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Introduction. At present, additive technologies are actively developing all over the world and are becoming
more and more widely used in industrial production. The use of electron beams in additive processes of directed
energy input, the so-called Directed Energy Deposition (DED) technologies, has several advantages, the main ones
being the flexibility of controlling the spatial and energy characteristics of the thermal source and the presence of
a vacuum protective environment. The standard scheme for additive electron beam deposition is melting of a wire
filler material fed from the side into the electron beam affected area, but this additive electron beam deposition
pattern does not provide a uniform thermal impact in the deposited area. The most effective method for electron-
beam deposition is vertical wire feeding, which provides the most stable formation of the liquid metal bath and,
consequently, the deposited beads. At the same time, so far there are no results of numerical analysis of this process
in order to determine its main regularities. The aim of the work is to carry out numerical experiments for qualitative
analysis and determination of the regularities of formation of deposited beads and transfer of filler material, the
dependence of the geometric characteristics of the obtained beads on the influence of vapor pressure forces, direction
and value of the azimuthal angle of heat sources. The research methods were a series of numerical experiments,
which analyzed variants of the electron-beam surfacing process at the location of the surfacing rate vector in the
action plane of electron beams and perpendicular to this plane to determine the basic regularities of deposited beads
formation and transfer of filler material, dependence of geometric characteristics of obtained beads on the influence
of vapor pressure forces, direction of heat sources and the azimuth angle of heat sources. Results and discussion. It
is found that the geometric characteristics of the deposited beads significantly depend on the relative position of the
deposition velocity vector with respect to the plane of the electron beams, and consideration of the vapor pressure
has a significant influence on the results of numerical simulation of the weld pool formation and the hydrodynamic
processes occurring in it. In this case, the location of the deposition velocity vector perpendicular to the action
plane of the electron beams, there is a more uniform geometry of the deposited metal beads, and increasing the
azimuthal angle of the heat sources increases the probability of spitting to the periphery of the deposited bead, which
is associated with limitation of the melt motion in the longitudinal direction by the vapor pressure forces.

For citation: Permyakov G.L., Davlyatshin R.P., Belenkiy V.Y., Trushnikov D.N., Varushkin S.V., Pang S. Numerical analysis of the process of
electron beam additive deposition with vertical feed of wire material. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal
Working and Material Science, 2022, vol. 24, no. 3, pp. 6-21. DOI: 10.17212/1994-6309-2022-24.3-6-21. (In Russian).
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Introduction

Nowadays additive technologies are actively developing all over the world and are increasingly being
used in industrial production. The overall growth of the additive technology market is more than 20 %
annually. Additive manufacturing is based on a new efficient concept of digital production, in which there
is a close link between all stages of product design and production, ensured by the presence of a digital
prototype of the product and the application of end-to-end design principles.

Powders or wire materials are used for printing metal components. The use of powders makes it possible
to obtain the final product with complex geometry and high surface quality, but the application of these
technologies is constrained by the high cost of powder materials and low productivity. The use of wire as a
starting material allows achieving high process productivity and a significant economy compared to powder
technology due to the use of a cheaper wire material.

The use of electron beam in the additive processes of directed energy input, the so-called Directed
Energy Deposition (DED) technologies, has several advantages, the main among which are the flexibility
of controlling the spatial and energy characteristics of the thermal source and the availability of a vacuum
protective medium [1-5]. Such technologies began to be actively used in industry since the early 2000s for
the production of jet engine parts, turbine blades and other items made of structural steel and nonferrous
alloys [5-10]. The combination of these technologies with subsequent machining allows achieving high
part production efficiency compared to traditional technologies.

The product manufacturing stage is preceded by preliminary simulation in order to determine the
parameters of the product manufacturing technology to ensure the required performance characteristics.
At the same time, the reliability of simulation results largely depends on the quality and adequacy of the
process model used. The possibility of simulation of the technological process is of high interest and is
a reserve for optimizing the technological modes of parts manufacturing, developing control programs,
minimizing defects and improving the quality of manufacturing of complex parts.

