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During laser deep penetration welding a characteristic keyhole is created, when the intensity of laser beam
exceeds material depending limit. The generated system of keyhole and surrounding melt pool is highly
dynamic. Dynamics in the weld pool and in keyhole are mainly responsible for keyhole instabilities that
can cause keyhole collapses during the welding process. This can lead to unwanted enclosures or pores that
reduce the quality of welded joint. For better understanding of the complex system, a simplified analytical
model of the keyhole is used providing a description of the keyhole geometry. It also calculates the influence
of different spatial laser intensity distributions on keyhole dynamics and resultant tendency to form pores.
The model is used to calculate the temperature on the keyhole wall from energy equation containing laser
beam energy absorption, heat conduction and evaporation losses. The surface temperature is needed to
calculate the keyhole radius by solving the pressure equilibrium equation. This contains the recoil pressure
at the end of the Knudsen layer on the keyhole surface, which keeps the keyhole open against the surface
tension pressure of the surrounding liquid material. In the second step, a dynamic equation that describes
the keyhole behavior is used. The dynamic calculation is based on the force balance in the keyhole. To
observe the influence of different spatial laser intensity distributions the Gaussian and top hat distribution
are implemented in calculation. It can be found that the keyhole geometry is influenced by different laser
intensity distributions and pressure gradient changes significantly leading to highly different dynamic
behaviors. 18 Ref., 2 Figures.

Keywo r d :  laser welding, deep penetration, keyhole,
radiation intensity, spatial radiation, analytical model,
keyhole geometry, weld metal, pore formation

Pores are one of the failures occurring in laser
deep penetration welding that reduce weld qual-
ity. Pores can be formed due to chemical reasons
[1], laser power instabilities [2], changes in ab-
sorptivity or process instabilities [3]. Weld pool
and keyhole dynamics can cause the keyhole to
collapse. A high amplitude of the oscillating key-
hole walls leads to a closing of the keyhole. Gas
enclosures are formed usually in the lower part
of the keyhole [4]. The captured gas cannot es-
cape to the surface and forms a bubble in the
weld pool. After solidification of the weld pool
a pore is formed [5]. Although keyhole dynamics
have been a field of interest and a lot of research
has been done, the complex system is still not
completely understood. Experimental observa-

tions found process oscillations in the range from
1 [6] to 8 kHz [7], and it was concluded that
these high frequencies must origin from keyhole
oscillations.

There were also mathematical approaches de-
scribing the process in the keyhole. In several
former works numerical approaches were used to
describe the complex system. Ki et al. [8] pre-
sented the model including all important known
physical effects taking place in the keyhole and
weld pool. For observing oscillations in kilohertz
ranges, a numerical calculation requires small
time steps and high calculation time [9]. There-
fore, an analytical description is desired. Ana-
lytical models need shorter calculation times but
require simplifications. It is, for example, not
possible to solve the heat conduction equation
for arbitrary shapes. Research has been done in
analytical modeling of the keyhole for quasi-
static calculations [10] as well as for dynamic
behavior calculations [11]. Most former works
used the Gaussian beam as a beam source for
calculations. But industrially used laser sources
provide quite different intensity distributions.
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Kaplan [12] started to also consider the axial
change of the intensity profile of the laser beam
[13]. Not only the intensity value [14] and power
oscillations [15] but also the spatial laser inten-
sity distribution has been identified as being an
influencing factor. The absorbed energy, tem-
perature in the keyhole and pressure in it depend
on the intensity and intensity profile of the beam
[16]. Therefore, the influence of different inten-
sity distributions of the laser beam are observed
in this work with the aim of finding a way to
reduce pores.

Based on these existing analytical models the
influence of the Gaussian and top hat laser in-
tensity distribution on keyhole geometry [10] and
dynamics [11] is observed to obtain a better un-
derstanding of the keyhole process.

