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Abstract
In this work the role of particles mixing in form of phase structure of surface layer
during electron-beam treatment is investigated. It is shown that melt turbulent mixing
influences on the particles dissolution in the melt bath. The mixing leads to more fast
particles dissolution in the melt bath and to more homogeneous composition.

1

Introduction

For changing of the surface structure the modify particles are included in melt that forms
in field of electron beam effect [1]. This is one of variants of the surface treatment of
materials.
Phase and chemical structure of the forming surface are different in dependence on
chemical composition of the treatment material, properties and composition of particles
and technological parameters. Physicochemical processes limiting forming of properties
are different. Physico-mathematical models which serve for interpretation and description
of the observed regularities [2] are different, too.
In order to formulate mathematical model preliminary investigation of special models
or submodels [3]–[5] is required.
The purpose of this work is investigation of the role of particles mixing in form of phase
structure of surface layer during electron-beam treatment.

2

Mathematical problem

Let us consider the problem of electron-beam treatment of material with modify particles
using in the following formulation. We supposed that specimen is a plate with thickness
H (Fig. 1). Distribution of the temperature and particles along depth of melt bath could
be considered as homogeneous. The source moves along the plate surface with velocity V .
Energy is distributed in the source according to the law

0,

 | y |> y0t /2,
qe =
(1)
2
2
q0 exp −(x − V t) /at , | y |≤ y0t /2,
where q0 is the maximal density of a power of the heat flux; at is the effective radius of
the source; magnitude y0 is proportional to width of the scanning. This form of source
corresponds to saw-tooth moving of the electron beam.
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Figure 1: Illustration on the problem definition.
The particles arrive in the arising melt bath at the some interval xa from maximum of
the energy-release (or at the same place). The properties of the particles differ from ones
for base material. The flux density of the particles distributes to law, which depend on
form of the distribution device.
For tube with radius ap we can write


qm = qp exp −(x − xa − V t)2 /a2p ,
(2)
For slot with dimensions ap and y0p we have the law, as (1)

0,

 | y |> y0p /2,
qm =
2
2
qp exp −(x − xa − V t) /ap , | y |≤ y0p /2,

(3)

where qp is the maximal density of the particles flux. Not introduced in melt particles
become lost for a system. Therefore:
(
0,
T < TL ,
qp =
qm0 , T ≥ TL ,
where TL is liquidus temperature.
Temperature field is obtained from the solution of system of the two-dimensional heat
conduction equation (with effective thermophysical properties) and kinetic equation for
the volume part of the insoluble particles ηp .
In the laboratory coordinate system the heat conduction equation is written
cef f ρef f

∂T
∂ 
∂T  ∂ 
∂T 
εσ(T 4 − T04 ) − qe
=
λef f
+
λef f
+W −
−αef f (T −Te ), (4)
∂t
∂x
∂x
∂y
∂y
H

where T is temperature, εσ(T 4 − T04 ) describes the heat emission from melt bath surface
by the Boltzmann law, cef f is the heat capacity, ρef f is the density, λef f is the thermal
conductivity coefficient. Function W includes heat generation or heat absorption. The
thermophysical characteristics generally depend on temperature and composition (depend
on type of the studied system [3]–[6]). Latest summand in (4) describes possible heat loss
into specimen: αef f is effective coefficient of heat transfer, Te is temperature of environment. Within the bounds of solution kinetic model not considering particles mixing, the
volume part of the particles in melt ηp (or insoluble admixture in solid solution) follow to
the equation
∂ηp
= qm − ϕ(T, ηp , . . . ).
∂t

(5)
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Generally, the function ϕ, which characterizes the dissolution velocity, depends on the
temperature, dispersion, reciprocal solubility of the elements and the local characteristics
of the hydrodynamic flow.
According to literature data, we take
ϕ(T ) = ϕ1 (ηp k0 exp(−Ea /RT )),
where k0 , Ea are the formally-kinetic parameters, R is the absolute gas constant.
Example of the system with unlimited mutual solubility is Ni-Cu. In this case part
of not solved particles depends only from heating conditions by external source and from
particles hit velocity in melt. For this system activation energy is equal the diffusion
activation energy. The solution constant can be defined from condition of full particles
solution on some set of parameters, characterizing source and following from experiment.
The heat capacity change cef f (T, ηp , ξ), as well as the evolution of volume fraction
liquid phase ηL in neighborhood of the melting temperature are described according to
conception of the two-phase zone theory [7]. Where ξ is the volume fraction of particle
material in the solution.
Equations system are supplemented with initial and boundary conditions.
The boundary conditions are
x = 0, ∞ :
y=0:
y⇒∞:

∂T
= 0;
∂x

(6)

∂T
= 0;
∂y

(7)

∂T
= 0.
∂y

(8)

The symmetry condition is used at the axis, and the condition of an absence of the
heat sources is assumed away from heating region. Initially we have
t=0:

3

T = T0 ,

ηL = 0,

ηp = 0.

