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Abstract: Achieving a higher quality in wire arc additive manufacturing (WAAM) is a result of
the development of welding metallurgy, the development of filler wires, and the control of the
thermophysical properties of the electric arc. In this paper, the authors developed composite wires for
WAAM with a Ni-LaF3, Ni-LaB6 coating. The addition of LaF3, LaB6, and SF6 increases specific heat,
thermal conductivity, enthalpy, and degree of plasma ionization, which leads to the increase in the
transfer of heat from the arc plasma to the wire and to the change in the balance of forces during wire
melting. The increase in the Lorentz electromagnetic force and the decrease in the surface tension
force made it possible to reduce the droplet diameter and the number of short circuits during wire
melting. The change in the thermophysical properties of the plasma and droplet transfer with the
addition of LaF3, LaB6, and SF6 made it possible to increase the welding current, penetration depth,
accuracy of the geometric dimensions of products in WAAM, reduce the wall thickness of products,
and refine the microstructure of the weld metal using G3Si1, 316L, AlMg5Mn1Ti, and CuCr0.7 wires.

Keywords: wire arc additive manufacturing; plasma thermodynamic properties; electric arc; rare
earth compounds; wire melting; droplet transfer

1. Introduction

Wire arc additive manufacturing (WAAM) is an advanced technology for increasing
productivity and reducing costs in the manufacturing of products of steels and alloys [1,2].
WAAM is used to create advanced bionic design products in the car manufacturing,
mechanical engineering, and shipbuilding industries including the production of aircraft
and rocket engine components. However, the development of WAAM is hindered by the
problems with product quality and reliability due to the sensitivity of steels and alloys to
the thermal cycle and metallurgical problems of weldability [3]. An analysis of publications
related to WAAM reveals that most of the research in this field is conducted in order to
improve quality and productivity. There are four advanced areas in this field of study:
metallurgy, technology, equipment, and materials (as shown in Figure 1).

The improvement of these areas is associated with advanced research methods, in-
cluding thermodynamic, mathematical, physical modeling, mechanical engineering and
digital data processing, as shown in Figure 1.
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The filler wires and products in WAAM include the following: high-strength, stainless
steels [4,5], nickel alloys [6], titanium alloys [7], copper alloys [8,9], aluminum alloys [10–12],
magnesium, intermetallic, shape memory alloys, metamaterials, and composites. The ap-
plication of multicomponent steels and alloys in WAAM leads to typical metallurgical
defects: gas porosity, cold, and hot cracks, residual stress and deformation of products,
microchemical inhomogeneity, and anisotropy of the macro- and microstructure of the weld
metal [13–15]. The occurrence of defects reduces the mechanical properties and reliability
of products in dynamic loadings and corrosive environments [16].

The largest number of studies in the field of WAAM are dedicated to the optimization
of technologies, improvement of metal melting, optimization of thermal cycle and welding
parameters, and improvement of the microstructure and mechanical properties [17–20].
Stützer et al. [17] improved the Gas Metal Arc Welding–Cold Metal Transfer (GMAW–CMT)
process and microstructure of duplex steel components in WAAM using the mixing of the
electrode and wire. Müller et al. [18] investigated the mechanical properties, microstructure,
defects, and local strain maps in specimens using tomography. Ding et al. [19] proposed
the FEM models for the prediction and reduction of residual stress in the thermal cycle of
WAAM. Dahat et al. [20] proposed a methodology to parametrize WAAM using a high
strength low alloy (HSLA) steel for improving the quality and geometry of samples.

The control of the thermal cycle is especially important as it affects wire melting, the
formation and geometric dimensions of the products, and the microstructure and properties
of the weld metal [21–23]. Lee [21] developed the numerical model for thermal fields and
mechanical properties prediction in WAAM using CMT heat source. Rodrigues et al. [22]
and Hosseini et al. [23] investigated the mechanical properties and microstructure of HSLA
and duplex stainless steel depending on the heat input. The active development of digital
current sources, neural network data processing technologies, digital Computer Numerical
Control (CNC) machines, and Computer-Aided Design/Computer-Aided Manufacturing
(CAD/CAM) systems made it possible to improve the quality of WAAM [24–26].

The development of WAAM is associated with research in the field of welding metal-
lurgy [27,28] and the development of filler wires [29]. Review of Sames et al. [28] confirmed
the importance of metallurgical processes in the formation of microstructure defects and
residual stresses. The experimental research of Wittig et al. [29] shown significant influence
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of arc energy and filler metal composition on the microstructure of duplex stainless steels.
Research in the field of WAAM metallurgy is aimed at improving the microstructure of
718Plus alloy in the process of solidification and the formation of segregations and eutec-
tics [30], improving the properties of the arc plasma [31], and changing the compositions of
the shielding gases [32]. Hertel et al. [31] discovered a significant effect of metal vapors on
the arc anode spot on the wire melting and droplet transfer at temperatures up to 3300 K.
Wagner et al. [32] found the effect of He and Ar shielding gas composition on plasma
ionization and the arc radiation.

