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ABSTRACT

Laser welding of pure copper and its alloys is a challenging process with a growing industrial interest due to the latest development in the
field of electric mobility. The difficulties are mainly related to the material’s high thermal conductivity and a poor absorptivity of few
percent at the classical IR laser (YAG). It is also well known that such a configuration can lead to the formation of undesirable defects, such
as pores or spatters as a consequence of melt pool instabilities. It has been observed experimentally that the usage of a laser at both high
speed and high power tends to limit those instabilities. Although this positive influence has already been observed for equivalent materials,
a physical explanation is not yet available. In this perspective, a multiphysical simulation of the process at the melt pool scale is currently
being developed by using comsoL MuttipHYsics® software. The latter includes an Eulerian interface tracking method for the liquid-gas inter-
face (phase field) and a ray-tracing description of the laser beam to take into account the well-known beam trapping effect under a keyhole
regime. For the sake of time computation, the numerical model is first developed in an axisymmetric coordinate system (r,z) to be represen-
tative of a laser spot welding process and to validate the numerical coupling methodology. The model will then be extended to a 3D welding
case and used as a predictive tool to make appropriate choices on welding parameters to obtain good quality welds (stable melt pool, low
porosity rate, etc.).

Key words: laser welding, copper, finite elements, interface tracking, ray-tracing
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I. INTRODUCTION is initiated. By an action-reaction principle, the evaporated matter

induces a recoil pressure at the surrounding-gas/liquid-metal inter-

Copper’s electrical and thermal properties make it an ideal
material candidate for numerous applications in an electrical
mobility domain. On the other hand, with a judicious choice of
process parameters, using an assembly process such as laser
welding allows for the most metallic material to produce a regular
deep weld seam repeatedly and at a high production rate.'™

During the laser beam process, a high-energy laser beam
interacts with free electrons at the surface of one or several samples
(Fig. 1) whose temperature rises until a molten pool is formed. If
the energy absorbed by the material is high enough, the irradiated
surface reaches its boiling temperature and a vaporization process

face that tends to deform the molten pool and push the liquid out
of the interaction zone. The vapor capillary created by this process
is usually referred to as a “keyhole” inside which the laser under-
goes specular reflections. This phenomenon creates important local
irradiance variations’™* and increases the laser-matter coupling as
confirmed by absorptance measurements through integrating
spheres’™ or a calorimeter.'” This phenomenon is well known in
laser welding and is referred to as a “multiple reflections effect” or
“beam trapping effect.” Those high irradiance peaks locally heat
the matter and create variable vaporization intensities along the
capillary resulting in hydrodynamic instabilities in the molten pool.
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FIG. 1. Welding setup illustration.

On the other hand, the induced vapor jet also greatly influences the
molten pool dynamics as vapor brings momentum to the impacted
liquid. This is typically the case when process parameters lead to a
single wave welding regime'' where the keyhole front is inclined
and the vapor plume is oriented at the rear molten pool. In this
configuration, vapor can cause fluctuations at the liquid-gas inter-
face or even melt droplets ejected out of the interaction zone.

For most materials, those instabilities can be avoided with a
relevant choice of process parameters. However, the assembly of
both highly reflective and thermally conductive materials such as
aluminum or copper through laser welding is still a noteworthy
challenge. For example, Mattern'” presents the influence of copper
property variations such as absorptivity (due to surface oxidation,
roughness, etc.) on the intensity needed to melt and vaporize the
sample, showing a lack of repeatability of the process, with a sim-
plified thermal simulation for copper conduction laser welding.
Heider'” observed by means of x-ray imaging the generation
process of spatters in copper laser welding and showed that the for-
mation of bubbles inside the capillary leads to spatters and pores
during the process. To overcome those process instabilities, Heider
et al."* used high laser power (until 16 kW). At 10kW and above
(with a 200 um laser spot diameter), they were able to reach a pene-
tration depth of several millimeters (up to 6.5mm) without any
weld defects. Other authors used a green laser, which is more
absorbed by copper (approx. 40%) than IR laser (approx. 5%)”'>"
at room temperature. Alter et al.'® used a green laser up to 4 kW
and were able to obtain high quality welds free of spatters at high
welding speed at least for conduction mode. Hess et al.'” combined
an IR laser with a green laser and showed that a low-power green
laser could significantly improve the welding quality of copper

