC and
TiC N, .. Here, the intensity of the TiC peak is also
slightly decreasing relative to the initial powder, indi-
cating a lower amount of this phase in the coating than
in the powder. The presence of titanium carbonitride
in the coating indicates the interaction of TiC carbide
with nitrogen in the gas environment with the follow-
ing reaction:

TiC+N,— TiCN,_ (0<x<l), (2)
where x defines the ratio of carbon to nitrogen in the
solid phase.

The formation of titanium oxide can be caused by
the reaction of the titanium component of both TiC
carbide, the MAX phase Ti,A1C,, and titanium alu-
minide with air oxygen.

In contrast to plasma spraying, no significant phase
transformations occur during the spraying process
when the TiC-TiAl powder is sprayed by the HVOF
method (Figure 3, ). The main phase in the coating
is titanium carbide of non-stoichiometric composition

of TiC, ,, the formation of which is the result of de-

carburization, i.e., a decrease in the carbon concen-
tration in the structure of titanium carbide (TiC). This
process typically occurs under conditions when car-
bon is removed from the lattice, forming the stoichi-
ometry TiC , where x < 1, through interaction with the
environment. The carbon in TiC can be oxidized in
the presence of oxygen to form gaseous oxides such
as CO, (or CO) by reaction:

TiC+0.380,—TiC, ,+0.38CO,. 3)

The HVOF-coating also contains titanium aluminide
phases TiAl, Ti,Al, and the MAX phase Ti,A1C,, which
have slightly lower intensity of phase peaks in the XRD
pattern than in the XRD pattern of the MChS powder.
In contrast to plasma spraying, the coating does not
form a TiCN phase due to the shorter residence time of
the particles in the spray flow due to the higher particle
flight velocity at HVOF and, accordingly, the shorter in-
teraction time of the titanium carbide powder particles
with the gas environment. During the spraying process,
only a slight oxidation of the titanium component oc-
curs with the formation of the rutile modification in the
titanium dioxide TiO, coating.

A decreased amount of the Ti,A1C, MAX phase in
the PS- and HVOF-coatings of the TiC-TiAl system
relative to the MChS powder is a consequence of its
oxidation and decomposition under the influence of
high temperatures. This is a multistage process that in-
cludes structure degradation, interaction with oxygen,
and formation of oxide products. At the first stage, at
temperatures of 600-800 °C, Al is oxidized, as it is
the most reactive element in the system and is the first
to be oxidized, forming aluminium oxide. Aluminium
oxide acts as a protective layer that limits further re-
action and partially slows down the further oxidation.
At the second stage, at temperatures of 800—1000 °C,
the structure of the MAX phase degrades due to the
release (loss) of aluminium. The residual titanium and
carbon form titanium carbide TiC, which subsequent-
ly reacts with oxygen to form titanium dioxide TiO,
and gaseous CO, (or CO). At a temperature above

0.62
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Figure 5. Variation curves of the distribution of microhardness values of coatings produced by spraying TiC-TiAl MChS powder by

plasma (@) and high-velocity oxy-fuel spraying (b)

1000 °C, titanium carbide is actively oxidized and
stable TiO, phases (rutile or anatase, depending on the
temperature) and Al,O, (corundum) are formed. The
complete oxidation reaction of Ti,AlC, in an oxygen
environment is as follows:

4Ti,AlC,+ 230, — 12TiO,+ 2AL,0,+ 8CO,. (4)

The results of the examination of the structure of
the plasma coating of the TiC-TiAl system showed
that it has a thin-lamellar heterogeneous structure
(Figure 4, a). The lamellae of the coating have differ-
ent colours ranging from light yellow to dark brown
(oxide colour). The more intense yellow colour of the
lamellae in the coating probably corresponds to the
TiCN phase.

The coating contains defects in the form of pores
and chipping in the amount of ~15 %. Chipping in the
coating can occur due to the insufficient content of a
ductile metal matrix in them, and during the prepa-
ration of specimens for microstructure examinations,
solid particles of titanium carbides and carbonitrides,
whose hardness can be 20-32 GPa [20], fall out of the
coating due to low cohesive strength.

The structure of the HVOF-coating of the TiC—
TiAl system has a structure with a slight degree of
lamellarity (Figure 4, b). The coating is predomi-
nantly formed of unmelted partially deformed parti-
cles, which indicates that refractory powder particles

during the short time of the particles’ stay in the jet do
not have time to receive the necessary thermal energy,
go through the melting stage necessary for heating the
powder particles and obtaining ductility. Therefore,
due to the high flight velocity, some of the powder
particles enter the coating in a solid state. The struc-
ture of the unmelted particles is similar to that of the
initial powder. The porosity of the coating does not
exceed 1 %.

The average microhardness of the plasma coating
s 4390 £ 920 MPa. The multiphase nature of the coat-
ing is confirmed by the variation curve constructed
from the microhardness values and the presence of
3 peaks on the curve corresponding to values of 3650,
5050 and 6450 MPa (Figure 5, a).

The average microhardness of the HVOF-coat-
ing is 3810 + 840 MPa. There are three main peaks
of microhardness values on the variation curve, cor-
responding to values of 3000, 4000 and 5500 MPa
(Figure 5, b). The microhardness values at these peaks
correspond to the titanium aluminide compounds
TiAl, Ti,Al (3500-4700 MPa [21] and ~ 5000 MPa
[22], respectively) and the MAX phase Ti,AlC,
(2200-3460 MPa [23]). The absence of pronounced
peaks of microhardness values on the variation curves
of coatings of both types, which would correspond to
the hardness values of titanium carbide and carboni-
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tride (20000-32000 MPa), indicates the uniform dis-
tribution of these compounds in the cross-section of
coatings in the form of small inclusions.

CONCLUSIONS

By the method of mechanochemical synthesis using a
mixture of TiAl and TiC initial powders, the composi-
tion of which is designed to produce the final product
of the Ti,AlC, MAX phase, a composite powder with
a conglomerate multiphase structure was obtained
with the presence of phases of the initial components
of the mixture and their interaction product — the
MAX phase Ti,AIC,.

The coatings produced by the plasma spraying
method have a thin-lamellar heterogeneous struc-
ture. A significant transformation of the phase com-
position of the powder during the spraying process
under the influence of high temperatures and gas
environment was established, in particular, the for-
mation of the carbonitride phase TiC ,N, . of tita-
nium and aluminium oxides and a decrease in the
content of the MAX phase.

The coatings deposited by the high-velocity
oxy-fuel spraying method have a structure formed
of partially unmelted particles with a low degree of
lamellarity. The phase composition of the coating dif-
fers slightly from the phase composition of the MChS
powder, which indicates limited phase transforma-
tions during spraying due to the shorter interaction
time of the powder particles with the gas environment.

In both types of coatings, a decrease in the content
of the MAX phase Ti,AlC, is observed compared to
the initial powder, which is determined by its thermal
destruction and oxidation during spraying. According
to the change in the intensity of the peaks correspond-
ing to the MAX phase, this decrease is ~ 88 % for PS
and ~ 52 % for HVOF.

The average microhardness of the coatings is
4390 + 920 MPa for PS and 3810 + 840 MPa for
HVOF. The variation curves of microhardness con-
firm the multiphase nature of the coatings, and the
absence of individual peaks on the curves that would
correspond to high-hardness inclusions of carbide
components indicates their uniform distribution in the
structure of the coatings.
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ABSTRACT

The work investigates the formation of bioceramic coatings from hydroxyapatite (HAp) doped with silver (HAp+Ag) using
the microplasma spraying (MPS) method on titanium substrates. The influence of MPS technological parameters (current,
plasma-forming gas flow rate, spraying distance) and particle size of the powder on the degree of particle melting, surface
morphology and phase composition of the coatings was analyzed. It was established that optimization of MPS modes in an
argon microplasma jet makes it possible to control the thermal decomposition of HAp and the ratio of crystalline to amorphous
phases during the formation of HAp+Ag coatings. It was proven that HAp+Ag coatings produced by MPS exhibit antibacterial
activity against Escherichia coli, Staphylococcus aureus, and Pseudomonas aeruginosa: they completely inhibit the growth of
E. coli and significantly reduce the viability of the other tested microorganisms. HAp+Ag coatings on a zirconium interlayer
demonstrated an adhesion strength exceeding 15 MPa, which is sufficient for their application on implant surfaces. The ob-
tained results confirm the effectiveness of the applied MPS method and its prospects for creating economical, technologically
optimized, and biofunctional coatings on titanium implants.

KEYWORDS: microplasma spraying, biocompatible coating, silver-doped hydroxyapatite, splat test, phase composition of

coatings

INTRODUCTION

The use of metal implants in orthopaedics and dentist-
ry is accompanied by a number of problems related to
ensuring their osseointegration and long-term stabili-
ty in the body.

One of the most effective approaches to improv-
ing the osseointegrative properties of bioinert tita-
nium alloys is modifying their surface by applying
bioceramic coatings based on hydroxyapatite (HAp
(Ca (PO,),(OH),)), the main mineral component of
bone tissue [1].

Hydroxyapatite coatings promote the formation of
a strong and stable contact between the implant and
bone tissue, accelerate the process of osseointegra-
tion, and reduce the risk of metal ions being released
from the alloy into the surrounding tissues, which re-
duces the probability of cytotoxic reactions [2].

However, such coatings do not eliminate the prob-
lem of bacterial infections, which still remain one of
the leading causes of post-surgery complications [3].

Recent studies focus on developing strategies for
long-term antibacterial protection of implant surfaces.
A promising solution is to alloy HAp coatings with

Copyright © The Author(s)

metal ions that have pronounced antimicrobial activi-
ty, particularly silver, which significantly reduces the
risk of infection without the need for systematic anti-
biotic use [4, 5].

Various methods are used to form HAp coatings: sol-
gel synthesis, plasma and laser spraying, pulsed and elec-
trophoretic deposition, biomimetic approaches, microarc
oxidation, RF and microwave spraying, electrospinning,
spray pyrolysis, as well as their combinations [6—8]. The
most widely used method is plasma arc spraying due to
its relatively low cost, technological feasibility, and the
ability to apply coatings to complex-shape products. No-
tably that this technology has been approved by the FDA
(Food and Drug Administration, USA) for the creation
of HAp coatings on medical implants [9, 10].

However, conventional plasma arc spraying has a
number of limitations. The extreme thermal conditions
of the process (the temperature of the plasma jet reaches
1000015000 K), as well as the difference in the thermal
expansion coefficients of the metal substrate and ceram-
ic coating, cause residual stresses, cracking and reduced
adhesion [11]. In this regard, microplasma spraying
(MPS) technology is undergoing intensive development,
which enables a significant reduction in the thermal im-
pact on the substrate [12—15].
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The key advantage of MPS is the use of a laminar
microplasma jet with an extended high-temperature
zone, which ensures uniform heating of powder par-
ticles and reduces the risk of overheating or decom-
position. The use of argon as a plasma-forming gas
further minimizes thermal gradients within the parti-
cles. The lower thermal power of the microplasma jet
allows applying coatings even on small, thin-walled
products without the risk of deformation.

Today, a significant number of studies are devoted
to modelling and analyzing the influence of techno-
logical parameters (plasmatron power, spraying dis-
tance, composition and flow rate of plasma-forming
gas, powder transportation) on the properties of the
produced coatings [16—18].

As is known, thermal spraying involves the depo-
sition of molten or semi-molten particles onto a rough
surface of the substrate. Upon impact, they deform,
forming splats that quickly solidify and form a coat-
ing layer. The nature of the interaction between the
particles and the substrate affects their adhesion, and
the subsequent build-up of layers forms the micro-
structure of the coating [19]. Properties such as po-
rosity and adhesion strength directly depend on the
characteristics of individual splats [20]. Therefore,
studying the mechanisms of their formation is import-
ant for optimizing the technology.