In our opinion, a comprehensive method is needed to solve WAAM problems. This method
is based on controlling the properties of an electric arc, metal melting process, and products
formation based on the analysis of physical, thermodynamic, and metallurgical processes.

The physical and metallurgical principle of layer-by-layer formation of a products in
WAAM is similar to the process of arc welding of multilayer joints [33]. Sumi et al. [33]
solved the problem in narrow gap welding of 100 mm plate in thickness in CO2 gas shielded
arc welding using rare earth metal added wire. Therefore, the control of the properties of
the welding arc and the development of special wires is of crucial importance for solving
WAAM problems. The electric arc as a thermodynamic system conforms to the principle
of temperature self-regulation and thermodynamic equilibrium of H.L. Le Chatelier and
the principle of minimum electric field strength of M. Steenbeck. Improvement of arc
stability and wire melting is associated with thermophysical characteristics of plasma,
plasma ionization, and balance of forces acting during wire melting and formation of a
weld pool. Improvement of arc properties can be achieved through modeling an electric
arc and controlling thermophysical properties of plasma through the addition of molecular
compounds [34,35]. Weglowski [34] determined the presence of ionized iron and man-
ganese vapors in the arc spectrum and suggested using the intensity of the arc radiation for
neural network control. Wang et al. [35] calculated the thermophysical properties of plasma
at the temperature of 300–100,000 K. Introduction of H2O into the plasma increases the
specific heat, thermal, and electrical conductivity and decreases the viscosity. To improve
the melting of the metal and the formation of the weld pool, it is necessary to study the
balance of the forces acting on the plasma flow and the droplet transfer. The addition of
rare earth metals and fluorides makes it possible to improve the thermophysical properties
of the arc, reduce the spattering in the shielding gas [36], and improve the microstructure
and the mechanical properties of the metal product [37]. Kataoka et al. [36] reported the
possibility of spray transfer in CO2 using REM added wire. Parshin et al. [37,38] achieved
an increase in impact energy of welds in arc welding high-strength steels using composite
coated wire with LaF3-LaB6. Parshin et al. [39–42] investigated the positive effect of CaF2,
AlF3, KBr, KF, NaCl, BaCl2, TiO2 on increasing the melting coefficient of wires and improv-
ing the droplet transfer parameters in the MIG-, MAG-welding of steels and aluminum
alloys. Parshin [43,44] found an effect in increasing the stability of the electric arc and the
wires melting process when addition of SF6 to argon during MIG welding.

The droplet transfer is determined by the sum forces FS acting on the drop in the wire
melting process except the transition process and short circuits [45]:

FS = FEM + FD + FG − FST − FEP, (1)

where FEM is the Lorentz electromagnetic force (pinch effect force); FD is the drag force due
to the axial plasma flow past the drop surface; FG is the force of gravity; FST is the surface
tension force; and FEP is the force of the electromagnetic pressure of the arc column.

The electromagnetic force of the pinch effect FEM and the surface tension force FST
make the largest contribution to the sum of the forces FS acting during droplet transfer.
The distribution of the Lorentz electromagnetic force FEM in the longitudinal axis of the arc
is proportional to the square of the current [46]:

FEM =
µ

4π
I2ln

R
r0

(2)
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FEM = j× B, (3)

where µ is magnetic permeability of vacuum; H/m; I is arc current; A; R is the radius of the
arc column, mm; r0 is the radius of the welding wire, mm; j is the current density, A/m2;
and B is the magnetic induction, T.

The force of surface tension on a drop is determined by the expression [47]:

FST = 2πrγ, (4)

where r is the radius of the drop; γ is surface tension of liquid metal.
The surface tension of metals and alloys depends on the impurities and decreases with

increasing temperature [48]. The surface tension of pure iron decreases with the addition of
impurities S, O, N, Ce, P, B [49–51]. The surface tension of iron at 2000 K with the addition
of oxygen from 0.009 to 0.026 wt.% decreases from 1.6 to 1.4 N/m [49]. According to
Kasama et. al. [50] the surface tension of iron at 1873 K decreases from 1.8 to 1.2 N/m
with the addition of oxygen from 0.0025 to 0.1 wt.%. According to Korobeinikov et al. [51]
the surface tension of iron at 1823 K decreases from 1.7 to 1.67 N/m with the addition of
0.0062 wt.% boron.

When the wires are melted in a shielding gas, the anode spot of the arc is located
on the surface of the liquid drop. At a high current density in the anode spot of the arc,
local evaporation of metal can occur [31]. Local evaporation causes the reactive force FJ (jet
force) in accordance with Newton’s third law of the equality of action and reaction and in
accordance with the law of conservation of momentum:

FV = −FJ (5)

FV =
mV

t
, (6)

where FV is the force caused by the movement of steam of wt. m with velocity V.
The reactive force FJ is directed normally to the evaporation surface, and the velocity

and wt. of the vapor have a radial distribution similar to the Gaussian distribution of
the electromagnetic pressure force FEP [52]. The reactive force FJ in the anode affects the
droplet transfer, so it should be taken into account when calculating the sum of forces, in
our opinion, according to the modified equation:

FS = FEM + FD + FG − FST − FEP − FJ . (7)

In addition to these forces, the droplet transfer is influenced by the tangential force,
which arises due to the Marangoni effect. This phenomenon is associated with convective
flows of liquid in a molten droplet due to the temperature gradient, the gradient of surface
tension and due to the adsorption of surfactants [53]. The Marangoni effect influences the
droplet transfer due to the changes in the convection of the liquid metal. Hydrodynamic
convection is characterized by fluid velocity and turbulence in accordance with the Navier-
Stokes equation and the Reynolds number [54]. An increase in convection and a decrease in
the surface tension of a liquid metal [47] can be achieved by changing the thermophysical
properties of the arc plasma and improving heat transfer from the arc plasma to the filler
wire [54].

