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An approximate mathematical model is proposed to describe thermal and hydrodynamic processes occurring
in combined laser-plasma cladding. The scheme of a rapidly moving heat source, which generalises the
known N.N. Rykalin’s scheme for a case of combined convective-conductive heat transfer in molten metal,
is considered. Densities of the different-power laser and plasma heat sources are assumed to be distributed
on the plate surface by the normal law, having different radii of heat spots. The combined heat spot is
assumed to be additive. The equation of local heat balance on the surface of a workpiece allows for heat
transfer by radiation and heat losses for evaporation. It is assumed that motion of the melt under the
indirect-action plasma heating conditions is driven by the Archimedes buoyancy force and thermocapillary
force. Verification of the mathematical model was carried out, and results of calculation experiments on
investigation of the penetration zone under the effect of the laser and combined laser-plasma heat sources
are described. It is shown that the Marangoni force is a dominant force factor determining hydrodynamics
of the melt. The effect of convective energy transfer on formation of the molten zone was studied. 8 Ref.,

4 Tables, 8 Figures.
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Problem statement. One of the topical problems
of welding, cladding and other metal treatment
technologies using plasma-arc, laser or combined
laser-plasma heating is evaluation of results of
the thermal impact by the heat source on a work-
piece. There are many publications dedicated to
the issues of theoretical and experimental inves-
tigation of the laser and plasma-arc effect on
metallic materials [1-3]. At the same time, the
problem of the combined effect on metals by the
microplasma arc (of a direct or indirect action)
and laser beam, the interest in which has dra-
matically grown with emergence of the combined
laser-microplasma technologies, is studied to a
much lower degree.

For adequate theoretical description of the
processes occurring in laser-microplasma clad-
ding of metallic materials it is necessary to take
into account the complex interaction of different
physical processes and phenomena related to
heating and melting of the base material under
the effect of the combined heat source. It can be
assumed with a sufficiently good approximation
that the combined laser-microplasma energy

source is additive, i.e. it can be represented as a
sum of the laser and microplasma heat sources
distributed on the workpiece surface.

Normally, the models of the heat source gen-
erated by laser radiation allow for absorption of
the laser radiation by a metallic material and set
some law of distribution of the power density on
the surface of a material treated. It should be
noted in analyses of a plasma component of the
heat flow that combined laser-microplasma clad-
ding is performed as a rule by using the indirect-
action plasmatrons, i.e. the current does not flow
through the workpiece.

Nevertheless, thermal interaction of the cur-
rent-free plasma with the workpiece surface oc-
curs due to transfer of the critical and potential
energy of the plasma particles, this resulting in
the formation of the law of distribution of the
plasma the heat source thermal power.

Under the thermal effect of the heat source
with a density of 10* W /cm? and higher, the
temperature of the weld pool surface may be 10—
20 K higher than the boiling temperature, as a
result of which the heat losses for evaporation
do not only exceed the heat losses due to con-
vective and radiant heat exchanges taken to-
gether, but also become comparable with the den-
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sity of the heat source. Therefore, allowance for
the evaporation heat is an important aspect of
theoretical description of the thermal effect by
the combined laser-plasma heat source on the
material treated.

Mathematical model. Proceed from an as-
sumption that formation of the molten metal zone
takes place in a heat conduction mode. This term
implies a mode in which the penetration zone of
the base metal forms without formation of a pro-
nounced keyhole.

According to this, the free surface of the mol-
ten metal is assumed to be non-deformed, and
the heat source affecting the workpiece is as-
sumed to be the surface one.

Despite a small volume of the melt forming
in cladding by using the combined laser-micro-
plasma energy source, the velocity of motion of
the liquid metal in the molten metal may be suf-
ficiently high. Hence, the convective energy
transfer can play a marked role in formation of
the thermal state of the workpiece being treated.

At the absence of the current flowing through
the metal pool, the Archimedes thermal buoyancy
force and Marangoni thermocapillary force are
the force factors affecting the molten metal.

Let {x', ', z'} be the fixed system of Cartesian
coordinates related to the workpiece being
welded, the 2’ axis of which is directed along the
gravity line; and ¢’ be the time. Add the {x, y,
z} moving coordinate system as follows: x = &’ —
—o,t',y=y',z=2,and t = t', where v, is the
speed of movement of the heat source.

