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CRITICAL PHENOMENA IN PARTICLE DISSOLUTION

IN THE MELT DURING ELECTRON-BEAM SURFACING

UDC 536.46+621.9O. N. Kryukova and A. G. Knyazeva

A model for the electron-beam surfacing process is proposed that takes into account the dissolution
of the modifying particles in the melt. Critical conditions are determined for various modes of
surfacing resulting in nearly homogeneous or composite coatings. A detailed parametric study of the
one-dimensional version of the model is performed.

Key words: surfacing, dissolution, critical conditions, thermal conductivity.

Introduction. Recent progress in surfacing and coating technologies has stimulated the mathematical
modeling of the processes determining the properties of the materials produced. High-temperature technologies of
this type are based on the use of chemical energy sources or include various physical and chemical processes similar
to those traditionally studied in combustion theory. This, in particular, is characteristic of electron-beam processing
of materials. The well-known models of electron-beam processing take into account only thermal processes (heating,
melting, crystallization) or analyze only hydrodynamic flow in the molten pool. There is a variety of electron-beam
surface coating technologies. In some of them, the material surface is first coated with a powder layer and the
material with the coating is then subjected to thermal treatment with an electron beam [1]. In other technologies,
a coating is formed directly during thermal treatment by interaction of the particles fed into the melt with the
base material [2–5]. The phase and chemical structures of the resulting coating depend greatly on the chemical
composition of the treated material, the powder used to modify the properties, and process parameters. In addition,
the physical and chemical processes determining the properties of the materials produced and the physical and
mathematical models used to treat and describe the observed regularities [6–10] are also different.

The real powders used to modify the surfaces of materials in order to improve their strength properties,
have complex compositions; their interaction with the base melt formed behind the moving scanning electron beam
(in practice [2], the part being treated moves) is accompanied by various physical and chemical transformations,
which cannot be described using one model without preliminary studies. Therefore, theoretical studies have been
performed using special modeling systems, each of which is characterized by a particular type of interaction of the
molten base and modifying particles. There are two types of modifying particles: insoluble and soluble. The first
are characterized by different wettability of the molten base and, as a consequence, by different coupling with the
solid matrix. This ultimately influences the mechanical properties of the coatings Modifying particles [4, 5], but
is of no significance for the electron-beam surfacing technology. An example of a system with insoluble particles
is the W–Cu system. The one-dimensional mathematical model formulated and investigated in detail in [6, 9] for
this case allows one to determine the relationship between the fraction of particles in the coating formed and the
process parameters. From these calculations and using simple formulas available in the literature describing the
mechanical properties of composite materials, it is possible to obtain the dependences of the elastic modulus of a
coating on the electron beam power density, the beam velocity, and the particle supply rate that are consistent
with the observed regularities for real composite powders. The particle size distribution is also important for the
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Fig. 1. Motion of the source over the plate surface.

estimation of mechanical properties. However, in the case of soluble particles, it can be assumed that the particle
size distribution in the modified surface layer is the same as in the starting powder.

In the second case, i.e., in the case of particles capable of being dissolved in the base material, the mathe-
matical models become complicated. In systems with unlimited mutual solubility, the dissolution of particles of a
material in another molten material is determined by diffusion. In this case, the difficulties arising in the description
of dissolution based on known representations [11, 12] are due only to the necessity of determining the dissolution
constant. A method for estimating the dissolution constant based on experimental data is proposed in [13, 14].

A two-dimensional model of electron-beam surfacing for the Ni–Cu system was studied in detail in [7–9].
Among the results obtained is a nonlinear dependence of the elastic modulus on the process parameters, which is
typical of soluble particles.

If dissolution is accompanied by chemical transformations, the system of equations from [7] is supplemented
by chemical kinetics equations [10]. An example is the Al–Cu system. Calculations yield the phase and chemical
composition of the coating in a quasisteady state, including the fraction of undissolved particles and the concentra-
tions of pure elements and phases.

An analysis of the studies performed shows that among the numerous physical and chemical processes in
question, one can distinguish the processes common for different compositions: the formation of a molten pool
behind the moving effective source of heat; the redistribution of particles in the melt with a change in the effective
heat capacity; additional heat release or absorption due to dissolution by a particular mechanism; heat losses due
to radiation. Investigation of an appropriate general model is of interest in the analysis of various conditions of
coating formation. Subsequently, this model can be used to optimize the production process. The purpose of the
present work is to formulate such a general model and perform a detailed parametric analysis of its one-dimensional
version.