Analytical model of the keyhole. Modeling
quasi-static keyhole. When the keyhole has
formed due to high intensity of the laser beam a
quasi-static condition is achieved. A cylindrical
keyhole for thin sheets can be assumed that is
completely penetrating the material. The macro-
scopic shape is conserved when the beam is moved
relatively to the material. Due to the vaporization
process an ablation or recoil pressure pabl in the
keyhole is built up that opens the keyhole and
counteracts against the pressure of the surface
tension pγ of the surrounding melt pool. Mathe-
matically the pressure balance equation can be
expressed as

Δp = pγ — pabl. (1)

Hydrodynamic and hydrostatic pressures can
be neglected [17] as their dimension is much
smaller than the one of the surface tension cal-
culated with the Laplace description:

pγ = 
γ

rkap
. (2)

Surface tension pressure depends on the radius
rkap and the surface tension coefficient γ.

The ablation pressure pabl, caused by vapori-
zation of material on the keyhole wall in the so
called Knudsen layer, can be calculated as

pabl = mn(Ts)u2(Ts), (3)

where m is the atomic mass; n is the particle
density; u is the velocity of evaporated particles.
Particle density and velocity of evaporated par-
ticles are dependent on keyhole surface tempera-
ture Ts that can be calculated solving the energy
equation as

qabs = qλ + qabl. (4)

The absorbed part of the energy qabs, provided
by the laser beam, can be calculated using

qabs = 
1

2πrd
 ∫ i(r)rdrd ϕ, (5)

where d is the sheet thickness; r and ϕ is the
radial and azimuthal coordinate. Laser intensity
distribution i in this equation is the parameter
that can be varied.

Energy losses are mainly vapor losses ablating
from the keyhole

qabl = mn (Ts)u(Ts)Hν (6)

and heat conduction losses

qλ = 
Ts — T0

2
 ρcpu0K1(Pe)/K0(Pe). (7)

Here Hν is the latent heat; T0 is the ambient
temperature; ρ is the density of the liquid mate-
rial; cp is the heat capacity; u0 is the welding
speed; K1 and K0 is the modified Bessel functions
of first and zero order depending on the Peclet
number Pe = u0rkap/2κ, where κ is the thermal
diffusivity. Equation (7) is the solution of the
heat conduction equation describing losses
through heat conduction assuming a simplified
cylindrical heat source [10].

Calculating the surface temperature Ts at the
wide range of radii, the pressure equilibrium equa-
tion Δp = 0 can be solved, and quasi-static radii of
the cylindrical keyhole can be determined.

Modeling dynamic behavior of the keyhole.
To model the dynamic behavior of the keyhole
differential equations are necessary. The cylin-
drical keyhole calculated above is assumed to
oscillate only in the radial direction, and the
intensity distribution is the parameter in the
model. Including the composition of all forces F
acting in the keyhole, the dynamic equation of
radius can be written as follows:

r
..
 = b

.
 = 

F
mm.p

, (8)

where r
..
 is the radius normalized (to the beam

radius) keyhole radius; b
.
 is the rate of radius

change; mm.p is the melt pool mass. According
to [11] the dynamic equation of velocity b

.
 is

b
.
 = 2πd(rp + 1) + 12π 

d2

r0
2
 r ×

× 
(1 — r2)

(c — r)2(c2 — r2)
 — fb,

(9)

where c is the factor that accounts for the accel-
eration due to melt pool deformation at the top
surface. First and second term in (9) describe
velocities induced by ablation pressure, surface
tension and melt pool deformation at the surface.
The last term accounts for the viscous velocity
dissipation, where f is the dissipation factor that
causes damping of the system.

The dynamic pressure is described by [11]
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Here p⋅ is the pressure in the keyhole normalized
to the quasi-static equilibrium pressure peq. The
first part of the right hand side of (10) describes
the pressure change due to vapor escaping
through keyhole opening, where va is the the
assumed velocity of the exiting vapor; p0 is the
ambient pressure. The pressure change due to
laser evaporation is found in the second term,
where c0 is the constant relating to laser power;
r0 is the beam radius. The third term in (10)
describes the pressure change due to adiabatic
volume change of the keyhole. This set of differ-
ential equations can be solved, and the response
on special perturbations can be calculated.

Evaluation. For evaluating the model, two
different laser intensity profiles are examined.
First, the Gaussian beam is considered:

iGs(r) = 
Pabs

πr0
2

 e—(r/r0)
2

, (11)

second, the top hat profile is used:

it.h(r) = 
Pabs

πr0
2
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where Pabs is the abrorbed laser power; α is the
factor determining the steepness of the function.