The melting rate of the filler wire (anode) and the droplet diameter depend on the
heat qa, which is the sum of the heat from the arc plasma qe and the Joule heat qr when the
wire is heated due to the electric current flow [55]:

qa = qe + qr =

(
Va + φ +

3
2

kT
e

)
I +

LI2

πr2σ
, (8)
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where φ is the work function of the metal surface; Va is the anode voltage fall; 3kT/2e is the
thermal energy of electrons; I is the current; L is the wire stickout from the contact tube; r is
wire radius; and σ is the electrical conductivity of the wire metal.

According to the kinetic theory of gases, the heat of the arc plasma is the sum of
the kinetic and potential energies of electrons and heavy particles [56]. Total thermal
conductivity λ, W/(m× K) of a gas system is determined by the sum of individual thermal
conductivities [56]:

λ = λtr + λω + λam + λd, (9)

where λtr is the sum of thermal conductivities (λm of molecules, λa of atoms, λi of ions and
λe of electrons); λω is thermal conductivity during the transfer of excitation energy; λam is
thermal conductivity of ambipolar (ionization) diffusion; and λd is thermal conductivity
during diffusion of dissociation energy of molecules.

The transfer of the heat of the arc plasma to the anode (filler wire), heating and
melting of the anode depend on the thermal conductivity of the plasma and the material
of the anode [57]. The heat flux density JE (W/m2), the plasma thermal conductivity
λ (W/m × K), and the heat capacity cV are described by the relations [58]:

JE = −λ∇T (10)

λ = ηcV = DρcV , (11)

where D is coefficient of diffusion (self-diffusion) of gas, m2/s; cV is specific heat capacity at
constant volume, J/(kg × K); η is dynamic viscosity, kg/(m × s); and ρ is density, kg/m3.

According to the Kirchhoff equation, the change in the heat capacity of the system ∆cP at
constant pressure p is determined by the dependence of enthalpy ∆H on the temperature T:

∆cP =

(
d∆H
dT

)
P

. (12)

The equilibrium constant of the reaction KR, the change in the Gibbs energy ∆G, and
the change in enthalpy ∆H are described by the Gibbs relations:

− RTlnKR = ∆G (13)

∆G = ∆H − T∆S. (14)

The equilibrium constants of dissociation and ionization reactions of a substances is
determined by the dependence of enthalpy ∆H on the temperature T according to the Van’t
Hoff equation: (

∂lnKR
∂T

)
υ

=
∆H
RT2 . (15)

Thus, endothermic dissociation and ionization reactions can increase the heat capacity,
enthalpy, and thermal conductivity of plasma. This effect facilitates the transfer of the
amount of heat from the arc plasma to the surface of the wire-anode and the weld pool.
An increase in the thermal conductivity of the plasma and the amount of heat on the
wire-anode can increase the temperature of the droplets, decrease the surface tension, and
enhance the convection of the liquid metal. Adsorption of La, S, and B on the surface of
a liquid droplet can further reduce the surface tension and increase the sum of the forces
FS, facilitating the droplet transfer. When modeling, it is necessary to take into account
that the content of metal vapors in the arc plasma amounts to 10%, which can significantly
change its thermophysical properties [59].

We assume that the changes in the thermophysical properties of the plasma and the
balance of forces should improve the droplet transfer and decrease the droplet diameter
during melting of the filler wire. The metallurgical effect of lanthanum fluoride LaF3,
lanthanum boride LaB6, and gaseous sulfur hexafluoride SF6 in WAAM has not been
previously studied, which determines the scientific novelty and relevance of this study.
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The aim of the study is to change the thermophysical properties of an electric arc
plasma, droplet transfer and products formation in WAAM by introducing lanthanum
fluoride LaF3, lanthanum boride LaB6, sulfur hexafluoride SF6 into argon using wires of
G3Si1, 316L, AlMg5Mn, CuCr0.7.

2. Materials and Methods

For research, we used G3Si1 wire of 1.2 mm in diameter according to EN ISO 14341:
2020, 316L wire of 1 mm in diameter according to EN ISO 14343:2017, AlMg5Mn1Ti wire
of 1.6 mm in diameter according to EN ISO 18273:2015 (ESAB, Gothenburg, Kingdom of
Sweden), CuCr0.7 bronze wire (Plant of Quality Alloys, Moscow, Russia) according to EN
ISO 24373:2018 (according to GOST 16130-90 in Russian) of 1.6 mm in diameter with a
chemical composition as shown in Table 1.