1. Mathematical Formulation of the Problem. Let a source move over the surface of a plate of
thickness h (Fig. 1). The energy distribution in the source is given by

qe =
{

0, |y| > y0/2,

q0 exp (−(x − vt)2/a2
t ), |y| � y0/2.

(1)

Here q0 is the maximum flux power density, at is the effective radius of the source, the quantity y0 is proportional
to the scanning width, and v is the velocity of motion of the source along the x axis. This energy distribution in
the source corresponds to sawtooth electron-beam oscillations [15].

At a certain distance xa from the energy release maximum (or at the maximum point), particles with
properties different from the properties of the material being treated are supplied to the molten pool.

The particle flux density follows a Gaussian distribution

qmax = qmax,0 exp [−((x − xa − vt)2 + y2)/a2
p], (2)

where qmax,0 is the maximum particle flux density and the quantity ap is defined by the radius of the tube through
which the particles are supplied. In some coating technologies, the particles supplied to the melt can be distributed
similarly to the energy in the effective source [see (1)].

The temperature distribution is determined by solving the system of the thermal-conductivity equations
(with the effective thermal-physical properties) and the kinetic equation for the volume fraction of undissolved
particles.

In the laboratory system of coordinates, the thermal-conductivity equation are written as

ceffρeff

(∂T

∂t

)
=

∂

∂x

(
λeff

∂T

∂x

)
+

∂

∂y

(
λeff

∂T

∂y

)
+ Qsϕ − εσT 4 − qe

h
,
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where T is the temperature, the term εσT 4 describes the radiative heat transfer from the plate surface under
the Stefan–Boltzmann law, ceff is the heat capacity, ρeff is the density, λeff is the thermal conductivity, Qs is the
heat of particle dissolution in the melt, and ϕ is the kinetic function of dissolution. Generally, thermal-physical
characteristics depend on temperature and composition, which is taken into account in descriptions of the electron-
beam surfacing of particular systems [4–6]. For a qualitative study of the coating formation process, the thermal
conductivity is considered constant (λeff = const) since, according to literature data, the value of λeff depends
weakly on the particle volume fraction; in this case, we take into account that the particles supplied to the system
change the effective heat capacity of the system:

(cρ)eff = cρ(1 − ηp) + c1ρ1ηp,

where c and ρ are the heat capacity and density of the pure substance of the base or the solution of the particle
material in the base and c1 and ρ1 are the heat capacity and density of the solid undissolved particles.

In multicomponent systems, melting and crystallization can be described using the theory of a two-phase
zone or its modifications (see, for example, [4, 5]). For a qualitative study of the laws of thermal physics, we employ
a simpler approach based on thermodynamic reactions. We assume that in the vicinity of the melting point of the
base Tph, the heat capacity increases sharply:

cρ = ρsLphδ(T − Tph) + (cρ)s, T < Tph, cρ = ρsLphδ(T − Tph) + (cρ)liq, T � Tph.

Here the subscript “s” corresponds to the solid phase and the subscript “liq” to the liquid phase; δ is the Dirac
delta-function (δ → ∞ at T = Tph and δ = 0 for T �= Tph). In real calculations, the Dirac function is replaced by

a delta-shaped function that satisfies the normalization condition

+∞∫
−∞

Φ(x) dx = 1. This condition is satisfied, for

example, for the function [16]

Φ =
1

σ0
√

π
exp

[
−

(T − Tph

σ0

)2]
.

The fraction of particles in the melt and the solid phase formed during crystallization can vary widely, and,
hence, the known models of suspensions and composite materials are inappropriate for describing particle motion
and dissolution in the melt and solid solution formation. In the thermal-physical model, the fraction of particles in
the melt (or undissolved inclusions in the solid solution) is determined from the equation

∂ηp

∂t
= qmax − ϕ(T, ηp, . . .).