ARTICLE scitation.org/journal/jla

alloys and reduce IR power needed to initiate keyhole mode.
Another method to enhance copper weld quality is by modulating
laser power. With this approach, laser beam power is modulated at
a certain frequency around a mean power. Heider et al.'®'? showed
that power modulation on copper laser welding significantly
reduces weld defects quantity while increasing penetration depth
compared to cases at the same constant laser power.

Even though the recent emergence of x-ray in situ measure-
ments allows the observation of keyhole dynamics and defect forma-
tion mechanisms,”'>'**" information such as irradiance or vapor
plume hydrodynamic inside the capillary cannot be obtained directly
from these experiments. In this context, numerous numerical tools
have been developed over the past years aiming to give a complete
picture of the process at the melt pool scale. For these experiments,
the key parameter seems to be the heat input coming from the laser
beam.” One of the “simplest” ways to take into account the beam
trapping effect is through an equivalent heat source coupled with an
artificially increased absorptance inside the capillary.”’ While giving
relatively satisfactory keyhole penetration dynamics, this method
does not give an accurate laser deposition along the keyhole wall
and, thus, potential resulting instabilities. A more physical approach
to modeling the laser beam is through Maxwell’s equations computa-
tion. Courtois et al” developed a self-consistent model using this
electromagnetic approach in combination with an Eulerian interface
tracking method (level-set) for a laser spot welding simulation and
found good agreement with experimental results. However, to the
best of our knowledge, this model has never been implemented in a
complete 3D laser welding description due to the need for high com-
putation resources. An intermediate solution chosen by many
authors is the ray-tracing description of the laser beam where a finite
amount of rays interact with the keyhole wall and gives an energy
deposition including multiple reflections effect. As Ki et al** and
Medale et al.® presented in early works, a self-consistent model of
both laser drilling and welding and focused on the laser irradiance
distribution along the keyhole wall. Mayi et al.* recently compared a
complete multiphysical simulation including a ray-tracing descrip-
tion with up-to-date experimental x-ray measurements.” Transient
keyholes formation mechanisms were, thus, highlighted and sup-
ported by experiments. More recently, Liu et al.”** developed a self-
consistent welding model, including Crooker et al’s Gaussian
beam representation by rays allowing them to take into account the
laser beam defocusing effect.

In this contribution, a numerical model is being developed
under comsoL MuttipHysIcs” including a ray-tracing description of
the laser beam coupled with a phase-field approach for the interface
tracking problem. The model is currently developed in a
2D-axisymmetrical coordinate system (r,z) to deal with the already
high computation costs due to the involved physics. The model also
includes thermal dependency of most material properties, recoil pres-
sure, and surface tension effects. Results are then compared to laser
spot welding experimental results on Cu-ETP material.

Il. COMPUTATIONAL MODEL

A. Interface tracking: Phase field

The Cahn-Hilliard equation is computed in order to get the
transport of a variable ¢ representing a smoothed transition
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between two distinct materials (copper and ambient gas in this
case) in a single computational domain. This fourth-order partial
differential equation is instead solved as two coupled second-order
equations using an additional variable y,*

[020) s
St Vo= (Nzcexw) ey
y=-V (V) + (¢’ — o, )

where U is the velocity field (m sh computed with mass (6) and
momentum (7) conservation equations, ¢ is the surface tension
coefficient (Nm™") between liquid metal and ambient gas, € is a
parameter controlling interface thickness (m), and % is a mobility
tuning parameter (m s kg™").