Despite numerous theoretical, analytical and ex-
perimental studies, the process of splat formation
during the creation of silver-doped hydroxyapatite
(HAp+Ag) coatings using the MPS method remains
insufficiently studied.

THE AIM OF THE WORK

was to study the influence of microplasma spraying
technological parameters and powder particle size on

the state of HAp+Ag powder particles during their
collision with the substrate, as well as to analyze
phase transformations in coatings and determine their
antibacterial properties.

MATERIALS, EQUIPMENT
AND METHODS USED IN THE EXPERIMENT

The sprayed material was ceramic powders of sil-
ver-doped hydroxyapatite (2 %) (BIOMATTECH
Scientific and Technical Solutions Centre, Ukraine) of
high purity (> 99 %) with particle sizes of 40-63 and
80—100 pum. The powders were produced by chemical
precipitation from calcium salts (calcium nitrate tet-
rahydrate) and ammonium salts (diammonium phos-
phate), followed by ageing, washing, separation and
drying of the formed precipitate, as well as its sub-
sequent mechanical and heat treatment. The powder
particles are predominantly fragmentary in shape (Fig-
ure 1, a), but due to the rolling operation, the corners
of many particles are smoothed (Figure 1, b), which
provided them with sufficient fluidity — 68-75 s/50 g.

The results of the analysis of the phase composi-
tion of HAp+Ag powders are shown in Figure 2.

The phase composition of the powder is complete-
ly crystalline Ca (PO,)(OH),, with a Ca/P ratio of
1.67. Testing the fluidity of HAp powders under the
operating conditions of the powder dispenser sup-
plied with the MPS-004 installation showed that the
produced powders have sufficient fluidity to ensure a
stable and reproducible spraying process.

For experiments on spraying HAp+Ag powders,
the MPS-004 microplasma spraying installation,
equipped with a microplasmatron produced by PWI
(Ukraine) was used [21]. More details on the features
of the microplasma spraying process for biocompati-
ble coatings from hydroxyapatite are described in the
previous work [22].

Figure 1. Appearance of HAp+Ag powder particles with a fraction of 40-63 um
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Figure 2. XRD results of HAp+Ag powders: a — fractions of 40-63 um and b — fractions of 80-100 um

To study the influence of MPS mode parameters,
such as current (I, A), plasma-forming gas flow rate
(Q,, Vmin), spraying distance (/, mm) and powder
fraction (their average size (D,, um) was selected) on
the melting of HAp+Ag powder particles, the “splat
test” method was used. The values of the spraying
mode parameters were selected according to the ex-
perimental plan, which was developed using the
mathematical planning method with the application
of the 2*! matrix (Table 1).

The splats were obtained by moving glass plates
with the size of 75%25%2 mm in a plane perpendicular
to the axis of the microplasma jet. As a result, individ-
ual particles of the sprayed material, deformed upon
contact with its surface, were adhered on the glass
substrate in the form of splats. Visual inspection of the
appearance of the splats was performed using a Nikon
D40x digital camera (Nikon Corporation, Japan)
mounted on a Unitron Versamet 2 microscope (Uni-
tron Inc., USA). Based on the appearance and struc-
ture of the powder particles adhered on the substrate
in the form of splats, their classification and analysis
of the state in which the particle was at the moment of
collision with the substrate were carried out.

The structure and elemental composition of the
specimens were studied on cross-sections. The sec-
tions were prepared by stepwise grinding and polish-
ing according to standard procedures using equipment
and consumables from Struers Company (Denmark).
Microstructural examinations were carried out in a
CamScan S4 scanning electron microscope (Cam-
bridge Scanning Company Ltd., UK) in the elastic
backscattered electron (phase contrast) mode at an ac-
celerating voltage of 20 kV. The elemental composi-
tion was analyzed using electron probe microanalysis
(EPMA) with an Oxford Link Pentafet 5518 EDS en-
ergy dispersive detector and INCA 4.05 software. The
detector was calibrated using cobalt at a voltage of
20 kV. Measurements were conducted at 20 kV. The
absolute error of the method in quantitative analysis
does not exceed 5 %, and with a calibration specimen,
itis 2.5 %. The error in calculating the elements from

the obtained spectra depends on the surface rough-
ness, the spectrum acquisition time, and the chemical
element, and ranges from 0.15 to 0.85 %.

X-ray examination of powders and coatings was
performed using the method of wide-angle X-ray dif-
fraction with an XRD-7000 diffractometer (Shimad-
zu, Japan), whose X-ray optical scheme is implement-
ed by passing the primary beam through the specimen
using CuK, radiation (A = 1.54 A). When analysing
the obtained diffraction patterns, the content of the
crystalline phase Ca, (PO,) (OH), was determined, as
well as impurities of other crystalline or amorphous
phases. Plates made of VT1-00 titanium of 10x10 mm
were used as a substrate.

The antibacterial activity of the HAp+Ag coating
against Pseudomonas aeruginosa, Staphylococcus
aureus and Escherichia coli pathogens was evaluat-
ed in accordance with DSTU ISO 18593-2006 at the
L.I. Medved’s Research Center of Preventive Toxi-
cology, Food and Chemical Safety of the Ministry of
Health of Ukraine.

RESEARCH RESULTS
AND THEIR DISCUSSION

Using an approach that involves distinguishing three
characteristic zones in the cross-section of a HAp
particle formed during its heating and melting in a
plasma jet — an unmelted crystalline core, a layer of
molten stoichiometric HAp, and an outer overheated
layer with thermal decomposition products [23, 24],
an analysis of the images of the splats obtained during

Table 1. Matrix for studying the influence of MPS mode param-
eters on the state of (HAp+Ag) powder particles during spraying

Mode No. LA 0., I/min H, mm D, um
1 45 2 160 90
2 45 2 80 50
3 45 1 160 50
4 45 1 80 90
5 35 2 160 50
6 35 2 30 90
7 35 1 160 90
8 35 1 80 50
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Figure 3. Splats of powder particles (HAp+Ag) at different MPS modes

the experiment was carried out. As a result, three
characteristic types of splats were identified, the ap-
pearance of which is shown in Figure 3.

Analysis of the influence of technological param-
eters (current, plasma-forming gas flow rate, spraying
distance) and powder particle size showed that com-
plete melting of the material occurs in all MPS modes
except No. 7 (Table 1). This is determined by the use
of the minimum value of current at mode No. 7 in
combination with large-sized particles (HAp+Ag),
which did not ensure their complete melting. In ad-
dition, an increased spraying distance caused prema-
ture cooling of the particle surface outside the micro-
plasma jet zone and partial solidification of the liquid
phase, resulting in a small amount of liquid phase
remaining on the surface of the substrate (Figure 3,
mode No. 7).

At mode No. 2, on the contrary, the formation of
overheated splats with a characteristic presence of a
liquid phase in the form of droplets around them was
observed. This is explained by a combination of MPS
parameters: high value of current (45 A), minimum
spraying distance (80 mm) and relatively small parti-
cle size (50 um).

The least overheated were the splats obtained under
the parameters of mode 6, where the current was 35 A,
the plasma-forming gas flow rate was 2 1/min, the dis-
tance was 80 mm, and the particle size was 90 um.
Under such conditions, the temperature of the micro-
plasma jet was lower, which reduced the probabili-
ty of overheating, and larger particles were exposed
to less acceleration and deformation, forming disc-
shaped splats.

It is known that the shape of the splat directly af-
fects the adhesion of the coating. For thermal meth-
ods of application, three bonding mechanisms are im-
plemented: chemical, physical and mechanical, with
the latter dominating [25-28]. Since the splat is the
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elementary unit of the layer build-up, the quality of
its adhesion to the substrate determines the adhesive
strength of the entire coating. The central disc-shaped
part of the splat should be in close contact with the
substrate, which is facilitated by the perpendicular
action of the dynamic pressure of the particle. In con-
trast, splashes and fragments that fly parallel to the
surface are less well adhered and can become a “weak
link” in the coating structure.

Intensive heating of HAp particles in a plasma jet
and their subsequent rapid cooling at the substrate
provoke structural and phase transformations: dehy-
droxylated phases (oxyhydroxyapatite — OHAp, tri-
calcium phosphate — TCP, tetracalcium phosphate —
TTCP) and amorphous calcium phosphate (ACP)
[29]. Since the rate of resorption of these phases in
the physiological environment exceeds that of stoi-
chiometric HAp, their excess can lead to premature
degradation of the coating and impaired osseointegra-
tion [30].

A number of studies (C. Yang, B. Weng, E. Chang,
J. Wu) [31] has shown that the key factor in the forma-
tion of the phase composition is the heat content of the
plasma jet and the thermal conductivity of the plas-
ma-forming gas. The use of Ar/H, or Ar/He mixtures
dramatically increases the thermal conductivity of the
plasma and the temperature gradient in the particle,
which enhances phase decomposition [32]. Thus, the
Bio (Bi) criterion for oxide ceramics in Ar-plasma is
0.04-0.10, while in H -plasma it increases to 1.2-3.5
[33], indicating minimal temperature differences in
Ar-plasma conditions. The negative effect of hydro-
gen has been confirmed experimentally [34]. Thus,
the use of pure argon in microplasma spraying pro-
vides more favourable thermal conditions to reduce
particle overheating and the degree of their decom-
position, as well as promotes the formation of thicker
splats and reduces amorphization. This opens up the
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Figure 4. X-ray diffraction patterns of HAp+Ag coatings for MPS spraying modes Nos 2, 6 and 7 according to Table 1

possibility of regulating the phase composition and
optimizing the bioactivity of coatings.

Therefore, the core challenge in developing op-
timal coatings is to achieve a balance between bio-
compatibility, which is ensured by the high crystallin-
ity of stoichiometric HAp, and improved mechanical
properties associated with the presence of a controlled
amount of amorphous phase (usually 10-15 %) [35].

Figure 4 shows the results of X-ray diffraction
studies of the produced coatings. The X-ray diffrac-
tion patterns for the specimen produced at mode 2
shows that the coating consists of single-phase crys-
talline hydroxyapatite. The intense and narrow dif-
fraction maxima correspond to the reference data for
the hexagonal structure of HAp. No extraneous crys-
talline phases, including thermal dissociation prod-
ucts, were detected. The high intensity of the peaks
and the low background level indicate a high degree
of crystallinity of the produced coating.

A high intensity of the (00,)/(002) reflex (approxi-
mately 26 = 25.8-26°), which is higher than the usual-
ly strongest reflex of approximately = 31.7-32° (211)
according to the standard data sheet for HAp, can be
explained by the preferred orientation of the crystal-
lites (texture), when the crystallites are oriented so
that their c-axis is parallel to the coating surface, then
the (001)-reflexes (especially (002) are enhanced rel-
ative to random powder.

A slight shift of the peaks to the right at 20 means that
the crystalline lattice has contracted, i.e. it has become
more compact in the direction given by this reflex. Most
probably, this means the loss of OH- with the formation
of oxyhydroxyapatite, which changes the parameters
and leads to a reduction in d in certain directions.

Thus, according to the obtained diffraction pat-
tern, spraying mode 2 ensured the preservation of
the hydroxyapatite structure. It became possible due
to the short interaction time of the particles with the
microplasma jet, which is predetermined by the short
spraying distance, high consumption of plasma-form-
ing gas, and intense jet leakage. A small size of the
particles contributed to their rapid acceleration, reach-

ing high velocity and deposition rates on the substrate
surface in a minimum period of time. In turn, a high
value of the current ensured their complete melting
and adhering on the substrate. The combination of
these conditions made it possible to form a coating of
single-phase crystalline hydroxyapatite.

