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Development of plasma-arc technologies 
of spherical granule production 
for additive manufacturing 
and granule metallurgy
V.M. Korzhyk, D.V. Strohonov, O.M. Burlachenko, O.M. Voitenko, D.V. Kunitskyi

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

ABSTRACT
The technological and structural properties of spherical granules and the peculiarities of their production processes using indus-
trial technologies of gas atomization, plasma rotating electrode process and plasma-arc atomization of neutral and current-car-
rying wires and rods are considered. It was found that among the considered methods of obtaining spherical granules, the most 
promising in terms of productivity, energy efficiency and simplicity of the equipment used is the method of plasma-arc atomi-
zation, which, due to the presence of a large number of technological and structural parameters of the process, allows adjusting 
the particles size distribution and technological properties of the granules in a wide range. Experimental studies have shown 
that the particles size distribution, shape factor and technological properties of granules from titanium alloys and stainless steel 
obtained by plasma-arc atomization of current-carrying wire materials at the E.O. Paton Electric Welding Institute of the NAS 
of Ukraine, together with LLC R&D PLAZER Center, are at the level of the best foreign analogues. A promising direction of 
increasing the energy efficiency and productivity of the process of obtaining spherical granules for additive manufacturing and 
granule metallurgy using the technology of plasma-arc atomization of current-carrying rods with a diameter of more than 50 
mm at reverse polarity by plasma trons with a hollow copper anode is proposed.

KEYWORDS: plasma-arc atomization of current-carrying wires and rods, spherical granules, additive manufacturing, selec-
tive and direct laser melting and sintering, granule metallurgy

INTRODUCTION
Tendencies in the progress of modern industry in the 
leading world countries showed that further advanc-
es in aerospace, ship-building, power, chemical and 
biomedical industries are impossible without devel-
opment and production of new special materials with 
specified properties and their processing technologies, 
primarily Additive Manufacturing (AM) [1]. Among 
the most widely applied AM technologies one should 
note Bed Deposition technology, which includes the 
processes of selective and direct laser melting and sin-
tering (Selective Laser Melting (SLM) and Selective 
Laser Sintering (SLS), DMLS) and Electron Beam 
Melting (EBM); Direct Energy Deposition technolo-
gy — a direct energy deposition method, including 
the processes of laser deposition (Direct Metal Depo-
sition (DMD) and Laser Engineered Net Shaping 
(LENS) and cold gas-dynamic spraying (Cold Spray-
ing (CS)), and the technology of precision workpiece 
manufacturing with minimal machining allowance, 
using the compacting methods of granule metallur-
gy — Hot Isostatic Pressing (HIP) and oth.

All these methods mainly use specialized spheri-
cal granules as the consumable material for forming 
additive layers and granule composition. These gran-
ules should satisfy strict requirements, namely they 

should have a high degree of sphericity in the absence 
of satellites and other defects [2, 3], and a certain 
their size distribution, which for SLM and DMLS 
processes should be in the range of 15–63 μm, for 
CS — 15–45 μm, for SLS — 15–80 μm, for EBM — 
45–106 μm, for LENS and DMD — 45–150 μm, and 
for HIP technology — 106–250 μm. Such granules 
should have minimal porosity and stable chemical 
and phase composition.

At present, gas atomization is the most widespread 
technology to produce the granules for additive man-
ufacturing [4]. A certain share in these processes be-
longs to plasma-arc technologies, featuring a number 
of advantages [5]. Significant expansion of additive 
manufacturing application and its transition to a new 
technological level requires new technologies of pro-
ducing consumable materials, meeting a number of 
criteria by their quality, technological characteristics, 
productivity, cost, etc. In this connection, this work is 
aimed at solving the following tasks:

● conducting a critical review of the available 
technologies of producing spherical granules for addi-
tive manufacturing and promising directions of their 
development;

● substantiation of the effectiveness and analysis of 
new avenues of development of plasma-arc technologies 
and equipment for producing spherical granules for ad-
ditive manufacturing and granule metallurgy;
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● description of new results in producing spherical 
granules by plasma-arc atomization of wire materials, 
as well as rods and large-sized ingots.

REVIEW OF THE AVAILABLE 
TECHNOLOGIES OF PRODUCING 
SPHERICAL GRANULES FOR ADDITIVE 
MANUFACTURING
The main technologies of producing spherical gran-
ules for additive manufacturing include: gas atomi-
zation (GA) of the melt by inert gas (Free Fall Gas 
atomization (FFGA), Close-coupled gas atomiza-
tion (CCGA), Electrode Induction Gas Atomization 
(EIGA)) and technologies of plasma atomization of 
wires and rods (Plasma Rotating Electrode Process 
(PREP) and Plasma Atomization (PA)).

At present GA in the most widely accepted meth-
od to produce spherical granules from different metals 
and alloys for AM. In GA method (Figure 1) the initial 
material is melted in the shielding atmosphere (vacu-
um or inert gas) or in air (at open furnace melting).

Then, the produced melt is poured through the at-
omizer, where the melt flow is fragmented by a flow 
of high-velocity inert gas (nitrogen, helium, argon), 
which breaks up the melt into fine drops, which cool 
down and solidify penetrating inside the atomization 
chamber, and the dimensions of which can be deter-
mined from the following relationship [7]:

	
2

We ,pD
U
⋅ σ

=
ρ ⋅

	 (1)

where Dp is the mean particle size, μm; σ is the sur-
face tension force, N/m2; ρ is the liquid density, kg/
m3; U2 is the relative velocity between gas and parti-
cle, m/s; We is the Weber criterion.

In work [8] it is shown that EIGA atomization at 
inductor power of 50–70 kW, electrode rotation speed 
of 15‒40 °C/s and atomization pressure of 5–8 MPa 
allows producing spherical granules from Ti‒6Al‒4V 
titanium alloy of 1–400 μm size. Here, the average 
size of the granules was d50 = 145–190 μm, where up 

to 50 wt.% was made up by granules of 50–180 μm 
size. It should be also noted that at pressure rise up 
to 7–8 MPa, the quantity of satellites on individual 
granules is greatly increased, as a result of individu-
al particles of different size colliding with each other 
during atomization. Similar results were obtained in 
[9], where studies of the size distribution of particles 
from Ti‒45Al‒2Nb‒2Mn titanium alloy, produced 
by the technology of electric arc melting of the ingot 
(arc current of 475 A) and further melt atomization at 
atomization pressure of 5.5 MPa showed that the av-
erage granule diameter is d50 = 143–168 μm, and less 
than 35 % of the granules are of < 100 μm size, de-
sirable for AM. The authors [10] note that at inductor 
power of 240 kW and atomization pressure of 5 MPa 
at argon flow rate of 18 m3/min, the productivity of 
the abovementioned process can be up to 10–75 kg/h 
for Ti‒6Al‒4V titanium alloy, and the coefficient of 
sphericity is not more than 0.83 on average. Here also 
gas entrapment occurs during granule solidification in 
GA, which leads to porosity in these granules. Such 
entrapped pores can greatly increase porosity in parts, 
made by AM technology, which may reach 0.63 vol.% 
[11], where even further HIP treatment allows only 
reducing the pore size and number of pores, but not 
completely eliminating gas porosity. Thus, despite the 
high productivity of GA process, the obtained gran-
ules are characterized by relatively low coefficient of 
sphericity, presence of a large number of satellites, 
and argon-induced porosity, but the particle size dis-
tribution of the granules lies in a wide range, where 
only a small portion is the interval suitable for appli-
cation in AM.

A wide array of plasma-arc technologies of wire 
and rod atomization, among which we can highlight 
PREP and PA methods, belongs to another kind of 
widely-accepted technologies of producing spherical 
granules for additive technologies.

During the PREP process the electrode to be atom-
ized is melted by the plasma arc. Under the impact of 
an off-center force the molten metal spreads radial-

Figure 1. Technological scheme of GA process variants: a — FFGA; b — FFGA; c — EIGA [6]
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ly, forming fine drops, and after that it solidifies into 
spherical granules, due to the surface tension forces 
(Figure 2, a).

It is known that the billet rotation speed has the 
greatest influence on the particle size distribution of 
the granules in the above process [12], where dimen-
sions of atomized granules can be calculated from the 
following equation:

	
p

KD
D
σ

= ⋅
ω ρ ⋅

,	 (2)

where Dp is the mean particle size, μm; σ is the sur-
face tension force, N/m2; ρ is the liquid density, kg/
m3; ω is the billet rotation speed, rpm; D is the billet 
diameter, m; K is the correction factor.

In the general case the atomization process is 
conducted at super high speeds of electrode rotation 
(up to 9000–25000 rpm), which allows regulation of 
the particle size distribution in a broad range of 50 
to 500 μm. In work [13] it is shown that increase of 
the billet rotation speed from 9000 to 23000 rpm at 
PREP atomization of an electrode from Ti‒6Al‒4V 
titanium alloy of 55 mm diameter at plasmatron pow-
er of 75  kW, allows reducing the average diameter 
of the granules from d50 = 320 to 127 μm. However, 
there exist considerable difficulties of producing the 
fine fraction of <75 μm, the proportion of which is 
not more than 10 wt.%, and which is widely used in 
additive technology area. That is, the main limitation 
for PREP is the fact that the available applied rotation 
speed is not suitable for forming fine granules, which 
points to a pressing need for designing and producing 
equipment with a higher speed of electrode rotation. 
Significant technological difficulties are also encoun-
tered in the process of manufacturing the precision 
billet for atomization, most often using vacuum-in-
duction melting technology, and further machining of 

the billet. Other drawbacks are impossibility of manu-
facturing billets from materials of a high hardness and 
brittleness (Cr‒Mo‒Fe, Fe‒Al, Ni‒Al, etc. alloying 
systems), insufficiently efficient utilization of billet 
material (stub length is not less than 5 cm on average), 
low productivity of the process, etc.

A simpler and technologically accessible method 
of such atomization is plasma atomization of neutral 
wires and rods of a small diameter, called Plasma At-
omization (PA), where melting and dispersion of the 
material of these wires is caused by the energy and 
pressure of the plasma jet, generated by three plasma-
trons (Figure 2, b). It is shown in [14] that the above 
process can have at least eight adjustable technolog-
ical and structural parameters of the process, which 
allow regulation of the particles size distribution of 
the granules. Here, the granule size can be calculated, 
using the following equation:

	
( )

2
dwn3.35

1 0.00367p
ddD

Q T
⋅ σ⋅

= ⋅
+ ⋅ ρ

,	 (3)

where Q is the flow rate of plasma-forming gas, m3/s; 
d is the plasmatron nozzle diameter, m; T is the mass 
average temperature of the plasma jet at the nozzle 
edge, K; dw is the wire diameter, mm; ρ is the liquid 
density, kg/m3; σ is the surface tension force, N/m.

For instance, by changing the plasma-forming gas 
supply volume, it is possible to change the kinetic en-
ergy of the plasma jet, leading to greater or smaller 
refinement of the melt drops, while change of current 
supplied to the plasmatron, allows adjustment of the 
atomized electrode melting rate and volume of the 
liquid forming at its edge, etc. It should be also taken 
into account that increase of the atomized electrode 
diameter, on the one hand, leads to increase of the 
process productivity, and on the other hand, to low-
ering of the amount of fine granule fraction of < 80 

Figure 2. Technological schemes of the processes of plasma-arc atomization of wires and rods: PREP (a) and PA (b) [16]
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μm, as at application of large-diameter wires and rods 
the mass of the melt coming to the atomization zone 
is increased, and intensity of fragmentation of the ini-
tial drops is decreased. Researchers [15, 16] showed 
that application of a system of three plasmatrons of 
the total power of 83 kW and plasma-forming gas 
flow rate of 18–22 m3/h, allows producing spherical 
granules from 1.6 mm Ti Grade 2 titanium wire in a 
rather broad range of 10–300 μm, with average diam-
eter of d50 = 189 μm, where O2 oxygen content is 
below 0.055 %. The granules are characterized by 
a minimal number of defective particles, which is 
not more than 1 wt.% in both the cases, and their 
porosity is not more than 0.08 vol.%. It should be 
noted, however, that the maximal productivity of 
the process for titanium alloys is not more than 
1.5 kg/h is the general case.

Critical analysis of the structural, technological 
and technical-economic characteristics of spherical 
granules and available technologies of their manufac-
ture showed the following. Presence of a large num-
ber of satellites and irregularly-shaped particles, low-
er coefficient of sphericity for GA technology leads to 
a difference in some technological characteristics of 
the granules, compared to PA and PREP. The above-
mentioned defects create the conditions under which 
the GA granules “cling” to each other at their mutual 
displacement (powder feed), which greatly worsens 
the fluidity values (particularly for the fine fraction 
of <63 μm), and leads to defect formation in the de-
posited layers. Intragranular argon-induced porosity 
for GA granules is impossible to remove by HIP in 
some cases. In other cases at further heat treatment 
of the parts the gas opens up the regions in which it 
is trapped as a result of material heating in the sin-
gle-phase area, and porosity with ~0.1 % volume frac-
tion forms. Pore opening leads to significant lowering 
of the values of ultimate strength, impact toughness 
and other mechanical characteristics of the parts, 
which are formed by layer-by-layer deposition. Such 
a microstructural defect is inadmissible for such criti-
cal parts as turbine discs, nozzle path parts, etc. Here, 
the PREP and PA technologies are characterized by 
a practically complete absence of gas porosity in the 
granules. PREP and PA methods also feature granule 
crystallization at super high cooling rates, creating 
the conditions for formation of a microcrystalline 
(and in some cases nanocrystalline) structure, which 
has a positive effect on the mechanical properties of 
the products made from them. Also important is the 
fact that for GA process the gas-to-metal ratio (GMR) 
[17] (flow rate of atomizing gas (argon) required to 
produce 1 kg of powder) can be from 26 to 110, and 
for PA and GA processes it is not higher than 8 (for 

Ti‒6Al‒4V). PREP equipment operation runs into 
considerable difficulties related to producing a fine 
fraction of <100 μm. To achieve more than 50 wt.% 
yield of the abovementioned fraction, it is neces-
sary to significantly increase the billet rotation speed 
(more than 30000 rpm), which even more compli-
cates the already not at all simple kinematic diagram 
of the unit (for lowering the vibration level, designing 
complex bearing systems, etc). We can also include 
here the difficulties, associated with producing a cy-
lindrical billet of precise dimensions, which has to be 
polished with a high precision. At present, the scopes 
of producing the spherical granules by PA technolo-
gy do not satisfy the needs of additive manufacturing 
of products, because of its low productivity, leading 
to overpriced powders, as well as delays in delivery 
times. Therefore, it is rational to consider this process 
now only for use under laboratory conditions, when 
manufacturing small test batches of powder.

This leads to the conclusion that the technology of 
plasma atomization has a significant potential for fur-
ther development and practical application in spheri-
cal granule manufacturing. One of its variants is the 
process of plasma-arc atomization of current-carrying 
wire materials [14]. The above process is character-
ized by a higher productivity level [18], which can be 
up to 12–16 kg/h, and simplicity and mobility of the 
equipment, which allows application of a wide range 
of standard consumable materials from solid and flux-
cored wires and rods; a large number of technolog-
ical and structural parameters, permitting regulation 
of the particle size distribution in a broad range of 
15–315  μm. Here, the amount of <100 μm fraction 
can be up to 90 wt.%.

PWI DEVELOPMENTS IN THE FIELD 
OF PLASMA-ARC TECHNOLOGIES 
OF PRODUCING SPHERICAL GRANULES 
FOR ADDITIVE TECHNOLOGIES. 
NEW DIRECTIONS IN TECHNOLOGY 
AND EQUIPMENT DEVELOPMENT
In order to increase the efficiency of the processes of 
manufacturing spherical granules with the specified 
particle size distribution and sphericity parameters, at 
PWI they are currently being developed in two main 
areas of technology and equipment for:

● plasma-arc atomization of wire materials of 0.8–
3.5 mm diameter (solid and composite, for instance 
with a metal sheath and powder core);

● plasma-arc atomization of rods and ingots of up 
to 50 mm and larger diameter.

The main technological variants for implementa-
tion of the first group of technologies are shown in 
Figure 3, a, b. Here melting of the current-carrying 
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wire-anode, fed into the zone of high-velocity plasma 
jet, and further dispersion of the melt from the wire 
edge, are performed. The arc runs between the non-
consumable tungsten cathode and current-carrying 
wire-anode, fed behind the plasmatron nozzle edge, 
and in the case of neutral wire atomization — between 
the cathode and plasmatron anode. The working (plas-
ma-forming) gas coming to the working chamber is 
heated by the electric arc and flows out of the nozzle 
in the form of a plasma jet.

Results of analysis of energy efficiency and pro-
ductivity of the processes of plasma-arc atomization 
of the neutral and current-carrying wires, in the case 
of atomization of titanium wire of Ti Grade2 at plas-
ma arc power of 15 kW confirmed [19] that atomi-
zation of current-carrying wire allows increasing the 
wire heating efficiency more than 4 times (η = 17 and 
4  %, respectively) relative to the method of neutral 
wire atomization, which in its turn allows increasing 
the process productivity from 1.5 to 12 kg/h (for tita-
nium wire of Ti Grade2), and energy efficiency up to 
6 times. However, despite the relatively low produc-
tivity, the method of neutral wire atomization is still 
widely used in PA technology to produce high-quality 
commercial spherical powders from reactive, refrac-
tory and other high-alloyed metals and alloys (AP&C, 
Pyrogenesis, Canada [20]).

Note that the method of plasma-arc atomization 
of current-carrying wire without accompanying gas 
application can provide a high productivity of the 
atomization process, which at 20–25 kW power can 
be equal to 10–12 kg/h for tungsten wire. However, 
a significant disadvantage of the above process is a 
wide size distribution of the atomized particles in the 
range of 40 to 1000 μm [21].

A further development of this process was design-
ing and producing serial UN-126 and KT-088 (PWI) 
[22] and PLAZER 30-PL-W units (Scientific & Pro-
duction Center PLAZER, Ukraine) [23], where the 
abovementioned disadvantages was eliminated by ap-
plication of an accompanying gas flow (Figure 3, c). 
The accompanying gas flow, directed coaxially to the 
plasma one, forms the configuration of the latter, pro-
motes its compression and thus reduces the angle of 
opening of the atomized particle plume, increases the 
outflow velocity and dynamic pressure of the plasma 
jet, which in its turn creates the conditions for produc-
ing the optimal particle size distribution and chemi-
cal composition of the dispersed phase. The data ob-
tained by the results of mathematical modeling [24], 
showed (Figure 4) that the submerged jet flowing into 
the atmosphere, rather quickly expands, while mixing 
intensively with the external gas atmosphere. Plasma 
jet blowing by a circular laminar flow of cold gas of 

Figure 3. Scheme of the process of plasma-arc atomization of neutral wire (a), current-carrying wire without accompanying flow (b), 
current-carrying wire with accompanying gas flow (c) and appearance of the atomization process (d)

Figure 4. Longitudinal changes of velocity u (a) and temperature T (b) of argon plasma flowing out into argon (1, 3) and air (2, 4) 
atmosphere in different modes of plasmatron operation (current I = 200 A), plasma-forming gas flow rate Qpl = 2 m3/h): 1, 2 — accom-
panying gas flow rate Qac = 20 m3/h for argon and air, respectively; 3, 4 — Qac = 0 m3/h [24]
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the same composition as the plasma-forming one pre-
vents the plasma jet expansion. Here, the turbulence 
is partially damped by the surrounding circular flow, 
and the jet energy and pulse are preserved at greater 
distances than for the submerged jet.

Increase of the velocity of plasma jet outflow in 
the zone of wire location promotes an increase of 
gas-dynamic pressure of the jet on the wire edge and 
transition from vibrational breakup, We = 8–12, and 
bag breakup, 12 < We < 50, to the mechanism of bag-
and-stamen breakup, 50 < We > 100. Here, the inten-
sity of breakup of the melt drops forming at the cur-
rent-carrying wire edge at its melting, is significantly 
increased [25]:

	

2

We ,g rel pu dρ ⋅ ⋅
=

σ
	 (4)

where ρg is the gas phase density, kg/m3; u2
rel is the 

relative speed between the gas phase and the particle, 
m/s; dp is the particle diameter, m; σ is the force of the 
drop surface tension, N/m.

Experimental data [14] showed that use of ac-
companying gas flow allows significant reduction of 
maximal drop dimensions from d90 = 1000 to 315 μm, 
which enables an essential increase of the amount of 
the fraction suitable for use in AM and granule metal-
lurgy technologies.