The phase field can be initialized analytically with a hyper-
bolic tangent,

Z—1
¢y = —tanh( e ) 3)
Equation (3) gives a distribution where ¢ = —1 under z,

¢ =1 above z, and a smooth transition at z.

The phase field variable ¢ is then used to differentiate local
physical properties X (p, W, A, etc.) used in energy, mass, and
momentum conservation equations,

1-¢ 1+ ¢
X= <T) Xgas + (T) Ximetal (4)

Finally, the 8-function used to introduce boundary conditions
at the material transition is approximated by a smoothed function
according to

8 =6|Ve||p(1 — ). (5)

B. Fluid dynamics: Navier-Stokes

Mass (6) and momentum (7) conservation equations are
solved in their incompressible form to compute velocity and pres-
sure fields,

V.-i=0, (6)

ou el = I,

p o + PV = V- (—pI +u[Vi + (Vi) ]) YR, O
where p and u are, respectively, local density and dynamic viscosity
obtained with (4) and F are the volume forces. Recoil pressure (8),
surface tension (9), and Marangoni effect (10) are introduced
through volume forces in momentum balance,

Free = Ppoc (T)8H, )
F. = oxoi, )
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- 0o —

F. = 2°VT, 1
T (10)

— N
where « is the interface curvature and V, = (I —nn")V is the
surface gradient. Recoil pressure p. is expressed as a function of
the saturated vapor pressure pg, and B, the retrodiffusion coeffi-
cient,

ML, T,
psat(T) p() exp [RT (1 _F>:|’ (11)
1
1) = 2 P (1), (12

In Eq. (11), po corresponds to the ambient pressure (Pa), M
the molar mass (kg mol™), L, to the enthalpy of vaporization
g kg_l), R to the gas constant (J mol ' K™Y, T, and T, respectively,
to the vaporization and local temperatures (K). In this case, vapor
plume effect is only modeled through a pressure effect at the inter-
face but no plume is generated.

Finally the solid-liquid metal behavior is introduced through
an enhanced dynamic viscosity defined as follows:”'

_ {1000 Pas for T < Ty,

Herat(T)  for T > T, (13)

C. Heat transfers

Heat conservation equation is solved to compute the tempera-
ture field in the computational domain,

q OT
PCP 7 + P (u VT) V O\-VT) Qabs Qloss> (14)
where ¢, and A are, respectively, the local specific heat (Jkg™' K™")
and thermal conductivity (W m™' K™").

The solid-liquid metal phase change is expressed through an

equivalent heat capacity including the latent heat of fusion L, "'

e Lm (T - Tm)2
CPq = Cp + \/TI:ATm exp (— W) . (15)

T,, represents the melting point (K) and AT, the solidifica-
tion range (K). Even though pure copper is modeled (i.e., no physi-
cal solidification interval), a numerical parameter range is taken as
50 K, which is introduced to improve computational stability.

The absorbed volume heat source Qg is the absorbed irradi-
ance Qs (times the &-function) obtained through ray-tracing
method detailed in Sec. II D. The volume heat losses Qs includes
radiation, evaporation, and convection losses defined as

Quoss = [€06(T* = Tg) + t(T)Ly +h(T — To)13.  (16)

In Eq. (16), € corresponds to the metal emissivity, o4, the
Stefan-Boltzmann constant (kg s K™), T, the room temperature
(K), and h the convection coefficient (W m™2K™).
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The ablation rate m is expressed as

= (1~ b)) soepa (D). (17)

D. Ray-tracing-Eulerian coupling

Ray-tracing computation is coupled with the phase-field
Eulerian interface tracking method through a dedicated algorithm
developed with comsoL MuLTIPHYSICS® JAVA programming mode.