The function ϕ describing the dissolution rate generally depends on the temperature, particle size, the mutual
solubility of elements, and the local flow characteristics in the melt. According to the theoretical representations of
[11, 12], the function ϕ(T, ηp) can be written as

ϕ(T, ηp) = ϕ1(ηp)k0 exp (−Ea/(RT )),

which reflects the main regularities of the dissolution process.
If the dissolution rate of solid particles in the melt is determined by diffusion, the value of Ea is close to

the activation energy of diffusion. If the transport of elements from the solid to the liquid phase is accompanied by
chemical interaction of elements, then Ea is a certain effective quantity that depends on the degree of influence of
various processes. The form of the kinetic function ϕ1(ηp) depends on the processes determining the dissolution rate
at the microlevel. According to known dissolution models, the constant k0 is determined by the local characteristics
of the hydrodynamic flow. It can be estimated using the well-known theories [11, 12]. The constant k0 can be
determined by processing experimental data in accordance with the model representations of [13, 14]. Generally,
the dissolution process can be both endothermic (Qs < 0) and exothermic (Qs > 0), depending on the physical and
chemical processes determining the dissolution mechanism.

The condition ∂T/∂y = 0 at y = 0 is a consequence of symmetry; the conditions ∂T/∂x = 0 for x = 0
and ∞ and ∂T/∂y = 0 for y → ∞ imply the absence of heat sources and sinks at infinity from the heated region
and at the free end of the plate.
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At the initial time, we have

t = 0: T = T0, ηp = 0,

where T0 is the initial temperature.
2. Formulation of the Problem in Dimensionless Variables. We convert to the dimensionless variables

τ =
t

t∗
, ξ =

x

x∗
, η =

y

x∗
, θ =

T − T0

T∗ − T0
.

Here x∗ = at, t∗ = at/v is the time for which the external source travels the distance at, and T∗ = T0+q0t∗/(csρsh) is
the characteristic temperature to which a plate of thickness h is heated for the time t∗. Then, the mathematical
formulation of the problem becomes

f1
∂θ

∂τ
=

1
δ

(∂2θ

∂ξ2
+

∂2θ

∂η2

)
+ Srϕ̄(ηp, θ) − (γθ + 1)4B + f2; (3)

∂ηp

∂τ
= f3 − ϕ̄(ηp, θ); (4)

ξ → 0,∞:
∂θ

∂ξ
= 0, η → 0,∞:

∂θ

∂η
= 0; (5)

τ = 0: θ = 0, ηp = 0, (6)

where

f1 =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Sph

σ̄0
√

π
exp

[
−

(θ − θph

σ̄0

)2]
+ (1 − ηp) + ηpKs, θ < θph,

Sph

σ̄0
√

π
exp

[
−

(θ − θph

σ̄0

)2]
+ (1 − ηp)Kliq + ηpKs, θ � θph;

f2 =
{

0, η > η0,

exp (−(ξ − τ)2), |η| � η0;

f3 = ηmax exp [−((ξ − τ)2 + η2)/r2
p];

ϕ̄(ηp, θ) = ϕ1(ηp)ϕ2(θ);

ϕ1(ηp) = ηp; ϕ2(θ) = τr exp [−(γ + 1)/(β(1 + γθ))];

δ = a2
t /(κT t∗) is the Frank-Kamenetskii parameter, τr = t∗k0 is the dimensionless dissolution constant,

Sr = Qs/(csρs(T∗ − T0)) is the ratio of the heat of dissolution to the amount of heat in the heated layer,
B = (1/h)εσ(T∗ − T0)3t∗/(csρsγ

4) is a dimensionless parameter that describes heat losses, β = RT∗/Ea is the
ratio of the temperature due to external heating to the activation temperature of the dissolution process Ea/R,
Sph = Lph/(cs(T∗−T0)) is the ratio of the heat of melting to the amount of heat in the heated layer, γ = (T∗−T0)/T0,
Kliq = cliqρliq/(csρs), Ks = cpρp/(csρs), θph = (Tph−T0)/(T∗−T0), σ̄0 = σ0/(T∗−T0), ηmax = qmax,0t∗, rp = ap/at,
η0 = h0/at, and κT = λs/(csρs).

The parameter γ can be expressed in terms of β and the well-known parameter of combustion theory — the
Zel’dovich number Z = (T∗ − T0)Ea/(RT 2∗ ):

γ =
T∗ − T0

T0 − T∗ + T∗
=

1
(T∗/(T∗ − T0)) − 1

=
Zβ

1 − Zβ
.