Table 1. Chemical composition of filler wires, wt.%.

Wire C Mn Si Mo Cr Ni S P Others

G3Si1 1.2
mm 0.06–0.14 1.4–1.6 0.8–1 – – – <0.025 <0.025 <97.2 Fe

316L 1.0
mm <0.03 <2 <0.075 2–3 16–18 10–14 <0.03 <0.045 <64.82 Fe

AlMg5Mn1Ti
1.6 mm – 0.5–1 <0.25 – 0.05–0.2 – – – <98.55 Al

CuCr0.7
1.6 mm – – – – 0.4–1 <0.01 <0.01 <0.005 <98.9 Cu

Standard wires G3Si1, 316L of 1; 1.2 mm in diameter were treated according to
electrochemical technology in an electrolyte with the composition: 500 g/L Ni(BF4)2,
50 g/L LaF3 or LaB6, the solvent is ethanol C2H6O [37]. The principle of the process is
shown in Figure 2.
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Figure 2. The principle of electrochemical formation of a composite coating on the surface of the wire.

After processing, a composite coating with a thickness of about 5 µm was formed
on the surface of the wires from a nickel matrix and nanodispersed particles of LaF3 or
lanthanum boride LaB6 with 0.3–0.7 µm particle diameter, as shown in Figure 3.
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Figure 3. SEM image of the microstructure of composite Ni-LaF3 coatings on the surface of the wire.

Sulfur hexafluoride SF6: SF6 > 99.9%, H2O < 5 ppm, CF4 < 500 ppm, air < 500 ppm
(Linde AG, Pullach, Germany) was introduced into pure argon through a WITT KM gas
mixer 80-3 (WITT-Gasetechnik GmbH, Witten, Germany) in the ratio, %: 1.6; 3.2; 4.8; 6.4.
SF6 concentrations were calculated taking into account the volume and molar mass.

Investigations of the droplet transfer were carried out by the shadow method using a
laser system when weld deposition on a rotating pipe. Video recording was made with
a high-speed video camera Phantom V310 (Vision Research Inc., Wayne, NJ, USA) at
2000 fps. Phantom CV software (Vision Research Inc., Wayne, NJ, USA) was used for image
visualization and analysis. The source was Lorch-Schweißanlage S-RoboMIG XT (Lorch
Schweißtechnik GmbH Auenwald, Germany). Arc voltage and current were determined
using a digital USB-oscillograph and DIAdem-2020 program (National Instruments, Austin,
TX, USA). Welding parameters for wire melting are given in Table 2.

Table 2. Welding parameters in the study of wire melting.

Wire Current, A Voltage, V Wire Feed Rate, m/min

G3Si1 1.2 mm 221 19 5
316L 1.0 mm 215 13 5

AlMg5Mn1Ti 1.6 mm 140 20 6

To study the process, robotic layer-by-layer weld deposition of specimens 35–50 mm
in height and 150 mm in length was performed. For arc weld deposition in argon, a Comau
Smart NC-16-1.65 robot (Comau, Turin, Italy) with a Fronius TransPuls Synergic 4000
CMT/RCU 5000i source (Fronius International GmbH, Pettenbach, Austria) was used, in
accordance with the welding parameters specified in Table 3.

Table 3. Welding parameters for the multilayer CMT-standard weld deposition.

Wire Current, A Voltage, V Wire Feed Rate,
m/min Travel Speed, m/min

G3Si1 1.2 mm 98 14.6 2.1 0.6
316L 1.0 mm 64 12.9 2.3 0.4

AlMg5Mn1Ti 1.6 mm 110 15 3.0 0.8
CuCr0.7 1.6 mm 130 14.5 3.2 0.8

For thermodynamic modeling of the plasma thermophysical properties and the phase
composition of plasma, were used the program IVTANTHERMO (Joint Institute for High
Temperatures of the Russian Academy of Sciences, Moscow, Russia).
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3. Results

When fluoride LaF3 and boride LaB6 are added into the plasma of an electric arc,
evaporation, dissociation, and ionization occur according to the endothermic reactions
(16)–(20):

LaF3 = La + 3F (16)

LaB6 = La + 6B (17)

Ar = Ar+ + e (18)

La = La+ + e (19)

B = B+ + e (20)

As a result of dissociation and ionization reactions, the arc plasma consists of a
complex mixture of molecules, atoms and ions, as shown in Figure 4.
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Figure 4. Mass fraction of components during dissociation (a) and ionization (b) of the mixture, wt.%:
90Ar + 5LaF3 + 5LaB6.

At the boundary of the arc plasma at 4000–5000 K, negative ions F– are formed.
The formation of positive La+ ions with ionization energy of 5.57 eV and boron B+ with
ionization energy of 8.29 eV increases the degree of ionization of the arc plasma.

Dissociation of SF6 fluoride at 1000–6000 K occurs with the formation of compounds
SF4, SF2, SF, F, and with the formation of negative ions F– and S–. According to thermody-
namic modeling, with SF6, the degree of plasma ionization at the center of the arc is higher
compared to the addition of LaF3 and LaB6 due to the ionization of Ar+ atoms, as shown in
Figure 5.
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Figure 5. Mass fraction of components during dissociation (a) and ionization (b) of the mixture, wt.%:
90Ar + 10SF6.