Over the recent years development of this tech-
nology of plasma-arc atomization consisted in solv-
ing tasks related mainly to extension of service life 
of plasmatron internal parts, improvement of produc-
tivity and efficiency of heating and of atomization 
material utilization. For this purpose, the Scientific 
& Production Center PLAZER, Ltd. designed and 
manufactured an experimental-production unit PLA-

Figure 5. Appearance of PLAZER 50-PL-W laboratory unit (a) and two-phase plasma jet (b): 1 — transformer power source of the 
main arc; 2 — thyristor electric drive; 3 — transformer power source of pilot arc; 4 — control and gas preparation cabinet; 5 — mobile 
operator console with touch panel

Table 1. PLAZER-50-PL-W unit specification

Parameter Value

Consumed power, kW, not more than 50
Voltage of 50 Hz three-phase AC mains, V 380

Open-circuit voltage, V 160
Range of working current adjustment, A 100‒500
Range of working voltage adjustment, V 30‒100

Duty cycle, % 100
Air flow rate at 0.6 MPa pressure, nm3/h 15‒60

Argon or helium flow rate at 0.1 MPa pressure, nm3/h 1‒3
Wire feed rate, m/min 2‒15

Plasmatron cooling Air or water
Service life of plasmatron nozzle and cathode, h (machine time) Not less than 100

Cooling water pressure, MPa 0.3‒0.5
Cooling water flow rate, nm3/h 0.4‒0.6

Diameters of applied wire materials, mm 1.0‒2.4
Control type Automated

Controller type PLC
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ZER 50-PL-W (Figure 5), which incorporated a new 
design of the plasmatron with water cooling and op-
timized geometry of the nozzle part of reduced over-
all dimensions, which allowed the abovementioned 
equipment power to be increased from 30 to 50 kW 
(Table 1) [18].

This, in its turn, allowed increasing the process 
productivity to 16–18 kg/h, and intensifying the pro-
cesses of dispersion of the melt forming at the wire 
edge. It should be also noted that power increase be-
comes particularly relevant for the case of flux-cored 
wire atomization, where increase of flux-cored wire 
diameter from 1.6 to 2.4 mm and more allows greatly 

increasing the wire FF (up to 40 %) and, the degree 
of granule alloying, respectively, but requires ensur-
ing a proper degree of metallurgical interaction of the 
components, present in the flux-cored wire composi-
tion, which leads to lowering of the degree of granule 
heterogeneity by their chemical and phase composi-
tion. The developed unit enhances the technological 
capabilities of the process of plasma-arc atomization 
of current-carrying wires, as a specialized control sys-
tem was developed for this purpose, which includes 
the measuring, starting and control and signal equip-
ment, in particular, use of a touch panel, programma-
ble logic controller (PLC) and development of the re-

Figure 6. Scheme (a) and appearance (b) of experimental-production equipment and visualization (c) of the process of plasma-arc 
spheroidization of current-carrying materials with a chamber with protective atmosphere and counter gas flow
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spective software. The unit software contains all the 
functions of control, adjustment, indication and emer-
gency signaling of the unit operation modes. PLC has 
the function of an executive computing device, which 
on the basis of the data received from the monitor-
ing system, performs correction of atomization pro-
cess parameters and equipment operation algorithm, 
changing current, gas flow rates, wire feed rate, etc.

PWI developed an experimental-production unit 
for plasma-arc spheroidization of current-carrying 
materials (Figure 6), where a counter gas flow is used 
for control and monitoring of the speed and tempera-
ture characteristics of the granules. It allows greatly 
reducing the overall dimensions of the atomization 
chamber to 3 m chamber height, as the standard pro-
duction chambers have not less than 10–15 m cham-
ber height, and regulating the rate of particle cooling 
inside the chamber, in particular for formation of a 
fine-crystalline structure.

Numerical modeling means were used for calcula-
tion of the main structural parameters of this chamber, 
and for selection of optimal velocities of the count-
er gas flow. For this purpose, first modeling of the 
process of outflowing of argon plasma blown by an 
accompanying gas flow was performed in CFD soft-
ware, by solving a system of MHD equations (5‒12) 
and using a standard two-parametric k‒e model of tur-
bulence (13), and gas-dynamic and temperature char-
acteristics of the plasma jet were defined (Figure 7):

1. Law of mass conservation:

	 ∇ρυ.	 (5)

2. Law of momentum conservation:

	
( ) ( ) ( )2 2 .

3
V V j B p V Sρ ⋅∇ = ⋅ −∇ + µ ∇ + ∇ ⋅ µ
     

	 (6)

3. Law of energy conservation:

	
( ) ( ) 5 .

2
BkVh T j E j T
e

∇ ⋅ ρ = ∇ ⋅ λ∇ + ⋅ + ⋅∇
   

	 (7)

4. Maxwell equation:

	 ( ) 0,∇ ⋅ − ∇∅ =σ 	 (8)

	 ,E = −∇∅


	 (9)

	
2

0 ,A j∇ = −µ
 

	 (10)

	 .B A= ∇ ⋅
 

	 (11)

5. Ohm’s law

	 .j Eσ ⋅=
 

	 (12)

where ρ is the gas density, kg/m3; V


 is the gas ve-
locity, m/s; j B⋅

 

 is the Lorentz force due to electric 
current vector j



, A/m2; and electromagnetic induc-
tion vector, B



, T; p is the pressure, Pa; μ is the dy-
namic viscosity of plasma, kg/m.s; S



 is the strain rate 
tensor; h is the enthalpy, J/kg; E



 is the electric field, 
V/m; kB is the Boltzmann constant, J/K‒1; e is the el-
ementary charge, C; σ is the electric conductivity of 
gas, W/m∙K; Ø is the electrostatic potential, V; A



 is 
the vector potential of the electromagnetic field, T∙m.

	

2

,t
kCµ = ρ
ε

	 (13)

where k is the kinetic energy of turbulence, m2/s2; ε 
is the turbulent energy dissipation rate, m2/s3; ρ is the 
medium density, kg/m3; C = 0.09; μt value has the di-
mension of kg/m∙s.

At the next stage the Taylor Analogue Break-up 
(TAB) model of hydrodynamic break-up of the drops 
and the derived experimental data were used to mod-
el the process of dispersion of the melt forming during 
plasma-arc atomization at the edge of current-carrying 
1.6 mm wire from AISI 316 steel (14‒17). TAB model 
draws an analogy between the mass-spring-damper sys-
tem and oscillations and deformation of the liquid drops 
leading to their refinement. In this analogy the surface 
tension force is represented by the restoring or stabiliz-

Figure 7. Gas-dynamic (a) and temperature characteristics (b) of argon plasma, blown by accompanying gas (P = 16 kW)
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ing force of the spring, while the aerodynamic force of 
the gas is the source of external force, or the force, which 
destabilizes the mass, and the damping force is repre-
sented by the liquid viscosity characteristic:

	 mx F kx dx= − −  ,	 (14)

where m, F, k and d are the mass, force, spring con-
stant and damping constant, respectively; x is the dis-
placement of the drop equator from the equilibrium 
position in the form of a sphere to an oblate ellipsoid 
(Figure 8).

Using the Taylor’s analogy coefficients, the phys-
ical dependencies of the coefficients in equation (14) 
have the following values:

	

2
g

f
l

uF C
m r

ρ
=

ρ
,	 (15)

	
3k

l

k C
m r

σ
=

ρ
,	 (16)

	
2 ,l

d
l

d C
m r

µ
=

ρ
	 (17)

where ρl is the drop density, kg/m3; ρg is the density 
of the continuous phase, kg/m3; u is the relative speed 
of the drop, m/s; r is the initial drop radius, m; σ is 
the drop surface tension force, N/m; μl is the drop 
dynamic viscosity, kg/m∙s. Values for dimensionless 
constants are as follows: Cf = 0.33; Cd = 5 and Ck = 8.

It was found that during atomization, particles 
the dimensions of which can be in the range of 20 
to 500 μm, are formed. Investigations of these parti-
cles movement and their heat exchange with the at-
mosphere inside the atomization chamber (Figure 9) 
showed that at 3 m distance from the plasmatron edge 
their speed can be in the range of 8–30 m/s, depending 
on the calculated dimensions, and their temperature 
can be equal to 400–1200 K. This, in its turn, leads 
to particle deformation and formation of defective 

products at their collision with the walls of powder 
collector (at calculated chamber height, equal to 3 m).

It is shown that the counter gas flow allows per-
forming processing in atomization chambers of not 
more than 3 m length, due to intensification of parti-
cle braking processes, and increasing the rate of heat 
exchange between the atmosphere and the particles 
(Figure 10).

Experimental studies of the sphericity coefficient 
of granules from AISI 316 stainless steel (Figure 11), 
produced at atomization in different atmospheres, 
showed that compared to atomization in air, use of 
chambers with a shielding argon atmosphere and 
counter gas flow allows increasing the sphericity co-
efficient of the granules from 0.73 to 0.85.

PWI is also performing studies of the processes 
of plasma-arc spheroidization of neutral (Figure 12, 
a) and current-carrying wires (Figure 12, b) and rods, 
using plasmatrons with a hollow copper anode, oper-
ating at reverse polarity.

It was found that the method of reverse polarity 
plasma-arc atomization (by the “wire–cathode” and 
neutral wire scheme) has a number of advantages 
among the currently available plasma spheroidization 
technologies, which are of wide practical interest, as:

Figure 8. Drop deformation mechanism in keeping with TAB 
model

Figure 9. Dependence of the change in particle speed V (a) and temperature T (b) at a certain distance from plasmatron edge (without 
using counter gas flow)
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● they allow increasing electric power (up to 
200  kW) due to “elongation” of the arc (from 150 
to 550 V) in the copper electrode cavity owing to a 
change of the jet gas-dynamic characteristics, unlike 
plasmatrons operating at straight polarity, where in-
crease of electric power is achieved by increasing the 
working current (from 400 to 1000 A), using high ca-
pacity power sources, which intensifies erosion of the 
nozzle and the electrode, or using plasmatrons of a 
more complex design (water-cooled IEI etc.)

● they enable dispersion of a wide range of sprayed 
materials (from large-diameter solid and flux-cored 
wires to rods of 50 mm and greater diameter, etc.);

● plasmatron design allows generation of a super-
sonic plasma jet with the velocity in the range of (1.5–
4.0)∙103 m/s, which greatly intensifies the processes of 
dispersion of the melt, forming at the spraying elec-
trode edge, and increases the amount of the produced 
fine fraction (<80 μm) of the granules [26];

● a low rate of erosion (0.01 nanogram/C at 
40 kW) of the electrode is achieved, which does not 
have any limitations as to the number of its operation 
starts, which also greatly prolongs the plasma equip-
ment service life;

● thermal efficiency of plasmatrons with a hollow 
copper cathode is on the level of 0.80–0.85, here the 
power transferred to the product by the plasma flow, 

Ppl at the same operation modes is 1.2 to 1.5 times 
greater, than at straight polarity. It results in improve-
ments of the process efficiency, allowing a significant 
reduction of the amount of energy consumed in melt-
ing one unit of the wire volume [27].

The data obtained at numerical modeling of the 
abovementioned process (Figure 13) confirmed that 
at plasmatron operation at reverse polarity current, 
arc voltage U is much higher than when working at 
straight polarity, URP ≈ (1.1–1.5)USP (URP is the con-
stricted arc voltage at plasmatron operation at reverse 
polarity, USP is the constricted arc voltage during plas-
matron operation at straight polarity), resulting in 
higher productivity of the plasmatron [28].

In accordance with that a line of plasmatrons were 
developed for atomization of neutral and current-car-

Figure 10. Dependence of the change in particle speed V (a) and temperature T (b) at a certain distance from plasmatron edge (using 
counter gas flow)

Figure 12. Scheme of plasma-arc atomization process at reverse 
polarity using plasmatrons with a copper hollow anode: cur-
rent-carrying (a) and neutral (b)

Figure 11. Dependence of sphericity parameters of sprayed parti-
cles from AISI 316 stainless steel of 20–100 μm fraction on am-
bient atmosphere type (P = 16 kW): 1 — air (hardening in water); 
2 — air (hardening in air); 3 — argon
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rying materials, using approaches established when 
designing and manufacturing the plasmatrons for re-
verse polarity cutting.

PRODUCING SPHERICAL GRANULES 
BY PLASMA-ARC ATOMIZATION 
OF WIRE MATERIALS
Experiments on atomization of various types and 
grades of current-carrying compact (Figure 14, a) and 
flux-cored wires (Figure 14, b) were performed in 
PLAZER-50-PL-W unit with further analysis of the 
technological and structural features of the produced 
granules.

So, investigation of particle size distribution of 
granules (Figure 15) produced at atomization of cur-
rent-carrying compact wire from AISI 316 stainless 
steel, showed that owing to a large number of regulat-
ed parameters the above equipment allows producing 
spherical granules in the size range of 15–315  μm. 
Here, in certain atomization modes it is possible 
to obtain a large amount of fine fraction. The main 
fraction is 15–100 μm, which makes up to 90 wt.%, 

where the proportion of 15–45 μm fraction is equal to 
21.2 wt.%, that of 45–63 μm fraction — 23.7 wt.%, 
that of 63–80 μm fraction — 25.4 wt.%, that of 80–
100 μm fraction — 19.2 wt.%, that of 100–160 μm 
fraction — 10.5 wt.%, and the average diameter 
d50 = 63 μm.

Investigations of the shape of these granules 
showed that on the whole they are of a regular spher-
ical shape (Figure 16, a) with sphericity coefficient 
S = 0.83 and higher, while the proportion of irregular-
ly-shaped particles is not more than 1 wt.%.

Results of investigations of the technological 
properties of the abovementioned granules showed 
that their fluidity (in the case of ‒45; +15 μm frac-

Figure 13. Dependence of constricted arc voltage on current: 1 — 
total arc voltage; 2 — voltage inside hollow electrode; 3 — volt-
age in the nozzle plasma-forming channel; 4 — voltage in open 
section of the arc; 5 — voltage in the cut cavity at plasmatron 
operation at reverse (1′, 5′) and straight polarities (1″, 5″)

Figure 14. SEM images of the cross-section of compact wire from 
AISI 316 stainless steel (a) and flux-cored wire of Fe‒Al(86Fe + 
14Al wt.%) alloying system (b)

Figure 15. Particle size distribution of granules produced at atom-
ization of compact wire from AISI 316 stainless steel

Figure 16. SEM image of granules produced at atomization of compact wire from AISI 316 stainless steel (a) and Ti Grade2 titanium 
(2) [31]
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tion) is at the same level as that of another commer-
cial powder of MetcoAdd 316-A grade (Oerlicon AM 
Co., Ltd, Germany), widely used by SLM and DMLS 
methods and it is equal to 18 s/50 g.

It should be also noted that the productivity of the 
abovementioned process for this mode of atomization 
of current-carrying wire from AISI 316 stainless steel 
(plasma arc power P = 18 kW and total argon flow 

rate Q = 25 m3/h) is equal to 10.5 kg/h with further 
possibility of its increase. Table 3 gives the results 
of analysis of particle size distribution of granules 
produced at atomization of current-carrying compact 
wires of different chemical composition.

Investigations of the process of plasma-arc atom-
ization of current-carrying flux-cored wire of Fe-Al 
alloying system, showed that the above process al-

Table 2. Particle size distribution and fluidity of granules of different grades from 316 L stainless steel

Powder brand and production method Fraction size, μm d90, μm d50, μm d10, μm Fluidity, s/50 g

MetcoAdd 316-A, GA –45; +15 46 30 19 <20
PLAZER‑30, PA –45; +15 43 28 17 18

GA [29] –45;+15 45 22 8 29

Table 3. Particle size distribution of granules, produced at atomization of current-carrying compact wires of different chemical com-
position

Number Material Wire diameter, mm Power, kW Average granule diam-
eter d50, μm

1 Cu‒ETP copper 1.2 21 52
2 AISI 316 stainless steel 1.0 18 63
3 NiCr-3 nickel alloy 2.0 21 184
4 Inconel 625 nickel alloy 1.2 22 87
5 Ti Grade 2 titanium 1.6 14 152

Figure 17. SEM image of Fe–Al wire edge after an abrupt extinguishing of the arc during plasma-arc atomization (a), granule micro-
structure (b) and appearance of particles (c): spectra 1–3 — zone of metallurgical interaction of the wire material at its melting and 
atomization; spectrum 4 — wire zone not subjected to thermal impact; spectra 1‒12 — zone with granule cross-section
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lows producing spherical granules from high alloys 
(Figure 17, c), which are difficult or impossible to 
produce by the traditional methods (nickel, titanium, 
iron intermetallics and other alloys). Such granules 
further on can be used to manufacture products of a 
complex geometry, for instance by the technology of 
cold gas-dynamic spraying and further HT or TMT. 
The paper presents the results of experimental inves-
tigations of the processes of heating, melting and in-
teraction of 86Fe + 14Al wt.% flux-cored wire, con-
sisting of a steel sheath from St-08rim low-carbon 
steel and powder filler (aluminium of PA-4 grade) at 
optimal parameters of the atomization mode (18 kW 
power) in PLAZER-50-Pl-W equipment. These stud-
ies showed that the above process allows producing 
spherical granules of a chemical composition, which 
practically does not differ from the composition of the 
initial material (flux-cored wire), while the proportion 
of granules with external and internal defects is not 
higher than 1.0–1.5 wt.% (Table 4) at average diame-
ter d50 = 115 μm and up to 45 wt.% proportion of fine 
fraction of <100 μm.

Studies of melted-off edge of the flux-cored 
wire after an abrupt extinguishing of the arc, using 
X-Ray microspectral analysis (Tescan MIRA 3 LMU) 
showed that at the wire edge metallurgical interac-
tion of the molten metal sheath and the aluminium 
filler takes place, leading to formation of a melt, the 
integral chemical composition of which corresponds 
to intermetallic of Fe3Al type (Figure 7, a, Table 4). 
Investigation of the heterogeneity of intermetallic 
granules of different fractions (Table 4) showed a 
small inhomogeneity of chemical composition of the 
produced granules. So, Al proportion can vary from 

16 to 28 at.%. At the same time, however, investiga-
tion of the granule phase composition by the meth-
od of X-Ray diffraction phase analysis (DRON-3M, 
CuKα-radiation) showed that the proportion of Fe3Al 
intermetallic phase can be up to 85 wt.%.

PRODUCING SPHERICAL GRANULES 
BY PLASMA-ARC ATOMIZATION OF RODS 
AND INGOTS
Experiments on atomization of current-carrying com-
pact wire of 1.6 mm diameter from low-carbon steel of 
ER70S-6 grade and stationary rod of 50 mm diameter 
from low-carbon Q235 steel at 120 kW power of the 
plasma arc were performed in PLAZER-50-PL-W unit, 
upgraded for plasma atomization at reverse polarity.

Analysis of particle size distribution of granules 
(Figure 18) produced at atomization of current-car-
rying wire showed that during atomization spher-
ical granules in the size range of 15–630 μm are 

Table 4. Chemical composition of local zones at the edge of flux-cored wire‒anode Fe‒Al after an abrupt extinguishing of the arc 
during plasma-arc atomization and granule microstructure

Local zone number 
(spectrum) Image

Chemical composition of local zones, at.%

Fe Al Si O
1

Figure 17, а

76.49 23.51 – –
2 75.49 24.51 – –
3 74.15 25.85 – –
4 99.64 – 0.36 –
1

Figure 17, b

82.92 16.04 0.55 0.49
2 82.67 16.31 0.70 0.32
3 83.01 16.44 0.21 0.34
4 74.07 25.09 0.63 0.21
5 74.78 24.62 0.46 0.14
6 74.44 24.94 0.43 0.19
7 71.67 27.71 0.20 0.42
8 72.52 27.52 0.00 0.23
9 71.59 28.01 0.13 0.27
10 83.17 16.22 0.24 0.37
11 74.10 25.03 0.71 0.16
12 71.75 27.85 0.12 0.28

Figure 18. Particle size distribution of granules produced at at-
omization of current-carrying compact ER70S-6 wire of 1.6 mm 
diameter by plasmatron at reverse polarity and 120 kW power
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formed, with the following percentage of fractions: 
15–100 μm — 15.8 wt.%, 100–160 μm — 20.2 wt.%, 
160‒200 μm — 24.7wt.%, 200–250 μm — 23.2 wt.%, 
250–315 μm — 16.1 wt.%, and the average diameter 
is d50 = 183 μm.

Analysis of particle size distribution of the gran-
ules (Figure 19), produced at atomization of cur-
rent-carrying wire, showed that during atomization 
spherical granules in the size range of 15–630 μm are 
formed, with the following percentage of fractions: 
15–100 μm — 10.3 wt.%; 100–200 μm — 17.2 at.%; 
200‒315 μm — 29.2 wt.%, 315–400 μm — 27.5 wt.%, 
400‒630 — 15.8 wt.%, average diameter being equal 
to d50 = 282 μm.

Study of the produced granules shape (Figure 20) 
showed that on the whole they have a regular spher-
ical shape (Figure 20, a) with sphericity coefficient 
S = 0.75 and more, and the proportion of irregular-
ly-shaped particles is not more than 5 wt.%. The pro-
ductivity of atomization process at 120 kW power can 
be up to 16 kg/h for current-carrying compact wire 
from low-carbon ER70S-6 steel of 1.6 mm diame-
ter, and in the case of atomization of a stationary rod 
from low-carbon Q235 steel of 50 mm diameter it is 
20 kg/h. Here, a tendency is also observed to further 
improvement of productivity at increase of plasma arc 
power to 200 kW.

Thus, despite a high productivity the above pro-
cess requires further investigations and development 
of additional technological measures, which will al-
low a significant increase of the amount of the frac-
tion, suitable for application in AM and granule met-
allurgy technologies.