One important factor in electron-beam additive technology processes that use wire deposition is the wire
feed orientation.

The standard scheme for additive electron-beam deposition is the electron-beam melting of a wire filler
material fed laterally into the electron-beam zone. This additive electron-beam deposition scheme does not
provide uniform thermal influence in the deposited area because the electron beam does not interact with
part of the deposited surface as a result of its shading by the filler wire. A number of models of this process
have been developed dedicated to the analysis of heat and mass transfer processes during additive shaping
[11-14].

The most effective variant for electron-beam deposition is vertical wire feeding, which provides the
most stable formation of the welding pool and, accordingly, the deposited beads. In this case, to melt
vertically fed wire, it is advisable to use two electron beam guns that melt the filler wire symmetrically. In
work [15] a mathematical model of the melting process of vertically fed wire material by two symmetrically
arranged electron beams without taking into account the vapor pressure forces, as well as additional process
parameters, such as the location and angle of the heat sources, which has a significant impact on the results
of numerical simulation of the welding pool formation and the hydrodynamic processes occurring in it.

In accordance with this, the purpose of this work was to conduct numerical experiments for qualitative
analysis and determination of the basic regularities of formation of deposited beads, the modes of filler
material transfer and the dependence of geometric characteristics of the deposited beads on the influence of
the vapor pressure forces, the relative position of the deposition vector and the plane of electron beams and
the value of the azimuth angle of the heat sources.

Research methods

During additive electron-beam deposition with two symmetrically acting electron beams in the process
of substrate motion, different variants of the location of the plane in which the electron beams act, relative
to the deposition rate vector and the value of the azimuthal angle of the heat sources are possible.
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In this work, the numerical simulation used the mathematical model previously developed by the au-
thors [15], which considers the interaction of solid and liquid metal. There are two phases for this: - lig-
uid u Q' — solid, the combination of which represents the entire study area — Q. The solid phase, in turn,
consists of a wire Q" and substrate Q™. The motion of a metallic melt can be described as the motion
of a viscous incompressible fluid. In the general case, the system of equations will consist of differential
equations describing the evolution of density p, velocities u and temperature 7 in the form of balance laws

(mass, momentum, and energy balance equations, respectively):

@:—pv-u, R eQWire,
dt
@zl(—Vp+fv+fs+fD)+g, R 0,
dt p
dp du M
£ =0, — =0, R €’
dt dt
T
PCpE=—V'q—SU—Smda R €Q,

where u is velocity, p is density, f is viscous forces, f_ is surface tension force, f is vapor pressure force,
g is acceleration of gravity, c, is specific heat, q is heat flux, & is heat transfer coefficient, s, is evaporation
heat loss, s, is heat loss due to radiation.

Density p and pressure P are related by means of the equation of state:

Cozpo p !
P(P):T [—] -1, (2)

where ¢, and p,, are sound propagation velocity and density at zero applied tension, respectively.
For incompressible fluids, the viscous forces will take the following form:

f, = anu, (3)

where 1 is dynamic viscosity.

Following the continuum approach of Brackbill and Cote [16], based on Continuous Surface Force
(CSF), the surface tension effects are treated as volume forces in equation (1), distributed over an interfacial
volume of finite width. The surface tension force is the sum of the normal and tangential components:

Jfy =—akn+ (I —nn)Va, “4)

where a is surface tension coefficient, £ = An is surface curvature, n is surface normal, I is unit tensor,
Vo =do(T)/dT . The dependence of the surface tension coefficient on temperature is selected as linear:

a(T) = oy —oo(T - T), ®))

where a, is surface tension coefficient at temperature 7. This dependence describes the Marangoni effect.