The analysis of the X-ray diffraction pattern of the
specimen formed at mode 6 showed that the coating
has two-phase crystalline hydroxyapatite as the main
phase (85 %) and a-tricalcium phosphate (o-TCP)
in the amount of 15 %. All available peaks are sharp
and clearly pronounced, indicating a high degree of
crystallinity of both phases in the coating composi-
tion. The background peaks in the region of small
angles (10-25°) are insignificant, indicating a small
amount of amorphous component. The formation of
a bioresorbable a-TCP phase occurred as a result of a
partial thermal dissociation of the original HAp pow-
der under microplasma jet conditions. The produced
two-phase coating with a high degree of crystallinity
is perspective for the application in implantology due
to the combination of a stable HAp substrate and a
bioactive, more soluble a-TCF phase, but its presence
may further lead to a decrease in coating stability.

The two-phase composition of the specimen coat-
ing formed at mode 6 is explained by a number of
factors. A large size of the powder particles caused
their lower acceleration in the microplasma jet, which
prolonged their stay in the high-temperature zone and
ensured gradual heating until complete melting, de-
spite the minimum current values and lower jet tem-
perature. The use of a small spraying distance reduced
the risk of solidification of the surface layer of the
melt, which contributed to adhering of particles in the
process of coating formation in a completely molten
state with minimal deformation and ensured the pres-
ervation of a significant fraction of the hydroxyapatite
crystalline phase.

According to the X-ray diffraction pattern of the
specimen with coating formed at mode 7, it was found
that the thermal effect of the microplasma jet is char-
acterized by the minimum value of the current, the
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Table 2. Elemental composition of Zr-HAp+Ag coating

Results in mass values, %
Spectrum number C O Si P Ca Zr Ag Nb Total
Spectrum 1 9.94 43.48 1.29 15.41 29.14 - 0.75 - 100
Spectrum 2 - 5.14 - - - 91 - 3.86 100
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Figure 5. SEM image of the microstructure of the Zr-HAp+Ag
coating with indicated areas of energy dispersive X-ray spectros-
copy research

largest spraying distance, and the use of large-sized
particles, which led to the melting of only their sur-
face layer. Such particles bounced off the substrate
without a sufficient amount of liquid phase. Thus, the
coating was formed from a liquid surface layer, whose
phase composition is about 80 % of a-TCF and 20 %
of B-TCF. The presence of a pronounced halo in the
diffraction pattern confirms the presence of the amor-
phous phase (AP). It is known that hydroxyapatite
coatings containing a certain fraction of amorphous
calcium phosphate are characterized by increased
strength and wear resistance compared to their fully
crystalline analogues [36]. In addition, the controlled
dissolution of AP in the physiological environment
can contribute to the accelerated release of Ca?* and
PO, ions, which in turn stimulates bone growth in
the early stages of implantation. However, this pro-
cess can also lead to accelerated degradation of the
coating [37]. Thus, the spraying conditions at mode 7
ensure the formation of fully bioresorbable coatings
consisting exclusively of various polymorphic modi-
fications of tricalcium phosphate.

Work [38] demonstrated the effectiveness of the
microplasma spraying method in the creation of bio-
compatible metal-ceramic two-layer coatings consist-
ing of a zirconium sublayer (Zr) and an upper layer
of HAp intended for application to the surface of tita-
nium alloy implants. Adhesion tests have shown that
the Zr-HAp two-layer coating demonstrates an adhe-
sion strength of 28.0 + 4.2 MPa, which exceeds the

minimum permissible value of —15 MPa (according
to ISO 13779-2), confirming an effective mechanical
integration with the substrate. Biological studies have
shown that the composition of the coating affects
the proliferation of mesenchymal stem cells, which
underscores the key role of chemical composition
and surface topography in regulating the cellular re-
sponse. Based on the above results of hydroxyapatite
coating (spraying mode 2), a two-layer Zr-HAp+Ag
coating was formed using zirconium as a sublayer.
The microstructure of the produced coating is shown
in Figure 5.

The results of the energy dispersive X-ray spectros-
copy analysis (Table 2) confirm the chemical composi-
tion of the system consisting of a Zr-based sublayer and a
HAp+Ag coating. The research also revealed that during
the formation of coatings by the MPS method, the silver
concentration decreases from 2 % to 0.75 %. This is ex-
plained by the evaporation of active silver particles that
are part of the HAp powder structure.

The study of the antibacterial properties of
HAp+Ag coatings produced by the MPS method
against the pathogens Pseudomonas aeruginosa,
Staphylococcus aureus and Escherichia coli showed
that the quantity of viable cells of the tested microor-
ganisms after exposure for 45 min (in % of the refer-
ence specimen) was as follows:

e E. coli (Escherichia coli) 0 %;

e S. aureus (Staphylococcus aureus) 46.6;

e P. acruginosa (Pseudomonas aeruginosa) 39.5 %.

Thus, it can be concluded that silver-doped hy-
droxyapatite coatings produced by the MPS method
retain pronounced antibacterial properties despite ex-
posure to high temperatures. This indicates their po-
tential for preventing bacterial complications on the
surfaces of titanium implants in the early stages after
implantation.

CONCLUSIONS

1. Due to the low power of the microplasma jet and
the use of pure argon as a plasma-forming gas, micro-
plasma spraying allows the formation of bioceramic
coatings from silver-doped hydroxyapatite with min-
imal risk of overheating of the substrate and decom-
position of the material to be sprayed, compared to
conventional plasma arc spraying.
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2. It is proved that the phase composition of coat-
ings can be regulated by optimizing the microplasma
spraying modes, which allows minimizing the for-
mation of undesirable phases (TCF, TTCF, CaO) and
achieves the optimal ratio of crystalline and amor-
phous components.

3. According to the analysis of diffraction patterns
of hydroxyapatite coatings, mode 2 with the following
technological parameters of microplasma spraying: cur-
rent — 45 A, plasma-forming gas flow rate — 2 I/min,
spraying distance — 80 mm, powder fraction — 50 um,
ensures the preservation of the single-phase crystal-
line structure of hydroxyapatite in the coating and can
be recommended for its production.

4. The antibacterial properties of HAp+Ag coat-
ings were confirmed on pathogens: with complete in-
hibition of E. coli growth (up to 0 %) and a significant
decrease in the viability of S. aureus (up to 46.6 %)
and P. aeruginosa (up to 39.5 %), which indicates the
feasibility of using such coatings to prevent infectious
complications after implantation.

5. The microplasma spraying method is an eco-
nomical and versatile technology suitable for apply-
ing coatings at mass production of small titanium
implants or those with complex geometries with spec-
ified biocompatible and antibacterial properties.

The published results were obtained within the
framework of the project “Development of innovative
biocompatible antibacterial coatings and technology
for their application to orthopaedic implants for use
in the treatment of injuries in military personnel and
civilians”, with the grant support of the National Re-
search Foundation of Ukraine within the framework of
the competition “Science for Strengthening Ukraine s
Defence Capability” under contract No. 032/0070 of
03.03.2025.
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ABSTRACT

A comprehensive study was carried out to assess the quality of deformed semi-finished products manufactured from an ingot
of the VT8 titanium alloy. Using electron beam remelting technology, 400-mm-diameter ingots were produced, from which
semi-finished products in the form of hot-forged bars of 200 mm in diameter and disks of 440x145 mm were fabricated. The
paper presents the results of investigations of the structure and mechanical properties of the obtained semi-finished products. It
is shown that the metal of the produced ingots and deformed semi-finished products meets the requirements of the applicable

standards.

KEYWORDS: electron beam melting, heat-resistant titanium alloy, ingot, chemical composition, structure, deforma-

tion, mechanical properties

INTRODUCTION

The modern development of high-tech industries —
primarily aviation, aerospace, and energy imposes in-
creased requirements on the structural materials used.
Under these conditions, such characteristics as high
specific strength, thermal and corrosion resistance,
manufacturability during processing, and resistance
to prolonged loading at elevated temperatures are of
critical importance. Among the variety of lightweight
structural alloys, titanium alloys occupy a special
place due to their successful combination of these
properties [1].

RELEVANCE AND PURPOSE OF THE STUDY

The VTS alloy belongs to the group of two-phase (o+f)
titanium alloys of martensitic type [2, 3] and is a tita-
nium-based composition alloyed with aluminium and
molybdenum. The alloy is produced in the form of forg-
ings, stampings, bars, and plates, and is used for critical
components operating under elevated temperatures and
loads. In the annealed condition, VT8 can operate for
long periods (over 6000 h) at temperatures up to 500 °C.
In the heat-strengthened condition (quenching followed
by aging), the alloy withstands operation at tempera-
tures up to 450 °C, and under short-term exposure up
to 100 h — at 500 °C [3]. It exhibits good weldability,
corrosion resistance, and high mechanical properties at
temperatures up to 450 °C. Due to its balanced phase
composition and the ability to obtain a stable structure
under various deformation and heat-treatment modes,
VT8 alloy has found wide application in aircraft man-

Copyright © The Author(s)

ufacturing, power engineering, and pipeline fittings pro-
duction [4].

A key factor determining the quality characteris-
tics of the metal is the method of its melting. The high
chemical activity of titanium at elevated temperatures
makes its production impossible under ordinary at-
mospheric conditions, as titanium becomes saturated
with gases (O, N, H), forms chemical compounds,
and becomes brittle. Therefore, industrial production
of titanium alloys is carried out using special electro-
metallurgical methods: vacuum arc remelting (VAR),
vacuum induction melting (VIM), plasma melting,
and electron beam melting (EBM) [5].

The most widely used method remains VAR, which
makes it possible to obtain large ingots of satisfacto-
ry quality. However, VAR has several drawbacks: the
presence of liquation zones, nonuniform distribution
of alloying elements, and porosity in the central re-
gions of the ingot. All these factors necessitate triple
remelting, as required by aviation standards. These
limitations are particularly critical in the production
of critical components, where microdefects can sig-
nificantly affect service performance [6].

EBM, in contrast, ensures a higher level of purity
and structural homogeneity of the metal. This meth-
od uses a high-energy-density electron beam focused
on the surface of the metal under vacuum conditions.
Melting occurs without contact with refractory mate-
rials, thereby eliminating contamination of the melt.
Due to the use of an cold hearth, it becomes possible
to remove dense nonmetallic inclusions through sed-
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Figure 1. Batch of 400-mm-diameter VTS titanium alloy ingots
produced by EBM

imentation and to achieve more complete homogeni-
zation of the melt [7].

Ingots produced by EBM with an cold hearth are
characterized by a directed macrostructure and a min-
imal content of residual impurities. This significantly
improves the reproducibility of properties in finished
products, increases component service life, and re-
duces the probability of sudden failures. Studies show
that titanium alloys produced using this technology
demonstrate improved fatigue strength, especially un-
der cyclic loading at elevated temperatures [8].

Thus, the choice of melting technique has a deci-
sive influence on the quality of the final semi-finished
product. EBM with an cold hearth has increasingly
been considered in recent years as the most promising
technology for producing titanium alloys intended for
critical applications.

Considering the need to increase the reliability of
structures and the competitiveness of domestic mate-
rials on the international market, the study of the spe-
cifics of EBM technology and the properties of VT8
alloy produced by this method is both relevant and
important.

Therefore, the purpose of this work was to inves-
tigate the structure and properties of VT8 alloy ingots
produced by EBM and the deformed semi-finished
products manufactured from them in order to confirm
that the material meets the requirements of applicable
standards.

EQUIPMENT AND RESEARCH
PROCEDURE

To improve the manufacturing technology of high-tem-
perature titanium alloy ingots, the E.O. Paton Electric
Welding Institute of the NAS of Ukraine (PWI) car-
ried out a series of melts to produce VT8 alloy ingots
with a diameter of 400 mm. The ingots were produced
using EBM with an cold hearth and batch feeding of
liquid metal into a water-cooled mold.

As charge materials, titanium sponge grade TG-120
and alloying elements in the form of aluminium chips,
molybdenum bar, and metallic silicon were used.