Conclusions
1. Critical analysis of modern technologies for pro-
ducing spherical granules showed that in the general 
case the technologies of gas atomization are charac-

terized by the presence of a large number of satellites 
and irregularly-shaped particles, lower coefficient of 
sphericity and intragranular argon-induced poros-
ity, leading to formation of defects in the deposited 
layers and causing a significant lowering of the val-
ues of ultimate strength, impact toughness and other 
mechanical characteristics of finished products. The 
Plasma Rotating Electrode Process allows avoiding 
the majority of these disadvantages. Equipment op-
eration, however, involves considerable difficulties 
for producing a fine fraction of <100 μm. To achieve 
more than 50 wt.% yield of the mentioned fraction, 
there is the need for an essential increase of the billet 
rotation speed (more than 30000 rpm), which greatly 
complicates the already not at all simple kinematic di-
agram of the unit (lowering of the level of vibrations, 
designing complex bearing systems, etc.). There are 
also difficulties associated with producing the cylin-
drical billet of precise dimensions, which has to be 
polished with a high accuracy, etc.

2. It was found that the technology of plasma-arc 
atomization has considerable potential for further 
development and practical application in spherical 
granule manufacturing. One of its variants is the pro-
cess of plasma-arc atomization of current-carrying 
and neutral wires, rods and large-sized ingots of up 
to 50 mm and greater diameter. The abovementioned 
process is characterized by higher values of energy 
efficiency and productivity, which can reach up to 
20  kg/h, and relative simplicity of the equipment, 
and it allows producing spherical granules in a broad 
range of dimensions of 15–315 μm. Here, the amount 
of <100 μm fraction may reach 90 wt.%. A new gen-
eration PLAZER-50-PL-W unit was developed for 

Figure 19. Particle size distribution of granules produced at atom-
ization of a current-carrying stationary rod from low-carbon Q235 
steel rod of 50 mm diameter by a plasmatron at reverse polarity 
and 120 kW power

Figure 20. SEM images of granules produced at atomization in 
air of a current-carrying stationary rod from low-carbon Q235 
steel of 50 mm diameter
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plasma-arc spheroidization of neutral and current-car-
rying wires and rods. Its feature is application of a 
plasmatron with higher current load and intelligent 
system of automatic real-time control and monitor-
ing of a greater number of technological parameters. 
The designed atomization chamber with shielding at-
mosphere with gas counter flow allows a significant 
reduction of overall dimensions of the equipment, 
namely chamber height from 10–15 to 3 m, enables 
controlling particle cooling processes to form a fine-
ly-dispersed structure, and promotes producing spher-
ical granules in the size range of 20–315 μm with the 
sphericity coefficient of 0.75–0.85.

3. Plasma-arc technologies developed at PWI allow 
producing spherical granules from the entire range of 
materials, widely used in the area of 3D printing of 
high-quality products by the methods of selective and 
direct laser melting and sintering, electron beam melt-
ing, cold gas-dynamic spraying and granule metallur-
gy technologies for producing high-quality structural 
metallic materials by compacting particles (granules) 
of a microcrystalline structure, which crystallized 
from the melt at a high rate.
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ABSTRACT
At present, for selective laser melting (SLM, Selective Laser Melting), studying the influence of characteristics of blowing 
and a loading of the working space on mechanical properties of titanium Ti6Al4V alloy is an urgent task. In the work, tensile 
samples were studied, for which as a result of a different loading of the building space, there was a pause of different duration 
between the deposition of powder and return of the laser beam. Based on the analysis of the values of mechanical properties, 
it was found that characteristics of strength of test samples in the area of the inlet nozzle of inert gas blowing have a value by 
3‒5 % lower compared to the central area of the platform with a range of values of ± 2 %, in the area of the outlet nozzle, the 
value is lower by 3‒5 % compared to the central area, a range of values is ± 10 %. It was found that an increase in the pause 
from 50 to 65 s leads to a decrease in strength and ductility characteristics by 23 and 10 %, up to 80 s by 33 and 0.7 %, respec-
tively.

KEYWORDS: selective laser melting, blowing, loading of the working space, Ti6Al4V alloy, mechanical properties

INTRODUCTION
Selective laser melting (SLM) technology consists in 
building a solid object by multicycle surfacing of thin 
layers of material on previously produced layers. In 
such processes, the material is subjected to complete 
melting to provide its joining with the previous layer 
and the subsequent reusable heating to high tempera-
tures [1, 2]. SLM technology is a relatively new type 
of metal treatment that allows implementing an ac-
curate fabrication of complex-shape structures [3, 4].

It should be noted that a large number of research 
is devoted to the issues of selective laser melting and 
electron beam fusion of powder layer [5–7]. It should 
be also taken into account, that each piece of equip-
ment has its own technological aspects, one of which 
is the environment and the processes occurring during 
printing. For example, the process of fusion by elec-
tron beam gun irradiation is carried out in a vacuum 
environment, and in selective laser melting, in most 
cases argon (Ar) or nitrogen (N2), in other — heli-
um (He) is used [8]. If we consider this issue in more 
detail, it can be said that in the process of fusion as 
a result of electron beam gun irradiation, in a vacu-
um environment, the intensity of cooling the melt 
pool is lower due to the fact that it is affected only by 
the temperature gradient and crystallization rate [9]. 

When using an inert medium, to shield the powder 
layer with laminar gas flows, in the process of selec-
tive laser melting, the rate of cooling the melt pool 
and adjacent layers is additionally affected by gas due 
to its corresponding physical properties, velocity and 
flow direction [10]. Thus, the use of rational param-
eters of velocity control and distribution of gas flow 
is an additional method of influencing the mechanical 
properties of a product.

At present, the issues of velocity and flow direc-
tion on mechanical properties and density are paid 
great attention [11‒13]. The interest to this issue is 
caused by such a common phenomenon in the field 
of printing as the powder ejection into the area of the 
outlet [14, 15] due to evaporation, picking up and 
transferring of particles (Figure 1), which as a result 
can get into the zone of laser beam effect, melt into 
and affect the density of a finished product. Changes 
in the inlet flow (nozzle design) lead to changes in the 
flow in the printing area and in the cooling rate of the 
melt pool, which also play a role in influencing the 
quality of a finished product (Figure 2). It should be 
noted that fabricating parts by this method is in most 
cases a single or small batch production, which can 
also have a significant impact on the repeatability of 
the results. This is associated with the constant change 
in the cross-section of parts, their quantity and laser 
beam intensity.
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As a result of the research carried out by the au-
thors of [11], the effect of the inert gas flow on pow-
der particles ejected and returned to the surface of the 
powder layer during the printing process, which is a 
general phenomenon in SLM technology, was ana-
lyzed. As a result of the study, it was established that 
the density of parts manufactured by SLM technology 
was influenced by the morphology of transferred par-
ticles. The more important fact is that samples printed 
by SLM process are not uniform in density due to the 
effect of gas flow.

In [12] it was established that the uniformity of the 
gas flow in the SLM process has a significant effect on 
the density and tensile strength of printed parts. The 
authors established a rational argon flow velocity in 
the range of 1.3‒2.0 m/s for printing.

Since the authors of [13] did not consider the issue 
of density and mechanical properties of test samples 
in real printing conditions (with printing of parts of 
different cross-section and quantity), the study of wit-
ness-samples manufactured in the same printing pro-
cess together with products is definitely relevant.

It follows from the abovementioned, that the issue 
of the influence of cooling rate, gas flow circulation and 
loading of the working space on the density of test sam-
ples and mechanical properties is insufficiently studied 
and is of fundamental and practical importance.

The aim of the work is to study the influence of the 
working space loading (pause duration between lay-

ers formation), velocity and features of the flow circu-
lation on mechanical properties under the conditions 
of operation of Alfa-150D machine.

MATERIAL AND RESEARCH PROCEDURE
The work examined tensile test samples fabricated 
in a 3D printing machine Alfa-150D produced by 
ALT Ukraina LLC [5] from metal powder of titanium 
Ti‒6Al‒4V alloy with the following chemical compo-
sition, wt.%: A1 ‒ 6.21; V ‒ 4.03; Fe ‒ 0.04; C ‒ 0.1; 
O ‒ 0.7; N ‒ 0.02; Ti is the base [16], the granulomet-
ric analysis is presented in Figure 3.

Alfa-150D 3D printing machine produced by ALT 
Ukraina LLC with a printing area of 150×150  mm 
is equipped with an inlet and outlet nozzle for maxi-
mum collection of inert gas entering through the inlet 
nozzle without dispersing it throughout the working 
chamber. In order to provide inert gas collection and 
at the same time not to blow powder, the velocity of 
the flow over the working platform in the printing 
area was taken to be 1.5 m/s. The working gas is argon 
with a constant density and temperature. Between the 
main and auxiliary inlet nozzles, the flow is distribut-
ed in such a way that 70 % of the total argon flow rate 
is on the main nozzle, and 30 % on the auxiliary one. 
The introduction of the auxiliary inlet nozzle in the 
upper part of the working chamber led to the fact that 
dispersion of the flow during its movement from the 
main inlet nozzle to the outlet is reduced. In this case, 
the flow has a laminar flowing mode.

Figure 1. Scheme of outlet and inlet hole location (a), ejection of powder particles of Ti6Al4V alloy near the area of inlet hole (b)

Figure 2. Display of gas movement in the working chamber of Alfa-150D machine: a — velocity diagram; b — flow lines
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The test cylindrical samples for tensile testing with 
a working zone diameter of 3 mm and a working zone 
length of 20 mm were produced in the vertical direc-
tion (Figure 4). Rational printing parameters were set 
in [16] with a deposited layer thickness of 40 μm: dis-
tance between tracks is 0.03 mm, power is 195 W, 
beam velocity is 1050 mm/s. Mechanical treatment of 
samples to finish dimensions was carried out with the 
use of the HAAS ST10 lathe. The mechanical proper-
ties were determined during the tensile test according 
to the standard procedure in the INSTRON machine.

RESEARCH RESULTS
Test samples were made with a full-body part in order 
to simulate the printing process during operation of 
the Alfa-150D machine. Depending on the area of a 
full-body part, there was a pause of different duration 
between the powder deposition and return of the laser 
beam, namely: platform 1 — 65 s, platform 2 — 50 s, 
platform 3 — 80 s, platform 4 — 20 s. On the basis 
of this simulation, diagrams of the distribution of the 
printing time of the layer of the working area of the 
samples were obtained (Figure 5).

From the analysis of the process of samples man-
ufacturing in the working area of the samples (curves 
along the Y axis — 10‒20 s, along the X axis — layer 
number 670‒787, platforms 3, 4), it was established 

that with the variable cross-section of parts, the time 
for the laser to return to the stage of melting the work-
ing zone of the samples is reduced by 33 %. It should 
be noted that during the process of manufacturing 
parts on the platform 3, printing of the part was com-
pleted, and on the platform 4, printing continued with-
out changing the cross-section. From the analysis of 
the time-layer number dependence, it was established 
that the completion of printing the main body does 
not play a role in reducing the time for the laser beam 
return. Thus, it was established that in the process of 

Figure 3. Particles of Ti‒6Al‒4V initial material at a magnification of 500 (a) and results of granulometric analysis (b) [16]

Figure 4. Scheme of location of the place of a controlled stop of 
printing the test sample

Figure 5. Distribution of time for printing powder layer in the area of the working zone of a tensile sample: a — working zone of a 
test sample from 288 to 787 layer; b — working zone of a test sample from 650 to 787 layer; 1 — platform 1; 2 — platform 2; 3 — 
platform 3; 4 — platform 4
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melting test witness samples, the variable cross-sec-
tion of a part has a significant influence.

From the results of the analysis of the time-layer 
number dependence, it was established that the test 
witness samples of the platforms 1 and 2, depend-
ing on the cross-section of a part, are affected by the 
time of the laser beam return. The printing area of the 
working zone of the witness sample has a linear na-
ture, and depending on reduction in a part cross-sec-
tion (platform 2), the change in the time of return is 
reduced by 18 % for witness samples compared to the 
platform 1.

Figure 6 shows the location diagram, and the Ta-
ble 1 shows the values of mechanical properties of 
the test samples. It should be noted that the samples 
Nos 3, 7, and 14 were made in the same area of the 
working platform and differ only in the time of layer 

deposition and scanning, namely 65, 50 and 20 s, re-
spectively. From the results of research, it was found 
that with an increase in the time between the deposit-
ed layer and the scanning time from 50 s, the strength 
and ductility characteristics decrease by 23 and 10 %, 
33 and 0.7 %, respectively.

As a result of the analysis of the values of mechan-
ical properties, it was established that the strength 
characteristics of test samples in the area of the inlet 
nozzle of inert gas blowing have a value by 3‒5 % 
lower compared to the central area of the platform 
with a range of values of ± 2 %, in the area of the 
outlet nozzle the value is by 3‒5 % lower compared to 
the central area and have a range of values of ± 10 %. 
This indicates the influence of the blowing system 
and the working space loading on the mechanical 
properties. Thus, it was established that the velocity 
and circulation of the flow according to the scheme 
in Figure 2, namely in the area of the output nozzle 
(Figure 1, b), affects obtaining of stable indices of me-
chanical properties in this area.

Conclusions
1. As a result of analysis of the values of mechanical 
properties of the test samples, it was established that 
their strength characteristics in the area of the inlet 
nozzle have a value by 3‒5 % lower compared to the 
central area of the platform with a range of values of 
± 2 %, in the area of the outlet nozzle, the value is by 
3‒5 % lower compared to the central area and have a 
range of values of ± 10 %.

2. It was established that a loading of the work-
ing space and the pause between a layer deposition 
and scanning play a role with an increase in time from 
50 s, namely a decrease in the strength and ductility 

Table 1. Mechanical properties of test samples

Marking Platform number Pause duration, s σt, MPa σ0.2, MPa δ, % ψ, %

1
1 65

1209.7 1093.1 3.3 12.8
2 1168.9 1027.7 3.1 17.6
3 1061.6 997.2 2.0 9.0
4

2 50
1316.1 1178.7 7.0 34.2

5 1313.3 1209.7 7 26.0
6 1305.5 1242.3 9.9 22.3
7

3 80

1237.6 1155.9 4.2 25.0
8 1319.1 1278.8 9.0 28.3
9 1287.5 1201.6 3.2 23.0
10 1316.3 1223.6 5.1 33.9
11 1247.4 1173.0 4.5 28.2
12 1273.3 1188.3 2.1 28.1
13 1342.7 1272.6 7.5 27.3
14

4 20

1380.1 1287.3 2.5 24.3
15 1347.9 1255.7 4.2 23.7
16 1298.9 1178.7 3.6 30.4
17 1345.3 1217.8 4.7 24.3

Figure 6. Scheme of samples location on the platform during fab-
rication: ♦ — 65 s; ● — 50 s; Δ — 80 s; ◊ — 20 s
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characteristics at 65 s — 23 and 10 %, 80 s — 33 and 
0.7 %, respectively.

3. As a result of research, it was established that a 
loading of the working space has a significant effect 
on the mechanical properties compared to the flow 
rate, but the circulation of the flow plays the greatest 
role in the area of the outlet nozzle.
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ABSTRACT
The paper shows the possibility of manufacturing metal-cored wires based on high-strength titanium alloys of different compo-
sitions (Ti–5Al–5Mo–5V–1Fe–1Cr and Ti–5Al–5Mo–5V–4Nb–1.5Cr–1Fe–2.5Zr systems), an alloy based on medical grade 
titanium (Ti–13Zr–13Nb system) and structural titanium VT6 alloy (Ti–6Al–4V system), reinforced with TiC particles. The 
technological moments of the experimental production of metal-cored wires by the method of drawing and subsequent pulling 
are shown. A study was conducted on using these materials as a filler metal in WAAM technology both in the methods of argon 
arc as well as electron beam surfacing.

KEYWORDS: high-strength titanium alloys, metal-cored wire, WAAM, TIG, xBeam 3D metal printing

INTRODUCTION
Additive manufacturing technologies became an al-
ternative to conventional methods of part manufactur-
ing with high added cost, including those, related to 
aerospace industry, and biomedical products, which 
require very complex and individual approaches at 
small volumes. Additive manufacturing allows pro-
ducing these necessary component parts in a short 
time at a constant cost.

Among different materials titanium-based alloys 
are more and more often used in Wire Arc Additive 
manufacturing (WAAM) method due to their appli-
cation in the aerospace industry for fabrication of air-
frame structures. Strong, such as Ti‒6Al‒4V (VT6), 
and high-strength two-phase titanium alloys are in 
great demand in the aerospace industry, due to their 
high specific strength, corrosion resistance, damage 
resistance and compatibility with composite materials 
from graphite fiber [1]. Among the different acces-
sible approaches, the WAAM process has a number 
of advantages over other 3D printing technologies, 
including the high coefficient of material utilization 
(99 % [2]) and energy efficiency (~ 70 % [3], lower 
capital equipment costs, and high productivity of the 
printing process [4]. 

At present, there are a number of titanium-based 
solid wires, produced by industry. Commercial wires 
from pure titanium are used as filler material for TIG 
welding of parts from titanium alloys with a low con-

tent of alloying elements. There are also solid wires 
based on titanium with a higher content of alloying 
elements. Ultimate strength of metal of such wires 
is not higher than 870 MPa. Manufacture of sound 
solid wires from high-strength titanium alloys is very 
complicated, as higher strength of the metal does not 
allow producing wires without defects. Attempts at 
producing wires from Ti‒5Al‒5Mo‒5V‒1Fe‒1Cr 
alloy (VT22), with higher than 1000 MPa strength, 
were made earlier [5]. Cracks and tears were found on 
this wire surface, which can be a source of deposited 
metal contamination, and, consequently, deterioration 
of its quality. That is why there is no commercial pro-
duction of wires from high-strength titanium alloys.

Despite a large number of studies on part manu-
facturing by WAAM method, the majority of them are 
focused only on producing parts with solid wire appli-
cation. Investigations on flux-cored wire application 
to produce parts from high-strength titanium alloys 
by this method are practically absent. Flux-cored wire 
application to produce parts by WAAM method al-
lows manufacturing parts from high-strength titanium 
alloys and greatly increasing the range of titanium al-
loys, which can be used to make parts by this method.

One of the important and complex technological 
properties in metal-cored wire manufacture is prepa-
ration of their core, namely the metal component, i.e. 
the powder proper. At present in Ukraine there are two 
methods to produce titanium-based powders.

By the first method crushing of alloyed titanium 
is performed using the method of thermochemical 
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embrittlement with hydrogen application — Hydro-
genation-Dehydrogenation (HDH) method [6]. In this 
process the metal blocks of titanium are subjected to 
hydrogenation to increase titanium brittleness. Brittle 
titanium block is crushed mechanically and sieved by 
fractions. The totality of technological solutions for 
production of such titanium powders allows produc-
ing a denser material with a lower content of impuri-
ties, which increases the powder quality and improves 
its morphology.

Another process to produce powders based on ti-
tanium alloys is the method of plasma atomization 
of the billet — Plasma Rotating Electrode Process 
(PREP) [7]. The method consists in the following: the 
electrode of the alloy which is sputtered, turns around 
a horizontal axis, and its free end is melted by the plas-
matron. The molten metal drops fall off the rotating 
electrode, and crystallize in free flight before collid-
ing with the sputtering chamber walls. The chamber, 
where the electrode rotates and atomization occurs, 
should have an atmosphere protecting from oxidation. 
It allows producing powders with a high surface puri-
ty. Powder particles are smooth and spherical, and the 
average particle size is 200 μm, the yield of particles 
of 50 to 500 μm size is equal to 75 %. One of the ad-
vantages of powders produced by this method is their 
high fluidity and purity (low oxygen content) [8].

THE OBJECTIVE OF THE WORK,
considering the complexity of making sound solid 
wires based on strong and high-strength titanium al-

loys, was production and application of metal-cored 
wires based on these alloys for additive manufactur-
ing of parts, where powders prepared by HDH and 
PREP methods, are used as the core.

RESULTS AND THEIR DISCUSSION. 
PRODUCING METAL-CORED WIRE
Development and production of titanium alloy based 
metal-cored wires is performed by the methods of 
drawing and subsequent pulling through the dies in 
a unit designed for producing of titanium flux-cored 
wires (Figure 1). Used as the sheath is 0.2 mm titani-
um foil of VT1-00 grade. Depending on powder type, 
the respective charge dosing unit is used. When us-
ing powder, produced by PREP method, the granules 
inside the formed tube are not in a sufficiently good 
contact. That is why, when the arc hits such a wire, the 
granules are released, and a greater part of them does 
not fall into the weld pool, but sticks to the tungsten 
electrode, disturbing the process stability. For this rea-
son, their shape is changed before that through defor-
mation.

Charge dosed feeding into the formed tube is per-
formed through the guide nozzle of the dosing hopper, 
equipped with a gate regulator (Figure 2, a). To ensure 
prior compacting of the charge, and the required val-
ue of overlapping of the strip edges, a rotating die is 
used, which is mounted after the last pair of forming 
rollers. The direction of the die rotation should coin-
cide with the direction of strip overlapping for tube 
closing (Figure 2, b, c). Further pulling of the formed 

Figure 1. Schematic of a drawing machine for producing titanium flux-cored wire: 1 — cassette; 2, 3 — roller stands; 4 — dosing unit; 
5 — U-shaped strap; 6 — drum; 7 — page

Figure 2. Process of forming and further pulling of metal-cored wire: a — charge dosing; b — sheath closing scheme; c — rotating die
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wire is conducted using a set of dies, with 0.1 mm 
step. The wire is fed into the die so that it is positioned 
with the seam facing outside on the drum, as tension 
of outer fibers leads to additional closure of the seam, 
and prevents distortion (corrugation).