A first component is used to solve energy (14), mass (6), and
momentum conservation (7) equations. Once a stop criterion is
reached based on the absolute difference between current and
initial values of the normalized 3-function (18), the multiphysical
study is stopped. This criterion allows the update of the irradiance
distribution once a critical geometrical deformation occurs. Smaller
values of C,,,x means more frequent updates and conversely,

max ) )
8max t 6max to

Iso-value of ¢ = 0 is then extracted and used to reconstruct a
physical boundary in a second component where ray-tracing is
computed. Eikonal equation is solved for a set of N, rays—each car-
rying a fraction of the laser power (19)—and are distributed homo-
geneously along r-axis until laser radius is reached, modeling a
top-hat distribution,

> 2 Crnax (18)

P
Prays,init = 1\711— . (19)
Each ray is subjected to multiple specular reflections within
the reconstructed capillary and transfers a fraction of its power
equals to the material absorptivity a. Absorbed power is accumu-
lated locally along the capillary. Once divided by local mesh size,

Component 1 Component 2

L

Heat transfers

Ty 'T‘u

{ N

Q
IS
%)

Fluid mecanics

o] fe

Phase-field $=0

- —— ) )

1
1
1
1
1
1
1
1
]
1
1
1
1
Raytracing i
1
1
1
]
1
1
1
1
1
1
1
1

FIG. 2. Ray-tracing and multiphysics components coupling.
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the absorbed irradiance qup thus, obtained is reinjected in the
energy conservation equation,
N; Nt .

Z OLPi’jki,j - 1. (20)

i=1 j=1

Poc =

An illustration of the coupling method is presented in Fig. 2.

E. Geometrical assumptions

2D-axisymmetrical (r,z) representation is used for static laser
shots modeling. Corresponding computational domain and mesh
are represented in Fig. 3. A fine grid mesh is used around r- and
z-axis where liquid-gas interface is expected to be computed during
the simulation. Note that mesh represented in Fig. 3 is coarse on
purpose to highlight the different regions. The actual mesh size in
the refined zone is approximately 8 um leading to around 400 000
degrees of freedom.

F. Material properties

Copper physical properties are implemented using tempera-
ture dependent evolution presented in Ref. 27. Ambient gas physi-
cal properties are compiled from Ref. 28.

3.5 [mm |
1

SESEE ==
S YAVAYAVAVAS,
5 3

s

Gas -

Metal -

Gas =

45 % b "o 12

FIG. 3. Computation domain and mesh used for 2D-axisymmetrical laser spot
welding simulations.
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I1l. EXPERIMENTAL VALIDATION

To validate the numerical model, a series of experimental
laser spot welding is performed at different laser powers and
pulse durations to compare the depth and shape of the melt pool
over time.

A TruDisk 10002 disk laser with a 1.03um wavelength is
used for the experiments. The measured beam diameter is 560 um
and remains constant for the whole set of experiments. Laser shots
were performed on Cu-ETP disks of 1 mm thickness and 2.5 cm
diameter. Samples were placed in a chamber filled in argon with
an oxygen analyzer (<100 ppm for each experiment) to avoid oxi-
dation during the process and ease comparison to numerical
results. Samples were tilted by 5° to prevent optics from back reflec-
tion damages. No specific treatments were applied on samples
surface meaning roughness and oxidation might modify the local
absorptivity of the material. This topic is discussed in Sec. IV.

Experiments under laser power of 7 and 8 kW were conducted
using various pulse durations “t,.~ in order to capture the evolu-
tion of depth and shape of the melt pool as a function of time. A
first set of static laser shots is performed to find the minimum
interaction time required to penetrate the whole sample. For 7 kW
static laser shots, an interaction time of 7.5 ms lead to a full melt
pool penetration whereas 4 ms were sufficient for 8 kW shots.

Samples are then cross-section cut and mirror polished (with
1um diamond solution) in the laser symmetry plan. The micro-
structure is revealed using a solution composed of 5 ml picric acid
(12g/1), 15ml acetic acid (99%-100%), 10 ml chlorhydric acid
(37%), and 30 ml ethanol. The typical microstructure is presented
in Fig. 4. A porosity formed in the resolidified metal and undercuts
at the sides of the weld seam are observed.