Endothermic reactions of dissociation and ionization of LaF3 with a positive change in
enthalpy lead to an increase in heat capacity, thermal conductivity, enthalpy of the plasma,
and slight decrease in dynamic viscosity, as shown in Figure 6.
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Figure 6. Change in specific heat (a), thermal conductivity (b), enthalpy (c), and dynamic viscosity
(d) of an equilibrium system at 0.1 MPa, wt.%: (1) 100 Ar; (2) 95Ar + 5Fe: (3) 90Ar + 5Fe + 5LaF3;
(4) 85Ar + 5Fe + 10LaF3; (5) 80Ar + 5Fe + 15LaF3; (6) 75Ar + 5Fe + 20LaF3.
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When LaF3 is added, a significant increase in the specific heat and thermal conductivity
of the plasma occurs at the arc boundary at temperatures of 4000–5000 K, in the zone of
molecular dissociation reactions. The addition of LaB6 increases the specific heat, thermal
conductivity and enthalpy of plasma at temperatures of 6000–10,000 K and reduces the
dynamic viscosity of the plasma, as shown in Figure 7.
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Figure 7. Change in specific heat (a), thermal conductivity (b), enthalpy (c), and dynamic viscosity
(d) of an equilibrium system at 0.1 MPa, wt.%: (1) 100Ar; (2) 95Ar + 5Fe; (3) 90Ar + 5Fe + 5LaB6;
(4) 85Ar + 5Fe + 10LaB6; (5) 80Ar + Fe + 15LaB6; (6) 75Ar + 5Fe + 20LaB6.

The addition of SF6 causes a significant increase in thermal conductivity at the arc boundary
at 4000–6000 K due to intense dissociation reactions, and also increases the specific heat, enthalpy,
and decreases the dynamic viscosity of the plasma, as shown in Figure 8.
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Figure 8. Change in specific heat (a), thermal conductivity (b), enthalpy (c), and dynamic viscosity
(d) of an equilibrium system at 0.1 MPa, wt.%: (1) 100Ar; (2) 95Ar + 5Al; (3) 94Ar + 5Al + 1SF6;
(4) 93Ar + 5Al + 2SF6; (5) 90Ar + 5Al + 5SF6; (6) 85Ar + 5Al + 10SF6; (7) 80Ar + 5Al + 15SF6; (8) 75Ar
+ 5Al + 20SF6.

The addition of LaF3, LaB6, and SF6 into the plasma leads to the formation of positive
ions La+, boron B+, and the formation of negative ions F−, S−. An increase in the ion
concentration leads to an uneven distribution of charged particles in the longitudinal and
transverse directions, to an increase in the degree of plasma ionization and to an increase
in the concentration of electrons, as shown in Figure 9.
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5Fe + 10LaF3; (5) 80Ar + 5Fe + 15LaF3; (6) 75Ar + 5Fe + 20LaF3; (7) 90Ar + 5Fe + 5LaB6; (8) 85Ar +
5Fe + 10LaB6; (9) 80Ar + 5Fe + 15LaB6; (10) 75Ar + 5Fe + 20LaB6; (11) 95Ar + 5Al; (12) 94Ar + 5Al +
1SF6; (13) 93Ar + 5Al + 2SF6; (14) 90Ar + 5Al + 5SF6; (15) 85Ar + 5Al + 10SF6; (16) 80Ar + 5Al + 15SF6;
(17) 75Ar + 5Al + 20SF6.

The addition of SF6 leads to a decrease in the electron concentration from 0.06 to 0.02 mol/kg
at the arc boundary at 4000–5000 K, which is explained by intense deionization and the forma-
tion of negative F− and S− ions. However, the addition of SF6 together with 5% Al vapor leads
to an increase in the electron concentration in the center of the arc from 0.5 to 1.9 mol/kg at
10,000 K.

Thus, the dissociation of fluorides LaF3, SF6, and boride LaB6 results in an increase
in specific heat, thermal conductivity, enthalpy of plasma from a mixture of argon, and
5% metal vapor. The degree of influence of the components on the properties of the
plasma depends on the composition, concentration of particles, and temperature. The
improvement in heat transfer occurs both at the boundary of the arc and at the center of
the arc, depending on the composition of the components. The change in thermophysical
properties is explained by the dissociation of molecular impurities LaF3, SF6, LaB6, and
an increase in the concentration of electrons, the energy of which makes the greatest
contribution to the total thermal conductivity of the plasma. An increase in the electron
concentration, as we predict, should lead to an increase in the anode voltage fall (which
requires further study).

A slight decrease in dynamic viscosity can be explained by a decrease in the mean free
path of particles and a decrease in the diffusion coefficient of particles due to an increase in
the density of an ionized multicomponent plasma. The results are consistent with those
of Murphy et al. [60] on the effect of addition of molecular gases on the thermophysical
properties of argon. According to research by Murphy et al., the addition of molecular
impurities into argon in the presence of iron vapor increases the thermal conductivity,
specific heat, and enthalpy of the system and decreases the dynamic viscosity of the plasma
at dissociation temperatures of molecular impurities of 2500–5000 K.