APPLICATION OF METAL-CORED WIRE 
BASED ON VT22 TITANIUM ALLOY
A 2.9 mm metal-cored wire based on VT22 titanium 
alloy of PPT-22 grade with fill factor of 65 % was 
developed earlier [9]. This wire core includes pow-
der of high-strength VT22 titanium alloy and flux of 
CaF2‒SrF2‒BaF2 system in the amount of 7 % relative 
to the filler. This wire is designed for TIG welding and 
surfacing of VT22 titanium alloy.

This wire was also applied as filler wire at mul-
tilayer deposition. Experimental three-layer depo-
sition was performed, using the produced filler wire 

with granules of high-strength VT22 titanium alloy. 
Deposition of high-strength titanium alloys is made 
difficult, primarily, by their high content of alloying 
elements, such as aluminium, vanadium and molybde-
num (Table 1). More over, compared to regular alloys 
these titanium alloys are more sensitive to interstitial 
impurities, such as nitrogen and carbon, as the solu-
bility of the latter in BCC lattice of titanium β-phase 
is much lower. They are more prone to development 
of chemical and physical heterogeneity in the cast 
metal and HAZ during deposition, which may result 
in formation of brittle interlayers. Correct selection 
of deposition modes in most cases allows producing 
sound welded joints of high-strength titanium alloys.

The deposition process was conducted in the unit 
for TIG welding/surfacing titanium alloys, which was 
adapted for the process of layer-by-layer deposition 
(Figure 3). The deposition process was conducted in 
the following mode: Iw = 200 A, Ua = 12 V, Vw = 8 m/h, 
Vf = 30 m/h; La = 4 mm.

Experimental deposition using the produced wire 
demonstrated a stable running of the process (without 
spilling of unmelted granules), which pointed to suffi-
cient density of the charge and its uniform distribution 

Table 1. Chemical composition of VT22 titanium alloy, wt.% (GOST 19807‒91)

Ti Al V Mo Fe Cr [O] [H] [N]

Base 4.4‒5.7 4.0‒5.5 4.0‒5.5 0.5‒1.5 0.5‒2.0 0.18 0.015 0.05

Figure 3. Schematic of a unit for layer-by-layer TIG deposition using metal‒cored filler wire

Figure 4. Macrosection of the produced three-layer sample made 
with flux-cored filler wire based on titanium alloy VT22 Figure 5. Roentgenogram of the deposited sample
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along the wire length. As a result, a sound three-layer 
sample (Figure 4) without any pores along its entire 
length (Figure 5) was produced.

VT22 alloy, on which TIG welding was performed 
with flux-cored wire application, consists of large 
polyhedral primary β-grains. Alongside equilibri-
um grains, non-equilibrium grains are present in the 
base metal structure, and the grain shape factor (grain 
length to width ratio) is in the range of 1–3, grain 
width being 1–2.5 μm (Figure 6, a).

In the deposited metal the degree of alloying by 
β-stabilizing elements is somewhat lower compared 
to VT22 alloy due to weld metal dilution by commer-
cial titanium of the flux-cored wire sheath. It most 
probably leads to precipitation of dispersed particles 
of α′-phase from β-solid solution. Formation of a fold 
in β-grains is probably attributable to delamination of 
β-solid solution into volumes enriched and depleted 
in certain alloying elements. Formation of a substruc-
ture is observed in the weld metal (Figure 6, b). Sub-
structure appearance is attributable to polygonization 
under the impact of internal stresses in the welded 
joint. Residual stresses are caused by temperature gra-
dients, phase transformations in the heating zone at 
welding thermal cycle, as well as processes of liquid 
metal solidification in the weld area. At substructure 
formation, rotation of individual volumes of coarse 
β-grain to a small angle relative to another one, takes 
place. Presence of a subgranular structure promotes 
increase of strength and lowering of ductility. Intensi-
ty of β-phase decomposition in the HAZ is much low-
er than that in the weld, which is indicative of higher 
stability of β-solid solution in VT22 alloy than in the 
weld metal, due to a high content of β-stabilizing ele-
ments (Figure 6, c).

After mechanical testing the deposited sample 
ultimate strength, equal to 1025 MPa, was deter-
mined. Gas content in the deposited metal is not 
higher than their permissible values in the base 
metal; [O] = 0.098 wt.%, [H] = 0.0027 wt.%, [N] = 
= 0.014 wt.%.

APPLICATION OF METAL-CORED WIRE 
BASED ON TITANIUM ALLOY T120
Multilayer samples were also produced using flux-
cored filler wire based on high-strength titanium al-
loy T120 (Ti‒5Al‒5Mo‒5V‒4Nb‒1.5Cr‒1Fe‒2.5Zr 
system), developed at PWI [11]. 2.2 mm metal-cored 
wire with 50 % fill factor was used as the filler. This 
wire core was from powder of T120 titanium alloy, 
produced by HDH method. Deposition was performed 
by nonconsumable electrode argon-arc process 
(Figure  2) in the following mode: Iw = 160–180 A, 
Ua = 12 V, Vw = = 6 m/h, Vf = 40–45 m/h, La = 2 mm. 
A five-layer sample was produced as a result of the 
conducted work (Figure 7).

Deposited metal ultimate strength is equal to 
878.7 MPa, impact toughness is 15.1 J/cm2, which is 
much lower than the values of base metal mechanical 
characteristics: σt = 1145.8 MPa, KCV = 30.6 J/cm2. This 
is attributable to presence of pores in the deposited 
metal. In order to prevent pore initiation in the depos-
ited metal, it is necessary to introduce the flux compo-
nent into the core metal. The high-strength two-phase 
titanium alloys and the produced joints of these alloys 
are also subjected to mandatory heat treatment, which, 
in its turn, allows improving the level of mechanical 
characteristics [12].

APPLICATION OF METAL-CORED WIRE 
BASED ON Ti‒13Zr‒13Nb TITANIUM ALLOY
Titanium alloy application in endoprosthetics has been 
the most intensively developing over the last thirty 

Figure 6. Microstructure of a three-layer sample made with application of flux-cored filler wire based on VT22 titanium alloy: a — 
base metal; b — weld metal; c — fusion zone

Figure 7. General view of a five-layer sample after the process 
of deposition with flux-cored filler wire based on T120 titanium 
alloy
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years due to unique characteristics of their biocom-
patibility and the most optimal combination of me-
chanical and biomechanical properties [13]. The main 
requirements to manufacturers of titanium alloys for 
medical purposes include a complex of mechanical 
properties: low modulus of elasticity, high strength 
and fatigue fracture resistance. Such a characteristic 
as modulus of elasticity deserves special attention. 
Over the recent years, the need to produce alloys for 
endoprostheses with a low modulus of elasticity has 
become important, which is related to application of 
cementless fixation of prostheses and lowering the 
risks of development of diaphyseal dysplasia and 
bone fracture after long-term use of the prostheses. 
These are exactly β-alloys which often have the mod-
ulus of elasticity lower than the values for (α+β)-al-
loys for medical purposes, while being characterized 
by a high strength. Nontoxic alloying elements are 
β-stabilizers of titanium or alloy strengthening ele-
ments. Therefore, one can judge the wide possibilities 
for their application in different concentration ranges 
exactly for creation of biocompatible titanium alloys 
[14, 15]. Zirconium-containing titanium alloys and 
ternary Ti‒Zr‒Nb alloys have the most promising 
combination of strength and modulus of elasticity. Bi-
nary Ti‒Zr alloys are characterized by strength in the 
range of 600–1450 MPa and modulus of elasticity of 
72–110 GPa, while Ti‒Zr‒Nb compositions have the 
strength in the range of 600–1000 MPa and modulus 
of elasticity in the range of 58–80 GPa, which is much 
better than the combination of the same parameters in 
VT6 alloy [16].

Having analyzed the urgency of application of 
low-modulus titanium alloys for endoprosthetics and 
technologies of manufacturing finished products from 
them, which envisage availability of rods for fixation, 
or other loaded and massive elements, a conclusion 
was made about the rationality of WAAM method as 
an alternative to the currently-available additive man-
ufacturing methods. To achieve the defined objective, 
a metal-cored wire was developed (3.0 mm diame-
ter, 62 % fill factor), where the core is a powder of 
50–70 μm size from titanium alloy of Ti‒13Zr‒13Nb 
system. The powder was produced earlier by HDH 
process.

The produced metal-cored wire based on a titani-
um alloy for medical purposes was used to conduct 
multilayer TIG deposition in a predefined mode: 
Iw = 210 A, Ua = 12.7 V, Vw = 8 m/h, Vf = 34 m/h, 
La = 3.5 mm. As a result, a nine-layer sample was pro-
duced (Figure 8).

The deposit height is 15.2 mm, and width is 
11.8 mm. At present, analysis of the produced sample 
metallography, assessment of its mechanical proper-
ties (ultimate strength and modulus of elasticity) and 
determination of gas content in the deposited metal 
are performed.

APPLICATION OF METAL-CORED WIRE 
BASED ON Ti‒6Al‒4V‒40 % TiC POWDER
Some of the few disadvantages of titanium alloys are 
their low hardness and insufficient wear resistance 
during operation of structures made from them. Such 
disadvantages can be overcome by development of 
titanium-based metal matrix composites, reinforced 
by hard high-modulus phases. One of such exam-
ples is reinforcement of the titanium alloy matrix by 
high-modulus and light particles of titanium carbide 
(TiC) [17]. To improve the dispersity and homoge-
neity of titanium carbide powders, they are made by 
powder metallurgy method [18].

Both in the case of high-strength titanium alloys, 
and of alloys reinforced by hard particles, there is 
the problem of producing solid section wires. So, the 
objective was to obtain metal-cored wire based on 
strong VT6 alloy (Ti‒6Al‒4V system), reinforced by 

Figure 8. General view of a nine-layer sample after the process 
of deposition with metal-cored filler wire based on Ti alloy of 
Ti‒Zr‒Nb system

Figure 9. Configuration of xBeam® 3D Metal Printing process: xGun design schematic (a); configuration of a heated zone in the feed-
ing point during deposition (b); photo of the actual deposition process (c) [21]
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TiC particles. As a result of experiments, test wire of 
3.0 mm diameter (fill factor of 62 %) with a core from 
Ti‒6Al‒4V + 40 % TiC powder was produced.

Advanced additive manufacturing technology 
called xBeam 3d Metal Printing (Figure 9), devel-
oped by “Chervona Hvilya” Company [19] demon-
strated the possibility of manufacturing titanium alloy 
products with a controlled microstructure, stochio-
metric chemical composition and also with desirable 
mechanical characteristics [20]. Deposition with ex-
perimental wire was conducted by this technology.

By the results of experiments on 3D printing us-
ing metal-cored wire, single- and multilayer samples 
were produced (Figure 10).

One of the essential advantages of xBeam process 
is the possibility of simultaneous melting of the filler 
wire and the substrate, due to the peculiarities of the 
electron beam. However, at application of metal-cored 
wire as the filler, part of the electron beam hitting the 
wire, instantly melted its thin sheath, resulting in the 
powder being released, scattered and not coming to 
the weld pool. For this reason, not all the powder, but 
just part of it got into the weld metal, leading to devi-
ations from the predicted chemical composition of the 
deposited bead metal. More over, the spilled powder 
partially penetrated into the electron gun discharge 
chamber and onto the cathode, leading to failures, 
which considerably improved the deposition process 
stability, resulting in an even greater deterioration of 
the uniformity of TiC component distribution in the 
deposited metal.

In order to prevent the abovementioned problems, 
the configuration of relative placement of process el-
ements (profiled electron beam, wire and substrate) 
was set up so that the electron beam did not directly 
fall on the wire. For this purpose the substrate was 
placed closer to the gun. In this configuration, all the 
electron beam energy hit the substrate, creating a wid-
er and deeper melt pool, than it is usually done using 
solid section wire. Thus, the flux-cored wire was im-
mersed into the molten pool and melted there, while 
preserving the sheath in the solid state above the pool 

during the entire melting process. Due to that, the 
sheath prevented powder release before it entered the 
liquid metal of the weld pool. This solution ensured a 
rather stable process of wire melting. Yet such a solu-
tion became possible under the condition of excess 
heat input into the substrate. However, the influence 
of such an overheating on the structure still needs to 
be studied.

Conclusions
Development of metal-cored wires based on titanium 
alloys for different purposes solves a relevant problem 
in the field of modern additive technologies, namely 
their application allows producing sound multilayer 
samples. The proposed metal-cored filler wires based 
on high-strength titanium alloys, as well as alloys for 
medical purposes, can be used as filler materials in 
additive manufacturing of parts from titanium alloys 
both at TIG, and at electron beam 3D printing pro-
cesses.
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ABSTRACT
Based on the results of mathematical modeling and theoretical research works, it was established that the most influential fac-
tors of 3D printing, affecting the quality and time of end products formation, are extruder die temperature, layers height, speed 
of printing head movement when forming products, as well as simultaneous fabrication of several products within one cycle. 
In the work, the modes of the FDM 3D printing process were worked out and the regularities of the influence of the mentioned 
parameters on the structure and properties of resulted 3D polylactide products were established. The parameters of product 
formation were experimentally determined, which provide the production of 3D objects with predicted properties: maximum 
strength (98 % of filament strength), high aesthetic quality (surface smoothness and resolution) and products with minimal 
investments of time during their production.

KEYWORDS: additive formation, FDM 3D printing technology, polylactide, functional 3D product, filament

INTRODUCTION
Recently, the development of three-dimensional (3D) 
printing technologies has become explosive [1‒3]. 
Among them, one of the most widespread is the tech-
nology of modeling by the deposition method (Fused 
Deposition Modeling, FDM) [4‒6]. On the other 
hand, in the world (in view of aggravated problem of 
environmental pollution), the use of biodegradable 
polymer materials is gaining momentum [7]. Among 
such materials, a special place belongs to polylactide 
(PLA) — thermoplastic polyester based on lactic 
acid, suitable in particular for food packaging [8, 9]. 
The creation of products from such material, includ-
ing with the help of 3D printing, is promising for a 
number of industries. For the research, PLA filament 
from the MonoFilament company was chosen [10].

Since FDM 3D printing is a complex process with 
a great number of parameters that can affect the struc-
ture and properties of end products, at the first stage, 
mathematical modeling of a simplified FDM 3D 
printing process was carried out in order to reduce the 
number of experiments to determine its most influen-
tial parameters [11].

Thus, taking into account the results of mathemati-
cal modeling, which are correlated with the data of lit-
erary sources [12, 13], it can be assumed that the basic 
parameters of the FDM 3D printing process, which 
affect the quality of end products, include:

● temperature of FDM 3D printing, i.e. extruder die;

● speed of the printing head movement when 
forming a product;

● layers height (in a certain sense, the volume and 
mass of the polymer) deposited when forming a prod-
uct;

● quantity of products formed within one 3D print-
ing cycle.

To experimentally determine the influence of each 
of these FDM 3D printing parameters on the quality 
of end products in the work, all samples had the shape 
of a blade for mechanical research with the cross-sec-
tional dimensions of the thinnest part being 2×4 mm. 
The total size of the part was 30×6×2 mm. The lo-
cation of the model relative to the working platform 
was chosen in a vertical orientation due to the anisot-
ropy of mechanical properties of a formed 3D prod-
uct along the X, Y, Z axes, since the adhesion strength 
between the layers can be comparable, but not higher 
than the strength of the base material.

EFFECT OF 3D PRINTING TEMPERATURE 
ON THE FORMATION PROCESS AND THE 
QUALITY OF END POLYMER PRODUCTS
In this part of the work, experimental 3D printing of 
samples was carried out using commercial PLA fila-
ment at five different extruder temperatures — 190, 
200, 210, 220 and 230 °C, which are located in the 
temperature range recommended for similar works 
by the manufacturing company (190‒230 °С). The 
results of mechanical uniaxial tension tests are pre-
sented in Figure 1.
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It is known that shrinkage of the heated polymer 
after cooling is stronger, the higher the printing tem-
perature. As is seen from Figure 1, the formation of 
PLA products at a temperature of 200 °C made it pos-
sible to subject thermoplastic polymer material to as 
little thermal expansion as possible. At the same time, 
layer-by-layer formation of a product with a preset 
geometric shape and the highest mechanical interlay-
er strength σ = 52.9 MPa at the strength of PLA itself 
σ = 57.8 MPa occurred [14]. At a reduced temperature 
(190 °C), products of a preset geometric shape were 
formed, but the value of the interlayer strength was 
σ = 48 MPa, which is explained by the high viscosity 
of the PLA melt at this temperature and, accordingly, 
low adhesive ability. Printing of products with an el-
evated extruder temperature of 230 °C led to a slight 
deformation and a low interlayer strength at the level 
of σ = 47 MPa due to overheating of samples during 
their formation.

INFLUENCE OF THE 3D PRINTING SPEED 
ON THE FORMATION PROCESSES, 
APPEARANCE, STRUCTURE AND 
PROPERTIES OF END POLYMER PRODUCTS
Applying the technology of FDM 3D printing from 
polylactide, the samples with all the constant parame-
ters of product formation were fabricated, which were 
described above and correspond to the recommenda-
tions of the manufacturing company except for the 
speed of the head movement when forming products. 
The MonoFilament company recommends forming 

products from PLA plastic at a speed of the printing 
head movement in the range of 30‒80 mm/s, while 
other manufacturers advise to do that at a speed in the 
range of 40‒110 mm/s [10, 15]. In order to reasonably 
and objectively determine the influence of different 
speeds (within the recommended limits) on the quali-
ty of fabricated products and to find the optimal speed 
that ensures the fabrication of the highest quality 
product, the samples were formed with an interval of 
30 mm/s from the lowest to the highest recommended 
limit. The speed of the printing head movement when 
forming products was 20, 50, 80, 110 mm/s for the 
samples Nos 1‒4, respectively. The time spent on the 
formation of each blade varied from 14 to 22 min, 
depending on the chosen speed of forming products.

After conducting the research and processing of 
the obtained data, it was determined that the speed 
of products formation within the studied limits and at 
keeping other printing parameters constant does not 
significantly affect the appearance (Figure 2). All the 
formed samples had a preset geometric shape with 
clear outlines of a part and a visually high density of 
the deposited layers adhesion.

The dense inner structure of the produced samples 
and the absence of defects in them that exceed 5 μm 
are also demonstrated by pictures made while study-
ing the products using a computer tomography and 
3D reconstruction of their inner structure (Figure 3). 
It was established that the inner structure was typi-
cal for all samples, despite the different speed of the 
printing head movement when forming products. For 
example, Figure 3 shows the structure in the X, Y, and 
Z planes of the sample, formed at a maximum speed 
of 110 mm/s.

To study the influence of the speed of the print-
ing head movement when forming samples on the 
mechanical characteristics of fabricated products, the 

Figure 1. Dependence of mechanical interlayer strength of sam-
ples from PLA on temperature of their 3D printing

Figure 2. Appearance of the samples Nos 1‒4 (from right to left)
Figure 3. Image of inner structure of the sample No. 4 in different 
planes, obtained by 3D computer tomography
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studies were conducted using the uniaxial tension test 
of the additively manufactured samples Nos 1‒4. The 
obtained results as for adhesion strength between the 
layers are shown in Table 1.

The analysis of the results of mechanical stud-
ies showed that the best result σ = 56.9 MPa, which 
is close to the table value of the ultimate tensile 
strength of РLА σ = 57.8 MPa, was obtained in the 
case of forming 3D products at a speed of 80 mm/s. 
The worst result (σ = 39.3 MPa) was shown by the 
samples, whose formation occurred at the maximum 
speed of 110 mm/s. The samples, formed at speeds 
of the printing head movement of 20 and 50 mm/s, 
had average values of adhesion strength between the 
layers and close to each other (σ = 51.7 and 52.9 MPa, 
respectively).

Taking into account the fact that at all investi-
gated speeds of the printing head movement during 
products creation, the samples of a preset geometric 
shape and visually with an equally high quality were 
formed, the choice of a mode that satisfies the needs 
of the consumer/customer depends on additional re-
quirements specified to the future three-dimensional 
object, namely its mechanical characteristics and the 
time spent on the formation of each individual part. 
Objectively, the best printing mode, which allows fab-
ricating products with high mechanical characteristics 
at relatively low time consumption — 16 min, is the 
mode of forming the sample No. 3 (Figure 4).

When the speed of the printing head movement 
during product formation is increased to 110 mm/s, 
the time for forming a product is slightly reduced 
(14 min), but at the same time, a negative effect of the 
speed on the mechanical strength of a produced object 
is observed.

When the printing head movement is slower (20 
and 50 mm/s), the produced samples have average 
mechanical strength, but the time for forming prod-
ucts increases significantly — up to 22 and 20 min, 
respectively.

INFLUENCE OF THE METHOD 
OF ADDITIVE 3D PRODUCT FORMATION 
ON THE PECULIARITIES OF THEIR 
MANUFACTURING PROCESS, STRUCTURE 
AND PROPERTIES
In order to reduce the time spent on the process of 
creating products with the 3D printer, it is possible to 
simultaneously print several models within one cycle. 
The quantity of products that can be formed simul-
taneously depends on the characteristics of the 3D 
printer, namely the dimensions of its building area. 
For the further studies of the influence of simulta-
neous additive manufacturing of several samples on 

the characteristics of fabricated products, the process 
mode of forming the sample No. 3 (Table 1) was cho-
sen, with the use of which, the samples of the highest 
strength (σ = 56.9 MPa) were produced. As models for 
building, four similar samples with an identical shape 
(blades) were chosen, as in the previous research.

