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Abstract:

A mathematical model of the dynamics of laser-produced heating,
evaporation and plume formation is presented. The condensed
material model includes conduction heat transfer as well as melting
and evaporation phase changes. The localized heating and
evaporation caused by focused laser radiation forms a plume of
mixed vapor above the material surface. The beam is absorbed and
refracted as it traverses the plume, thus modifying its power density
on the surface, In this work, variations of heat transfer rate during
laser heating and effects of a plume formed by vapor from an iron
surface are studied using an axisymmetric mass, momentum and
energy transport model. The simulation results quantify the heat
transfer rate in the plasma plume, heat losses due to radiation, and
variations of heat input into the material.
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A mathematical model of the dynamics of laser-produced heating, evaporation and plume formation
is presented, The condensed material model includes conducticn heat transfer as well as melting
and evaporalion phase changes. The localized heating and evaporation caused by focused laser
radiation forms a plume of mixed vapor above the matsrial surface. The beam is absorbed and
refracted as it traverses the plume, thus modifying its power density on the surface. In this work,
variations of heat transfer rate during lasar heating and effecis of a plume formed by vapor from an
iroh surface are studied using an axisymmetric mass, momentum and energy transport model. The
simulation results quantify the heat transfer rate in the plasma plume, heat losses due to radiation,

and variations of heat input into the material.
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1. INTRODUCTION

When a continuous-wave (CW) laser beam is focused on
the material surface, a portion of laser energy is absorbed
into the material. This high energy density causes local-
ized heating and evaporation. Optimization of laser mate-
rials processing involves determining a set of process
paramelers that leads to stable processing conditions. Since
accurate laser joining experimental data for improving

the process and decreasing defects is limited, numerous -

researchers have studied theoretical and numerical models
for laser-produced melting and evaporation.

Some researchers developed mathematical models to
calculate the heat flow and motion of molten metal inside
the keyhole.'"” As a resull of melting and evaporation, a

plume of hot, ionized material vapor mixed with ambi- -

ent gas forms above the surface. An example of a pro-
cess where plume formation is important is CO, laser
welding ® Experimental measurements show that the mate~
rial vapor/fambient gas mixture which form at irradiances
for typical of weiding is partially ionized.*™¥ However,
these gases absorb infrared wavelength by the inverse
Bremsstrahung mechanism and clectron density gradients

*Author to whom corrcspondence should be addressed.
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refract the beam so as to defocus it." Hence, the power
and trajectory of the laser beam are modified as it traverses
the plume and the laser power density impinging on the
material swrface is decreased as the plume-beam interac-
tion effects become stronger. The coupled dynamic model
of the plume and beam propagation is used to calculate the
dynamic beam radius and intensity changes on the material
surface during CO, laser-material interaction.

2, LASER-PRODUCED EVAPORATION AND
PLASMA PLUME MODEL

To model evaporation, one must consider heating of the
surface (liquid in this case) and substrate. Assuming con-
stant thermal properties for each phase, the heat conduc-
tion in the liguid and solid iron is written in axisymmetric
coordinates as

1dr 19r #T - FT

— e m s (1)

«, Bt rar | ot dz2

The evaporation phase change is represented with Ste-
fan and kinetic boundary equations'*'* and related nomen-
claturc arc well stated in previous paper.'* As described
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below, the laser intensity on the material surface is cal-
culated by modeling the propagation of a Gaussian laser
beam through the plume. All the required calculations
{or boundary conditions and material properties are well
described in previous paper.'*

Flow in the plume is induced by cvaporation from the
material surface. The flow and mixing of the gas/vapor
mixture in the plume is modeled with mass, momentum
and energy transpert equations. In an axisymmetric cylin-
drical coordinate system, thesc can be written as™

dp, 10 ?
s 1 %0 £ = 2
at + rar(p"“*)’Laz(pS“‘) 0 ?)
d id 2y, 9
Glpw) b (pra) o+ 'ég(P”r”z)
dp 14 Tog
op 1 1m0 _ 2 3
+ ar - ar ( H)+ 'Z) ( )
1 3 2
(p )+-—-—~(pm,uz)+ pu)
dp 1 6
JdE, 19
W""‘—( uE)+ (LtE)+ (pu)+ (Pu)
I
-|———--(i‘qr)“i“ (qz)....._ (rul e T HU; T'Z)
rdr
M:;E(u +u27‘?,)+ (”'w) 2. al=0 (5)

All the required calculation information for boundary
conditions and material properties are well described in
previous paper.’*

When the clectric field E(r, z) of a propagating axisym-
metric laser beam is written as

E(r,z) =U(r, z) exp(—ikz) {(6)

it can be shown that the complex scalar amplitude U(r, 2)
satisfies the paraxial wave equation (Ref. [16])

U (r, & 138 R
****;(5;5)“ - ”zk[a oo +k§m(nz—1)]y(r,z) %

The all detailed information for the Eqs. (6) and (7) is
in Ref. [20]. The cxpression for the electron-ion inverse
Bremstrahlung absorption coefficient for CO, laser radia-
tion assumes partial ionization.?

The axisymmetric boundary conditions for the plume
simulation are illustrated in Figure I. All physical and
flow properties at the plume simulation inlet are updated
at each simulation time step and vary in response to beam
absorption at the material surface. To include shielding gas
effects, uniform axisymmetric flow of helium or argon gas
(10 m/sec) is imposed at the side boundary. It is assumed
thart the beam absorption into the molten iron is 13%.7

To correspond to CW laser interaction, established ini-
tial plume velocity and temperature ficld are assumed.
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Fig, I. Physical domain for plume simulation.