To confirm our hypothesis about the improvement of the droplet transfer due to the
changes in the thermophysical properties of the plasma, the melting of the welding wires
was studied. Melting of the G3Si1 wire with 1.2 mm in diameter in argon occurred with
the formation of large droplets up to 2.5 mm in diameter, as shown in Figure 10a.
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Figure 10. Change in current and sequence of droplet transfer during melting of G3Si1 wire of
1.2 mm in argon: (a) uncoated wire; (b) wire with Ni-LaF3 coating of 5 µm; time between the frames
is 5 ms; 1–6 is a sequence of frames.

The transfer of droplets occurred with short circuits at a frequency of 35–40 Hz. When
the droplet was touched on the weld pool surface, the phenomenon of a short-term current
interruption was observed for 1–2 ms. The reason of current interruption was probably due
to the presence of an electrically insulating oxide film on the surface of the weld pool or the
presence of a vapor phase with low electrical conductivity and thermal conductivity. The
average arc length was 6 mm at welding current of 205–238 A, an arc voltage of 16–22 V, a
power of 3.3–5.2 kW. When analyzing the average welding parameters, sharp fluctuations
in transient processes during short circuits and arc breaks were not taken into account.

The melting study of G3Si1 wire with 5 µm thickness Ni-LaF3 coating showed a
decrease in the droplet diameter to 2 mm and the frequency of short circuits to 2–4 Hz,
as shown in Figure 10b. The duration of the short-term interruption of the current when
the droplet closes on the weld pool decreased to 0.1–0.16 ms. The average arc length
was reduced to 4.8 mm at a current of 221–238 A, an arc voltage of 17–22 V, a power of
3.7–5.2 kW. With an increase in the thickness of the Ni-LaF3 coating on the G3Si1 wire to
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15 µm, a drop-streaming metal transfer mode occurred with a droplet diameter of 0.5–1 mm
and a stream diameter of up to 0.3 mm without short circuits, as shown in Figure 11.

Metals 2021, 11, x FOR PEER REVIEW 14 of 24 
 

 

a drop-streaming metal transfer mode occurred with a droplet diameter of 0.5–1 mm and 
a stream diameter of up to 0.3 mm without short circuits, as shown in Figure 11. 

 

 
Figure 11. Change in the current and metal spray transfer during melting of a G3Si1 wire of 1.2 mm 
in argon with a Ni-LaF3 coating of 15 μm; time between the frames is 0.5 ms; 1–8 is a sequence of 
frames. 

The average arc length was reduced to 2 mm at a welding current of 277–309 A. Thus, 
using a composite coating significantly improved the droplet transfer characteristics and 
the stability of the welding arc. Welding current increased by 7%, arc voltage by 6%, 
power by 12%. The application of 15 μm thickness coating led to an increase in current by 
29–35%. When weld deposition with G3Si1 wire, the weld width at a wire feed rate of 7–
10 m/min decreased in argon by 18–25%, and the depth of penetration increased by 20–
38%. 

Melting of 316L wire with 1.0 mm in diameter in argon occurred with the formation 
of large droplets up to 2.6 mm in diameter, with a short circuit frequency of 10–12 Hz, as 
shown in Figure 12a. 

 
(a) 

Figure 11. Change in the current and metal spray transfer during melting of a G3Si1 wire of 1.2 mm
in argon with a Ni-LaF3 coating of 15 µm; time between the frames is 0.5 ms; 1–8 is a sequence
of frames.

The average arc length was reduced to 2 mm at a welding current of 277–309 A. Thus,
using a composite coating significantly improved the droplet transfer characteristics and
the stability of the welding arc. Welding current increased by 7%, arc voltage by 6%, power
by 12%. The application of 15 µm thickness coating led to an increase in current by 29–35%.
When weld deposition with G3Si1 wire, the weld width at a wire feed rate of 7–10 m/min
decreased in argon by 18–25%, and the depth of penetration increased by 20–38%.

Melting of 316L wire with 1.0 mm in diameter in argon occurred with the formation
of large droplets up to 2.6 mm in diameter, with a short circuit frequency of 10–12 Hz, as
shown in Figure 12a.

The average arc length was 6 mm, welding current of 202–228 A, arc voltage of 12–13 V,
power of 2.6–3 kW. The study of 316L wire with a 5 µm thickness Ni-LaB6 coating showed
a decrease in the droplet diameter to 1.2–2 mm during melting, as shown in Figure 12b.
The average arc length was 4.4 mm at the welding current of 208–250 A, the arc voltage of
12.2–13.2 V, and the power of 2.6–3.4 kW.
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Figure 12. Change in the current and sequence of droplet transfer during melting of a 316L wire of
1.0 mm in argon: (a) uncoated wire; time between the frames is 1 ms; (b) wire with a Ni-LaB6 coating
of 5 µm; time between the frames is 5 ms; 1–6 is a sequence of frames.