After forming the samples, a visual assessment of 
the fabricated products was carried out and it was es-
tablished that their shape fully corresponds to the pre-
set digital model, however, the structure of the formed 
parts is less dense compared to the sample No.  3, 
which was built separately (one sample per cycle) 
with the same parameters of forming products. The 
results of the study with the use of 3D computer to-
mography of the inner structure of the sample No. 5, 
whose formation was carried out under the conditions 
of simultaneous printing of four samples within one 
cycle, also confirmed a decrease in the density of the 
adherence of the deposited layers compared to the 
sample No. 3.

The conducted studies of adhesion strength be-
tween the layers of the produced samples using a 
standardized uniaxial tension test showed a signifi-
cant decrease in strength (σ = 25 MPa) compared to 
single samples (σ = 59.6 MPa) formed in the same 
mode (Table 2).

This is explained by the fact that when forming 
four parts in parallel, when the extruder die passes 

Table 1. Strength of fabricated products depending on speed and 
time of their formation

Number 
of sample

Speed of 
movement of 
printing head 

during 
sample forma-

tion, mm/s

Time of one 
sample for-
mation, min

Adhesion 
strength σ, 

MPa

Strength of 
PLA [14]

1 20 22 51.7

57.8
2 50 20 52.9
3 80 16 56.9
4 110 14 39.3

Figure 4. Dependence of time for sample formation and interlayer 
strength of formed 3D products on speed of their formation
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from one model to another, the temperature and duc-
tility of the upper layers of a product decrease, which 
is predetermined by an increase in the cooling time, 
and the following layers of the fused material lie on 
the base, which had already time to partially solidify. 
This leads to a decrease in the adhesion and deteri-
oration of the contact mechanical adhesion between 
the layers of a printed product and, as a result, a de-
crease in strength. On the other hand, it provides con-
trol of the mechanical properties of a product when 
it is formed by 3D printing and allows obtaining the 
specified strength in the desired areas of a part. For 
example, to create a predetermined local area with 
weakened mechanical properties in a product, along 
which the fracture of a part will occur when a force 
loading is applied to it, printing should be carried out 
in the appropriate mode — with pauses at the height 
of those layers, the adhesion between which should 
be predicted to be low. The program for reformatting 
a 3D model into a control code for 3D printer provides 
for changing the parameters of products formation ac-
cording to the height of the model (for example, the 
speed of the printing head movement when forming 
products), including performing 3D printing with 
pauses. In the case of the mode of forming products 
of four samples within one cycle considered above, 
the pause between the deposition of the nth and n+1 
layers for each sample was the same, since the models 
on the platform were placed on the outer corners of 
the square, and was ~10 s for a wider area of the blade 
and ~8 s for its narrow part.

On the other hand, if the use of a product does not 
involve its operation under the conditions of signifi-
cant loads, then the formation of simultaneously sev-
eral parts by 3D printing allows a significant reduc-
tion in the time for the process of their manufacturing. 
Thus, under the conditions of the same 3D printing 
parameters, 16 min were spent to create one sample, 
the formation of which took place separately, and 
8 min for a one sample, the formation of which was 
carried out simultaneously with three other within one 
cycle (see Table 2).

After uniaxial tension tests, the structure of the 
samples at the points of fracture was evaluated. Thus, 
on the microphotographs of the fracture plane of 
the sample No. 5 (Figure 5, a), the trajectory of the 
printing extruder head movement at the moment of 
depositing the previous layer material can be clear-
ly traced — it starts from the lower right corner and 
further follows clockwise in a spiral to the center, 
which indicates that the fracture of a part occurred 
along the interlayer region. For comparison, the pho-
tomicrograph of the location of the fracture of the 
blade, the creation of which was carried out using the 
same printing parameters, only separately one by one, 
shows that its fracture occurred not between the lay-
ers, but in the plane of the layer (Figure 5, b), which 
indicates a higher adhesion between the layers in a 
formed 3D product.

INFLUENCE OF THE LAYER HEIGHT 
OF 3D PRODUCTS ON THE PECULIARITIES 
OF THEIR FORMATION, APPEARANCE, 
STRUCTURE AND PROPERTIES
Depending on the application of one or another FDM 
3D printer and thermoplastic material, as well as the 
specified tasks (production of 3D parts with high ac-
curacy and detailing, quick printing of end products 
of large sizes, etc.), it is possible to create volumet-
ric products with surfaces of different quality. In this 
work, the selection of the parameters of the layer 
height of a 3D product, which directly affect the qual-

Table 2. Strength of 3D products and time of their fabrication 
depending on the method of their formation

Time of 3D printing and mechanical 
properties of produced samples

Sample No. 3 
(1 pc)

Sample No. 5 
(4 pcs within 

one cycle)

Time of one sample formation, min 16 8

Interlayer strength σ, MPa 56.9 25

Strength of PLA filament, MPa [4] 51

Strength of PLA, MPA [2] 57.8

Figure 5. Morphology of the samples in places of fracture after the tests on uniaxial tension of the sample No. 5 (a) and the sample 
No. 3 (b)
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ity of produced samples, was based on the extreme 
admissible values (within the recommended lim-
its) for the CreatorPro 3D printer and PLA filament. 
Without changing other printing parameters, except 
for the layer height, which was 0.08, 0.10, 0.20, 0.30 
and 0.40 mm for the samples Nos 6‒9, respectively, 
a study of the influence of the selected parameter on 
the appearance, structure and properties of fabricated 
products was carried out.

Figure 6 shows photos of the appearance and mi-
crostructure of the samples Nos 6 (a), 7 (b), 8 (c) and 
9 (d), formed by the FDM 3D printing technology in 
accordance with the printing parameters. The fabri-
cated blades generally have a preset geometric shape 
with sharp edges and clear outlines of a part. Since 
the products are formed in layers, it is obvious that 
the smaller the height of the layer, the less noticeable 
the transition between them and accordingly, the sur-
face of an object is smoother, and its parts are more 
expressive. The samples, whose formation was car-
ried out according to the specified thickness of each 
layer of 0.40 and 0.30 mm (Figure 6, c, d), have a 
lower resolution compared to the samples with a fixed 

height of each layer of 0.08 and 0.20 mm (Figure 6, 
a, b). The latter have much smaller visible layer lines 
and a smoother surface. However, at the minimum 
possible layer height, some inaccuracies — printing 
artifacts may be present (Figure 6, a).  In this case, 
such inaccuracies may appear around the complex 
elements as, for example, in a printed sample, when 
its formation was carried out on the expansion of a 
part — transition from the narrowest part of a product 
to the wide one. With such a transition, additive over-
hang forming takes place, when each previous plane 
of a formed part is smaller in relation to the next one, 
which should be formed on its basis, and the more dif-
ficult it is to form a quality product in such conditions, 
the thinner the layers height of a future part. This error 
may be eliminated by building support structures (in-
cluding soluble ones) under the overhanging elements 
of a part.

In this study, it was established that the time spent 
on the formation of one sample with a height of 
0.08 mm layers of the printed products was 29 min. At 
the same time, printing of a sample identical in shape 
and sizes with the layer thickness of 0.40 mm made 

Figure 6. Photos and morphology of the samples of different quality: the sample No. 6 with the layer thickness of 0.08 mm (a); the 
sample No. 7 with the layer thickness of 0.20 mm (b); the sample No. 8 with the layer thickness 0.30 mm (c); the sample No. 9 with 
the layers thickness of 0.40 mm (d)
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it possible to reduce the time spent on its creation to 
6 min (Table 3).

In a situation where a logical inversely proportion-
al dependence between the layer height — vertical 
resolution of a part and the time spent on printing the 
model is clearly visible (Figure 7), the dependence 
between the resolution and the strength of a part does 
not look so clear, since the conducted experiments 
showed that both at the minimum as well as at the 
maximum specified layer height for this material and 
the printer, the formed products had a visually high 
enough quality and density of layers.

It is obvious that the better the layers of a prod-
uct adhere and wet each other during 3D forming, 
the higher the strength of a printed part will be. The 
problem is what layer height, if other settings being 
equal, will create conditions for forming layers with 
the highest adhesion between them.

Since the possibility of specifying the minimum 
and maximum possible value of the layer height for 
each specific filament in the software settings is limit-
ed by the diameter of the extruder die of the 3D print-
er, it is worth taking into account its influence on the 
conditions of product formation, structure and proper-
ties of fabricated products. Thus, during 3D forming 
of polylactide samples with a minimum admissible 

layer height of 0.08‒0.10 mm in the 3D printer with 
an extruder die of 0.4 mm diameter, the fused polymer 
squeezing through the die during product formation 
will be flatten, taking an oval shape of a preset height. 
This process is shown schematically in Figure  8, 
a.  Adhesion of such layers will obviously be much 
higher than the layers with a height, for example, of 
0.4 mm (Figure 8, b) due to the different area of con-
tacting surfaces of the layers. Since the polymer melt 
at the moment of discharge from the extruder die with 
a diameter of 0.4 mm is flattened the less, the closer 
the specified layer height to 4 mm, and their shape 
at the same time is closer to cylindrical, then due to 
overlapping of layers of such a shape during forming 
a 3D product, a reduction in the contact surface be-
tween them occurs.

Therefore, the closer the value of the layer height 
of the future 3D object is set to the diameter of the ex-
truder die in the software settings, the more rounded 
the shape of the layers will be in a formed product. 
This, in turn, leads to weakening of interlayer bonds.

To determine the dependence and more fully as-
sess the effect on the mechanical strength of the lay-
er height of formed 3D products with an extruder die 
diameter of 0.4 mm, mechanical tests on uniaxial 
tension of the samples Nos 6‒9 were conducted. The 
analysis also used data from the sample No. 3, the for-
mation of which was carried out under the identical 
conditions. The only difference was the investigated 
parameter — the layer height, which was 0.14 mm 
(Table 4).

It is seen that the highest values of the interlayer 
strength (σ = 56.9 MPa) were obtained in the printing 
mode No. 3 with a layer height of 0.14 mm. The same 
results were obtained for the samples Nos 7 and 9. I.e., 
with a preset minimum height of 0.08 mm, the val-

Table 3. Time for printing fabricated products depending on layer 
thickness of 3D models

Number 
of sample

Layer height, 
mm

Time of one sample 
formation, min

6 0.08 29
7 0.20 12
8 0.30 8
9 0.40 6

Figure 7. Dependence of time for 3D printing of samples on 
height of their layers

Figure 8. Schematic image of the process of depositing layers of 
fused polymer when forming 3D models with a different layer 
height with a diameter of 0.4 mm: h = 0.08–0.10 mm (a), h = 
= 0.40 mm (b)

Table 4. Interlayer strength and time of product formation de-
pending on thickness of their layers

Number 
of sample

Layer height, 
mm

Interlayer strength σ, 
MPa

7 0.08 47
8 0.30 42.5
9 0.20 47
10 0.40 39.6
3 0.14 56.9
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ue of the interlayer mechanical strength of products 
was at a level with products that had a layer height 
of 0.2 mm. However, in general, a tendency of a de-
crease in the interlayer strength of fabricated products 
with an increase in the value of height of their layers 
is observed. To visualize the obtained results, a dia-
gram of the dependence of the interlayer strength on 
the layer height of 3D models was built (Figure 9).

In conclusion, it can be noted that such a parame-
ter as the layer height has a significant impact on the 
strength of fabricated 3D products and the time spent 
on their formation, and therefore affects the economic 
indicator of the 3D printing process and resolution of 
the surface of a three-dimensional part.

If it is necessary to create a product with the min-
imum possible layering of the surface and the maxi-
mum possible detailing, its formation should be car-
ried out according to the specified minimum height of 
layers, which is possible when forming a part with the 
3D printer extruder die of the appropriate diameter. 
However, it is necessary to take into account the fact 
that this leads to a significant increase in the time for 
creating products. In addition, at the minimum thick-
ness of the layers, there is a higher probability of ob-
taining artifacts on the surface of a product. In order 
to achieve an even greater minimization of the layered 
structure on the surface of 3D products, which is ob-
tained during 3D printing using the FDM technolo-
gy, it is necessary to use a die of a smaller diameter, 
perform the following surface treatment of finished 
3D products, or use another 3D printing technology, 
for example, SLA, DLP, which allow creating models 
with higher resolution.

To systematize and summarize the obtained data 
according to the results of the carried out studies of 
the impact of the layer height on the time of prod-
ucts formation and their strength, a combining dia-
gram was built (Figure 10). According to its analysis, 
the optimal height range of 3D products was deter-
mined, which should be kept to provide the addi-
tive formation of models with the interlayer strength 

at a level of 90 % of the strength of a consumable. 
Taking into account that the mechanical strength of 
polylactide according to the data of literary sources 
is σ = 57.8 MPa [14], then at the level of σ = 52 MPa, 
which is 90 % of the filament strength, along the axis 
of the “Tensile strength, MPa” diagram, a straight line 
was drawn. After that, perpendiculars were lowered 
from the points of its intersection with the distribution 
curve to the “Layer height, mm” axis. Therefore, it 
follows from the diagram that at the layer thickness 
of 0.108‒0.173 mm, formation of 3D objects occurs 
with the interlayer strength at a level of 90 % of the 
strength of the source material and at the average time 
consumption for printing of one part (13.5‒23 min).

Conclusions
1. A study of the influence of the FDM 3D printing 
process on the structure and properties of polymer 
filament material — polylactide was conducted. It 
is shown that the process of 3D printing (its basic 
parameters: extruder die temperature; height of lay-
ers deposited during formation of a product; speed 
of printing head movement during formation of a 
product and quantity of products formed in a one 3D 
printing cycle) significantly affects the appearance, 
structure, mechanical properties and the time spent on 
product formation.

2. A rational mode of additive formation of prod-
ucts was determined, which provides fabrication of 
parts of a preset geometric shape with the interlayer 
strength σ = 56.9 MPa close to the strength of the base 
material σ = 57.8 MPa and small time consumption 
(14 min) on the formation of a one part.

3. The mode of formation of 3D polylactide prod-
ucts was determined, which provides the ability to 
control the indices of mechanical properties of prod-
ucts during their additive manufacturing and obtain 
an early projected strength in the desired places of a 
part, for example, create local areas with weakened 
mechanical properties, along which the fracture will 
take place.

Figure 9. Dependence of interlayer strength of 3D products on 
height of their layers

Figure 10. Dependence of time for 3D printing of products and 
interlayer strength of formed products on height of their layers
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4. The modes of the process of volumetric prod-
uct formation were determined that allow producing 
parts of a preset geometric shape within the shortest 
possible period of time (6 and 8 min). The time and, 
as a consequence, the costs on product formation are 
reduced at the expense of:

● simultaneous fabrication of several products 
within one cycle,

● formation of parts with the layer height as larger 
as possible for the studied material, 3D printer and 
recommended limits.

5. The modes of 3D printing process were deter-
mined, which allow creating products with the maxi-
mum possible detailing (along Z axis) due to software 
presetting of the minimum possible thickness of a 
product in 3D printing of the used thermoplastic ma-
terial and 3D printer.
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ABSTRACT
The paper presents the results of investigation of the influence of electroslag remelting on the properties of metal of ingots of 
high-manganese steel, alloyed by aluminium and chromium. Features of structure formation in high-alloy manganese steels 
are considered. These steels demonstrate ductility and lower density, alongside strength, and are difficult for pouring alloys, 
prone to hot cracking, formation of a coarse structure and development of macro- and microliquation. Studies have been per-
formed, which confirm the conclusions that steels of this type require a thorough control of solidification conditions. Obtained 
results illustrate a significant influence of the cooling rate on cracking, manganese and aluminium segregation and parameters 
of the alloy dendritic structure. Electroslag remelting resulted in improvement of the structure and led to reduction of the size 
of nonmetallic inclusions in the studied metal without any significant changes in Mn, Al and Cr content, which is one of the 
conditions for producing large-sized homogeneous ingots. Metallographic examinations showed that the microstructure of all 
the studied steel specimens is characteristic for austenitic steel with dendritic crystal growth. Dendritic structure in the metal 
of ESR ingot is homogeneous, distances between the first and second order axes in the ingot middle and upper parts are equal 
to 136.6‒146.5 and 60.54‒8.92 µm, respectively. Completing formation of the required final microstructure of the studied steel 
takes place after further heat and thermodeformational treatment. ESR of cast billets allows reaching the required level of metal 
homogeneity and specified level of properties with a smaller number of stages and duration of thermomechanical treatment, 
and reducing resource consumption.

KEYWORDS: high-strength lightweight steel, ingot, electroslag remelting, microstructure, liquation, phase composition

INTRODUCTION
The development of modern industry involves not 
only the development and application of new struc-
tural materials, but also the creation of effective tech-
nologies for their production. Over the past few de-
cades, many studies have been carried out, devoted 
to the investigation of the properties of Fe‒Mn‒Al‒C 
steels [1‒5] from the point of view of the possibility 
of their application in the power, chemical, mining 
and defence industries, infrastructure construction 
and transport engineering. For some period of time, 
Fe‒Mn‒Al‒C steels were considered as a possible 
replacement for conventional chrome-nickel stainless 
steels [5]. In the 80s and 90s of the last century, the 
influence of their corrosion resistance, weldability, 
oxidation resistance, effect of temperature, chemical 
composition and microstructure on mechanical prop-
erties was actively investigated [4, 5]. One of the most 
important results of these studies was the awareness 
and understanding of the relationship between defor-
mation mechanisms and mechanical properties, which 
attracted the attention of the academic community and 
ensured rapid progress in the further development and 
application of Fe‒Mn‒Al‒C steels in the automotive 
industry. At present, research groups around the world 
are making efforts for further study of Fe‒Mn‒Al‒C 

steels to make them more accessible and expand the 
range of possible applications.

Since the beginning of the 2000s, considerable at-
tention has been paid to the study of Fe‒Mn‒Al‒C 
steels with reduced density, that were intended for the 
application in various structures [3‒5]. These steels 
may contain 3‒30 % Mn, 3‒12 % A1, 0.1‒1.5 % C 
and are distinguished by a unique set of mechanical 
properties with a yield strength of 0.4‒1.0 GPa, a ten-
sile strength of 0.6‒2.0 GPa and a relative elongation 
of 30‒100 % [6‒9]. Aluminium in the alloy composi-
tion provides reduction in the metal density. Each ad-
ditional percent of aluminium results in a decrease in 
the metal density by approximately 1.3 %, as well as 
a decrease in the modulus of elasticity by 2 % and an 
increase in strength by 40 MPa [6, 10, 11]. Steels of 
this system with an aluminium content of more than 
6  % were allocated to a new class of high-strength 
lightweight steels (low-density/lightweight steels).

Depending on the chemical composition, high-
strength lightweight Fe‒Mn‒Al‒C steels can have an 
austenitic, ferritic or double (duplex) matrix consist-
ing of ferrite and austenite [4, 10]. Due to the pres-
ence of nanosized κ-carbides in the austenite matrix, 
these alloys show both excellent strength and ductility 
[4, 5]. Initially, it was assumed that κ-carbides wors-
en ductility, and to suppress their formation, it was 
proposed to add boron, titanium and niobium to the 
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composition of the alloy [9, 12]. However, later it was 
recognized, that in case of optimizing the morpholo-
gy, size and distribution of κ-carbides, they may si-
multaneously improve both strength and ductility [9, 
13]. Usually, coarse intercrystalline κ-carbides are un-
desirable, while intragranular nano-sized κ-carbides 
contribute to the improvement of mechanical proper-
ties [14]. The contribution of nanosized κ-carbides to 
improvement in the yield strength of steel 1.78 times 
exceeds the effect of strengthening with dissolved al-
uminium.

Over the past two decades, new grades of high-
strength lightweight steels with an austenitic matrix 
have been developed, which combine high strength 
with excellent ductility [2, 6, 7] and are aimed at the 
needs of the automotive industry.

Austenitic high-strength lightweight steels usually 
contain 12‒30 % of manganese, 0.6‒2.0 % of carbon 
and 5‒12 % of aluminium [5, 15, 16]. Their phase 
structure consists mainly of an austenitic matrix with 
traces of ferrite, κ-carbides and β-Mn phase. At hot 
deformation temperatures, these steels have practical-
ly one austenitic phase. In the cast state, they show a 
dendritic microstructure and a tendency to liquation 
due to a significant content of alloying elements. Slow 
cooling of these steels leads to the formation of sourc-
es of the ferritic phase and coarse κ-carbides mainly 
along the boundaries of austenitic grains [9, 14]. To re-
duce micro-inhomogeneities, homogenization is per-
formed with exposure at a temperature of 1100‒1250 
°C for the required time. The recrystallized micro-
structure usually contains equiaxial austenitic grains 
with annealing twins [5]. To avoid precipitation of 
coarse κ-carbides, these steels are quenched in water 
at a temperature of 900‒1100 °C. During the aging 
of austenitic Fe‒Mn‒Al‒C steels in the temperature 
range of 500‒900 °С, two types of κ-carbides can also 
form — intergranular and intragranular [8]. As was 
mentioned above, the morphology of these carbides 
significantly affects the properties of steel. In gener-
al, these steels show a good combination of strength 
(600‒1700 MPa) and ductility (up to 85 %) [3, 17].