A detailed study of the two-dimensional problem is time-consuming, which is not always justified. If in (1)
y0 � at or, in the dimensionless formulation, η0 � 1 and the particle distribution follows the same law as the energy
supplied, one can pass to a one-dimensional formulation of the problem, whose analysis provides many qualitative
regularities of the two-dimensional model. In this case, the thermal-conductivity equation (3) becomes

f1

(∂θ

∂τ

)
=

1
δ

(∂2θ

∂ξ2

)
+ Srϕ̄(ηp, θ) − (γθ + 1)4B + f2, (7)

112



0 2 4 6 8

0.3

0.6

0.9

1.2

1.5

765
4

3
2

1

0 2 4 6 8

0.15

0.30

0.45

0.60

765432
1

xx

x=t

x=t

oo
à b

Fig. 2. Temperature distribution along the ξ axis ignoring particle dissolution (θph = 0.2, γ = 2,
β = 0.05, Sr = 0, and B = 0.0015) at τ = 0.04 (1), 0.4 (2), 1 (3), 1.6 (4), 3.2 (5), 4.5 (6), and
6 (7): (a) temperature distribution ignoring the melting of the base (Sph = 0); (b) temperature
distribution taking into account melting (Sph = 1); the solid and dashed curves refer to Ks = 0.1
and 10, respectively.

and the form of the kinetic equation (4) does not change. For the functions describing the energy distribution (1)
and the fraction of particles (2), we have

f2 = exp (−(ξ − τ)2), f3 = ηmax exp [−(ξ − τ)2/r2
p]. (8)

On the surface ξ = 0 and at infinity from this coordinate, heat sources and sinks are absent: ∂θ/∂ξ = 0, and at the
initial time, condition (6) is valid.

Using known data on the properties of various substances (Ni, Cu, W, Al, and Cr) [17, 18] and varying
the source parameters q0, v, and qmax,0, we determine the ranges in which the dimensionless parameters vary:
B = 0–0.1, ηmax = 0.005–3, Sr = (−2)–(+2), rp = 0.1–1.0, τr = 10–105, β = 0.01–1.00, γ = 1–30, Sph = 0.1–10.0,
θph = 0.1–36.0, Ks = 0.1–10.0, Kliq = 0.1–10.0, and δ = 0.05–7.00.

3. Analysis of Results of Numerical Study of the One-Dimensional Model. Problem (4), (6),
(7) with conditions (5) for ξ and functions (8) was solved numerically using an absolutely stable implicit difference
scheme and a marching method. A similar method for solving difference equations and a similar splitting scheme
were used for the two-dimensional problem. The quantity σ̄0 was chosen so as to provide the most accurate
description of the temperature behavior in the vicinity of the melting point: in the region of a sharp change in the
heat capacity f1(θ) in the vicinity of θph there was not less than 10–20 points; this was achieved by reducing the
time step and the smoothing half-interval. For σ̄0 < 0.1, the result did not change. In the calculations, the following
dimensionless parameters describing particle dissolution in the molten pool were varied: γ, Ks, τr, Sph, β, θph, B,
and Sr. The remaining parameters were fixed: ηmax = 1.5, rp = 0.1, and δ = 5.

Below we give some results of the numerical study of the electron-beam surfacing process using the model
proposed. An analysis of the numerical calculation results shows that, as in fuller models [6–10], the process reaches
a quasisteady state in a certain time interval from the beginning of motion of the source. In the absence of particle
dissolution, this implies that the maximum temperature (Fig. 2) and the maximum volume fraction of the particles
gradually filling the region behind the moving source (not shown in Fig. 2) become constant.

If melting is ignored (Fig. 2a), curves θ(ξ) are fairly smooth. The maximum temperature does not correspond
to the point ξ = τ , at which the energy release from the external source is maximal, and this agrees with the well-
known data [15]. The higher the heat capacity Ks of the particles entering the system, in comparison with the heat
capacity of the base, the lower the temperature in the heated region, which is obviously due to the heat losses due
to particle heating (dashed curves in Fig. 2a).