The application of gaseous sulfur fluoride SF6 has a significant effect on wire melting.
When 1.6 wt.% SF6 was introduced into argon, the 316L wire melted with the formation of
droplets up to 1.6 mm in diameter without short circuits, as shown in Figure 13a.
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Figure 13. Change in the current and sequence of droplet transfer during melting of 316L wire of
1.0 mm in the mixture, wt.%: (a) gas mixture of 98.4Ar + 1.6SF6; (b) gas mixture of 96.8Ar+3.2SF6.
Time between the frames is 5 ms; 1–6 is a sequence of frames.

The average arc length was 6 mm at the welding current of 239–285 A, the arc voltage
of 13.2–14.2 V, and the power of 3.2–4 kW. With an increase in the SF6 content to 3.2 wt.%,
the droplet diameter decreased to 1–1.5 mm. The average arc length was 6.2 mm at
the welding current of 280–320 A, arc voltage of 13.4–14.6 V, power of 3.6–4.6 kW, as
shown in Figure 13b. An increase in the SF6 content to 6.4 wt.% caused an increase in the
droplet diameter to 2–2.3 mm. The average arc length was 6 mm at the welding current of
290–340 A, the arc voltage of 13.5–15 V, the power of 4–5 kW, as shown in Figure 14.
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Figure 14. Change in the current and sequence of droplet transfer during melting of 316 L wire of
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Thus, an increase in the SF6 fluoride content within 1.6–6.4, wt.%, causes an increase in
the current by 18–49%, the arc voltage by 9–15%, and the arc power by 23–66%. Surfacing
of the deposited beads showed that when 1.6–3.2 wt.% SF6 is introduced into argon, the
width of beads decreases by 4.8–9.1%, and the penetration depth increases by 18–45.4%.
Since the parameters of the current source did not change, the changes in the current,
voltage, power, weld width, and penetration depth can only be explained by the effect of
SF6 on wire melting, balance of forces, thermophysical properties, and ionization of the
arc plasma.

Melting of AlMg5Mn1Ti wire with a diameter of 1.6 mm in pure argon occurred with
the formation of droplets with 2–3 mm diameter with spattering and microexplosions of
droplets, as shown in Figure 15a.

At a wire feed rate of 6 m/min, the addition of SF6 at concentration of 1.6–6.4 wt.%
reduced the droplet diameter to 1.5–2 mm, increased the average current by 4–13.8%, and
decreased the average voltage by 2.4–8.9%. The droplet transfer frequency increased from
56 Hz to 78 Hz, as shown in Figure 15b. When 1.6–3.2 wt.% SF6 was introduced into argon,
the width of the deposited bead decreased by 17.2–28.6%, and the depth of penetration
increased by 11.7–52.9%, depending on the wire feed rate in the range of 6–9 m/min. The
reasons for the improvement in wire melting parameters with the application of SF6 are
increase in enthalpy, thermal conductivity, heat capacity, and plasma ionization.
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Changing the thermophysical properties of the arc and improving the melting of the wires
with the application of LaF3, LaB6, and SF6 made it possible to obtain a technological effect for
the formation of specimens in the robotic WAAM technology, as shown in Figures 16–19.
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the number of short circuits, and to reduce the wall specimen thickness by 20–50%. The 
addition of fluorides helped to clean the surface of the specimen from slag and oxides. 

A noticeable effect is also the refinement of grains in the microstructure of the depos-
ited metal with G3Si1–Ni-LaF3 and 316L–Ni-LaB6 wires, which may be due to the modify-
ing effect of La on the limited growth of crystallites and the formation of additional crys-
tallization nuclei in the weld pool. The refinement of the microstructure of the 
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wire of 1.6 mm: (a) pure argon, specimen thickness is 6.5 mm, layer thickness is 2–2.5 mm; (b) gas
mixture with the addition of 1.6 wt.% SF6 into argon, specimen thickness is 4 mm, layer thickness is
0.8–1 mm.
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Figure 19. Optical macrostructure of the specimen with AlMg5Mn1Ti wire in WAAM: (a) cross-
section of the specimen during deposition in pure argon; (b) cross-section of the specimen during
deposition in the mixture of Ar + 1.6 wt.% SF6; and (c) part of the longitudinal section of the specimen
during deposition in the mixture of Ar + 1.6 wt.% SF6.

A significant improvement was achieved during the formation of a vertical multilayer
specimen using the G3Si1 wire with Ni-LaF3 composite coating, the 316L wire with a
Ni-LaB6 composite coating, as well as the AlMg5Mn1Ti wire with 1.6 wt.% SF6 added
to argon. The reason for the increase in the accuracy of geometric dimensions (2 times)
was the improvement in the formation of the deposited metal due to the improvement
in the stability of the arc and the melting of the wires. Higher accuracy made it possible
to eliminate defects and errors in the layer-by-layer formation of a vertical specimen, to
reduce the number of short circuits, and to reduce the wall specimen thickness by 20–50%.
The addition of fluorides helped to clean the surface of the specimen from slag and oxides.