High-strength lightweight austenitic duplex 
steels may contain 18‒28 % Mn, 9‒12 % A1 and 
0.7‒1.2 % C [5]. At temperatures of hot deformation, 
such steel consists mainly of austenite and a smaller 
amount of ferritic phase. Due to the significant content 
of manganese and aluminium, the austenitic phase is 
quite stable. At room temperature, these steels usually 
have a stable austenitic phase as a matrix one with 
precipitations of nanosized κ-carbides dispersed in 
it (less than 10 vol.%), as well as a small amount of 
ferritic phase (5‒15 vol.%). Steels of this type are a 
variety of multiphase steels and are known as Triplex 

steels [6]. They have much better tensile properties 
than low-density ferritic steels [17].

As research has shown, the cold working of 
Fe‒Mn‒Al‒C alloys deteriorates significantly with 
an increase in the aluminium content by more than 
10  wt.% due to the propagation of brittleness [9]. 
Accordingly, the majority of studies of lightweight 
Fe‒Mn‒Al‒C steels are limited to the compositions 
with the content of aluminium from 5 to 10 wt.% [6, 
18‒23]. By the way, it turned out that the addition of 
Cr can significantly improve the cold working even at 
a high content of aluminium and carbon [19]. Thus, 
for example, with the addition of chromium, Fe‒20–
Mn‒13Al‒1.3C‒5Cr steel was produced with a den-
sity of 6430 kg∙m‒3 (a decrease in density is 18.3 %), 
a yield strength of 915 MPa, a tensile strength of 
1140 MP a, and a total elongation of 22  % during 
uniaxial tensile tests performed at room temperature 
with a strain rate of 3.3∙10‒4∙s‒1. Without the addition 
of chromium, Fe‒20Mn‒12Al‒l.5C steel has a typ-
ical complex microstructure, which mainly consists 
of austenite with fine dispersed intragranular κ-car-
bides in it, a small fraction of ferrite and coarse inter-
granular κ-carbides. It is assumed that Cr, which is a 
carbide-forming element, suppresses the formation of 
intergranular κ-carbides and increases the amount of 
carbon in the austenitic phase.

Thus, acquiring the necessary set of properties 
by high-strength lightweight Fe‒Mn‒Al‒C steels is 
determined by the complex relationship between the 
chemical composition and the micro- and macro-
structures formed in the process of solidification of 
the alloy and during the subsequent heat and thermo-
mechanical treatment. The production of these steels 
will require compliance with a high culture of pro-
duction with precise technological control and the in-
troduction of new technologies. As a result, despite 
the favourable market prospects, the deployment of 
large-scale commercial production of high-strength 
lightweight Fe‒Mn‒Al‒C steels is hindered by a 
number of technical and technological problems that 
occur at almost all stages of the production process, 
which makes it quite expensive so far.

High-alloy Fe‒Mn‒Al‒C steels, like other 
high-manganese steels, are complex alloys for pour-
ing, prone to hot cracking, formation of a rough struc-
ture and development of macro- and microliquation 
[20‒24]. A high content of alloying elements signifi-
cantly affects the nature of the crystallization process, 
contributes to the development of liquation processes 
and heterogeneity of the resulting structures. For ex-
ample, a study of an ingot of medium-manganese steel 
Fe‒5Mn‒1.5Al showed that the content of manganese 
in the central volumes of the ingot is greater than in 
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the surface volumes, while aluminium shows the op-
posite tendency to macrosegregation [25]. Studies of 
the homogeneity of the distribution of impurities at 
the microlevel in the austenitic steel with a high man-
ganese content showed that, depending on the con-
ditions of crystallization due to the development of 
liquation, the difference in the content of manganese 
in different structures can reach 2‒7 wt.%, and car-
bon — 0.06‒0.3 wt.% [26]. Against the background 
of strong liquation, in steels with a complex structure, 
phases may even form that are not predicted by the 
equilibrium phase diagram [24]. The liquidation of 
alloy components and related structural inhomogene-
ities affect the distribution of mechanical properties, 
corrosion resistance, efficiency and results of heat and 
mechanical treatments.

As is shown by special studies, the cooling and the 
associated solidification rates significantly affect the pa-
rameters of the primary structure of the metal at the mac-
ro- and microlevels, as well as the degree of segregation 
of the alloy components, which is predetermined by their 
different solubility in the formed structures [27, 28]. An 
increase in the solidification rate helps to obtain a more 
uniform structure [22, 23], but it is practically impossi-
ble to ensure the required cooling rate simultaneously 
over the entire cross-section of the ingot. In this regard, 
new and improved continuous pouring technologies 
were developed and implemented for the production 
of Fe‒Mn‒Al‒C steel sheets [29, 30]. However, such 
a solution is not universal, as certain products require 
pouring of steel into ingots. In this case, before further 
thermomechanical treatment, it is advisable to subject 
the produced ingots to the process of electroslag remelt-
ing (ESR), which improves the crystalline structure and 
chemical homogeneity of the cast metal [29, 31]. ESR is 
widely used in the production of special steels and su-
peralloys to produce ingots that are more pure in terms 
of nonmetallic inclusions, with minimized macrosegre-
gation and a more uniform microstructure, which allows 
achieving the required final level of metal homogeneity 
and a defined level of properties with fewer stages of 
thermomechanical treatment, reducing time and energy.

This work presents the results of the study of the 
structure and properties of high-strength lightweight 
steel (25‒28 % Mn, ≤ 3 % Si, 9‒11 % Al, 5‒6 % Cr, 
1.8 % С) in the cast state after pouring into ingots and 

after the next electroslag remelting in order to deter-
mine the effect of remelting on the metal quality.

RESEARCH PROCEDURE
Melting of the experimental metal was carried out in 
an induction crucible melting furnace with a subse-
quent pouring into ingots, which were furtheron used 
as consumable electrodes during electroslag remelt-
ing. For melting of experimental steel, the crucible 
lining of the induction furnace with a setting of 60 kg 
was made of a mixture of alumina and magnesite, 
taken in a ratio of 75/25. Casting moulds to produce 
castings with a diameter of 0.08 m and a length of up 
to 0.7 m were made from a sand moulding mixture. To 
reduce the oxidizing effect of the atmosphere during 
melting, a layer of protective flux was created on the 
surface of the liquid metal in the crucible of the induc-
tion furnace.

Electroslag remelting of the experimental metal 
was carried out in an ESR furnace of P-951 type with 
a current-conducting mould with an inner diameter of 
0.18 m and a two-circuit power supply. In order to 
reduce the loss of alloying components with the ox-
idation during remelting, over the slag surface in the 
mould, the partial pressure of oxygen was reduced by 
blowing argon into the space above the slag through 
a circumferential distributor pipe. Remelting was car-
ried out with the use of ANF-29 flux. During remelt-
ing, a stable electrical mode and a minimal immersion 
of the electrode were maintained. At the same time, 
the electric power was equally distributed between 
the electrode and the current-conducting section of 
the mould. The filling factor of the mould during re-
melting was 0.2.

Specimens for chemical analysis and metallo-
graphic examinations were cut out from the produced 
castings and ESR ingot. The content of leading alloy-
ing elements in the casting and ingot metal after elec-
troslag remelting is presented in Table 1.

The study of the microstructure of the investigated 
steel in the cast state and after electroslag remelting 
was carried out in the Neophot-32 optical microscope, 
equipped with a digital photography attachment. Im-
ages were registered using the QuickPhoto computer 
program. Digital images were processed using the At-
las program at magnifications of 25‒500 times in a 
light field. The study of the results of the process of 

Table 1. Content of leading alloying elements in the investigated metal, wt.%

Specimen Al Si Cr Mn

Cast metal 9.96 0.38 6.10 28.45

ESR ingot
Middle of the height 10.79 2.66 5.77 25.70

Main part 10.67 1.12 6.27 28.10
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crystallization and dispersion of the dendritic struc-
ture of the cast metal was carried out by the method 
of measurement of the distance between the dendrite 
branches of the first and second order using the Tes-
can computer program.

The study of the local chemical composition, dis-
tribution and composition of phases, distribution of 
chemical elements, chemical heterogeneity over the 
section area, morphology and chemical composition 
of nonmetallic inclusions (NI), as well as obtaining 
images of the object over a wide range of magnifica-
tions in secondary and scattered electrons were carried 
out using the analytical complex, which is composed 
of JSM-35CF electron microscope of JEOL Compa-
ny (Japan) and INCA Energy-350 X-ray spectrome-
ter with dispersion on the energy of X-ray quanta of 
Oxford Instruments Company (UK). In the work, SEI 
mode (secondary electrons image) was used to study 
the morphology and chemical composition of nonme-
tallic inclusions, as well as building of concentration 
maps for element distribution. The experiments were 
performed at an accelerating voltage of 20 kV and at a 
magnification from 200 to 10000. The elemental anal-
ysis was performed in the range from B to U.

According to morphological features and chemical 
composition, based on the energy dispersion spectral 
analysis, the inclusions were distributed into types 
(elemental composition) and their sizes were deter-
mined. The results of NI analysis were processed us-
ing a special program for quantitative distribution of 
phases and inclusions (INCA Feature). All results are 
presented in weight percentages.

Durometric studies were conducted in the durom-
ter Leco-M400. The measurements of Vickers inte-
gral hardness were carried out at a load of 50 g.

RESULTS OF METALLOGRAPHIC 
EXAMINATIONS OF METAL 
IN THE CAST STATE
Metallographic examinations of specimens of the 
studied metal in the cast state were carried out in the 
cross-section in the areas in the central part of the in-
got and near the surface.

The study of the structure and distribution of non-
metallic inclusions was carried out on the sections 
without etching. Analysis of the obtained results 
showed that it is possible to clearly separate the phase 
components in the metal structure: of dark (spec-
trum 1) and two types of light (spectra 2, 4) colours 
(Figure 1). The matrix has a light colour and has in 
its chemical composition: 14 wt.% Al, 0.6 wt.% Si, 
5 wt.% Cr, 25 wt.% Mn. In the dark component, an in-
creased content of Mn to 34 wt.% and Cr to 8.12 wt.% 
is observed.

Analysis of the distribution of dispersed NI showed 
that they are uniformly located in the matrix, have a pre-
dominantly regular globular shape, and their size does 
not exceed 3 μm in the matrix (Figure 2, spectra 1, 2). It 
is established that the chemical composition of the inclu-
sion is aluminium oxynitride (Al2(O, N)3) with a slight 
content of magnesium impurity (up to 1 %).

The metal structure after etching has a similar 
appearance with the structure, which is observed on 
non-etched specimens. After etching of the experi-
mental specimens, eutectic precipitations are clear-
ly revealed on them. The structure of the experi-
mental metal is two-phase: austenitic matrix (gray) 
and eutectic on the boundaries of grains (Figure 3). 
The eutectoid consists of two phases, in which one 
of the phases is close as to its composition to the 
matrix, and the other — has a higher iron content 
and less alloying elements. According to literary 

Figure 1. Structure of metal of investigated steel (a) in the cast state without etching (BEI mode) and results of local chemical analysis 
of specimens (b)
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sources [1, 10, 17, 19, 21], a two-phase structure 
can be identified as an ordered ferritic structure and 
κ-carbide, which is formed at a slow cooling in Fe‒
Mn‒Al‒C steels. At elevated carbon concentrations 
such as in Triplex steels (1.2  % C ), an eutectoid 
reaction of austenite conversion to laminar ferrite 
and κ-carbide (κ-carbide is FCC carbide of (Fe, 
Mn)3А1С) type occurs.

In order to determine how uniform alloying el-
ements were distributed in the metal of the studied 
steel in the cast state after melting in the induction 
furnace, a linear scanning was carried out according 
to the selected element on the surface of the speci-
men. According to the linear distribution of the ba-
sic alloying elements on the surface of the specimen 
in the area of the formed eutectic, a decrease in iron 
content, an increase in the content of manganese and 
chromium and some reduction in aluminium content 
(Figure 4) were established.

As is known [22, 23, 27], the basic parameters of 
crystallization, which determine the dispersion of the 
structure, is the crystallization rate and the tempera-
ture gradient of the crystallization front. The greater 
the dispersion of the structure, which may be indicat-
ed by the distance between the primary or secondary 
branches of dendrites, the more homogeneous met-
al and the better its properties in the cast state and 
the less banding in the deformed metal. The distance 
between the primary and secondary branches of den-
drites is a direct indicator of the dispersion of the pri-
mary structure.

The results of the study of the dendritic (primary) 
structure are shown in Figure 5. In the interdendrit-
ic space, a darker complex component was formed, 
which is revealed as a two-phase structure of acicu-
lar type at a magnification. Dendrites are oriented in 
different directions relative to the axis of the ingot 
and have the axes of the first and second order. They 

Figure 2. Structure of metal of investigated steel (a) in the cast state without etching (BEI mode) and results of local chemical analysis 
of NI (b)

Figure 3. Structure of metal of investigated steel (a) in the cast state after etching (BEI mode) and results of local chemical analysis 
of specimens (b)
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have an elongated shape with a length to width ratio 
of 5:1. The distance between the axes of the first order 
is 281.5‒306.5 μm and 44.41‒45.19 μm between the 
axes of the second order.

In the specimen from the area close to the surface 
of the ingot, the formation of branched cracks along the 
boundaries of the dendrites is observed, which main-
ly penetrate into the interdendritic space (Figure 6, a). 
Their formation can be a consequence of the liquation 
of alloying elements and, first of all, aluminium and 
manganese, which form brittle eutectics, that can be re-
moved by remelting and appropriate heat treatment. In 
addition, in the specimen metal, that was taken close 
to the surface of the ingot, during the measurement of 
microhardness, cracks were formed already at a load of 
50 kg/mm2, which indicates an increased brittleness of 

the metal (Figure 6, b). The cracks propagated mainly 
along the boundaries of the dendrites.

According to the results of durometric tests, it was 
established that in the metal of the ingot produced by 
casting into a casting mould after induction melting, 
the dark and light phases have an increased level of 
microhardness (4219 ± 370 and 4405 ± 375 MPa, re-
spectively) compared to the matrix (3220 ± 300 MPa) 
and two-phase areas (3219 ± 360 MPa).

RESULTS OF METALLOGRAPHIC 
EXAMINATIONS OF METAL AFTER ESR
Electroslag remelting, during which there is no large 
volume of liquid metal that solidifies simultaneously, 
contributes to a more uniform distribution of alloying el-
ements at the macrolevel during crystallization of large 

Figure 4. Microstructure (a) and linear distribution (b) of basic elements over the cross-section of metal specimen in the cast state: 
1 — Fе; 2  — Мn; 3 —Аl; 4  — Сr; 5 — Sі

Figure 5. Dendritic microstructure at different magnification of characteristic areas of cast metal specimen from ingot with a diameter 
of 0.08 m (central part): a — ×50; b — ×100; c — ×200; d — ×400
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ingots, and the faster growth of a dense dendritic struc-
ture suppresses the propagation of microliquations.

The study of the microstructure of the ingot met-
al by ESR on the specimens without etching showed 
that, as in the metal of cast ingots, a clear separation 
of the phase components in the metal structure is ob-
served: of dark (spectrum 3) and two types of light 
(spectra 1, 2, 5) colour, which differ by the content of 
Al, Mn, Сr and Si (Figure 7).

The matrix has a light colour and contains up to: 13 
wt.% Al, 1.27 wt.% Si, 5 wt.% Cr and 24 wt.% Mn. In 
the dark component, an increased content of such ele-
ments is observed: Mn up to 30 wt.%, Cr up to 10 wt.% 
(Figure 7), which is typical for the carbide phase of chro-
mium-alloyed κ-carbide (Fе, Мn)3А1С type.

The studies have shown a uniform distribution 
of dispersed NI of up to 2 μm in size with a regular 
globular shape (Figure 7, spectra 4, 6, 7). According 
to their chemical composition, they represent alumin-
ium oxynitride with magnesium impurities of up to 
5.39 % (Figure 7, spectrum 7). Characteristic NI rep-
resent aluminosilicates (spectra 4, 6). The last inclu-
sion (spectrum 7) has an extremely high content of 

magnesium — almost 10 %, which indicates a slag 
component of the inclusion.

The study of the heterogeneity of distributing al-
loying elements in the axes of dendrites and interden-
dritic space showed that the content of aluminium in 
the axes of dendrites is 12.05‒12.85 wt.%, silicon — 
1.04‒1.11 wt.%, chromium — 4.88‒5.06 wt.%, man-
ganese — 23.93‒24.53 wt.%, the aluminium content 
in the interdendritic space decreases to 10.53‒10.63 
wt.% and silicon to 0.85‒0.92 wt.%, the content of 
chromium grows to 7.02‒7.2 wt.% and manganese to 
28.23‒28.60 wt.%.

The linear distribution of the basic alloying ele-
ments on the surface of the specimen (Figure 8) along 
the dendrite axis and in the interaxial space confirmed 
the results of the local analysis. In the axes of den-
drites, the content of aluminium and silicon grows 
and the content of chromium and manganese decreas-
es compared to the interdendritic space.

In order to determine the features of the dendrit-
ic structure after etching of ESR metal specimens 
from the upper and middle parts of the ingot with a 
diameter of 180 mm, the primary structure of the cast 
metal was revealed, which consists of light-coloured 

Figure 6. Distribution of microcracks on the areas close to the ingot surface of the cast metal (a) and after measurement of microhard-
ness (b), ×100

Figure 7. Structure of investigated metal (а) after ESR (BEI mode) and results of local chemical analysis of specimens without etching (б)
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dendrites, indicating the presence of the austenitic 
structure, and a dark phase of the interdendritic space 
(Figure 9). In general, the microstructure is charac-
terized by a homogeneous dense structure. Cracks, 
slag inclusions and delaminations at the boundaries of 
dendritic grains, unlike cast metal, are not observed. 
Dendrites are located in different directions relative 
to the axis of the ingot and have axes of the first and 
second order. Dendrites are smaller unlike the initial 
metal of the electrode (in the cast metal), have an 
elongated shape with a length to width ratio of 3:1. 
The dispersion of the dendritic structure in the ESR 
ingot metal was also evaluated in height. Sufficiently 
uniform values of the distance between the axes of the 
first and second order in the middle and upper parts 

of the ingot were established, which are respectively 
136.6‒146.5 and 60.54‒68.92 μm.

Comparison of the metal microstructure in the 
specimens from the upper and middle parts of the 
ESR ingot showed that in the middle of the ingot in 
the area close to its surface, a number of dispersed 
nonmetallic inclusions is greater. The predominant 
size of the inclusions is less than 3 μm, however, sin-
gle inclusions of up to 5 μm in size are observed. In 
terms of chemical composition, similar to the initial 
metal, complex inclusions of aluminium oxynitride 
and aluminium oxide with calcium (aluminocalcium 
silicates) are encountered, which can be formed as a 
result of interaction with slag during ESR.

It was also established that along the boundaries 
of dendrites axes, there are precipitations of separate 

Figure 8. Microstructure (a) and linear distribution (b) of basic elements over the cross-section of ESR metal specimen: 1 — Fе; 2 — 
Мn; 3  —Аl; 4  — Сr; 5 — Sі (dendrite axes — dark; interdendritic space — light)

Figure 9. Dendritic microstructure at different magnification of characteristic areas of metal specimen from ESR ingot with a diameter 
of 0.18 m after etching (upper part): a — ×50; b — ×100; c — ×200; d — ×400
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areas of light-coloured eutectic, which differs in the 
chemical composition and level of microhardness and 
has a reduced melting temperature, which can lead 
to its premature melting and a decrease in the metal 
properties under appropriate operating conditions. To 
eliminate the risk of melting, it is necessary to carry 
out appropriate heat treatment in order to form a more 
uniform distribution of alloying elements (Al, Mn, 
Сr) in the metal matrix. The presence of a eutectic can 
lead to the formation of primary cracks, as evidenced 
by dark regions in the middle of the eutectic.

In the upper part of the ESR ingot, as in the initial 
metal, in terms of the level of microhardness, the dark 
component and the light phase have an increased level 
of microhardness — 4427 ± 215 and 4386 ± 560 MPa, 
respectively, relative to the matrix and eutectic — 
3119 ± 400 and 3208 ± 208 MPa, respectively. How-
ever, in the middle (in height) of the ingot, an increase 
in the level of microhardness of the dark component 
to 6226 ± 140, and of the light component to 4205 ± 
420 MPa is observed, which may be a consequence of 
an uneven distribution of phases.

Evaluation of the dispersion of the dendritic struc-
ture in the metal of the ESR ingot over its height 
showed a sufficiently uniform distribution of the dis-
tance between the axes of the first and second order in 
the middle and upper parts of the ingot, which make 
up 136.6‒146.5 and 60.54‒68.92 µm, respectively.

In general, the distribution of alloying elements 
Al, Mn, Cr and Si, which is observed in the studied 
metal, is characteristic (according to literary data) for 
structural components of steels of this type. Obvious-
ly, in order to ensure their more uniform distribution 
and formation of the structure characteristic for high-
strength steels, additional thermodeformational and 
heat treatment should be carried out, which is pro-
vided by the standard cycle of their manufacture. The 
excessive growth of silicon concentration in metal 
during ESR can be prevented by carrying out the pro-
cess under the silicon-free fluxes [32].

In general, metallographic examinations showed that 
the microstructure of all experimental specimens is aus-
tenitic with the dendritic shape of crystals. Cracks, slag 
inclusions and delaminations on the boundaries of grains 
in the ESR ingot metal were not detected.