(9)

Analysis of the results

The problem was solved numerically. The algorithm of numerical problem solving and the
physical parameters used in calculations are represented in [6]. In computations we use:
for Fig.2 – the law of density distribution of particles flow (2) and following parameters
qm0 = 0, 7 1/c, at = 0, 5 sm, ap = 0, 05 sm, σ0 = 15; for Fig.3 – the law of density
distribution of particles flow (3), qm0 = 1, 5 1/c, at = 0, 5 sm, ap = 0, 1 sm, σ0 = 15,
y0t = 2 sm, y0p = 1 sm. Rated area is x = 20 sm, y = 14 sm.
Dynamics of establishing process of the quasi stationary regime for soluble particles
Ni in copper is demonstrated on Fig.2,b and Fig.3, b. The calculation is carried out for
different distribution laws of the density particles flux. Not solved particles Ni present
(for given technological parameter set) only in the region of their intake; further practically all particles have time dissolve before melt crystallization. In result of treatment in
dependence on technological parameters either completely homogeneous field of surface
(solid solution) or composite (the insoluble particles implant in solid solution completely
or partly) is formed. As a phase and chemical composition of surface we take the particles
part and solid composition in point A (Fig. 2, d). On the base of calculation results we
establish connection between composition of surface and technological parameters (density
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of a power of the electron beam, density of the particles flux, velocity of moving of the
electron beam).Using knowledge about composition and phase structure, we can evaluate
the effective properties of modify surface (example, effective elastic modulus and effective
thermal conductivity coefficient). Example of calculation is demonstrated in [8]. For estimate of the properties change during treatment the dependence of particles part in surface
layer on source parameters for given physical properties of initial materials is great interest.
Calculations for a source of particles in the form of a slot are shown in fig. 3. In this
case it is possible to speak about a quasistationary regime only approximately. Interaction
of different physical processes leads to “variation” of composition, a particles fraction and
change of a form of a temperature profile at moving of source along a treatment surface.
It was detected, that the critical value of the source power density exists. One divides
the regimes of the homogeneous coating formation and composition coating formation for
given value of the motion velocity of the source V and for given qm0 , xa etc. For reduced
model this phenomena was studied in [9].

a)

b)

c)

d)

Figure 2: Distribution of the temperature (a) and the volume particles fraction (b) along
the source moving axis; temperature isolines (c), form and size of the melt bath and heataffected zone (d) for establishment time; the calculation is carried out for the system Ni+Cu
and for the parameters q0 = 5000V t/sm2 , qm0 = 0, 7 1/c, V = 1 sm/c. The temperature
and particle fraction curves are presented for consecutive times t = 1. − 0, 004; 2. − 0, 04;
3. − 0, 2; 4. − 0, 8; 5. − 2; 6. − 3, 6; 7. − 4, 8; 8. − 6; 9. − 8; 10. − 10. T - isolines are presented
for establishing time. The electron beam is a spot.
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a)

b)

c)

d)

e)

f)

g)

h)

Figure 3: Distribution of the temperature (a) and the volume particles fraction (b) along
the source moving axis; temperature isolines (c), form and size of the melt bath and
heat-affected zone (d), contours and distribution of the volume particles (e, g) fraction
for establishment time; the calculation is carried out for the system Ni+Cu and for the
parameters q0 = 4200V t/sm2 , qm0 = 1, 5 1/c, V = 1 sm/c. The temperature and particle
fraction curves are presented for consecutive times t = 1. − 0, 004; 2. − 0, 04; 3. − 0, 2;
4. − 0, 8; 5. − 2; 6. − 3, 6; 7. − 4, 8; 8. − 6; 9. − 8; 10. − 10. The electron beam is line.
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a)

b)

c)

Figure 4: Distribution of the temperature (a), the volume particles ηp fraction (b) and the
volume fraction of the liquid phase (c) along the source moving axis in interstitial time for
different value of the coefficient of the turbulent mixing DT : (1). – DT = 0, 01 1/c, 2). –
DT = 1 1/c, 3). – DT = 10 1/c)

4

About influence of turbulent mixing on redistribution of
the modifying particles in melt bath

When the temperature is much then melting temperature of the base, the turbulent mixing
of melt under pressure of electron beam could be essential for redistribution of particles in
the melt bath. This was not taken into account in model described above. We take into
account that this process has a random character. Then instead of (5) write
h ∂2η
∂ηp
∂ 2 ηp i
p
= Def f
+
+ qm ,
∂t
∂x2
∂y 2

(10)

where Def f is effective mixing coefficient of particles in melt
Def f

(
DT , T ≥ θ,
=
DS , T < θ,

θ is magnitude of temperature with which mixing is negligible. At rigorous solution of
the problem a special hydrodynamic task is required to solve for finding of the effective
coefficient of turbulent mixing. For a qualitative investigation of role of the new effect it is
taken, that Def f is experimentally defined constant. In computations we use law of density
distribution of particles flow (3) and following parameters qm0 = 1, 5 1/c, at = 0, 5. Rated
area is x = 20 sm, y = 14 sm
The investigation of the problem has shown that melt turbulent mixing influences on
the particles dissolution kinetic in the melt bath. The mixing leads to more fast particles
dissolution in the melt bath and to more homogeneous composition.

5

Conclusion

Results of numerical investigation of the model of electron-beam treatment of material
surface with modifying particles are presented for a case when base material and particles
material can form infinite series of solid solutions. Characteristics of process of electronbeam facing at variation of technological parameters are studied. It was discovered, that
the source velocity influences on heat regimes of solution differently. The higher velocity,
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a)

b)

Figure 5: Distribution of the temperature (a) and the volume particles fraction (b) along
the source moving axis; the calculation is carried out for the parameters q0 = 4200V t/sm2 ,
qm0 = 1, 5 1/c. The curves are presented for consecutive times t = 1. − 0, 004; 2. − 0, 04;
3. − 0, 2; 4. − 0, 8; 5. − 2; 6. − 3, 6; 7. − 4, 8; 8. − 6; 9. − 8; 10. − 10. The electron beam is
line.
the smaller of particles introduce in melt bath and dissolve. During particles dissolution
the temperature distribution is nonmonotonic in heating area. It was discovered, that the
particles dissolution in melt progresses not in all area of technological parameters variation.
This is explained by different velocity of the dissolution process at different velocities of
heating.
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