The initial plasma plume {which is very small relative
to its developed size) is assumed to be elliptical and
having Gaussian temperature and velocity distributions,
The cexplicit MacCormack scheme is used to calculate
velocity, density and temperature profiles in the plume.
The optimal time step is calculated as the minimum of
the Von Neumann and Courant-Friedrichs-Levy (CFL) sta-
bility conditions. The shield gas and iron vapor mixing
is computed using strong coupling of the single-species
continuity equations at each time step. The continuity
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Fig. 2. Steady-state maximum surface temperature as a function of
absorbed laser intensity.
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equations are combined with the Navier-Stokes equations
and computed at the same time step. Boundary conditions
for the beam propagation calculation correspond to a colli-
mated 2 cm diameter CQ, laser beam focused by a 12 cm
lens. The taser beam quality is taken as M? =35, U(r, z) is
caiculated where the beam exits the lens and is propagated
to the top of the simulation domain by matrix oplics.

3. RESULTS OF NUMERICAL. STUDY

A plot of simulation results at nominal conditions (3 kW
power, 0.1 mm spot radius, 9 x 101" W m~? surface inten-
sity, helium shiclding) arc shown in Figurc 3. Beginning
from the initial conditions, the vapor plasma continuously
expanded as a result of the beam absorption. At 2x 1077 s
after the start, the maximum temperature in the core of
the plume reached 8100 K. The plume height is less than
3 mm, the maximum pressure is 37 Patm. and the max-
tmwmn flow velocity is approximately 900 m s7!, At 3 x
1077 s, the plume height has increased to over 3 mm.
A very small (approx. 0.1 mm thick) high pressure region
is sustained near the material surface. It is found that the
helium shield plume is stabilized after 3 x 1077 s from the
longer time simulation results. The shielding gas is recog-
nized as a very important parameter in laser materials pro-
cessing, where helium and argon are both popular options.
The plume conditions resulting from laser material inter-
action under argon shielding gas are presented in Figure 4.
The maximum {11,000 K) and average plume tempera-
tures for argon shielding are higher than those predicted
for helium shielding. This result corresponds well to exper-
imental measurements made during welding at comparable
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Fig. 3. Pressure contows (Patm) and temperatures (K) at 2 x 1075 g,
helium shield gas.
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Fig. 4. Velocity (m s™') and temperature (K) profiles at §x 1079 s,
argan shield gas.

powers, where maximum plume temperatures from 9000 K
to 13,000 K (Ref. [10]) have been reported.

The predicted variation of the index of refraction and
the absorption coefficient within the plume are shown in
Figure 5 for helium shielding gas. The index of refrac-
tion decreases from 1.0 in the un-ionized gas/vapor outside
the plume to 0.995 near its core. The absorption coef-
ficient increases from O to 42 m~'. For argon case, the
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Fig. 8, Real parl of index of refraction and absorption coefficients (m™!)
at §x 107° 5, helium shield gas.
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Fig. 6. Beam radius changes at the material surface for various plume
interaction conditions and shielding gases.

absorption coefficient increases from 0 to 103 m™!. The
beam radius variations with vertical distance for the two
different shielding gases are presented in Figure 6. The
radius increase is more pronounced for the argon plume,
due to its larger index of refraction gradient. The beam
radius changes on the material surface are quantified in
Figure 6, at simulation times up to 4 x 107 5. The beam
radins for the helium shield case is about 15% larger
than the un-refracted case and remains fairty steady over
the time interval. The beam radius for argon shielding
increased rapidly by about 20% then grew to 33% but was
decreasing somewhat at the end of the simulation time.
The zero refraction and zero absorption cases are discussed
in more detail below.

The beam irradiance changes on the material surface
for heliom and argon shielding are shown in Figure 7,
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Fig. 7. -Time variation of beam irradiance adjacent the material surface
for varicus plume interaction und ambienl atmosphere conditions.
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These curves correspond very closely to the focal spot
radius changes in Figure 6, indicating that power density
on the material surface is decreased by defocusing and
absorption. Over the simulation time, the beam intensity
decreased by 26% for helium shielding gas and by 46%
for argon shielding gas. When absorption was included in
the plume simulation but refraction was not, the plume
was [ully formed, but the beam intensity at the material
surface was only reduced by 3%. Thus, the significant
power density decreases predicted by the lower two curves
in Figure 7 are mostly due to refraction. Considering the
combined effects of beam radius and intensity changes for
helium shield gas case at steady state {4 % 107% 5), we
found that the heat transfer rate into material is 511 W and
decreased by 11% comparing with zero absorption case.
Heat transfer rate in the helivm-iron vapor is calculated by
mass and energy balance equations (Ref. [17]) at steady
state. Based on 3000 W input powers, we obtained 663 W
for energy absorption and re-absorption in the vapor plume
and 11 W for energy loss due to radiation.

4, CONCLUSIONS

An axisymmetric heat transfer model of the plasma plume
formed by a CO, laser beamn impinging on a flat iron sur-
face has been described. The following conclusions are
drawn from the simulation results.

The CO, laser beam is significantly defocused as it
propagates through the plasma plume. Refraction of the
propagating CQ, laser beam in the plasma plume has a
much larger direct effect on the beam power density at
the material surface than absorption does. However, with-
out absorption, the plume quickly dissipates. Thus, indi-
rectly, the plume absorption also has a large impact on
power density at the material surface. Less beam refraction
and absorption are observed for helium shielding gas than
argon. Surface power density changes that calculated as the
plume evolves have non-trivial effects on the properties of
the metal vapor entering the plume. Laser energy reflected
from the material surface has significant effects on plume
properties and stability. For the helium shield CO, laser
welding, heat transfer rate into material is decreased by
11% due to absorption and refraction effects.
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