The carried out studies show that for steels with a 
high content of manganese, aluminium and carbon, 
the controlled conditions of solidification should be 
provided, at which the cooling rate, on the one hand, 
should be sufficiently high to form a uniform struc-
ture and, on the other, not cause cracks in thermally 
stressed zones.

The carried out studies have shown that electro-
slag remelting of cast billets of Fe‒Mn‒Al‒C steel 

provides improvement of the structure and reduction 
of the size of nonmetallic inclusions without signifi-
cant changes in the content of leading alloying com-
ponents, which makes it possible to produce large-
sized homogeneous ingots.

Conclusions
1. High-strength lightweight Fе‒Мn‒Аl‒С steels are 
high-tech alloys, which simultaneously show excel-
lent ductility along with high strength, as well as re-
duced density depending on the aluminium content. 
Acquiring the required level of properties by them is 
determined by the complex dependence between the 
chemical composition and the macro- and microstruc-
tures formed during the process of solidification of the 
alloy and during the subsequent heat and thermome-
chanical treatment.

2. High-alloy Fе‒Мn‒Аl‒С steels like other steels 
with a high content of manganese, are complex al-
loys for pouring, prone to hot cracking, formation of 
coarse structure and development of macro- and mi-
croliquation. Structural heterogeneities resulting from 
the segregation of impurities affect the distribution of 
mechanical properties, corrosion resistance, efficien-
cy and results of heat and mechanical treatments.

3. The performed studies confirm the conclusions 
that for steels of this type it is necessary to thoroughly 
control the conditions of solidification so that, on the 
one hand, to minimize the segregation of impurities, 
and on the other, to prevent the formation of cracks 
in the areas of thermal stress. The obtained results il-
lustrate the significant impact of cooling rate on crack 
formation, distribution of manganese and aluminium 
at macro- and microlevels and parameters of dendritic 
structure of the alloy.

4. Electroslag remelting of cast billets provided 
improvement of the structure and led to a decrease in 
the size of NI in the studied metal without significant 
changes in the content of leading alloying elements, 
which is a prerequisite for producing large-sized ho-
mogeneous ingots. Distribution of Мn, Аl, Сr and 
Sі at the microlevel according to the values of micro 
X-ray spectral analysis is characteristic of high-alloy 
Fe‒Mn‒Al‒C steels according to literary data.

5. Metallographic examinations showed that the 
microstructure in all specimens of the studied steel is 
characteristic of cast austenitic steel with a dendritic 
growth of crystals. The dendritic structure in the ESR 
ingot is uniform, the distances between the axes of the 
first and second order in the middle and upper part of 
the ingot are 136.6‒146.5 and 60.54‒68.92 μm, re-
spectively. To complete the formation of the required 
microstructure, it is necessary to carry out appropriate 
thermodeformational and heat treatment.
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6. Prior to further thermomechanical treatment, 
it is advisable to expose the ingots of high-alloy Fе-
Мn‒Аl‒С steels to the ESR process, which provides 
the improvement of crystalline structure and chemical 
uniformity of the cast metal, which allows reaching 
the required level of metal homogeneity, a certain lev-
el of properties with a smaller quantity of stages, du-
ration of thermomechanical treatment and reduction 
in the consumption of resources.
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ABSTRACT
Properties of welded joints of VT19 and Ti–2.8Al–5.1Mo–4.9Fe titanium pseudo-β-alloys and complex Т120 titanium (α+β)-al-
loy, produced by electron beam and argon-arc welding and after several kinds of heat treatment (annealing, controlled anneal-
ing, quenching in water, delayed cooling) were studied. In addition to reliable protection of welded joints, another advantage of 
the technology of electron beam welding of titanium and alloys on its base is the possibility of performing local preheating and 
further heat treatment in the vacuum chamber. A quality criterion was proposed in order to compare the properties of welded 
joints in as-welded condition and after additional heat treatment. It was determined that performance of electron beam welding 
using local heat treatment and preheating, as well as making the joints by argon-arc welding using filler material, which allows 
lowering by 10‒20 % the amount of alloying elements in the weld metal, compared to base metal, ensures a high quality of 
welded joints of high-strength titanium pseudo-β-alloys in as-welded condition.

KEYWORDS: titanium, titanium alloys, two-phase, (α+β)-, sparsely-doped, pseudo-β-, welded joints, heat treatment, anneal-
ing, quenching, aging, microstructure, mechanical properties

INTRODUCTION
A considerable increase of the scope of investigations 
aimed at producing titanium alloys with a new set of 
properties has been observed over the recent decades 
[1‒3]. In the leading world materials science centers 
of the USA, China and EC intensive work is being 
conducted on development of new titanium alloys 
with enhanced performance.

Structural pseudo-β-titanium alloys are some of 
the most promising titanium-based metal materials. 
One of the advantages of the modern pseudo-β-alloys 
of titanium is their high manufacturability, which al-
lows them to be deformed at lower forces and tem-
peratures than the traditional high-temperature and 
high-strength alloys with pseudo-α- and (α+β) struc-
tures [3, 4]. In addition, heat treatment of structures 
from these alloys can be performed without their 
transferring into the quenching medium, which re-
duces the deformational and residual stresses and 
prevents metal oxidation [5]. The possibility of com-
paring the properties of pseudo-β-alloy welded joints 
with those of high-strength (α+β)-alloys attracts spe-
cial attention.

A wider application of titanium alloys in different 
industries requires both improving their mechanical 
characteristics [6], and lowering the production cost, 
which can be achieved by developing new alloys with 
improved service properties and application of new 

high-efficient manufacturing technologies, including 
welding.

As regards pseudo-β-alloys of titanium there is a 
tendency in the world practice of application of al-
loying elements, which have a relatively low cost. It 
allows reducing the cost of the production process 
and lowering the cost of the semi-finished products, 
respectively [7]. Such alloys are usually called sparse-
ly-doped. The sparsely-doped titanium alloys include 
low alloys which do not contain expensive or deficit 
elements (Mo, Ta, Zr, Nb, W, etc.) and have relative-
ly inexpensive components of commercial purity at 
the base of their alloying systems (Al, Fe, Cu, etc.). 
Sparsely-doped alloys can also contain oxygen as an 
alloying element [8]. 

Alloys, which harden to β-phase at rapid cooling 
from β-region temperatures, are considered to be ti-
tanium β-alloys. Coefficient of β-stabilization of such 
alloys is Kβ > 1 [9]. Among these alloys, β-alloys and 
alloys with a relatively small amount of α-phase — 
pseudo-β-alloys with Kβ = 1.4 – 2.4 are singled out, the 
polymorphous transformation running by β→(β+α) 
scheme here. In a stable condition they have (β+α) 
structure [10].

A special feature of pseudo-β-alloys is their high 
ductility, which allows them to be subjected to intense 
cold deformation. At treatment for β-solid solution, 
pseudo-β and β-titanium alloys compared to α- or 
α+β-alloys, have the same yield limit, much higher 
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ductility and fracture toughness, as well as higher de-
formability at different kinds of loading. At the same 
time, their strength properties can be significantly 
higher due to aging, which leads to decomposition 
of β-solid solution and precipitation of strengthening 
phases [11, 12].

Investigations of the properties of welded joints of 
alloys having a large amount of β-stabilizers, revealed 
their significant shortcomings: high susceptibility to 
alloying element liquation, strong dependence of ag-
ing duration on the content of alloying elements and 
impurities, as well as low thermal stability, which 
is due to precipitation of intermetallics, for instance 
TiCr2 in these alloy structure [13]. In welding sparse-
ly-doped pseudo-β-alloys the welded joints have the 
following shortcomings: insufficient level of strength, 
ductility, instability of properties, as a result of which 
they are recommended for application in “ground ob-
jects” (medical implants, automotive parts and differ-
ent decorative products).

Therefore, it is rational to assess the properties of 
welded joints of structural and sparsely-doped titani-
um pseudo-β-alloys made by electron beam (EBW) 
and argon-arc welding (AAW), and to compare them 
with the properties of welded joints of a high-strength 
complex titanium (α+β) alloy T120 of Ti‒5.5Al‒2.8.
Mo‒2.3V‒4Nb‒1.3Cr‒1Fe‒2.7Zr system, and well as 
to determine the level of welded joint hardening due 
to heat treatment.

The objective of this work is determination of 
the influence of electron beam and argon-arc weld-
ing and of several kinds of heat treatment, such as 
annealing, quenching in water, controlled annealing, 
delayed cooling, on the properties of base metal and 
welded joints of titanium pseudo-β-alloys VT19, 
Ti‒2.8Al‒5.1Mo‒4.9Fe (LCB-5.1) and (α+β)-alloy 
T120, made by fusion welding.

EXPERIMENTAL PROCEDURE
To achieve the defined objective, we studied the struc-
ture and properties of base metal and joints of tita-

nium pseudo-β-alloys VT19, Ti‒2.8Al‒5.1Mo‒4.9Fe 
(LCB-5.1) and (α+β)-alloy T120 [14, 15], produced 
by tungsten-electrode argon-arc welding with through 
penetration and by electron beam welding, which 
were subjected to postweld heat treatment.

EBW of 10 mm thick samples from structural pseu-
do-β-alloy VT19, from sparsely-doped pseudo-β-al-
loys, such as Timet LCB and Ti‒2.8Al‒5.1Mo‒4.9Fe 
(LCB-5.1) alloys, and (α+β)-alloy T120. EBW modes 
are given in Table 1. One of the advantages of the tech-
nology of EBW of titanium and alloys on its base, in 
addition to ensuring reliable protection of the welded 
joints, is the possibility of performing local preheat-
ing and further heat treatment in the vacuum chamber 
[16, 17]. Modes of EBW with local heat treatment 
(LHT) of 10 mm thick joints with welding speeds of 
7 mm/s are given in Table 1.

AAW of 6 mm thick samples of VT19, 
Ti‒2.8Al‒5.1Mo‒4.9Fe (LCB-5.1) alloys and (α+β)-al-
loy T120 was also performed. Modes of through pen-
etration AAW without filler metal application are pre-
sented in Table 2. For promising high-strength titanium 
alloys, such as VT19, sparsely-doped LCB-5.1 alloy 
and (α+β)-alloy T120, welding wires of the respective 
chemical composition are not available. Therefore, if 
required, it is rational to use unalloyed titanium wire of 
VT1-00sv brand as filler metal, which allows, without 
changing the weld alloying system, reducing the con-
tent of alloying elements in the weld metal, depending 
on welding conditions. Modes 9-12 (Table 2) are for 
AAW with filler wire.

Titanium alloy welded joints can be produced in 
modes with different energy input values. To assess the 
efficiency of the selected welding mode, as well as after 
heat treatment of welded joints of high-strength titanium 
alloys, a criterion of welding mode quality in conditional 
units was proposed, which consists of the contribution 
of the modes of welding and heat treatment into compre-
hensive increase in overall indices of strength, ductility 
and impact toughness of titanium alloy welded joints rel-
ative to base metal of the respective alloy. On the whole 

Table 1. Modes of EBW of experimental pseudo-β-titanium alloys VT19, LCB-5.1 and (α+β)-alloy T120

Mode Alloy grade Beam current, Ib, 
mA Vw, mm/s Тpr, °C

LHT temperature, 
°C

LHT duration, 
min

1 VT19 120 7 – – –
2 ‒»‒ ‒»‒ 11 – – –
3 Timet LCB ‒»‒ 7 – – –
4 LCB-5.1 ‒»‒ ‒»‒ – – –
5 VT19 90 ‒»‒ 400 – –
6 ‒»‒ ‒»‒ ‒»‒ ‒»‒ 750 10
7 LCB-5.1 ‒»‒ ‒»‒ ‒»‒ – –
8 ‒»‒ ‒»‒ ‒»‒ ‒»‒ 750 10
9 Т120, Т110 ‒»‒ ‒»‒ – – –
10 Т120 ‒»‒ ‒»‒ – 900 10
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for titanium alloys increase of some mechanical proper-
ties, for instance, strength, cases a respective lowering 
of ductility and impact toughness values. In some cases, 
however, it goes out of proportion. Analysis of the ob-
tained results of welded joint mechanical characteristics 
led to the conclusion that in titanium alloy welded joints 
having high ductility values, the impact toughness val-
ues are at a high level. In the case, if we consider just 
the strength and impact toughness values, and determine 
their significance as equal, a coefficient of welding mode 
quality was proposed, which is defined as follows:

Kw m = 0.5(σw/σBM) + 0.5(KCVw/KCVBM).

The strength coefficient was also calculated by the 
following formula:

Kw m = σw/σBM.

RESULTS AND THEIR DISCUSSION

JOINT PROPERTIES AFTER WELDING
Welded joints of sparsely-doped Timet LCB titanium 
alloy have the highest strength. For this alloy the val-
ues of as-welded joint strength are equal to 1068 MPa 
or 89 % of base metal strength (Table 3). Impact 
toughness of samples with a sharp notch (KCV) of 
weld metal of Timet LCB alloy welded joints made 
by EBW, is equal to 3.2 J/cm2. Strength of LCB-5.1 
alloy welded joint is on the level of 95 % of that of 
base metal in as-rolled condition. On the whole, the 
strength of welded joints of the considered sparse-
ly-doped alloys in as-welded condition after EBW is 
on the level of 90 % of that of as-rolled alloy.

Conducted studies led to the conclusion that the 
strength of VT19 alloy welded joints is the highest 
in the condition after preheating and LHT, but their 
quality factor is lower than that of welded joints after 

EBW without preheating or LHT. This is attributable 
to high values of impact toughness of VT19 alloy 
welded joints without preheating or LHT. Lowering 
of this welded joint strength at calculation of the qual-
ity characteristic is compensated by high values of 
relative elongation and impact toughness. High val-
ues of relative elongation and impact toughness are 
associated with a large amount of metastable β-phase 
in the weld metal after EBW.

Sparsely-doped pseudo-β-alloys have lower values 
of quality characteristic in the condition after EBW, 
compared to structural pseudo-β-alloy VT19. Quali-
ty characteristic of EB welded joints of high-strength 
(α+β)-alloy T120 is lower than the values of this char-
acteristic for pseudo-β-alloys. EB welded joints after 
LHT have the highest values of quality characteristic 
of (α+β)-alloy T120 (Table 3).

In terms of mechanical properties, EB welded 
joints of sparsely-doped LCB-5.1 titanium alloy have 
lower values of strength in as-welded condition and 
of quality factor, compared to structural alloy VT19. 
Welded joints of (α+β)-alloy T120 have the lowest 
values of strength in as-welded condition and of the 
quality factor. 

The highest values of strength in as-welded con-
dition and of the quality factor are demonstrated by 
LCB-5.1 alloy joints made by EBW with application 
of preheating and LHT.

Investigation of mechanical properties of welded 
joints of titanium pseudo-β-alloys made by tungsten 
electrode AAW (including use of flux) showed that 
the strength values in as-welded condition are on the 
same level, while VT19 alloy joints made without flux 
application have larger values of the quality factor 
(Table 4). For LCB-5.1 alloy flux application ensured 
the highest values of quality characteristic for welds 

Table 2. Modes of AAW of high-strength pseudo-β-titanium alloys VT19, LCB-5.1 and (α+β)-alloy T120

Mode Alloy Iw, А Ua, V Vw, m/h Tpr, °С Vw f, m/h
Filler metal 

content in the 
weld, %

1 VT19 310 12 10 – – –
3 (over flux) ‒»‒ 220 11 ‒»‒ – – –
5 (over flux) ‒»‒ 320 ‒»‒ 16 – –

6 LCB-5.1 330 12 10 – – –
7 ‒»‒ 310 ‒»‒ ‒»‒ 400 – –

8 (over flux) ‒»‒ 240 11 16 – – –
9 VT19 380 12 8 – 30 10

10 ‒»‒ 420 ‒»‒ ‒»‒ – 60 20
11 LCB-5.1 350 ‒»‒ 10 – 30 10
12 ‒»‒ ‒»‒ ‒»‒ ‒»‒ – 60 20
13 Т120 380 ‒»‒ ‒»‒ – –
14 ‒»‒ 360 11 16 – – –
15 ‒»‒ 320 ‒»‒ 10 – – –
16 ‒»‒ 350 12 ‒»‒ – 30 10
17 ‒»‒ ‒»‒ ‒»‒ ‒»‒ – 60 20
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made without changing the weld metal chemical com-
position. Application of filler wire and the associated 
change in the weld metal chemical composition and 
welded joint properties allowed increasing both the 
values of strength properties, and those of quality 
characteristics of the welded joints. Values of quality 
characteristics of welded joints of (α+β)-alloy T120 
are inferior to respective values for pseudo-β-alloys.

The highest values of quality characteristics in 
as-welded condition were determined for welded 
joints of VT19 alloy made by AAW with addition of 
VT1-00sv filler wire in the amount of 20 %, and of 
sparsely-doped LCB-5.1 alloy, made with addition of 
VT1-00sv filler wire in the amount of 10 %. Values of 
quality characteristics of these welded joints are high-
er than those of EB welded joints.

Table 3. Properties of 10 mm thick EB welded joints of pseudo-β-titanium alloys VT19, LCB-5.1 and (α+β)-alloy T120

Sample σt, MPa σ0.2, MPa δ, % KCV, J/cm2 Kw m Ks

VT19, BM 958 887 12 29 – –

VT19, welded joint: 
mode 1;

 
876

 
842

 
11.3

 
28

 
0.93

 
0.91

mode 2; 891 847 10.0 27 –»– 0.93

mode 5 (preheat 400 °С); 893 879 12.0 20 0.8 –»–

mode 6 (preheat 400 °С, LHT 750 °С) 937 868 5.3 21 0.85 0.98

Timet LCB, BM 1187 1145 12.7 13 – –

Timet LCB, welded joint, 
mode 3 1068 1033 5.1 3.2 0.57 0.89

LCB-5.1, BM 1015 939 1.9 6.4 – –

LCB-5.1, welded joint: 
mode 4;

 
960

 
921

 
3.8

 
3.6

 
0.75

 
0.94

mode 7 (preheat 400 °С); 992 959 5.1 3.6 0.76 0.98

mode 4 (preheat 400 °С, LHT 750 °С) 997 964 6.5 5.3 0.9 0.98

T120, BM 1133 1040 10.7 33 – –

T120, welded joint: 
mode 9;

 
1082

 
1006

 
6.7

 
15.2

 
0.72

 
0.95

mode 10 (LHT 750 °С) 1061 1012 8.0 24 0.85 0.93

T110, BM 1130 999 6 38 – –

T11, welded joint, 
mode 9 1080 – – 11 0.62 0.96

Table 4. Mechanical properties of welded joints of pseudo-β-alloys VT19, LCB-5.1 and (α+β)-alloy T120 made by AAW, in as-welded 
condition

Sample Alloy, sample σt, MPa σ0.2, MPa δ. % KCV, J/cm2 Kw m Ks

1 VT19, welded joint 860 839 13.3 19 0.77 0.89
3 VT19, welded joint over a layer of flux 857 815 13.3 14 0.68 ‒»‒
5 ‒»‒ 849 813 10.7 13 0.66 0.88
6 LCB-5.1, joint 921 – – 4.9 0.89 0.85
7 LCB-5.1, joint with 400 °C preheating 799 – – 4.3 0.77 0.74
8 LCB-5.1, joint over a layer of flux 972 936 10.0 5.7 0.99 0.90
9 VT19, VT1-00sv joint, 10 % 895 868 7.3 28 0.93 0.93
10 VT19, VT1-00sv joint, 20 % 963 942 6 32 1.01 0.89
11 LCB-5.1, VT1-00sv joint, 10 % 1002 – – 5.5 0.98 0.93
12 LCB-5.1, VT1-00sv joint, 20 % 960 – – 3.5 0.75 0.89
13 T120, Vw = 10 m/h 1157 1076.9 – 17.6 0.79 1.02
14 T120, over flux, Vw = 16 m/h 1162 1069 – 4.6 0.58 0.12

15 T120 over flux, Vw = 10 m/h 1075 985 15.3 4.9 0.55 0.95

16 T120, VT1-00sv filler, 10 % 1110 1047 – 24.2 0.88 0.98
17 T120, VT1-00sv filler, 25 % 1006 937.8 4.0 14.1 0.67 0.89
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Lowering of strength in welded joints of all the al-
loys is attributable to increase of the amount of β-phase 
in the weld metal after EBW impact (Figure 1, b), com-
pared to base metal (Figure 1, a). LHT application for 
T120 alloy allowed reducing the amount of β-phase 
almost to base metal level (Figure  1, c). The largest 
amount of β-phase in as-welded condition is deter-
mined in the weld metal of the welded joint of pseu-
do-β-alloy VT19, which consists of practically pure 
β-phase (Figure 1, d). In the weld metal of Timet LCB 
and LCB-5.1 alloys the amount of β-phase is also in-
creased, but it is smaller compared to VT19 alloy.

A larger amount of β-phase is also found in 
as-welded condition in the structure of the metal of 
T120 alloy welds made by AAW (Figure 2). Here, flux 
application leads to increase of the amount of β-phase 
(Figure 2, b), while addition of unalloyed VT1-00sv 
filler metal and reduction of alloying element content 
leads to reduction of the amount of β-phase in the 
weld metal (Figure 2, c).