A noticeable effect is also the refinement of grains in the microstructure of the de-
posited metal with G3Si1–Ni-LaF3 and 316L–Ni-LaB6 wires, which may be due to the
modifying effect of La on the limited growth of crystallites and the formation of addi-
tional crystallization nuclei in the weld pool. The refinement of the microstructure of the
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AlMg5Mn1Ti wire deposited metal with the addition of SF6 is caused by the limitation of
crystallite growth due to the adsorption of sulfur on the growing crystal grains.

Thus, studies have shown a positive effect of fluorides LaF3, SF6, and boride LaB6
on the formation of vertical specimens and the microstructure of the deposited metal.
Additional tests have shown that a positive effect from the addition of SF6 is observed in
WAAM of complex-shaped products made of AlMg5Mn1Ti alloy and CuCr0.7 alloy, as
shown in Figures 20 and 21.
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Figure 21. Bronze nozzle with CuCr0.7 wire in WAAM: before (a) and after (b) machining; the
macrostructure of the surface (c) and the microstructure of the cross-section of the wall specimen
(d). The diameter of the nozzle is 60 mm, the thickness of the specimen before machining is 5 mm.
WAAM with the addition of 1.6 wt.% SF6 into argon.

The addition of SF6 to WAAM of complex-shaped products with CuCr0.7 wire brings
a positive result: it increases the accuracy of the product geometry and reduces the layer
thickness to 1–1.3 mm at a high density of the deposited metal. The results obtained allow
us to predict the positive effect of using fluorides and borides of rare-earth metals, as well
as fluoride sulfur SF6 for WAAM of products from various alloys, including the filler wires
from magnesium, titanium, nickel, and intermetallic alloys.

4. Conclusions

1. For WAAM developed composite wires with a Ni-LaF3, Ni-LaB6 coating, the addition
of LaF3, LaB6, and SF6 forms a molecular layer at the arc boundary at a temperature
of 1000–6000 K, in which endothermic dissociation and ionization reactions take
place. Under the influence of concentration and ambipolar diffusion, atoms, ions, and
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electrons are distributed in the longitudinal and transverse directions over the volume
of the plasma, depending on the ionization energy and the atomic weight of the
elements. Saturation of plasma with products of dissociation and ionization increases
the specific heat, thermal conductivity, enthalpy, degree of ionization, and decreases
the dynamic viscosity of the plasma. The change of the thermophysical properties
of the plasma and the increase in the electron concentration led to an increase in the
transfer of heat from the arc plasma to the surface of the wire.

2. When LaF3 is added at 4000–6000 K, the specific heat of the plasma increases from
0.5 to 3.3 J/(kg × K), the thermal conductivity increases from 0.1 to 0.18 W/(m × K),
and the enthalpy grows from 2000 to 4000 J/kg, the electron concentration increases
from 1 to 2 mol/kg at 10,000 K. When LaB6 is added at 8000–10,000 K, the specific
heat increases from 0.6 to 2.2 J/(kg × K), thermal conductivity grows from 0.16 to
0.22 W/(m × K), enthalpy increases from 6000 to 13000 J/kg, electron concentration
grows from 1 to 4 mol/kg. When SF6 is added at 4000–6000 K, the specific heat
increases from 0.5 to 2.5 J/(kg × K), the thermal conductivity increases from 0.1 to
0.3 W/(m × K), the enthalpy grows from 6000 to 9000 J/kg at 10,000 K, the electron
concentration decreases from 0.06 to 0.02 mol/kg.

3. Changes in the thermophysical properties of plasma with the addition of LaF3, LaB6,
and SF6 improved ionization, increased heat transfer from the plasma to the anode
and surface adsorption of La, B, and S are the reasons for the change in the balance of
forces acting during the droplet transfer. The greatest effect is observed in the growth
of the Lorentz electromagnetic force, since there is an increase in the concentration of
electrons. Experimentally, this is confirmed by an increase in the welding current up
to 7–21%. Another effect is a decrease in the surface tension force with an increase in
the droplet temperature and surface adsorption of La, B, S.

4. The change in the balance of forces during melting of the wire, the increase in the
Lorentz electromagnetic force, and the decrease in the surface tension force led to the
decrease in the diameter of the droplets and improved droplet transfer. The balance
of forces should take into account the normal reactive force and the tangential force
of the Marangoni effect, which requires a further study. With the addition of LaF3
during melting of the G3Si1 wire, the droplet diameter decreased from 2.5 to 2 mm,
the frequency of short circuits decreased from 40 to 4 Hz. The addition of LaB6 and
3.2 wt.% SF6 when melting the 316L wire reduced the droplet diameter from 2.6 to
1–1.2 mm without short circuits. When melting the AlMg5Mn1Ti wire, the addition
of SF6 to 6.4 wt.% reduced the droplet diameter from 3.0 to 1.5 mm.

5. The change of the thermophysical properties of plasma and droplet transfer during
melting of wires with the addition of LaF3, LaB6, and SF6 made the WAAM techno-
logically effective for manufacturing products of complex shape using G3Si1, 316L,
AlMg5Mn1Ti, and CuCr0.7 wires. This effect increased the accuracy of the geometry
of products by two times, reduced the thickness of the deposited metal layer by
1.25–2 times, and refined the microstructure of the deposited metal, which indicates
that the goal of the study has been achieved.
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