Using previously established and optimized
modes of electron beam heating of the ingot in the
mold on the UE-5812 EBM unit [9], experimental
melts were performed to produce VTS titanium alloy
ingots. During the experimental melts, the following
technological parameters were maintained constant
according to the optimal melting modes: melting rate;
time between the pouring of batches; and the height of
the batches simultaneously poured into the mold (see
technical specifications).

Technical parameters of the EBM process
for a 400-mm-diameter VT8 alloy ingot

Melting rate, kg/h ... ... 270
Time interval between batch pouring, s . ................. 60
Height of batches simultaneously poured into

themold, mm ....... ... ... ... . . .. .. ... .. ... 8
Power of the first gun (central heating), kW............... 50
Power of the second gun (peripheral heating), kW.......... 70

As a result of the experimental melts, a batch of
400-mm-diameter VTS alloy ingots was produced
(Figure 1).

The distribution of alloying elements and impu-
rities in the cast ingots was determined (Table 1).
Chemical composition control of the produced in-
gots was carried out using a SPECTROPORT optical
emission spectrometer. The gas content was measured
using LECO gas analyzers TC-436 and RH-2. It was
established that the chemical composition of the in-
gots corresponds to the standard composition of the
VTS alloy.

The detection of inhomogeneities in the metal was
carried out using non-destructive ultrasonic testing
with a UD4-76 flaw detector. Ultrasonic inspection
of the VT8 titanium alloy ingots showed that defects

Table 1. Distribution of alloying elements and impurities along the length of a 400-mm-diameter ingot of VT8 titanium alloy produced

by EBM, wt.%

Sampling location Al Mo Fe Si C (6] N H
Top 6.3 3.0 0.07 0.21
0.016 0.10
Middle 6.4 0.22 0.02 0.002
3.2 0.08
Bottom 6.1 0.21 0.015 0.11
GOST 19807-91 5.8-7.0 2.8-3.8 <0.30 0.2-0.4 <0.10 <0.15 <0.05 <0.015
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Figure 2. Macrostructure of a 400-mm-diameter ingot of VT8 ti-
tanium alloy in transverse cross-section

such as pores, shrinkage cavities, structural inhomo-
geneities, and nonmetallic inclusions were absent.

The ingot macrostructure was examined on a tem-
plate prepared from the transverse cross-section of the
ingot (Figure 2).

Visual examination showed that the macrostruc-
ture of the ingot contained no cracks, looseness,
metallic or nonmetallic inclusions, or other defects.
The macrostructure of the central region of the
400-mm-diameter ingot on the transverse template
was dense and uniform, without differentiated zones.
No significant differences were observed between
the structure of the central and peripheral regions of
the ingot. The macrograin size, determined accord-
ing to the standard 10-point macrostructure scale,
corresponded to points 8-9.

The VT8 alloy ingots produced by EBM were
subjected to forging. Bars with a diameter of 200 mm

\

Figure 4. Forged discs 440x145 mm made of VTS titanium alloy

were forged directly from the 400-mm EBM ingot.
The forging of VT8 alloy ingots was performed ac-
cording to industrial technology (Table 2), starting at
1100 °C in the B-phase region and finishing at 900 °C
in the o+f region. As a result of deformation process-
ing, 200-mm bars were manufactured.

The machined bars, upon visual inspection,
showed no surface cracks, delaminations, inclusions,
liquation-type areas, or other defects (Figure 3).

Additionally, work was carried out to produce
forged discs with a diameter of 440 mm from the ex-
perimental ingots. For this purpose, the 400-mm ingot
was forged to an intermediate size, after which it was
upset and forged into a disc-shaped billet with dimen-
sions 440x145 mm (Figure 4).

To study the structure of forged billets from the
200-mm-diameter VTS titanium alloy bar, a trans-
verse template with a thickness of 10 mm was pre-
pared. The macrostructure of the template was exam-
ined in two control zones (Figure 5).

Visual examination of the etched macrotemplates
showed that no metallurgical or deformation-induced
defects were present in the macrostructure. This con-
dition of the macrostructure meets the requirements
of the aviation standard, according to which cracks,
delaminations, voids, films, metallic and nonmetallic

e

Figure 3. Forged bar with a diameter of 200 mm made of VT8 titanium alloy

Table 2. Forging temperature range of heat-resistant titanium alloy VT8

Allo Transformation Ingot forging temperature, Billet forging temperature,
y temperature, °C start (not higher)/finish (not lower), °C start (not higher)/finish (not lower), °C
VT8 990 1100 900 1020 850
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Figure 5. Macrostructure of a forged 200-mm-diameter bar of VT8 titanium alloy

inclusions detectable by the unaided eye are not per-
mitted.

The macroscopic structure of the forged bar was
characterized by a bright etched background and
macrograins with clearly defined boundaries (see Fig-
ure 5). According to the standard 10-point scale for
assessing the macrostructure of titanium alloys, the
macrograin size corresponds to points 5—6.

Metallographic examination of the structure was
carried out using a NEOPHOT-30 optical microscope.
Microanalysis was performed on polished sections
prepared in the transverse cross-section of the tem-
plate, in various zones across its thickness.

The microstructures in different zones exhib-
it a similar character: the microstructure consists of
B-transformed grains with a lamellar intragranular
morphology of the a- and B-phases, with an a-phase
fringe located along their boundaries. The B-trans-

formed grains have a polyhedral shape, with sizes in
the range of 250—600 um. The thickness of the a-[-
phases was 1-4 um, and their length was 45-150 pm.
According to the scale of acceptable microstruc-
tures for deformed semi-finished products made of
a+P titanium alloys, individual massive regions of
the a-phase are permissible and typically represent
a-phase appearing in the plane of the polished section.

In certain areas, the microstructure can be classi-
fied as basket-weave type without an a-fringe along
the grain boundaries, where a-f-phases are grouped
into mutually intersecting packets.

Microstructures in the various zones of the exam-
ined template of the 200-mm-diameter bar are shown
in Figure 6.

Mechanical testing was carried out on standard
specimens cut out from templates of 200-mm-diame-
ter bars (Table 3). The specimens for testing were cut

Table 3. Mechanical properties of 200-mm-diameter bars of VTS alloy after forging

Sample No Tensile strength, Elongation, Reduction of area, Impact toughness, | Indentation diameter,
P ’ kgf/mm? £ % v, % kgf/mm? mm
1 11.6 37.0 6.0
113.0 3.45
2 13.6 36.0 6.3
OST 1 90107-73 95-120 >8.0 >21.0 >3.0 3.2-3.7
Table 4. Mechanical properties of a 440-mm-diameter disk of VT8 alloy after forging
Tensile strength, . o, | Reduction of area, | Tensile strength, Indentation
Sample No. kef/mm? Elongation, €, % v, % kef/mm? diameter, mm Hardness HB
1 114.5 12.0 27.5 114.5 3.40 321
2 111.0 10.0 26.0 6.0 ) 331
OST 90000-70 100-120 >9.0 >25.0 >3.0 3.2-3.7 —
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Figure 6. Typical microstructures of VT8 alloy in zone No. 1 (a) and zone No. 2 (b)

Table 5. Results of long-term heat resistance testing of VTS alloy

Long-term strength

Test temperature, °C

Tensile strength, kgf/mm?

Loading, kgf/mm?

Test duration, h

500

63

54

52.5

60

52

50.0

out closer to the central zone of the bar cross-section
(at a distance of 1/4 from the center) and were subject-
ed to heat treatment under the standard mode.

In addition, the mechanical properties of a forged
VT8 alloy disk with dimensions 440x145 mm were

examined (Table 4). To control the mechanical prop-
erties at elevated temperatures, bars were select-
ed from the batch, from which specimens were cut
out for determining ultimate strength and long-term
strength (Table 5).
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CONCLUSIONS

1. The comprehensive set of conducted studies
demonstrated that the chemical composition of VT8
alloy ingots produced by EBCHM (electron-beam
cold-hearth melting) and the mechanical properties of
the semi-finished products in the form of forged bars
and disks comply with the requirements of the stan-
dards (OST 1 90107-73, OST 90000-70).

2. Electron-beam melting is an effective method
for obtaining high-quality ingots of heat-resistant tita-
nium alloys from primary charge materials.
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ABSTRACT

The results of experiments on recycling nickel alloys by electroslag remelting (ESR) using a current-conducting mold are
presented. The studies were carried out on the R-951 unit, where rational remelting parameters for consumable electrodes of
variable cross-section made from nickel alloy waste were determined. The results confirmed the effectiveness of recycling
production waste of EP648 nickel alloy by electroslag remelting with the use of a current-conducting mold. Optimal remelt-
ing modes for consumable electrodes of variable cross-section were established, ensuring process stability through rational
power distribution between the electrode and the mold. The chemical composition of the obtained ingots met the standard
requirements for EP648 alloy, and the products manufactured from them successfully passed quality control. The developed
single-stage recycling technology enables direct return of nickel alloy waste into the production cycle and has high practical
potential for industrial application. The research results may be used to improve existing methods of metal waste recycling and
to develop new approaches to processing nickel alloys.

KEYWORDS: recycling, nickel alloy, electroslag remelting, two-circuit technology, current-conducting mold, ingot

INTRODUCTION

The concept of a circular economy encourages the
metallurgical industry to reuse and more fully utilize
technogenic waste with the aim of achieving zero
waste production [1, 2]. This increases manufactur-
ing competitiveness and promotes environmental sus-
tainability by reducing the consumption of primary
raw materials. The recycling of alloy steel and nick-
el-based alloy waste in Europe is an important com-
ponent of green metallurgy, as the efficient return of
alloy scrap into the production cycle significantly re-
duces energy and resource consumption [3, 4].

Among structural materials, steel and nickel al-
loys have substantial potential for repeated recycling
and reuse [5]. Remelting of alloy scrap is typically
performed in electric arc or induction furnaces [6,
7]. During melting, an important task is to minimize
losses of valuable alloying elements, which is diffi-
cult to achieve under electric arc melting conditions
[8]. Induction furnaces provide better assimilation of
alloying elements and lower overall metal losses due
to oxidation [7, 9]. However, under induction melt-
ing conditions, it is not possible to realize the refin-
ing capabilities of slags, and therefore to effectively
remove undesirable impurities and nonmetallic inclu-
sions from the metal melt. An additional problem of
traditional methods for processing alloy scrap is the
difficulty of obtaining high-quality ingots with a high
level of physical and chemical homogeneity, as well
as metal losses from cropping ingots and runners.

Copyright © The Author(s)

The quality of cast metal can be improved through
the use of electroslag remelting (ESR) technology [7,
10-12]. The ESR process ensures effective removal
of large nonmetallic inclusions, homogenization of the
chemical composition throughout the ingot volume, im-
provement of the metal’s micro- and macrostructure, and
the production of dense ingots free of internal porosity
and shrinkage cavities. At the same time, the chemical
composition of the metal remains practically unchanged.
ESR technology is widely used in industry to obtain
high-quality ingots of critical applications from high-al-
loy steels and nickel-based alloys [10].

However, the direct integration of electroslag re-
melting technology into the traditional recycling
chain of alloy steel and alloy waste is accompanied by
additional costs, which limits its practical feasibility.
To minimize production expenses, single-stage recy-
cling processes based on electroslag technology have
been proposed. These processes involve the use of
nonconsumable electrodes and crucible-type electro-
slag melting [13, 14]. In the first variant, small scrap
is loaded into the gap between the mold wall and the
nonconsumable electrode. Under certain conditions, it
is possible to use a consumable electrode of the same
chemical composition as the scrap. However, this
process has obvious limitations regarding the size of
scrap fragments. Crucible electroslag melting offers
greater flexibility in the allowable scrap size, but the
metal accumulated in the melting crucible still needs
to be poured into molds, which does not allow achiev-
ing ingot quality comparable to that of standard ESR.