Thus, properties of welded joints of pseudo-β-alloys 
VT19, LCB-5.1 and (α+β)-alloy T120 made by EBW 

and AAW were studied, and it was determined that in 
as-welded condition the highest quality characteristics 
are typical for joints produced with addition of VT1-
00sv filler wire in modes ensuring VT1-00 metal content 
in the weld on the level of 10 % for LCB-5.1 alloy, and 
on the level of 20 % for VT19 alloy.

INFLUENCE OF HEAT TREATMENT 
ON WELDED JOINT PROPERTIES
Heat treatment (HT) of welded joints of pseudo-β-ti-
tanium alloys is performed to eliminate internal 
stresses, achieve optimal physico-mechanical prop-
erties and stable structure not prone to a change of 
phase composition or properties at long-term heating 
at working temperatures. With this purpose, the influ-
ence of furnace annealing, quenching with subsequent 
aging and delayed cooling with the furnace at the rate 
of 1 °C/min on the properties of welded joints of 
pseudo-β-titanium alloys VT19 and LCB-5.1, made 
by EBW and AAW, in particular with application of 
filler wire VT-00sv [18, 19] was studied. Heat treat-
ment modes are given in Table 5.

Figure 1. Microstructure of weld metal of EB welded joints: a — T120 base metal; b — T120 weld metal; c — T120 weld metal after 
LHT at 850 °C; d — VT19 weld metal; e — Timet LCB weld metal; f — LCB-5.1 weld metal

Figure 2. Microstructure of weld metal of AAW welded joints of T120 alloy: a — weld metal (mode 13); b — weld metal, over flux 
(mode 14); c — metal of the weld made with VT1-00sv filler wire (mode 16)
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Studying mechanical properties of welded joints 
of titanium pseudo-β-alloys VT19 and LCB-5.1 alloy 
led to the conclusion that in as-annealed condition 
AAW joints have the highest quality characteristics, 
for VT19 alloy without the filler wire and for LCB-
5.1 alloy with filler wire in the amount of 10 % in the 
weld metal (Table 6).

On the whole, the strength of many welded joints 
in as-annealed condition is on the level not lower than 
that of base metal.

For (α+β) alloy T120, welded joints made by AAW 
with filler wire in the amount of 10 % in the weld met-

al have the highest values of the quality characteristic, 
due to high impact toughness values.

Analysis of mechanical properties of welded joints 
of sparsely-doped titanium pseudo-β-alloy LCB-5.1 
and structural pseudo-β-alloy VT19, subjected to such 
kinds of thermal hardening as quenching in water with 
aging and delayed cooling with the controlled rate of 
1 °C/min, led to the conclusion that the joints made 
without a change of chemical composition of the weld 
metal, namely by EBW and AAW without filler, have 
the highest values of quality characteristic (Table 7). 
EBW joints have the highest strength values.

Table 5. Modes of furnace heat treatment of welded joints of pseudo-β-alloys VT19, LCB-5.1 and (α+β)-alloy T120

HT 
mode Hardening HT type

1 VT19, LCB-5.1 annealing: heating up to 750 °C temperature, 1 h soaking, cooling with furnace

2 VT19, LCB-5.1 hardening and aging: heating up to 750 °C temperature, 1 h soaking, quenching in water, aging at 450 °C, 
4 h soaking, cooling in air

3 VT19, LCB-5.1 delayed cooling: heating up to 750 °C temperature, 1 h soaking, cooling at a controlled rate of 1 °C/min

4 VT19, LCB-5.1 controlled annealing: heating and soaking at the temperature of 750 °C for 1 h; cooling to 680 °C, 
1 h soaking; cooling to 380 °C; 8 h soaking, cooling in air; aging at 450 °C, 4 h soaking, cooling in air

5 T120 annealing: heating up to 900 °C temperature, 1 h soaking, cooling with the furnace

6 T120 controlled annealing: heating to 870 °C; 1 h soaking, cooling with furnace to 800 °C; 
1 h soaking, cooling in air; aging at 380 °С for 8 h, cooling in air; 550 °C 2 h, cooling in air

7 T120 quenching and aging: heating up to 850 °C temperature, 1 h soaking, quenching in water, aging at 550 °C, 
4 h soaking, cooling in air

Table 6. Mechanical properties of welded joints of pseudo-β-alloys VT19. LCB-5.1 and (α+β)-alloy T120б made by AAW and EBW. 
in as-annealed condition

Sample σt, MPa σ0.2, MPa δ, % KCV, J/cm2 Kw m Ks

VT19, EBW joint, Vw = 7 mm/s, preheating at 400 °C 1027 986 12.0 26 0.98 1.07

VT19, EBW joint, Vw = 11 mm/s 1024 984.9 8.7 24 0.94 1.06

VT19, AAW joint without filler 981 946 9.7 29.4 1.01 1.02

VT19, AAW joint with filler, 
20 % VT1-00sv in the weld 1011 989 9.1 25.9 0.97 1.05

LCB-5.1 BM 1071 971 – 7.2 – –

LCB-5.1, EBW joint 1169 1141 1.3 4.8 0.87 1.09

LCB-5.1, AAW joint without filler 1082 1033 – 5.3 0.87 1.01

LCB-5.1, AAW joint over flux 1197 1146 – 6.0 0.97 1.11

LCB-5.1, AAW joint with filler, 
10 % VT1-00sv in the weld 1463 – – 7.3 1.18 1.36

T120, EBW joint 1051.3 942.6 14.7 51.9 1.3 0.92

T120, AAW joint without filler 1013 936.3 4.0 42.9 1.13 0.89

T120, AAW joint over flux, Vw = 16 m/h 1151 1074 – 34.6 1.06 1.02

T120, AAW joint with 10 % VT1-00sv 1168 1083.6 4.0 48 1.29 1.03

T120, AAW joint with 25 % VT1-00sv 921 841 5.1 49 1.19 0.81
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Comparing the influence of HT without transfer-
ring to the quenching medium, namely annealing and 
delayed cooling, the annealed joints have the high-
est strength values. Annealing allows ensuring equal 
strength of the welded joints of titanium alloy VT19 
and sparsely-doped LCB-5.1.

All the conducted HT operations lead to formation 
of a homogeneous structure in the welded joint and 
reduction of the amount of β-phase in the weld metal 
(Figure 3). After quenching the intragranular struc-
ture of T120 alloy welded joints consists of platelike 
α-phase, which here forms the basket weave pattern, 
while the platelike α-phase thickness is the smallest 
and equal to 0.7–1.0 μm (Figure 3, b). After con-
trolled annealing the weld metal forms α-phase plates 
of different dimensions. They are characterized by a 

great diversity of structural element parameters with 
high impact toughness values (Figure 3, c).

After HT, the weld metal microstructure in pseu-
do-β-alloys also consists of equiaxed primary β-grains 
elongated in the direction of heat removal, where 
β-phase decomposition occurred at annealing, with 
formation of a uniform homogeneous (α+β)-structure 
with platelike α-phase of different length (1–5 μm) 
and thickness (0.5–1.0 μm) (Figure 4).

After quenching and aging the microstructure of 
weld metal is the most finely dispersed, the size of 
decomposition products most often does not exceed 1 
μm (Figure 4, b). After delayed cooling at a controlled 
rate of 1 °C/min and controlled annealing, particles 
of α-phase 1.0–1.5 μm thick are observed in the weld 
metal structure (Figure 4, c, d).

Figure 3. Microstructure of weld metal of T120 titanium alloy joint after HT: a — annealing; b — quenching; c — controlled annealing

Table 7. Mechanical properties of welded joints of VT19, LCB-5.1 and T120 alloys made by AAW and EBW, in the condition after 
hardening HT

Sample HT mode σt, MPa σ0.2, MPa δ, % KCV, J/cm2 Kw m Ks

LCB-5.1, AAW over flux 2, quenching in water and aging 1156 1127 4.2 6.9 1.10 1.13

LCB-5.1, AAW with 
VT1-00sv filler, 10 % ‒»‒ 1055 1055 2.8 5.3 0.93 1.04

LCB-5.1, AAW with 
VT1-00sv filler, 10 % 3, delayed cooling 958 958 1.3 6.5 0.98 0.94

LCB-5.1, EBW 2, quenching in water and aging 1204 1199 8.6 4.2 0.92 1.19

LCB-5.1, EBW 3, delayed cooling 964 905 4.7 7.1 1.02 0.95

VT19, EBW Quenching in water and aging 1285 1234 4.7 23.0 1.06 1.34

VT19, AAW ‒»‒ 1273 – – 11.0 0.85 1.33

VT19, EBW EBW, delayed cooling 1068 1012 11.3 23.0 0.95 1.11

VT19, AAW AAW, delayed cooling 1033 1005 6.0 24.0 0.95 1.07

T120, EBW 7, quenching in water and aging 1348 1275.3 1.3 8.3 0.73 1.19

T120, EBW 6, controlled annealing 1204.6 1109.3 4.5 13.2 0.74 1.06

T120, AAW without filler 7, quenching in water and aging 1350.6 1255 – 9.7 0.75 1.19

T120, AAW without filler 6, controlled annealing 1253.1 1165.2 2 16.3 0.81 1.1

T120, AAW with 10 % 
VT1-00sv filler 7, quenching in water and aging 1318 1305.7 2.7 10.8 0.75 1.16

T120, AAW with 10 % 
VT1-00sv filler 2, controlled annealing 1105.6 1040.4 ‒»‒ 18.1 0.77 0.98
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Thus, comparison of quality factors of welding 
modes for pseudo-β-titanium alloy VT19 and LCB-
5.1 alloy leads to the conclusion that AAW with feed-
ing of the lower alloyed filler material is the most 
efficient welding mode for structural alloy VT19 (Fig-
ure 5). Here, for structural alloy VT19 it is rational to 
lower the degree of weld metal alloying by 20 %, and 
for sparsely-doped pseudo-β-alloy LCB-5.1  — by 
10 %. This attributable to a greater amount of alloy-

ing element Fe which makes a large contribution to 
hardening of LCB-5.1 alloy.

Comparison of strength values of EB welded 
joints of pseudo-β-alloys led to the conclusion that 
the greatest hardening of welded joints compared 
with the metal in as-rolled condition is ensured by 
quenching in water and aging, and the least quench-
ing is provided by delayed cooling at a controlled 
rate.

Figure 5. Quality factors of welded joints for some AAW and EBW modes in as-welded condition

Figure 4. Microstructure of weld metal of EB welded joint of pseudo-β-alloy VT19 after HT: a — annealing; b — quenching and 
aging; c — delayed cooling; d — controlled annealing
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Conclusions
1. It was established that the high quality of weld-
ed joints of promising high-strength titanium pseu-
do-β-alloys in as-welded condition can be ensured by 
performing EBW with application of LHT and pre-
heating, as well as making the welded joints by AAW 
with the use of filler material, which allows reducing 
by 10–20 % the amount of alloying elements in the 
weld metal compared to base metal.

2. Lowering of strength of welded joints of pseu-
do-β-alloys is associated with increase of the amount 
of β-phase in the weld metal and HAZ.

3. It was determined that the highest quality factor 
of welded joints of structural pseudo-β-titanium alloy 
VT19 and (α+β)-alloy T120 is provided by AAW with 
feeding of unalloyed filler material VT1-00sv in the 
welding modes, which ensure 10 % filler metal con-
tent in the weld.

4. The highest quality factor of welded joints of 
sparsely-doped titanium pseudo-β-alloy LCB-5.1 is 
provided by EBW, which envisages application of 
preheating and LHT.

5. Values of quality characteristic and strength 
coefficient of welded joints of (α+β)-alloy T120 are 
inferior to the respective values of pseudo-β-alloys.

References
1.	Boyer, R.R., Williams, J.C. (2011) Developments in research 

and applications in the titanium industry in the USA. Proc. of 
12th World Conf. on Titanium, I, 10–19.

2.	(2013) Titanium Metal: Market Outlook to 2018. 6th Ed. 
Roskill Information Services Ltd, USA.

3.	Dobrescu, M., Dimitriu, S., Vasilescu, M. (2011) Studies on 
Ti–Al–Fe low-cost titanium alloys manufacturing, processing 
and applications. Metalurgia Int., 16(4), 73.

4.	Boyer, R.R., Briggs, R.D. (2005) The use of β titanium alloys 
in the aerospace industry. J. Mater. Eng. and Performance, 
14(6), 681−685.

5.	Cotton, J.D., Briggs, R.D., Boyer, R.R. et al. (2015) State of 
the art in beta titanium alloys for airframe applications. JOM, 
67(6), 1281–1303.

6.	Liu, H., Wang, Haomin, Zhang, Zhen et al. (2019) Enhancing 
the mechanical properties of electron beam welded TC17 tita-
nium alloy joint by post-weld heat treatment. J. of Alloys and 
Compounds, 810, 151−937.

7.	Bolzoni, Leandro, Elisa María Ruiz-Navas, Elena Gordo 
(2017) Quantifying the properties of low-cost powder metal-
lurgy titanium alloys. Materials Sci. and Eng.: A, 687, 47−53.

8.	Kaur, M., Singh, K. (2019) Review on titanium and titanium 
based alloys as biomaterials for orthopedic applications. Ma-
terials Sci. and Eng.: C, 102, 844−862.

9.	Froes, F.H. (2015) Titanium physical metallurgy processing 
and applications. USA, ASM Int., 265–269.

10.	Weiping, F., Xiao, T, Zhang, Y.P. et al. (2019) Stress corrosion 
crack sensitivity of ultra-thick TC4 titanium alloy electron 
beam welding joints. Transact. of the China Welding Institu-
tion, 40, 121–8.

11.	Tang, B., Kou, H., Zhang, X. et al. (2016) Study on the for-
mation mechanism of α lamellae in a near β titanium alloy. 
Prog. Nat. Sci. Mater. Int., 26, 385–390. DOI: https://doi.
org/10.1016/J.PNSC.2016.06.009

12.	Fan, J.K., Kou, H.C., Lai, M.J. et al. (2013) Hot deformation 
mechanism and microstructure evolution of a new near β-tita-
nium alloy. Materials Sci. and Eng. A, 584, 121–132.

13.	Moiseev, V.N., Kulikov, R.F., Kirillov, Yu.G. et al. (1979) 
Welded joints of titanium alloys. Moscow, Metallurgiya 
[in Russian].

14.	Khorev, A.I. (2012) Titanium superalloy VT19. Tekhnologiya 
Mashinostroeniya, 6, 2−5 [in Russian].

15.	Akhonin, S.V., Severin, A.Yu., Belous, V.Yu. et al. (2017) 
Structure and properties of titanium alloy VT19, produced by 
the electron beam melting, after thermomechanical treatment. 
Sovrem. Elektrometall., 3, 19–24 [in Russian]. DOI: https://
doi.org/10.15407/sem2017.03.04

16.	Li, Y., Wang, H., Han, K. et al. (2017). Microstructure of 
Ti−45Al−8.5 Nb-0.2 W-0.03 Y electron beam welding joints. 
J. Mater. Proc. Technol., 250, 401−409.

17.	Liu, P., Zhang, G.M., Zhai, T., Feng, K.Y. (2017) Effect of 
treatment in weld surface on fatigue and fracture behavior of 
titanium alloys welded joints by vacuum electron beam weld-
ing. Vacuum, 141, 176–180.

18.	Akhonin, S.V., Bilous, V.Yu., Selin, R.V., Petrichenko, I.K. 
(2020) Heat treatment of high-strength pseudo-β-titanium al-
loy produced by EBM process and of its welded joints. Su-
chasna Elektrometal., 1, 14–25 [in Ukrainian]. DOI: https://
doi.org/10.37434/sem2020.01.02

19.	Akhnonin, S.V., Bilous, V.Yu., Selin, R.V. et al. (2021) Influ-
ence of heat treatment on the structure and properties of weld-
ed joints of high-strength titanium alloys based on β-phase. 
Suchasna Elektrometal., 4, 51−58 [in Ukrainian]. DOI: 
https://doi.org/10.37434/sem2021.04.08

ORCID 
S.V. Akhonin: 0000-0002-7746-2946, 
V.Yu. Bilous: 0000-0002-0082-8030, 
R.V. Selin: 0000-0002-2990-1131, 
E.L. Vrzhyzhevskyi: 0000-0001-8651-8510

Conflict of interest 
The Authors declare no conflict of interest

CORRESPONDING AUTHOR 
V.Yu. Bilous 
E.O. Paton Electric Welding Institute of the NASU 
11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine. 
E-mail: belousvy@gmail.com

Suggested Citation 
S.V. Akhonin, V.Yu. Bilous, R.V. Selin, 
E.L. Vrzhyzhevskyi, S.L. Antonyuk (2023) 
Mechanical characteristics of welded joints of 
high-strength titanium alloys produced by various 
welding methods. The Paton Welding J., 12, 50–58.

Journal Home Page 
https://patonpublishinghouse.com/eng/journals/tpwj

Received: 02.10.2023 
Accepted: 26.12.2023



59

inforMation                                                                                                                                                                                                    

                                                                                                                                                                               

“ D N E P R O M E T I Z ”  —
        N E W  S O L U T I O N S  F O R  W E L D E R S
“Dneprometiz” is a leading manufacturer of hardware in Ukraine, specializing in the prod uction 
of low- and high-carbon wire. In order to meet the needs of consumers, the company is actively 
developing the production of welding wire of the Sv-08G2S and 4Si1 brands. Welding wire pro-
duced by “Dneprometiz” successfully competes with the products of European manufacturers in 
the markets of different countries, thanks to its high reliability and European quality. The range 
of welding wire packaging offered by the “Dneprometiz” plant has been expanded with a new 
type — 250 kg barrels. Welding wire in barrels is used for robotic welding complexes. It is impos-
sible to imagine the work of large-scale production without robotic technology. In particular, it is 
better to entrust welding to special welders. The operation of such equipment is more productive 
and has stable quality, and it also completely eliminates the risks of injury during welding. Weld-
ers automatically join and create metal structures of varying degrees of complexity, from the 
largest to the smallest. Many models and a variety of software allow you to customize the ma-
nipulator for the fi nest, almost jewelry work. Such devices perform the same type of operations 
at high speed. They are also capable of performing different types of tasks, either individually or 
simultaneously.

As part of the implementation of an investment program aimed at modernizing production, in 
July the plant received new equipment for wind-
ing welding wire into 250 kg barrels. Production 
capacity is 1500 tons per year. The launch of the 
new line took place in October 2023. All tests were 
successfully completed, the products demonstrat-
ed good welding and technological properties. 
The use of welding wire in 250 kg barrels in pro-
duction has a number of advantages:

● The balance of the wire and high-quality copper 
coating ensures stable current conductivity in the 
contact (wire-tip).

● Productivity increases due to continuous opera-
tion of welding machines.

● Wire is threaded into the torch less frequently 
and, as a result, its losses for the threading ends 
are reduced.

● The wire from the barrel goes directly into the 
hose, thereby protecting it from dust and clogging 
of the feed channel.

● Layer-by-layer laying of wire along the height of the container facilitates easy feeding into the 
welding zone and accuracy of its positioning in the weld.

● The packaging is made from fully recyclable materials and does not cause any harm to the 
environment.
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● Impossibility of wire theft due to the large weight 
and volume of the packaging.

● Continuous feed of wire into the welding zone 
allows making long welds and improves their 
quality.

● Welders do not need to strain themselves physi-
cally, constantly changing cassettes with wire and 
wasting working time.

● It reduces the need for maintenance of the weld-
ing machine mechanism.

Currently, about 98 % of steel structures are weld-
ed. High quality and durability of metal welded 
structures depend on the quality of welding work 
and the effi ciency of welding materials. One of 
the main conditions for welding metal structures, 
which affects their quality and performance, is the 
correct choice of the welding wire used, which 
must have high technological and mechanical 
properties, since it is the main material that pro-
vides the necessary chemical composition and 
properties of the weld metal. In this case, the most 
widely used welding electrode wire is made of sil-

icon-manganese steel, of type Sv-08G2S grade. Welding wire of Sv-08G2S brand is produced 
both in a copper-plated version (for protection against corrosion) and without coating. This popu-
larity is explained by a wide range of applications, high versatility and excellent quality of welded 
joints.

In the production of welding wire, the most modern equipment from the leading Swedish manu-
facturer Lämneå Bruk AB and high-quality raw materials are used. Quality control of the wire rod 
used in production, as well as testing of fi nished products, are carried out in our own accredited 
laboratory, equipped with instruments and test equipment for chemical analysis, mechanical 
tests, as well as welding and technological tests.

This allows the plant to produce “extra-class” products, the highest quality of which has been 
proven when used at leading industrial enterprises. In 2020, 4Si1 welding wire was certifi ed to 
meet the requirements of EU standards. SV-08G2S and G4Si1 welding wire manufactured by 
“Dneprometiz” Is delivered in accordance with EN ISO, AWS, TU standards.

The production quality management system complies with ISO 9001 and is certifi ed by the 
authority of certifi cation of management systems of GLOBAL-CERTIFIC LLC. PrJSC “Dnepro-
metiz” has been granted the right to mark products with the CE mark.

The commissioning of modern production facilities made it possible to expand the product range, 
satisfy the demand for welding wire and provide the domestic and foreign markets with products 
of the highest quality. Welding wire produced by “Dneprometiz” successfully competes with the 
products of European manufacturers in the markets of different countries, thanks to its high re-
liability and European quality.