Upon reaching the quasi-stationary thermal
and hydrodynamic state, the complete system of
the hydrodynamics and heat exchange equations
can be written down as follows:
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where V_, V, and V, are the components of the

melt velocity vector; v is the kinematic viscosity;

P is the pressure; B is the thermal coefficient of

volume expansion of the melt; g is the gravity
T

acceleration; W= p _[ cdT + pyn is the enthalpy;
0
p is the density; ¢ is the specific heat of the
material; T is the temperature; y is the latent
solidification heat; A is the thermal conductivity
factor; n = (T, Tg, T,) is the volume fraction
of the liquid phase in the solidification tempera-
ture range; and T and T are the solidus and
liquidus temperatures Equation (1) is integrated
in the Q = Q; UQg region, where Q; is the weld
pool, and Qg 1s the non-melted base metal Equa-
tion system (2) is determined in the Q; region.
Let Pe = (v,[)/a be the Peclet thermal crite-

rion, where [ is the characteristic geometrical
dimension (in this case, it is the thickness of the
plate treated), and « is the thermal conductivity
coefficient of the deposited material. At Pe >>
>> 1, the rapidly moving source scheme sug-
gested by N.N. Rykalin [4] for the welding heat
model formulated within the frames of the con-
ductive mechanism of heat transfer in a workpiece
is a good approximation of the three-dimensional
problem for calculation of the temperature field.
In the present study, the idea of the rapidly mov-
ing source covers a case of the combined convec-
tive-conductive energy transfer. The rapidly
moving source scheme ignores the heat transfer
in a direction of the welding heat source, the
allowance being made only for the heat transfer
across the workpiece treated. In addition to the
above-said, assume in equations (2) that V. =0
and 0P /0x = 0. Then the systems of equations
(1) and (2) can be written down in the following
form:
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where t=x /v, and Q" ={0<y<L 0<z<
< L} is the cross section of the plate. %{ydrody—
namics equations (4) are integrated in the Qf

region to be determined, which is limited by the
free surface of the melt and solidification front.
Geometry of the region is subject to determina-
tion from solution of the thermal problem.

Write down the boundary conditions for equa-
tion (3) in the following form:

2o —o[Ty, L., t)—T. ]+
0z ZZLZ__ o (‘y’ 2 .) amb (5)
+eol Ty, L, 0)- T 1;
2 T [T(y,0,6)~T, 1]
- — =a ,0,0)—T, +
_32 220 - Y amb (6)
+eol Ty, 0, &) = T2 1+ a,(T) + q,(, O);
T T
N @)
Oy |y=0 oylv=1,

where o is the heat transfer coefficient; T, , is the
ambient temperature; ¢ is the reduced emissivity
of the surface; o is the Stefan—Bolzmann constant;
T is the absolute temperature; g,(T) are the heat
losses for evaporation; and g, is the density of the
heat flow imparted to the workpiece surface by the
plasma and laser heat sources. The heat losses for
evaporation from the melt surface were evaluated
by using the Knight model [5, 6].

Set distributions of heat flow density ¢,(y, t)
both for the laser radiation and plasma energy
sources in the following form:

0y, ) = g9 exp (~k(N(xg — 0,07 + 12",

where x, is the initial displacement of the source
centre from the origin of fixed coordinate system
{x', y', 2'}. Designate the efficient radii of the laser
and plasma energy sources through 7, and 7, (it
is assumed that 95 % of power of a corresponding
source is released at the spot of the efficient radius),
a = max {r;, rp). If x is assumed to be equal to
x, = 1.2a, at the origin of the moving coordinate
system at ¢ = 0 the density of the heat flow from

Table 1. Effect of hydrodynamic factors on penetration parameters

the combined laser-plasma heat sources will prac-
tically be equal to zero.

Assuming the free surface of the melt to be
non-deformed, write down the boundary condi-
tions for hydrodynamics equations (4) in the fol-
lowing form:

ov

y
VI _¢=0 o S

boor
p oy

(8)

z=0 2:0,

Z—;, and o = o(T) is the coefficient
of surface tension of the melt. The second of these
conditions is a balance of tangential stresses writ-
ten down allowing for the effect of the Marangoni
thermocapillary force. The adhesion and imper-
meability conditions are assumed to take place
at the solidification front, the following symme-
try conditions being set at y = 0:

oV
Vly—0=0, : =0. 9
oy |y=0

where B =

Numeric implementation of the formulated
model was carried out by using the Lagrangian—
Eulerian method and schemes of splitting of equa-
tions (3) and (4) into physical sub-processes and
spatial variables [7, 8].