Accounting for the melting of the base (Fig. 2b) results in the appearance of a characteristic plateau on the
curves of θ(ξ), which is caused by heat absorption as a result of melting. Accounting for melting leads to a decrease
in the maximum temperature and an increase in the temperature difference due to the different heat capacities
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Fig. 3. Effective heat capacity versus temperature at the point ξ = 0.25 (a) and the coordinate (b)
for β = 0.05, Sr = 0, τr = 0, γ = 2, θph = 0.2, and B = 0.0015: (a) effective heat capacity taking
into account the melting of the base (curves 1) and ignoring melting (curves 2) for Ks = 0.1 (solid
curves) and 10 (dashed curves); (b) Ks = 10, Sph = 0 (solid curves) and 0.1 (dotted curves), and
τ = 0.04 (1), 0.4 (2), 1 (3), 1.6 (4), 3.2 (5), 4.5 (6), and 6 (7); the steady state is shown by a thin
solid line.
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Fig. 4. Maximum temperature versus heat capacity of the particles for B = 0 (solid curves), and
0.0015 (dashed curves) and Sph = 0.1 (1) and 1 (2); Sr = 0, τr = 0, and γ = 2.

of the particles. The maximum of θmax moves farther away from the point ξ = τ . It is obvious that the higher
the heat of the phase transition Sph, the more pronounced the plateau in the curves of θ(ξ) and the smaller the
value of θmax, which is due to the temperature dependence of the heat capacity (Fig. 3a): in the vicinity of the
phase transition temperature, the quantity f1 increases sharply, resulting in an increase in the heat losses due to
the heating of the system.

The variation in the effective heat capacity during motion of the molten pool behind the moving source is
shown in Fig. 3b.

If the heat of melting is ignored, then the effective heat capacity varies from unity to f1,s = [Ksηp + 1 − ηp]
because of the supply of particles. If the melting of the base is taken into account, the heat capacity f1 increases
sharply at the temperature θph and then approaches f1,s again as a result of particle supply.

In the case of insoluble particles, the maximum temperature of the melt in the steady state of the surfacing
process obviously decreases with increase in the heat capacity of the particles Ks, the heat of the phase transition
Sph, and the heat release parameter B (Fig. 4).
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Fig. 5. Maximum volume fraction of particles versus time (Sph = 1, Ks = 0.1, B = 0.0015, Sr = 0,
δ = 5, τr = 10): (a) γ = 2 and β = 0.16 (1), 0.3 (2), 0.4 (3), 0.5 (4), 0.6 (5), 0.8 (6), and 1 (7);
(b) β = 0.8 and γ = 1 (1), 2 (2), 3 (3), 5 (4), 7 (5), 10 (6), 15 (7), and 20 (8).

If the heat release is ignored, then in the case of insoluble particles, the parameter γ does not influence
the calculation results. We note that if the heat release is taken into account, the quasisteady state is established
faster and the maximum temperature decreases and depends greatly on the parameter γ. For example, for Ks = 1,
Sph = 0, β = 0.05, τr = 0, and B = 0, we have θmax = 1.75 for γ = 2 and 10; for B = 10−5, we have θmax = 1.35
and 0.40 at γ = 2 and 10, respectively; for B = 0.0015, we have θmax = 1.74 and 1.28 for γ = 2 and 10, respectively.
The temperature distribution does not change qualitatively.

If particle dissolution is taken into account, the maximum temperature depends on the parameters describing
this process: for Sr < 0, the maximum temperature decreases in comparison with the case Sr = 0; for Sr > 0, the
value of θmax increases. In this case, critical phenomena are observed in the model. As the time of establishment,
we use the time after which the maximum temperature of the melt and the fraction of undissolved particles (in the
case of their partial dissolution) do not change with the specified accuracy. If the particles are dissolved completely,
the condition of the establishment of a quasisteady state remains the former. For fixed parameters of the problem,
there is a value β = β∗1 that separates the surfacing modes with and without particle dissolution (Fig. 5a).

In the region β∗1 < β < β∗2, the particles are not completely dissolved and surfacing results in a composite
coating with a variable fraction of undissolved particles. The particles percolate into the solution of the base
material. For β < β∗1, a composite coating consisting of particles and a matrix of the starting substance is formed.
For β > β∗2, a homogeneous coating is formed. It should be noted that the critical phenomena are also observed
when the remaining parameters are varied (Fig. 5b).

We define β∗1 as a value of β that, by the moment of reaching the quantity ηp,max, differs from the maximum
fraction of particles ignoring dissolution by not more than 3–5%. The dependence of the thus defined critical value
of β∗1 on the heat capacity of the particles Ks for various values of the model parameters is given in Fig. 6.