Mathworks® Matlab (Vers. R2009a) is used
to calculate the quasi-static keyhole geometry,
and Simulink (Vers. 7.3) is used to calculate the
dynamic behavior of the keyhole geometry and
pressures. For the culations the set of following
typical parameters is used: Pabs = 900 W; r0 =
= 100 μm; α = 1 μm; u0 = 1 m/min; d = 1 mm;
c0 = 0.2; f = 0.1; c = 3; va = 4 m/s; rstart = 1.2;
pstart = 1. Radius rstart and pressure pstart are nor-
malized to calculated quasi-static values of radius
and pressure.

Results of modeling. Quasi-static keyhole.
For the Gaussian and top hat profile, the pressure
gradient for the wide range of rkap normalized to
r0 is calculated (Figure 1).

Both curves equal zero 2 times, but only the
second zero is stable. A small deviation of the
first zero would lead to a collapse of the keyhole.
The resulting keyhole radius obtained by the
Gaussian beam is slightly smaller than that pro-
duced by the top hat distribution. Although the
radius is similar, the restoring forces are differ-
ent. The forces can be correlated to the pressure
gradient when the radius deviation occurs. Fi-
gure 1 shows that higher pressure gradient is cal-
culated for the top hat than for Gaussian beam.

Dynamic behavior. Different restoring forces
in the keyhole of different incident laser beams
lead to different dynamic behavior. Both radii
are deviated, and the dynamic behavior is calcu-
lated by the model. Time t has to be normalized
to

Figure 1. Pressure gradient for the Gaussian and top hat
laser profile

Figure 2. Keyhole radius (a) and pressure (b) oscillations for the Gaussian (1) and top hat (2) laser intensity distribution
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t′ = t √⎯⎯⎯mm.p
γ . (11)

Figure 2, a shows the oscillating radius around
the equilibrium with different frequencies for dif-
ferent intensity distributions. They are found to
be approximately 1.6 and 3.2 kHz for the Gaus-
sian and top hat intensity distribution, respec-
tively.

In Figure 2, b the pressure balance is shown.
Pressure rises in both cases to different starting
values and oscillates with different frequencies
for different incident beams. Down slope of the
curves is caused by the damping of the oscillation
by surrounding material.

Results. It can be seen from the results of the
modeling that different spatial laser intensity dis-
tributions have different effects on both keyhole
geometry and dynamics. Impact on the keyhole
pressure and also the keyhole radius is rather
small. Radial dependency of the pressure gradi-
ent is much more significant. Particularly the
explicit steepness of the intensity change with
radius for the top hat distribution is assumed to
cause a notably higher pressure gradient in the
region of the stable quasi-static keyhole radius.
As the pressure gradient influences the force bal-
ance, different dynamic behaviors are expected
for different spatial laser intensity distributions.
Fabbro et al. [18] was able to measure these
pressure oscillations resulting from radius dy-
namics. The frequency of pressure and radius os-
cillations are especially influenced by different
beam profiles. The higher frequency for the top
hat distribution can be explained by the higher
amplitude of the pressure oscillation that results
in a stronger restoring force and, hence, higher
velocities. This also results from the higher radial
pressure gradients caused by the top hat distri-
bution. Found frequency values are in the same
range as they were experimentally measured in
works [6] or [7]. It seems that the top hat dis-
tribution is more beneficial to producing stable
keyhole than the Gaussian beam. Recoil pressure
seems to damp the oscillations much more quickly
that leads to smaller influence of the surrounding
melt pool. Higher pressure gradient seems to in-
hibit the keyhole collapse.

Conclusion

Using the analytical model for calculating quasi-
static keyhole and dynamic behavior, the effect
of different spatial laser intensities on the keyhole
geometry and dynamics can be shown. Calcula-
tions of the used model show small influence of
the different laser intensity profiles on keyhole
geometry. Higher pressure gradient is calculated

for the top hat intensity distribution than for the
Gaussian beam. For the observed radius pertur-
bation different oscillation frequencies and am-
plitudes are found for the top hat and Gaussian
intensity profile due to different pressure gradi-
ents. Using this model the top hat distribution
seems to result in more stable keyhole.
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