A key limitation of using the canonical ESR pro-
cess for recycling applications is the requirement to

41




Yu.V. Kostetskyi et al.

use a consumable electrode with constant geometric
parameters along its length [15]. This requirement
is associated with the need to ensure process stabil-
ity. For this purpose, specially manufactured cast or
wrought electrodes are typically used. Evidently, im-
plementing a single-stage recycling process based on
classical ESR is extremely challenging.

The two-circuit electroslag remelting (ESR-TC)
scheme developed at the E.O. Paton Electric Welding
Institute of the NAS of Ukraine (PWI) [16, 17], which
incorporates a current-conducting mold, relaxes the
requirements for electrode geometry and expands the
process capabilities for recycling applications. In this
scheme, unlike the canonical process, electric current is
supplied through two circuits simultaneously: consum-
able electrode—bottom plate and current-conducting
mold-bottom plate (Figure 1). Consequently, the slag
pool contacts two electrodes at once: the consumable
electrode being remelted and the nonconsumable elec-
trode, which is the mold component. The temperature
regime at the periphery of the slag pool is determined
by the nonconsumable electrode, enabling independent
control of heat input into the slag and metal pools as
well as the ingot buildup rate. Such control of the ther-
mal balance is practically impossible in conventional
ESR. The ESR-TC technology is successfully used for
producing ingots from complex-alloyed steels, nick-
el-based superalloys, and titanium [18].

Studies have shown that during ESR with a cur-
rent-conducting mold, the distribution of power be-
tween the supply circuits can vary within a wide range
[16]. The use of an appropriate automatic control sys-
tem of the process enables stable remelting of elec-
trodes of variable geometry at a constant melting rate
[19-21]. This simplifies the requirements and prepa-

] [

Figure 1. Schematic representation of ESR in a current-conduct-
ing mold with a two-circuit power supply scheme: / — consum-
able electrode; 2 — current-conducting section of the mold; 3 —
insulating section of the mold; 4 — forming section of the mold;
5, 7— power sources; 6 — ingot; § — metal pool; 9 — slag pool
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ration of consumable electrodes for remelting and
allows the recycling process to be implemented as a
single-stage operation, producing a high-quality ingot
directly by electroslag remelting of metallic waste.
The present work presents the results of experi-
mental studies on the recycling of technological waste
of the EP648 nickel alloy using a single-stage scheme
with the application of the ESR-TC technology with
a current-conducting mold, yielding an ingot suitable
for direct use in the production cycle after remelting.

EQUIPMENT, MATERIALS,
AND RESEARCH METHODOLOGY

Experimental studies of the electroslag remelting of
nickel alloy waste with the production of round ingots
with a diameter of 180 mm were carried out in the
Electroslag Technologies Laboratory of the PWI using
an R-951 furnace equipped with a current-conducting
mold and a downward ingot withdrawal scheme.

The furnace is equipped with two independent
power sources with a capacity of 720 kVA each
(transformers TShP-10000/1 (A-622)), upgraded for
smooth regulation of the output voltage. The installed
automatic control system provides the possibility to
conduct the electroslag remelting process in an auto-
matic mode with both liquid and solid start.

The electroslag remelting of the experimental ma-
terial was performed in a short current-conducting
mold with the forming section diameter of 180 mm
(Figure 2, a). The mold had a sectional design (Fig-
ure 1): the upper section serves as a current-conduct-
ing (non-consumable) electrode, the lower section en-
sures high-quality formation of the ingot surface, and
the insulating section prevents electrical breakdown
between the current-conducting and forming parts.

A structural feature of the current-conducting sec-
tion is a transverse slot filled with insulating material,
which turns it into an open ring (Figure 2, b) [22].
Such a design, when the main melting current flows
from the current-conducting section to the ingot, caus-
es the appearance of a circular electric current 7,
in the open ring and the corresponding magnetic field
directed along the vertical axis of the mold (according
to the right-hand rule). The current /., which pass-
es from the current-conducting section to the liquid
metal pool, generates a magnetic field oriented per-
pendicular to the field of the circular current. The in-
teraction of the electric and magnetic fields results in
the appearance of the Ampere force, which induces
rotational movement of the slag bath. This, in turn,
intensifies heat transfer within it.

Consumable electrodes for electroslag remelt-
ing were formed from technological waste of EP648
nickel alloy of two types: cylindrical cut-offs with a
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1 circular

Insulator

Figure 2. General view of the mold (@) and the scheme of electric current distribution in the current-conducting section and the direc-

tion of slag bath rotation (b)

diameter of 70 mm and a length of 160-210 mm, re-
jected due to shrinkage defects, and forged rings with
diameters of 510 and 370 mm.

The standard chemical composition of the EP648
alloy is presented in Table 1. The results of selective
incoming inspection of the chemical composition of
the waste are presented in Table 2. Samples were tak-
en from each batch of the incoming charge. The chem-
ical composition was determined by spectral analysis.

Composite electrodes for electroslag remelting
were assembled by welding individual fragments of
the waste material. For this purpose, ENiCrMo-3
nickel-alloy welding wire was used, with a chemi-
cal composition close to that of the alloy being re-
melted. The consumption of welding material was
limited to a minimum to reduce its influence on the
chemical composition of the metal while ensuring
sufficient joint strength considering the conditions
of remelting.

Since the design of the composite electrodes does
not allow the transmission of significant current, the
remelting was performed using a quasi-passive elec-
trode scheme. In this scheme, the main portion of
the power is supplied through the circuit of the cur-
rent-conducting mold.

The calculated productivity of the process O was

determined using the empirical relation [23], kg/h:

Qmelt = kDm’

where D is the mold diameter, mm, and £ is an em-
pirical coefficient, kg/(mm-h). According to industrial
practice in steel remelting, the coefficient £ is chosen
within the range 0.4-0.8. Higher values are typical
for low-alloy steels, while lower values correspond to
high-alloy steels. In the case of nickel alloys, which
have lower heat capacity compared to steels and a
wider liquidus—solidus interval, the remelting process
should be performed at the minimum possible pro-
ductivity. Therefore, it is reasonable to use £ = 0.4.
Accordingly, for a mold with a forming section di-
ameter of 180 mm, the recommended productivity is
about 72 kg/h.

Typical slags for ESR of nickel alloys are based
on the CaF ~CaO-ALQO, system, with the possible ad-
dition of other oxides such as SiO,, MgO, and TiO,,
depending on the alloy composition. Titanium oxide is
added to control the Al/Ti ratio in the metal and com-
pensate for potential Ti losses. Silicon and magnesium
oxides are introduced to adjust the physicochemical
properties of the slag, particularly melting temperature

Table 1. Standard chemical composition of EP648 nickel alloy according to TU 14-1-4103-86, %

Al Ti Cr Fe Ni Nb Mo w
0.5-1.1 0.5-1.1 32-35 <4 Base 0.5-1.1 2.3-33 4.3-5.3
Table 2. Results of selective incoming inspection of the chemical composition of EP648 alloy scrap, %
Sample Al Ti Cr Fe Ni Nb Mo 4
1 0.61 1.14 35.37 0.75 53.53 1.21 2.37 5.02
2 0.96 1.22 36.46 ’ 51.82 0.83 2.26 5.7
3 0.76 0.97 34.23 0.76 55.02 1.19 2.94 4.13
Average 0.78 1.11 35.35 0.75 53.46 1.08 2.52 4.95
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Figure 3. Electroslag remelting process of the consumable elec-
trode (a) and the external appearance of the obtained ingot (b)

and viscosity. At the same time, silica significantly in-
fluences the oxidizing potential of the slag, and there-
fore the degree of oxidation of aluminium and titanium
in the metal during remelting. Thus, its concentration
must be strictly controlled within the technological
process. The negative effect of SiO, is reduced by low-
ering its activity through increasing slag basicity.

In this study, remelting was performed under a flux
consisting of ANF-29 (Table 3) with the addition of
pure CaF, in a 10:1 ratio.

To ensure stability of the chemical composition of
the nickel alloy, slag from previous melts was reused in
subsequent ones. It was assumed that the chemical com-
position of the slag during remelting evolves toward the
equilibrium state. Slag for the second melt was taken
from the first. To compensate for slag losses due to skull
formation, pure CaF, was added in the amount of 500 g.
Slag for the third melt was prepared from the slag of the
second melt by adding 400 g of calcium fluoride.

Table 3. Chemical composition of ANF-29 flux according to TU
U 20.5-00186520-126-2018, %

Sio ALO, | CaF Ca0 | MgO | Fe,O,

2

37-45

2

10-15

13-17 24-30 2-6 <0.5

During remelting, in order to reduce the oxidative ef-
fect of atmospheric air, argon was supplied through an
annular distributor into the melting zone at a flow rate
of 15 1/min. Throughout the entire process, the slag bath
was continuously deoxidized by adding metallic alumin-
ium granules at an average feed rate of 3 g/min.

RESEARCH RESULTS AND DISCUSSION

During the first experiment (melt 1), a remelting of
a single consumable electrode was carried out. The
electrode was assembled from cylindrical cutoffs of
the nickel alloy (Figure 3, a). The cylindrical frag-
ments were joined by welding using seven welding
electrodes with a diameter of 4 mm (amounting to
0.5 % of the total nickel alloy mass of 97 kg).

The melt was initiated using a liquid start. The
total flux consumption amounted to 6 kg. The pow-
er supplied to the consumable electrode was main-
tained within the range of 40-50 kVA, while 150 kVA
was delivered to the current-conducting section of
the mold. Thus, the main portion of energy was in-
troduced through the mold circuit, ensuring process
stability. As a result of the remelting, a cylindrical in-
got 490 mm in length was obtained (Figure 4, b). The
average productivity of the process reached 80 kg/h.

A sample was taken from the heat part of the ingot
to determine its chemical composition. The results of
chemical analysis showed that the composition of the
ingot metal corresponds to the standard composition
of alloy EP648 (Table 4). The absolute percentage
loss of the highly-active elements Al and Ti amounted
to 0.11 and 0.15 %, respectively.

The experimental ingot was transferred to the pro-
duction facility, where it was forged into rings of two
size types (Figure 4). The manufactured rings were in-
spected according to the current production protocols
for metallographic and ultrasonic testing. It was deter-

: ) :
Figure 4. Forged rings from the ESR ingot with a diameter of 510 mm (a) and 370 mm ()
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Table 4. Chemical composition of the metal of the ESR ingot from the first melt, wt.%

Al Ti Cr Fe

Ni Nb Mo W

0.67 0.96 33.66 0.58

52.87 1.04 2.30 4.96

mined that the quality of the metal produced through
recycling meets the requirements for alloy EP648-Sh
according to GOST 22838-77.

The remaining ring segments that passed quality
control but were not directed into further production,
with a total weight of 27 kg, were used for repeated re-
cycling. They were welded together into a single con-
sumable electrode for subsequent electroslag remelt-
ing. Four consumable electrodes were manufactured
from the remaining cylindrical cutoffs. One of them
had a simplified design in the form of a long cylinder,
while the others consisted of cylindrical fragments as-
sembled in stacks of three at each level. The general
appearance of the experimental electrodes prepared
for remelting is shown in Figure 5, a.

At the second stage of the study, two melts
(2 and 3) were carried out, resulting in ingots 1.1 and
1.25 m in length, respectively (Figure 5, ¢).

During melt 2, three electrodes of different de-
signs were sequentially remelted; their appearance is
shown in Figure 5, a. Electrode 1 consisted of cylin-
drical cutoffs welded together sequentially to form a
cylindrical electrode. Electrode 2 was assembled from
fragments of forged rings. Electrode 3 was formed
from cylindrical cutoffs grouped into sets of three per
level to increase the mold filling ratio. The diversi-
ty of consumable electrode designs within this melt

made it possible to evaluate their remelting behavior
and determine optimal approaches for forming elec-
trodes from nickel-alloy scrap.