Calculation results. The model was verified
by conducting experimental studies of the shape
of the penetration and heat-affected zones under
the effect on the 09G2S steel plate with thickness
L,=1cm by the Nd:YAG laser source with power
P; =1.25kW (focusing lens diameter D = 5 cm,
focusing lens beam diameter D; = 4 cm, lens
focal distance F = 30 cm, heat source speed v, =
=60 m /h). In numerical investigations, the ef-
fect of the hydrodynamic factor on formation of
the molten zone of the base metal was analysed
in the following variants:

e by ignoring convection of the melt;

e by allowing only for free convection;

e by allowing for the thermocapillary force
effect;

e by allowing for the combined effect of the
thermal buoyancy and thermocapillary forces.

No. Type of evaluation H, cm B, cm V, cm/s V,, cm/s Toaer °C
Experiment 0.042 0.222 - - -
1 Calculation Without convection 0.051 0.168 0 0 2905
2 A 0.049 0.174 0.191 0.089 2896
3 M 0.045 0.234 51.101 16.205 2875
4 A+ M 0.042 0.252 51.300 16.310 2874
Note. A — free convection; M — Marangoni convection.
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The calculation results obtained at n = 0.32
and 7; = 0.1 cm are given in Table 1 and shown
in Figure 1. The Table gives the calculation data
on penetration width B and depth H, as well as
on the value of maximal overheating of the metal
pool surface and maximal values of components
of the melt velocity vector. It follows from Ta-
ble 1 that the closest coincidence of the calcula-
tion and experimental data is achieved at the
effect on the melt by the thermal buoyancy and
thermocapillary forces, the dominant factor de-
termining the penetration width being the Ma-
rangoni thermocapillary convection.

Direction of the flow of the melt and its ve-
locity (=50 cm /s) are governed by the dominant
action of the Marangoni force, under the effect
of which the flows of the melt transfer the most
overheated metal from the paraxial part of sub-
surface layers of the pool to its periphery, thus
leading to a one and a half times increase in the
penetration width compared to the calculation
variant that ignored the melt convection. Fi-
gure 2 shows comparison of the calculation re-
sults on contours of the pool and heat-affected
zone (see Table 1, No.4) with the experimental
data, where the calculated shape of the penetra-
tion zone (curve 7, isothermal line T = 1480 °C)
and boundary of the heat-affected zone (curve 2,
isothermal line T = 750 °C) are superimposed on
the macrosection.

As follows from Figure 2, the best agreement
between the calculation and experimental data
is observed with the simultaneous allowance for
the thermal buoyancy and thermocapillary
forces. It is likely that the difference between
the calculation and experimental data on the
shape of the molten zone is associated with de-
formation of the free surface of the pool under
the effect of the vapour recoil reaction. Figures 3
and 4 show the field of isothermal lines on the
plate surface and in a longitudinal section of the
weld (coordinate x = 0 corresponds to the centre
of the heat source).

It follows from Figures 3 and 4 that the maxi-
mal base metal penetration depth and width are

Z, cm

0

0.05

0.10 . . L
0.15 0.10  0.05 0

Y, cm

Figure 2. Penetration zone and heat-affected zone in laser
heating (7, 2 — see the text)
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Figure 1. Field of the melt velocities in cross section of the
metal pool (Table 1, variant No.4)

shifted from the source centre towards the tailing
part to a distance of 0.06—0.08 cm.

Figure 5 shows thermal cycles at different sec-
tions in height of the plate. It follows from this
Figure that the plate is heated to a temperature
above 750 °C and to a depth of less than 0.3 cm
at an average time of dwelling in the 800—500 °C
range equal to 0.15 s.

Results of investigations of the effect of laser
heating parameters (thermal power of laser ra-
diation, heat spot radius, and heat source speed)
are given in Tables 2—4.

Increase in power from 200 to 400 W leads to
a 2.5 times increase in the penetration depth.
Further increase in power (P; > 400 W) does
not exert a considerable effect on the penetration
depth, as the maximal temperature of the surface
of the molten metal pool becomes higher than
the boiling temperature of the base metal of the
plate, heat losses for evaporation of metal from
the melt surface growing accordingly.