It is obvious that the larger the value of the dissolution constant τr, the faster the particle dissolution and the
smaller the critical value of β∗1 that separates the different surfacing modes. The effects of the heat and temperature
of the phase transition is ambiguous. For a low heat capacity of the particles (Ks < 1), the value of β∗1 increases
with increasing phase transition temperature, and at a high heat capacity of the particles (Ks � 1), it decreases.
This is explained by the mutual effect of various thermal-physical processes: melting, dissolution, heat release, heat
conduction.

In addition, the critical conditions of particle dissolution depend on the parameters describing the production
process (ηmax, rp, δ, and B), the site of particle supply to the melt, and the parameter describing heat losses.

It should be noted that in the case of exothermic particle dissolution, the formation of a coating by electron-
beam surfacing can be characterized by terms known from ignition and combustion theory: the ignition time
(the time of the beginning of dissolution), the time of reaching a quasisteady state, combustion temperature (the
temperature in the steady state), etc. Moreover, the time dependences of the maximum temperature (Fig. 7a) or the
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values of the heat of dissolution (β = 0.2, Sph = 1, Ks = 0.1, B = 0.0015, δ = 5, γ = 2, and
τr = 10): (a) Sr = 0 (1), 10 (2), 12 (3), 15 (4), and 18 (5); (b) Sr = 18 and ξ = 1.5 (1 and 1′),
3 (2), and 4.5 (3); curve 1′ shows the maximum temperature.

temperature at various points of the surface being treated (Fig. 7b) (in the case of a strong temperature dependence
of the reaction rate and high heat release) can be divided into segments of inert heating and chemical transformation.
The time τi separating these segments and determined according to a certain criterion can be called the time of
switching off of the chemical reaction or the time of the beginning of dissolution. The plateau on the temperature
curves corresponds to the melting point of the base. It should be noted that in coating practice, exothermally
reacting compositions are often added to the modifying powders. The model proposed here is applicable to this
case, too.

Here we give the results of a parametric study of only the one-dimensional model. A detailed analysis of
the two-dimensional problem shows that the nature of the process does not change; moreover, the changes of the
critical parameters and the quasisteady-state characteristics of the surfacing process are insignificant. An analysis
of the two-dimensional model yields additional information concerning the size of the molten pool and the zones of
thermal influence.

In conclusion, we make some remarks. The real powders used to modify the surface properties of materials
have a complex composition and contain both soluble and insoluble particles; dissolution yields both solid solutions
and chemical compounds in the form of separate inclusions; the chemical reactions accompanying the dissolution
include both endothermic and exothermic stages. A mathematical model appropriate for the analysis of the real
systems should take into account the features of all models used to analyze individual systems [6–10]. We are not
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aware of experimental results on the influence of process parameters on the phase and chemical compositions of
coatings for soluble powders. However, in [4, 5] it is noted that the fraction of the soluble part of the powders
decreases with increasing density of the electron beam power. This confirms the possibility of using the proposed
model to analyze the real processes considered.

The effective source of heat in the heat-conductivity equation due to the electron-beam action can be
considered a surface source since the electron penetration depth is much smaller than the thickness of the heated
layer xT formed in the material being treated for a certain characteristic time t∗. This quantity — the time
of residence of the electron beam at each given point — can be estimated by the relation t∗ = at/v. Then,
xT =

√
atλ/(cρv). Assuming that at = 0.5 cm, v = 1 cm/sec, λ = 2.2 J/(cm · sec ·K), c = 1.086 J/(g ·K),

ρ = 2.87 g/cm3, we obtain xT ≈ 0.61 cm. For higher thermal conductivity, the value of xT is naturally higher.
Hence, it can be assumed that in time t∗, details that have the shape of a thin plate (for example, sheet steel, flat
knifes, etc.) are heated over thickness almost uniformly. This allow the model proposed to be used to describe
real experiments. The model is directly applicable to the description of the thermal treatment of metal foils on a
heat-insulating support. If the thickness of a part far exceeds the specified value, corrections are required. Thus,
the heat-conductivity equation does not contain a term that takes into account heat exchange with the ambient
medium under the Newton law. It should be noted that in experiments [1–3], convective heat losses are negligible
compared to the heat losses due to the radiation considered in the model. This term, however, can describe heat
losses from the molten pool into the bulk of the material or into the support. This is sufficient to study the processes
occurring in the molten pool, including dissolution processes. Anther method of accounting for these losses consists
of changing the values of the effective (equivalent) heat flux, which is used, as a rule, in modeling welding, cutting,
surfacing, and laser and electron-beam processing.
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