In Figure 5, b, the electroslag remelting process
of electrode 2, assembled from forged ring fragments,
is shown. This electrode design made it possible to
verify the effectiveness of recycling waste pieces of
complex shape and to evaluate the possibility of their
remelting without loss of metal quality.

Figure 6 presents the parameter variation plots
that illustrate the specific features of the melt progres-
sion. In particular, changes in the remelting modes are
clearly observed depending on the melting stage and
the electrode design (Table 5). Due to the increased
filling ratio during the remelting of electrode 3, higher
productivity was achieved compared to electrode 1,
which was also assembled from cylindrical cutoffs
(Table 5). At the same time, the plot clearly shows pro-
ductivity jumps caused by transitions from one weld-
ed group of cylindrical fragments to the next, while
the supplied power remained relatively stable. During
the remelting of electrode 2 (Figure 5, b), assembled
from ring fragments, productivity fluctuations were
also observed, although without pronounced period-
icity, which is explained by the specific characteristics
of its construction. Meanwhile, it should be noted that
due to the thermal inertia of the process and the sta-

Figure 5. General view of the electrodes prepared for melt 2 (a); electroslag remelting process of the electrode formed from ring rem-
nants (b); ingots obtained after remelting the experimental electrodes, 1100 mm long (melt 2) and 1250 mm long (melt 3) (c)
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Figure 6. Plot of parameters during melt 2: P
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bility of the electrical regime, short-term productivity
variations did not affect the quality of the ingot. This
is confirmed by the surface appearance of the experi-
mental ingots (Figure 5, ¢).

Thus, the design of the electrode directly affects
the stability of the process and the productivity level of
electroslag remelting. At the same time, the use of the
TC ESR technology with a current-conducting mold al-
lows for significant compensation of destabilizing effect
caused both by unpredicted changes in the filling ratio
during remelting and by electrode heterogeneities, en-
suring a uniform and controlled process.

During experimental melt 3, two electrodes were
sequentially remelted, the design of which replicated
the third electrode from the second melt (Figure 5, a).
Remelting modes were determined based on the results
of the previous melt. The process was started with a dry
start using a graphite electrode to form a bath of mol-

ten slag in the mold. After that, the current-conducting
mold circuit was switched on, and the graphite elec-
trode was replaced with a consumable electrode. The
remelting was then carried out while maintaining a sta-
ble electrical regime (Figure 7). Analysis of the produc-
tivity plot showed a clear correlation with the structure
of the assembled electrode: short-term productivity
jumps occurred at the moments of transition between
individual welded segments.

Samples from the head and bottom parts of the
produced ingots were taken to determine their chem-
ical composition using X-ray spectral analysis. The
results are presented in Table 6: samples 1-1 and 2-1
correspond to the bottom part of the ingots, while 1-2
and 2-2 correspond to the head.

Analysis of the chemical composition of the ex-
perimental ingot metal (Table 3) confirmed full com-
pliance with the requirements for the nickel alloy

Table 5. Chronometry of mode changes during experimental melt 2 (according to Figure 6)

Time interval, min Process mode
0-6 Starting mode. Electric power applied to the electrode
734 Electrode 1 remelting. Two-circuit mode. Power distribution between electrode/mold —
approximately 50/150 kVA. Productivity 70-80 kg/h
35-39 Replacement of the electrode
40-79 Electrode 2 remelting. Two-circuit mode. Power distribution between electrode/mold —
approximately 40-50/150 kVA. Productivity 50-70 kg/h
80-84 Replacement of the electrode
35_154 Electrode 3 remelting. Two-circuit mode. Power distribution between electrode/mold —
approximately 50-70/150 kVA. Productivity 100—-110 kg/h
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Table 6. Chemical composition of the experimental ingot metal, wt.%

140

160 min

— power supplied to the current-conducting section of the mold; P —

Sample Al Ti Cr Fe Ni Nb Mo 4
1-1 0.65 1.01 335 0.47 0.75 33 4.9
1-2 0.62 1.08 34.05 0.41 0.68 3.1 4.4

Base
2-1 0.55 0.93 33.6 0.5 0.58 3.0 4.6
2-2 0.52 1.09 34.7 0.45 0.66 33 4.7

EP648 according to TU 14-1-4103-86 (Table 1). The
experimental ingots were transferred to production,
where they were forged into rings. The finished prod-
ucts passed quality control and were approved for fur-
ther use as intended.

Thus, the developed and tested single-stage recy-
cling technology for EP648 nickel alloy process scrap
based on the ESR process ensures the production of
ingots suitable for direct use in the production cycle.

CONCLUSIONS

The conducted experimental studies confirmed the fea-
sibility of recycling nickel alloys using a single-stage
scheme based on ESR technology with a current-con-
ducting mold. TC ESR technology with a current-con-
ducting mold allows for compensation of destabilizing
factors associated with the heterogeneity and variable
geometry of consumable electrodes, while the overall
energy and technological characteristics of the process
remain acceptable for industrial application.

On the ESR R-951 installation, the features of re-
melting consumable electrodes of variable cross-section,
formed from two types of EP648 nickel alloy process
scrap, were thoroughly studied. Rational process param-
eters were determined, in particular, the optimal power

distribution between the consumable electrode and the
current-conducting mold at a level of 1/3, which ensures
remelting stability. Under these conditions, remelting
productivity was approximately 80 kg/h.

Analysis of the chemical composition of the obtained
ingots showed full compliance with the normative re-
quirements for the EP648 alloy, indicating the effective-
ness of the developed approach in preserving alloying
elements even when using assembled electrodes. It was
determined that the ingots obtained through ESR recy-
cling are suitable for direct use in the production cycle.

Thus, the tested technology ensures the return of
EP648 nickel alloy process scrap into the production
cycle, opening up prospects for reducing production
costs through more rational use of expensive alloyed
metals. Further research should focus on studying the
impact of different electrode assembly schemes on
process stability and on extending the technology to
other nickel and high-alloy grades.
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INVESTIGATION OF THE CAUSES OF DAMAGE
TO THE WATER-WALL TUBES OF THE BOILER COOLER

FOR CONVERTER GASES

S.0. Osadchuk, L.I. Nyrkova, L.V. Goncharenko

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

ABSTRACT

The water-wall tubes of the boiler cooler for converter gases, which were damaged after five years of operation, have been
examined. Optical microscopy revealed that corrosion damages in the form of cracks, oriented perpendicularly to the tube
axis on the inner surface, propagated through intergranular corrosion along the boundaries of ferritic and pearlitic compo-
nents. It was found that steam-water corrosion processes occurred on the inner surface of the tube, following the reaction of
3Fe +4H,0 = Fe,O, + 4H, with hydrogen release, leading to the formation of small ulcers that developed into cracks due to the
loss of integrity of the protective layer under operational thermal loads and mechanical stresses in local areas. The main cause

of damage to the water-wall tubes is steam-water corrosion.

KEYWORDS: carbon steel, water-wall tubes, boiler cooler, inner corrosion, steam-water corrosion

INTRODUCTION

The boiler unit contains heat exchange surfaces for
utilising flue gas heat. The main steam-generating sur-
face of the boiler is seamless hot and cold deformed
water-wall tubes made of carbon steel. Low- and me-
dium-pressure boilers use gas-tight water walls made
of fin or conventional tubes joined along the entire
length by a welded strip [1]. The high corrosion resis-
tance of boiler tubes is predetermined by the presence
of a corrosion-resistant layer formed during opera-
tion. The effectiveness of the protective effect of this
layer depends on its density and adhesion strength to
the tube surface, which ensures its ability to protect
against external chemical or physical and mechanical
impacts. However, during the operation of heat and
power equipment, damage can occur due to steam de-
composition with the release of oxygen and hydrogen
following the reaction H,O — H, + O,, which causes
the gradual destruction of the protective layer.

The effect of steam on the Fe,O, protective layer
can be caused by the properties of water: pH, salt and
oxygen content, presence of copper, etc. The mechan-
ical interaction depends on temperature, especially its
fluctuations; scale formation, which leads to overheat-
ing of certain surface areas; reduction in the speed of
the steam-water mixture [2].

CAUSES OF TUBE DAMAGE

Internal factors of tube damage include composi-
tion, heterogeneity and mechanical stresses, for ex-
ample, due to welding or surfacing of metal. Carbon
and low-alloy steels contain many elements (silicon,
manganese, sulphur, etc.), that can form nonmetallic

Copyright © The Author(s)

inclusions, which facilitate localized pitting corrosion
and corrosion cracking. Steel heterogeneity can be a
dominant factor under conditions of hydrogen depo-
larization corrosion. In this case, the corrosion rate
is controlled by the hydrogen ion discharge reaction
rate, which is catalytically accelerated by cathodic
surface contamination [2].

In closed systems, corrosion with hydrogen release
increases with growing temperature. Thermal loads
on heating surfaces (heat flux density) also accelerate
tube corrosion. For example, the corrosion potential
of steel in condensate at a pressure of 10 MPa shifts
from —0.7 to —0.9 V when the temperature changes
from 0 to 400 °C [2] due to partial destruction of the
protective film as a result of thermal stresses in the
film arising from different coefficients of volumetric
and linear expansion of the film and steel; mechani-
cal impact of steam bubbles that form intensively on
the metal surface; and the reducing effect of atom-
ic hydrogen on the film. Atomic hydrogen is always
formed when highly heated water comes into contact
with steel as a result of hydrogen depolarization cor-
rosion.

CORROSION OF HEATING SURFACES
IN CONTACT WITH STEAM AND WATER

The heating surfaces of boilers are subject to external
corrosion (by combustion products) and internal cor-
rosion (by the heated medium) [1]. Carbon steel tubes
in contact with steam and water sometimes suffer from
corrosion damage due to both uniform and localized
corrosion (oxygen, shutdown, alkaline, steam-water,
hide-out, corrosion fatigue), which is accelerated by
temperature [1, 2].
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Carbon steel at a temperature of 120-150 °C in
pure water mostly undergoes uneven corrosion with
the formation of corrosion spots; at a temperature of
200-300 °C, corrosion spots become less; at a tem-
perature of 350 °C, the surface is covered with a dark
gray layer and corrosion spots are almost absent. To
reduce steel corrosion in purified water, it is necessary
to control the oxygen content [3].

OXYGEN CORROSION

which is observed both during operation of the boiler
and when it is in reserve [1], manifests itself in the
form of ulcers covered with iron corrosion products.
Corrosion products, which are firmly bonded to the
metal and have a black colour, are formed by magne-
tite Fe,O,. Oxygen corrosion occurs mainly in places
where moisture accumulates, especially during down-
time under a film of condensed steam [2]. Ulcers on
the elements of the boiler which is out of service in-
dicate shutdown corrosion [1]. To protect steam and
hot water boilers from oxygen corrosion, thermal de-
aeration of feed and make-up water is used, as well
as preservation of the boiler when it is in reserve or
under repair. Protection against shutdown corrosion
is carried out by using a solution of ammonia or gas-
eous nitrogen when the boiler is idle for more than
1-2 months; by filling the boiler with deaerated water
and maintaining a constant excess pressure in it — up
to three days.

Iron corrodes in water even in the absence of ox-
ygen. In the condensate, iron acts as an anode, so it is
oxidized. The fraction of the ferrous ion (Fe*") depends
on the temperature of the medium, pH, and flow condi-
tions. At low temperatures, Fe*" reacts with water form-
ing insoluble ferrous hydroxide Fe(OH),. If the con-
densate flow rate is high enough, colloidal Fe(OH), is
carried downstream and deposited elsewhere. In areas
of low flow rate, Fe(OH), is deposited near the oxida-
tion site, forming a porous oxide layer. [4].