In addition to the standard capillary effects, the high temperatures inherent in additive manufacturing
processes cause the metal to evaporate, which leads to vapor pressure forces and heat loss due to evaporation.
Usually a phenomenological model is used to simulate these processes [17, 18]:

1 1
fU = _pu(T)n) pu(T) = Cp exp _CT T ) (6)
T T,
where 7, is boiling point, constants C,= 0.54p, and Cr = hy/R include atmospheric pressure p_, molar

latent heat of fusion 4 and molar gas constant R.
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Following the same phenomenological model as for the vapor pressure, the heat loss due to evaporation
has the form:

T
Sy = -my[hy + WD) m, = 0826,,(D[ M HT) = [ c,dT, ™)

Th,0

where enthalpy rate per surface unit area S, is obtained from the product of vapor mass flow per unit surface
area m and the sum of the specific enthalpy /4(7) and the latent heat of vaporization 4 per unit mass. T, ; is
the initial temperature of the specific enthalpy, and the constant Cy; = M / (2nR) contains a molar mass of

M and molar gas constant R, c_is the so-called sticking constant, which takes on a value close to 1 for metals
[19, 20].
The plasma arc pressure force is taken into account as follows [21]:

2
£ =—ppi(X, YN, py(x,y)=2k;15 exp (_F((x - x> + (¥ - y)? )j (8)
The radiation is modeled by the Stefan-Boltzmann equation:

Srad = 05T = Ty)*, ©)

where 6, is Boltzmann constant, ¢ €is material emissivity, 7, is ambient temperature.

The Smoothed Particle Hydrodynamics (SPH) method was used to solve this mathematical model and
a series of numerical experiments were carried out to determine the basic regularities of the formation of
deposited beads and the transfer of the filler material, the dependence of the geometrical characteristics of
the deposited beads on the influence of the vapor pressure forces, the direction of the heat sources and the
azimuthal angle of the heat sources. The variants of the electron-beam deposition process were analyzed at
the location of the deposition velocity vector in the plane of the electron beams (Fig. 1, @) and perpendicular
to this plane (Fig. 1, b).

The following geometrical characteristics of the simulated system and preliminary process parameters
were used in the calculations (Table 1).

The austenitic chromium-nickel steel 04Cr18Nil0 was considered as a filler and a substrate material in
the simulation (thermal physical characteristics are presented in Table 2).

Numerical realization was performed on a 2x300 sas 15k multiprocessor IBM computer (4xIntel Xeon
E7520, 64 GB) using MPI multithreading capabilities of the LAMMPS package.

Fig. 1. Variants of the relative position of the deposition velocity vector and the action plane of the
electron beams:

a — the deposition velocity vector lies in the action plane of the electron beams; b — the deposition velocity
vector is perpendicular to the action plane of the electron beams

% Vol. 24 No. 3 2022
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Table 1
System characteristics

Characteristics Designation Dimension Value
Substrate size LxBxH mm 20x10x%3.5
Wire diameter d, mm 1.2
Wire feed speed wa mm/sec 30
Substrate motion speed (deposition speed) Vv mm/sec 15
Diameter of heat sources (electron beams) D mm 1.5
Thermal power of each source 0 W 350
Azimuthal angle of the heat sources action o ° 45/15

Table 2
Thermal physical characteristics of 04Cr18Nil0 steel used in the calculation

Characteristics Designation Dimension Value
Melting temperature et K 1.800
Specific heat capacity Cp J 'kg'l K 710
Density p kgm” 7.680
Thermal conductivity A Wm K 26
Enthalpy of fusion H, J/kg 276.000
Boiling Point T,, K 3.133
Enthalpy of evaporation H,, Jkg 351.000
Dynamic viscosity n Pa-s 0.007
Surface tension coefficient c N'm'' 1.615
Temperature coefficient of surface tension vy =do/dT N'm "K' —0.00043

Investigation of the influence of mutual positioning of the deposition velocity vector relative to the
action plane of electron beams. Figs. 2 and 3 show the results of numerical analysis of the deposition
process of vertically fed wire material, fused by two symmetrically acting electron beams, without (a) and
with (b) the forces of metal vapor pressure. Fig. 2 shows a variant in which the deposition velocity vector
lies in the action plane of the electron beams, and Fig. 3 shows a variant in which the deposition velocity
vector is perpendicular to the action plane of the electron beams.