Consider peculiarities of heating of the plate
under the effect of the combined laser-micro-
plasma energy source. It was assumed in conduct-
ing the calculation experiment that centres of
the laser and plasma heating spots coincided. The
distribution of the power density of each of the

¥, cm
—
0.3
0.2 F
01 F
0 1

-0.1 0 0.1 0.2 X, ¢

Figure 3. Field of isothermal lines on the plate surface at
T = 1480 (1), 1430 (2), 1000 (3), 600 (4), 250 (5) and
100 (6) °C
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Figure 4. Field of isothermal lines in axial section of the
weld at T'= 1480 (1), 1430 (2), 1000 (3), 600 (4), 250 (5)
and 100 (6) °C
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Figure 5. Temperature cycles at the weld axis for different

sections in height of the plate at z = 0 (1), 0.02 (2), 0.04
(3), 0.06 (4), 0.28 (5), 0.36 (6) and 0.44 (7) cm
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Figure 6. Distribution of specific heat flows of the laser
(1) and plasma (2) heat sources on the plate surface (r; =
= 0.1 cm, efficiency = 0.32, P; = 1250 W, rp = 0.25 cm,
efficiency = 0.5, Pp = 1300 W)
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Figure 7. Shape of the penetration zone in axial section of
the weld (T = 1480 °C) under the effect of the laser (1)
and combined laser-microplasma (2) heat sources
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Figure 8. Shape of the penetration zone on the plate surface
under the effect of the laser (7) and combined laser-micro-
plasma (2) heat sources

said heat sources on the surface of the material
treated is shown in Figure 6, where Pp is the
plasma source power.

Figures 7 and 8 show the shapes of the pene-
tration zones of the base metal in a longitudinal
section and on the surface of the plate treated,
respectively.

As indicated by the calculation data, under
the effect of combined laser-microplasma heating

Table 2. Effect of the thermal power introduced into the plate
on penetration parameters at v, = 1.67 cm /s and r; = 0.1 cm

P, W | H, cm Byem | Ty °C | Viem/s |V, em/s
200 0.0165 0.1094 1886 12.8 3.7
300 0.0339 0.1872 2518 38.2 12.6
400 0.0418 0.2526 2880 51.3 16.5
500 0.0455 0.2826 2920 54.9 17.3
600 0.0475 0.3022 2944 57.1 17.9

Table 3. Effect of the heat spot radius on penetration at P; =
=400 W and v, = 1.67 cm /s

7y, cm H, cm Biem | Tpy °C | Veem/s | V,, em/s
0.10 0.0418 0.2526 | 2880.65 51.30 16.50
0.12 0.0396 0.2338 | 2589.32 39.24 12.74
0.14 0.0346 0.2150 | 2274.98 27.45 8.42
0.16 0.0276 0.1920 | 2002.03 17.19 4.85
0.18 0.0171 0.1550 1748.69 7.62 2.04
0.20 0.0042 0.0712 1512.43 0 0

Table 4. Effect of the heat source speed on penetration at P; =
=400 W and r; = 0.1 cm

Uy, CM/'s H, cm B, cm Thaxs ' C V. ecm/s V»,/y cm/s
1 0.051 0.3220 2890 51.6 16.7
2 0.039 0.2320 2872 50.4 16.2
3 0.032 0.1860 2742 45.2 14.5
5 0.023 0.1480 2453 30.7 10.7
10 0.010 0.1040 1956 9.8 2.0
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the width of the penetration zone increases 1.5
times, compared to laser heating. Due to this,
the combined laser-microplasma treatment can
provide a substantially larger size of the depos-
ited bead.

Conclusion

With the laser heat source affecting the plate
surface an intensive (~50 cm /s) sub-surface flow
of the melt forms in the molten zone. This flow
is caused by the dominant action of the thermo-
capillary force, which is generated due to a high
temperature gradient (~7000 °C /cm) on the free
surface of the metal pool. The flow, which is
directed from the axial part of the pool towards
the melting front, intensifies the energy transfer
from the overheated paraxial part of the pool to
its peripheral region, and favours increase in
width of the molten zone. The effect of convective
stirring of the pool to the penetration depth is
much lower because of the mostly sub-surface
flow of the melt. Application of the combined
laser-microplasma energy source for cladding us-
ing powder materials (including bulk materials)
allows increasing width of the deposited bead

4/2013

compared to laser cladding, and raising the pro-
ductivity of the cladding process.
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