STEAM-WATER CORROSION

is the destruction of metal as a result of the chem-
ical interaction of metal with steam water [2]:
3Fe + 4H,0 — Fe,O, + 4H,. Copper, which enters
from the elements of the feed water tract together with
iron oxides, has a catalytic effect and contributes to
the release of hydrogen [2]. The destruction of carbon
steel becomes possible at temperatures above 400 °C.
The products of the interaction reaction are gaseous
hydrogen and magnetite. Steam water corrosion is
uniform and local in nature. In the first case, a layer of
corrosion products is formed, sometimes silver in co-
lour. Local corrosion takes the form of ulcers, grooves
and cracks. The main cause of steam-water corrosion

is the heating of the tube wall to a critical temperature,
at which the metal oxidation reaction with water in-
tensifies. This is facilitated by a number of conditions,
including poor circulation in the tube; high heat flux
densities (more than 230-10° W/m?); the appearance of
a film boiling mode, which leads to overheating of the
metal. Prevention of steam-water corrosion is carried
out by eliminating the causes that provoke overheat-
ing of the tube metal. It should be noted that this cor-
rosion cannot be eliminated by changing or improving
the water-chemical regime of the boiler unit, since the
causes of steam-water corrosion depend on the hydro-
dynamic processes in the boiler, as well as operating
conditions [2]. It is emphasized [5] that steam-water
corrosion occurring in a weakened area can be the ini-
tial stage of hydrogen embrittlement and create some
prerequisites for hydrogen attack — destruction of the
protective magnetite layer and release of hydrogen. At
present, there are known cases of steam-water corro-
sion damage not only of horizontal but also of vertical
water-wall tubes, for example, near welds made by
resistance welding or using backing rings.

ALKALINE CORROSION

of heating surfaces, which occurs by an electrochem-
ical mechanism, manifests itself in the form of local-
ized fractures (grooves) of water-wall tubes and brittle
damage (intercrystalline cracks — alkaline or caustic
brittleness) in places of boiler water evaporation [2].
In most cases, alkaline corrosion of heating surfaces
is accompanied by steam-water corrosion [1, 2], in
particular, it develops on thermally stressed tubes of
the water-wall system [2]. Corrosion cracking, which
occurs by the intercrystalline mechanism, is caused
by high tensile stresses in tubes that come in contact
with boiler water; the presence of dissolved caustic
soda in the boiler water and high relative alkalinity of
boiler water, exceeding 20 % [1]. The mechanism of
alkaline corrosion in the form of brittle (non-deforma-
tion) cracks consists in the occurrence of a potential
difference between the grain body and its boundary
in the stressed metal. At temperatures above 200 °C,
protective films are destroyed under the action of
concentrated (evaporated) solutions of caustic soda
(5-10 %) in places of poor circulation of boiler water,
which has hydrated and carbonate alkalinity [2].

HIDE-OUT CORROSION

occurs under the sludge layer by electrochemical and
chemical mechanisms due to contamination of the
feed water with iron and copper oxides [1, 2]. Corro-
sion manifests itself in the form of ulcers and pits with
sharply defined contours. Corrosion of water-wall
tubes can occur both at high and normal alkalinity of
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boiler water [2]. The difference in the chemical com-
position of boiler water has almost no effect on the
initiation of corrosion. The main cause is contamina-
tion of the feed water with copper and iron oxides [2].
Damage to the metal surface, regardless of its origin,
in the presence of iron and copper oxides become cen-
tres of hide-out corrosion [1].

CORROSION FATIGUE

is a specific form of damage associated with the simulta-
neous action of corrosion and cyclic thermal stresses. In
this case, transcrystalline cracks appear [1].

The water-chemical regime, which is generally de-
scribed in NPAOP 0.00-1.81 [6], should provide the
operation of the boiler and the feed tract without dam-
age to their elements due to the deposition of scale
and sludge, an increase in the relative alkalinity of the
boiler water to dangerous limits or due to metal cor-
rosion. The choice of the method of water treatment
for feeding boilers must be carried out in accordance
with the requirements of the manufacturer’s opera-
tional documentation.

The experience of operating boilers has shown
that damage to water-wall tubes is associated with the
initiation and growth of transverse cracks on the in-
ner surfaces oriented towards the plume, which arise
first of all due to primary deposits on the outer surface
of the tubes [7]. Others consider this phenomenon to
be the result of internal tube corrosion, the types of
which have been discussed above [1, 2].

Despite a stable circulation of water in the side wa-
ter wall and the compliance of its velocity with the
calculated values, the main cause of metal ruptures in
the water-wall tube is corrosion and local overheating
of the wall in the area of internal deposits [8].

Corrosion failure of the steam generator module
tube resulted in steam leakage from the gas-facing
tube. Due to the destruction of the oxide layer on the
inner surface of the tube, cracks from fatigue loading
were formed and propagated, which led to microstruc-
tural degradation and transcrystalline cracking [9].

The conducted analysis showed that to date, the
issue of determining the type of corrosion of the tubes
of the boiler heating surfaces, which causes their
damage, has not been sufficiently studied.

THE AIM OF THE WORK

is to find the causes of damage to the water-wall sur-
faces of the boiler cooler for converter gases.

RESEARCH METHODS

The tubes of the water-wall surface of the boiler cool-
er for converter gases with an internal diameter of
32 mm and a wall thickness of 5 mm made of carbon
steel 20 of the composition, wt.%: C — 0.18; Si —

0.30; Mn — 0.52; S— 0.009; Cr — 0.07; N1 — 0.09;
Cu— 0.13 were investigated. A protective water wall
in the form of tubes, designed for radiation protect of
the lower chambers from the converter and mechan-
ical action from the converter neck, is placed in the
lower part of the boiler. The gap between the tubes is
rewelded with a strip.

The specimens were examined with the naked eye in
daylight. Corrosion products were removed in a 20 %
acetic acid. Corrosion damage was revealed according
to [10]. Metallographic examinations were performed
in a NEOPHOT 21 microscope using an Allied Vision
1800 U-2050c digital camera and SEO ImageLAB v1.0
software on unetched sections and after etching them in
a4 % alcoholic solution of nitric acid. The ferrite grain
size was determined according to [11]. The analysis of
deposits from the inner surface of the tube specimen
was carried out by ICP-spectral analysis using an iCAP
6500 DUO Termo E.C. instrument.

PRESENTATION OF THE MAIN MATERIAL.
RESEARCH AND ANALYSIS
OF THE OBTAINED RESULTS

ANALYSIS OF OPERATING CONDITIONS
OF WATER-WALL TUBES

Cooler for converter gases is a vertical water-tube,
single-drum steam boiler with a volume of 170 m?
with forced circulation, designed to cool heavily
dusty high-temperature gases entering during the steel
melting process from the converter into the gas puri-
fication unit. The composition of converter gases at
the time of maximum gas release is as follows: car-
bon monoxide CO — 47 %; carbon dioxide CO, —
21.5 %; nitrogen N, — 30 %; hydrogen H, — 1.5 %;
dust — 65 %. It should be noted that high-temperature
converter gases contain hydrogen (1.5 %), but are in
contact with the outer surface of the water-wall tubes.

The operating pressure of the boiler is 20 kgf/cm?,
the saturated steam temperature is 250 °C, the gas
temperature at the converter outlet is 1700 °C; at
the cooler outlet during the main operating mode is
700 °C; the steam capacity is 280 t/h.

The main feature of the boiler operation is the
cyclical supply of converter gases, and, as a result,
a variable thermal load. Chemically purified water
and steam-water mixture circulate in tubes, the out-
er surface of which is in contact with high-tempera-
ture converter gases. During operation, the boiler is
washed and treated with chemical reagents. There
were no deviations from the boiler operating modes.
During the absence of electricity for 1 year, the boiler
was decomissioned and preserved with nitrogen. The
first corrosion damage in the tubes was detected after
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Ulcers,
from which
cracks start
propagating

Through damage

Figure 1. Appearance of the tube specimen cut out from the water-wall surface of the boiler cooler: ¢ — outer surface; b — inner

surface

5 years of operation. Repair of the emergency areas
was carried out by replacing the tubes and rewelding
the defects.

During the examination of a seamless tube speci-
men cut out from the boiler water-wall surface, it was
found (Figure 1) that the outer surface is uneven, cov-
ered with a layer of dark gray products formed during
the combustion of converter gases. On the outer sur-
face of the specimen part (1.1) along the axis of the
tube, a metal layer of approximately 40 mm in width
was deposited in several layers using manual arc
welding. In several places on the longitudinal depos-
ited layer there are deposits across the axis of the tube.
Within the deposited layer, small shallow cracks are
visible, located transversely to the tube axis. At the
boundary between the longitudinal and transverse de-
posited layers, propagated cracks and a through dam-
age were revealed. On the outer surface of the other
half of the specimen (1.2) along the tube axis, a metal
strip of approximately 6 mm in size is welded-on, the
reinforcement on which is removed. On this part of
the tube, there are no cracks on either the inner or out-
er surfaces.

On the inner surface (Figure 1, b) a large number
of small cracks were found across the tube axis. It
is noted that larger cracks are located in areas of the
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specimen having a layer deposited across the tube on
the outer surface, presumably made during the repair
of cracks. The inner surface in this part of the tube
is deformed. It has dark gray iron corrosion products
(Figure 1, b), presumably magnetite, firmly bonded
to the tube surface, individual small ulcers and trans-
verse cracks of various sizes. Presumably, the cracks
were formed and propagated during the transportation
of the steam-water mixture. Their growth was accel-
erated by heating the outer surface of the tube during
contact with converter gases heated to a high tempera-
ture, temperature changes during the steel melting
process and mechanical stresses (due to the structural
features of the water-wall, repair works by rewelding
defects). In areas where the layer of deposited metal
is thicker and there is a layer deposited across the tube
from the outside, the cracks on the inner surface have
a greater depth and opening (Figure 1, ). On the outer
surface, corrosion is continuous, uneven and on the
inner side it has the form of cracks [10].

Analysis of deposits from the inner surface of
the tube (Figure 2) showed that their main compo-
nent is iron (43.76 %). Silicon (0.04 %), manganese
(0.85 %) were found, which are part of the tube metal
and entered the system during operation as a result of
dissolution. In addition, there are calcium (6.96 %),
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magnesium (1.51 %), which form hardness salts, as
well as zinc (0.96 %), aluminium (0.37 %), copper
(0.07 %), etc. [2]. Sodium, which is present in the de-
posit (1.04 %), at high temperature in a strongly alka-
line environment can create prerequisites for alkaline
corrosion.

METALLOGRAPHIC EXAMINATIONS
OF A WATER-WALL TUBE SPECIMEN

Metallographic sections revealed through and non-
through (Figure 3) cracks, which demonstrate the
propagation of corrosion from the inner surface.
The structure of the tube metal is ferrite-pearlitic
with pronounced banding. The ferrite grain size is
0.11-0.138 pum.

Due to prolonged heating, the structure underwent
some changes (Figure 4): the structure of the zones
located closer to the inner surface of the tube is char-
acterized by a decrease in the density of the pearlite
component preserving the banding (Figure 4, a). In

Small cracks
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Figure 2. Chemical composition of the deposits on the inner sur-
face of the tube

the zones on the outer surface (Figure 4, ¢) a carbon
phase was formed at the boundaries of the ferrite
grains, its amount being greater than on the inner sur-
face of the tube, which leads to embrittlement of the

® Deposited metal

Inner surface of the tube

Through crack

Figure 3. Appearance of cracks on the inner surface of the tube specimen

A,

TR,

Figure 4. Microstructure of the tube specimen in the areas: next to the area with cracks (), at a distance from the areas with cracks

near the inner (b) and the outer surfaces (c)

Figure 5. Cracks formed on the inner surface of the tube specimen after five years of operation
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metal due to the accumulation of the second phase at
the grain boundaries.