The results testify that the geometric characteristics of the deposited beads significantly depend on the
relative position of the deposition velocity vector relative to the action plane of the electron beams.

Without taking into account the vapor pressure forces, in both cases we observe the formation of fairly
uniform rolls without significant distortion of the fusion line and the stream transfer of the filler material
into the melt bath.

The vapor pressure force and its accounting has a significant impact on the results of numerical simulation
of the formation of the welding pool and the hydrodynamic processes occurring in it, as it is known that
the vapor pressure forces are the main driving force in the weld pool [22]. The mode of the filler material
transfer also changes.

Vol. 24 No. 3 2022 %
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a
b
¢
d
Excluding vapor pressure forces Including vapor pressure forces

Fig. 2. The results of numerical calculation of the deposition process of vertically fed wire material melted by two
symmetrically acting electron beams, for the variant in which the deposition velocity vector lies in the action plane

of the electron beams:

a — fragments of the results of numerical analysis excluding metal vapor pressure; b — fragments of numerical analysis
results including metal vapor pressure forces; ¢ — geometric characteristics of the deposited beads; d — cross sections
of fusion zones and geometry of the beads (power of each heat source is 350 W, azimuthal angle of each heat source

is 45 ° to the vertical)
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Excluding vapor pressure forces Including vapor pressure forces

Fig. 3. Results of numerical calculation of the of the deposition process of a vertically fed wire material melted by
two symmetrically acting electron beams, for the variant in which the deposition velocity vector is perpendicular
to the plane of action of the electron beams:

a — fragments of the results of numerical analysis excluding metal vapor pressure; b — fragments of numerical analysis
results including metal vapor pressure; ¢ — geometric characteristics of the deposited beads; d — cross sections
of fusion zones and geometry of the beads (power of each heat source is 350 W, azimuthal angle of each heat source
is 45 ° to the vertical)

Vol. 24 No. 3 2022 %
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When the action of vapor pressure forces is taken into account, numerical calculations show a much
greater depth of penetration of the base metal, the width of the deposited beads in this case increases by
about 20 %. Under the action of vapor pressure forces in the liquid metal, a crater is formed and the metal
is displaced to the periphery of the liquid weld pool. The crater has an elongated shape in the direction
coinciding with the projection of the plane of action of electron beams. Changes in the ratio of forces
acting on the weld pool and the formed filler material droplets lead to a transition to the coarse-droplet
metal transfer.

Taking into account the vapor pressure forces, when the deposition velocity vector is located in the plane
of the electron beam action, there is an asymmetry in the geometry of the deposited beads. This is due to the
fact that the vapor pressure force vectors from the effects of thermal sources, being in the location plane of
the deposition vector, limit the movement of the liquid metal in the longitudinal direction and displace it to
the periphery of the deposited bead; with the direction of surges have a stochastic nature.

At the location of the deposition velocity vector perpendicular to the plane of action of electron beams, a
more uniform geometry of the beads is observed, because the distribution of forces acting on the weld pool
does not prevent the movement of the liquid metal into its tail part. In this case, there are no local surges
outside of the deposited bead.

Investigation of the effect of the azimuthal tilt angle of the electron beams. Figs. 4 and 5 show the results
of numerical analysis of the deposition process of vertically fed wire material, fused by two symmetrically
acting electron beams, at different azimuthal tilt angles of the electron beams.

The computational results show that as the azimuthal angle decreases, the projection area of electron
beams on the substrate plane decreases, while the width of the active zone also decreases. This leads to
an increase in the height of the deposited beads while the volume of the filler material is maintained. The
energy density in the heating spot and the penetration ability of the electron beams also increases.

When the velocity vector is located in the plane of action of electron beams with a decrease in the
azimuthal angle of each source, the depth of penetration increases and the height of the deposited bead
increases. The width of the deposited beads remains practically unchanged.