The revealed transverse brittle cracks with a maxi-
mum depth of 1.6 mm on the inner surface propagated
perpendicularly to the tube axis (Figure 5). Near the
crack walls, the curvature of pearlite bands is visible,
which indicates deformation of the tube wall, pre-
sumably due to depositing metal layers from the out-
side. The cracks propagated in depth and width due
to intergranular damage with grain separation along
the boundary of the ferrite and pearlite components,
apparently due to the action of hydrogen. The etching
of the crack tip and its blunting indicate the course of
anodic processes. Thus, it was found that corrosion
damage in the form of cracks located transversely to
the tube axis propagated from the inner surface by the
mechanism of intergranular fracture along the bound-
aries of the ferrite and pearlite components.

CONCLUSIONS

Damage to the metal of the tubes of the water-wall
surfaces of the boiler cooler for converter gases oc-
curred on the inner surface due to a complex interac-
tion of factors during operation: steam-water corro-
sion with the release of hydrogen, which contributes
to the embrittlement of steel due to the absorption of
hydrogen by the metal in places of destruction of the
magnetite layer; thermal loads on the tube wall and
mechanical stresses caused by the deposited layer on
the outer surface. The causes of steam-water corro-
sion depend on the hydrodynamic processes in the
boiler and depend little on the water-chemical regime
of the boiler unit.
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AOTAI COBOTS: A NEW ERA OF WELDING AUTOMATION

Aotai Electric Corporation, known for its innovations in welding technology and welding
equipment, has introduced its own line of collaborative robots (cobots) specially adapted
for welding tasks. Unlike traditional industrial robots, AOTAI cobots Ai7 and Ai10 series (the
technical parameters of which are presented in Table 1) are designed to work safely side
by side with personnel without the need for massive protective barriers and comply with the
ISO 10218-1 safety standard. Since safety is one of the most important characteristics of
collaborative robots, they are equipped with advanced sensors such as torque sensors and
collision detection systems and can immediately detect contact and limit the output force
when interacting with people, preventing accidents without the need for physical protective
barriers.

Table 1. Technical characteristics of Aotai Electric Cobots

Ai10 Ai7
Weight 38.5 kg 24 kg
Payload 10 kg 5 kg
Repeatability +0.02 mm +0.02 mm
Range 1350 mm 786.5 mm
Reach 1513 mm 908.5 mm
Speed 1.9mls 3.0m/s
Service life 30000 h 30000 h

Collaborative robots (cobots) are characterized by safety, ease of use, flexibility and inte-
gration. Safety is the basis of human-robot cooperation, as joint operations must ensure the
protection of the operator.

Ease of use and flexibility are key advantages that allow cobots to quickly adapt to complex,
flexible production processes. Integration allows cobots to penetrate diverse markets and
complement human labor in a wide range of applications.

Aotai cobots are easy to use, allowing small and medium-sized workshops to automate work
without the need for a specialized robotics engineer. One of the latest developments of Aotai
Electric is the Mini COBOT Welding Station (see Figure 1), which mainly consists of a cobot,
a welding machine and a welding platform.

Figure 1. Mini COBOT Welding Station
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This complex offers increased usability for welding tasks by integrating additional functions
such as a flexible platform, a laser positioning system and other auxiliary equipment.

Its key features are as follows:

e Integrated arc welding software: Deep integration with the robot control system allows you
to freely switch between welding modes and easily adjust welding parameters.

e User-friendly interface: The arc welding software has a clear structure and setup instruc-
tions, which simplifies the parameter configuration process for users.

e Laser sensing system: The integrated laser sensing system allows real-time position mon-
itoring on the training pendant, which is conducive to accurate positioning.

e End tool with integrated buttons: The tool at the end of the cobot has buttons for switching
operating modes, recording points and performing other functions, which ensures conve-
nient operation.

e 4\WD + encoder motor.

The system uses a fully digital motor control system with precise and stable wire feed pow-
ered by a 4WD motor + encoder motor, which provides efficient, accurate and user-friendly
welding solutions.

Of particular note is the AOTAI Mini COBOT welding station (see Figure 2), which uses a
magnetic base and a welding cart that integrates the welding machine and the robotic sys-
tem for easy mobility and control.

Figure 2. AOTAI Mini Cobot Welding System

The magnetic base plate allows the robot to be securely fixed on steel structures. Equipped
with a 10-meter wire feed cable, it provides convenient work in a wide working area.

Despite the fact that the main specialization of AOTAI cobots is arc welding (MIG/MAG,
TIG), their versatility allows them to be used in the following areas: laser welding and cutting;
grinding and polishing; palletizing and moving.

AOTAI cobots are not just a replacement for a welder, but also a powerful tool that can not
only replace heavy and often repetitive work with improved quality and stability of obtaining
high-quality seams, but also helps in the development, manufacture and implementation of
new products, which leads to increased profitability of production.

info@wtc.com.ua | www.wtc.com.ua
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SCIENTIFIC AND TECHNICAL CONFERENCE
“WELDING AND RELATED TECHNOLOGIES
FOR THE RECOVERY OF UKRAINE”

On February 27, 2025, E.O. Paton Electric
Welding Institute (PWI), Kyiv, Ukraine hosted
the scientific and technical conference “Weld-
ing and Related Technologies for the Recovery
of Ukraine”. More than seventy researchers,
engineers, and industrial practitioners from
institutes and organizations in Kyiv, Dnipro,
Lviv, Kamianske, and Poltava took part in the
event. The conference was held in the format of
plenary and poster presentations.

The conference was opened by the Director
of the E.O. Paton Electric Welding Institute,
Academician of the National Academy of Sci-
ences of Ukraine I.V. Krivtsun. He noted that
the conference was dedicated to scientific and
technical challenges in the field of welding and
related technologies. Without exaggeration, it

can be stated that welding technologies, which S
have been widely used in various branches of Address by Academician of the National Academy
industry for more than one hundred years, re- of Sciences of Ukraine L.V. Krivtsun

main among the most relevant areas of devel-
opment in modern industrial production. The potential for further advancement of these technologies requires continued
scientific research and practical validation, which is precisely the focus of this conference.

During the conference, the following plenary reports were presented:

e Matviichuk V.A. “GTE Components Made of VT6 Alloy:
Additive Manufacturing and Properties” (PWI);

e Kovalchuk D.V. “xBeam 3D Metal Printing — New Re-
search, Materials, and Technological Solutions” (NVO
“Chervona Hvilya”, Kyiv);

e Yarovytsyn O., Cherviakov M., Motrunych S., Volosa-
tov L., Zviagintseva G., Pestov V., Khrushchov H., Tomko D.,
Junwen D. “Materials Science Challenges of Arc Additive
Manufacturing of Inconel 625 Alloy Parts” (PWI);

e Korzhyk V.M., Illyashenko Ye.V., Chygileichyk S.L.,
Torba Yu.l., Chechet O.V. “3D Printing of Heat-Resistant
Plenary presentation by D.I. Stelmakh Alloy Products by Additive Plasma-Arc Surfacing: New

Technological Approaches and Equipment Development” (PWI,
JSC Zaporizhzhia Machine-Building Design Bureau “Progress”;
Zaporizhzhia Polytechnic National University);

e Shapovalov Ye.V., Dolynenko V.V., Koliada V.O., Vashchen-
ko V.M., Novodranov A.S., Vashchenko O.Yu., Mangold A.M.,
Klishchar F.S. “Development and Research of a Robotic System
for Implementing WAAM Additive Technology for Manufactur-
ing Drilling Tools” (PWI);

e Korzhyk V.M., Strohonov D.V., Tereshchenko O.S. “Applica-
tion of Arc Plasma Torches with Tubular Copper Electrodes for
Producing Fine Spherical Metal Alloy Powders” (PWI);

e Demchenko V., Nomirovskii D., Krivtsun 1. “Optimization of
Current Pulse Shape Based on the Criterion of Force Action of During the poster presentation session
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Modulated Current” (PWI; Taras Shevchenko National University of
Kyiv);

e Kovalenko Dmytro, Krivtsun Igor, Biber Alexander, Mokrov Oleg,
Pavlov Oleksii “Features of Increasing Penetration in High-Fre-
quency Pulsed TIG Welding of Carbon and Stainless Steel (Experi-
mental Studies)” (PWI; RWTH Aachen University; ISF — Welding
and Joining Institute);

e Lobanov L., Stelmakh D., Dyadin V., Savytsky V. “Technical Di-
agnostics of Bridge Conditions Based on Photogrammetry Using Un-
manned Aerial Vehicles” (PWI);

e Makhnenko O.V., Milenin O.S., Velykoivanenko O.A., Rozyn-
ka G.P., Makhnenko O.O. “Numerical Analysis of the Operational
Strength of Welded Absorber Rods of the Control and Protection Sys-
tem of the WWER-1000 Nuclear Reactor” (PWI);

e Pavlii O.V. “Digital Systems for Radiographic Inspection of Welded Joints” (LLC Scientific and Production Firm “Di-
agnostic Instruments”, Kyiv);

e Yudin Yu.V. “40TAI Collaborative Robots as a System Solution to Workforce Crises Caused by the Shortage of Quali-
fied Workers at Industrial Enterprises” (LLC “WTC”, Kyiv).

Exhibition of equipment, materials, and technologies
for welding and non-destructive testing

The conference also featured 48 poster presentations in the fields of welding, electrometallurgy, non-destructive testing,
technical diagnostics, and related technologies, prepared by specialists from Ukraine and countries outside the region.

Several companies participated in an express exhibition of equipment, materials, and technologies for welding and
non-destructive testing, including:

e PJSC “OKO Association”, Kyiv— a leading Ukrainian developer of ultrasonic and eddy-current flaw detectors, includ-
ing those for rail and weld inspection;

e LIL.C “Scientific and Production Firm “Diagnostic Instruments”, Kyiv — equipment and materials for non-destructive
testing, as well as NDT and flaw detection services;

e LLC “WTC”, Welding Technologies Center, Kyiv — a full range of pipeline welding equipment and AOTAI collabo-
rative robots;

e LLC “VELTEK”, Kyiv—Dnipro — a leader in the production of flux-cored wires in Ukraine;

e LLC “NVO “Chervona Hvilya”, Kyiv — technologies for 3D printing of high-quality parts from titanium, niobium,
stainless steel, copper, and other metals using xBeam 3D Metal Printing technology with welding wire;

e LLC “Promavtozvarka”, Kyiv — welding equipment and systems for electric arc metallization.

The event brought together leading Ukrainian researchers, engineers, and representatives of industry, who presented
current research results and technological developments in the fields of welding and materials science. Within the frame-
work of the conference, advances in additive manufacturing, robotic systems, high-temperature materials, non-destructive
testing, and digital technologies in welding processes were showcased. Special attention was paid to the application of
modern technologies for the restoration of critical infrastructure, bridges, energy systems, and industrial facilities in the
post-war period. Participants emphasized the importance of integrating scientific developments into practice, expanding
cooperation between the scientific community and business, and training highly qualified specialists for the implementa-
tion of large-scale reconstruction projects.

The conference became a landmark event for experience exchange and for defining strategic directions in the develop-
ment of welding technologies in Ukraine. The obtained results will contribute to strengthening the technological potential
of the country and to the formation of effective solutions for rapid and safe infrastructure recovery.

Considering the scale of challenges in the field of welding in the implementation of Ukraine’s reconstruction projects,
the conference participants expressed their wish to hold a similar conference annually on November 27, the birthday of
Academician Borys Paton.

The collection of conference abstracts is available at:
https://patonpublishinghouse.com/ukr/proceedings/WRT2025

Oleksandr Zelnichenko, Iryna Romanova
“PATON PUBLISHING HOUSE” LLC
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