Reducing the azimuthal angle has a positive effect on the uniformity of the deposited beads, eliminating
the possibility of local surges to the periphery, while the entire incoming filler metal is involved in the
formation of the bead and there is a fine-drop transfer of the filler material.

As the azimuthal angle of each source increases, the probability of surges to the periphery increases, due
to the fact that the vapor pressure force vectors from the effects of thermal sources, located in the plane of
the depositing vector limit the movement of the melt in the longitudinal direction and the more it is pushed
to the periphery of the deposited bead, the closer the azimuthal angle of each source to the horizontal.

When the velocity vector is perpendicular to the plane of action of electron beams with a decrease in
the azimuthal angle of action of each source, the width of the deposited beads decreases and the depth of
substrate penetration and height of deposited beads increases.

Results and discussion

Numerical experiments to determine the dependences of the geometric characteristics of the deposited
beads on the influence of the vapor pressure forces, the direction of action of the heat sources and the
azimuthal angle of the heat sources showed that consideration of the vapor pressure force has a significant
impact on the results of numerical simulation of the formation of the weld pool and the hydrodynamic
processes occurring in it, as well as on the transfer modes of the filler metal.

It was found that at the location of the deposition velocity vector perpendicular to the plane of action
of electron beams, a more uniform geometry of the rolls is observed, because the distribution of forces
acting on the weld pool does not prevent the movement of the liquid metal to its tail part. At the same time,
increasing the azimuthal angle of action of heat sources increases the probability of surges to the periphery
of the deposited bead, which is associated with the limitation of the melt movement in the longitudinal
direction by the vapor pressure forces.

% Vol. 24 No. 3 2022
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a
b
c
d
Azimuthal angle of each heat source is 45° Azimuthal angle of each heat source is 15°
to vertical to vertical

Fig. 4. Results of numerical calculation of the deposition process of a vertically fed wire material, melted by
two symmetrically acting electron beams, for the variant in which the deposition velocity vector lies in the
action plane of the electron beams:

a — fragments of the results of numerical analysis at an azimuthal angle of inclination of each electron beam 45° to the verti-
cal; b — fragments of the results of numerical analysis at an azimuthal angle of inclination of each electron beam 15° to the
vertical; ¢ — geometric characteristics of the deposited bead; d — cross-sections of the penetration zones and geometry of the
beads (power of each heat source is 350 W)
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a
b
c
d
Azimuthal angle of each heat source is 45° Azimuthal angle of each heat source is 15°
to vertical to vertical

Fig. 5. Results of numerical calculation of the deposition process of a vertically fed wire material, melted by two
symmetrically acting electron beams, for the variant in which the deposition velocity vector is perpendicular to the
plane of action of the electron beams:

a — fragments of the results of numerical analysis at an azimuthal angle of inclination of each electron beam 45° to the verti-
cal; b — fragments of the results of numerical analysis at an azimuthal angle of inclination of each electron beam 15° to the
vertical; ¢ — geometric characteristics of the deposited bead; d — cross-sections of the penetration zones and geometry of the
beads (power of each heat source is 350 W)
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Conclusion

The results of numerical analysis of additive electron-beam deposition of wire material, melted by two
symmetrically acting electron beams, confirmed the need to consider the influence of vapor pressure forces,
due to the significant influence on the hydrodynamic processes in the weld pool, transfer modes of the filler
material and, consequently, on the formation of deposited beads.

As a result of numerical experiment, the best formation of deposited beads is provided at a smaller
azimuthal tilt angle of each electron beam to the vertical, in this case, there are minor distortions in the
shape of the deposited beads from the location of the deposition velocity vector relative to the action plane
of the electron beams, which also confirms the prospects for the developed technology for production parts
with complex shapes.

The next stage of research will be verification and calibration of the mathematical model using
experimental data, in order to ensure the possibility of predicting the deposition results and further
optimization of the process.
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