ARTICLE scitation.org/journal/jla

FIG. 4. Microstructure observation in
the laser shot symmetry plane.
P=7kW, d=560um after 7.5ms
pulse duration.

The laser electrical signal is obtained through an oscilloscope
measurement and is presented in Fig. 5. This profile is then fitted
for numerical simulation. A rising time constant t; of 40 us is mea-
sured while a decreasing time constant 1, of 80us is used to fit
experimental data.

IV. RESULTS AND DISCUSSION
A. Laser spot welding simulations

Laser spot welding using a top-hat distribution with a beam
diameter of 560um at 7kW (I=28MWcm™%) and 8kW
(I=32MW cm™) are simulated using the model described in Sec. II.

9000
8000 l
7000 l
6000 |
5000 }
4000
3000
2000

1000
O —

-1000

Laser power (W)

—— Fitting function
Experiment

-1 0 1 2 3 4 5 6
Time (ms)

FIG. 5. Laser profile (black curve) fitted for simulation laser power evolution
(red dots) measured during a 8 kW shot of 4 ms.
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FIG. 6. Keyhole depth (black curve) and total absorptance (red curve) evolution
during a 4 ms static laser shot of P=8 kW, d =560 um.

In both simulations, melt pool and keyhole formation is com-
posed of five steps as already described by Mayi et al.”* Obtained
results with a 8 kW laser power are described (Fig. 6): (1) laser
power is increasing according to Fig. 5 and sample’s surface is
rising in temperature. The molten pool is not yet formed and
absorptance measured is equal to material absorptivity (from 0 to
0.3 ms), (2) sample reaches the fusion point and the melt pool
starts to form under a laser. Thermocapillary convection caused by
Marangoni shear stress occurs inside the molten pool and liquid
metal circulates from the center of the laser-matter interaction to
its side (thermocapillary coefficient 9c/OT being negative). In this

a) b)

t=500 ps

t=3200 ps

©)

t=3650 ps t=3950 ps
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step, the molten pool depth reaches tens of micrometers. Hence, no
multiple reflections occur yet and the absorptance is still equal to
material absorptivity (from 0.3 to 0.6ms). (3) Afterward, the
surface temperature exceeds boiling point and a vaporization
process takes place. The induced recoil pressure applied at the
liquid-gas interface pushes liquid metal out of the interaction zone
and a vapor capillary of nearly 100 um depth is created. No varia-
tion in the absorptance is observed, meaning the liquid-gas geome-
try leads to an incident top-hat distribution without multiple
reflections (from 0.6 to 3.2 ms).

In the next step (4), the vaporization described above still
leads to a deeper penetration of the molten pool until 135um.
Molten pool now reaches the penetration depth above 100 um and
first multiple reflections occur in this induced optical cavity.
Absorptance fluctuations of few percent are observed. Rays are
observed to be reflected at the sides of the capillary leading to a
modified absorbed irradiance along the interface. Locally focused
rays induce an increase in temperature that in return deforms the
molten pool under the recoil pressure effect. The vapor capillary
oscillates between V- and U-shapes as described in Refs. 4 and 8
while the molten pool keeps penetrating into the sample. No major
modification in the depth penetration dynamic is observed at this
step (from 3.2 to 3.5ms) as ray reflections are distributed quite
homogeneously along the keyhole wall. Finally, (5) at 3.5ms, the
capillary reaches a critical aspect ratio where an important amount
of rays and reflections are located at the center of the interaction
zone leading to a local absorbed irradiance 60-80 times higher
than incident irradiance (without multiple reflections). Depth pen-
etration dynamic is, thus, rapidly increased as observed in Fig. 6
and the molten pool reaches sample thickness within the next
0.5 ms. Figure 7 illustrates the keyhole formation process.

It is also interesting to analyze the evolution of absorptance
inside the capillary as a function of the aspect ratio obtained with
this self-consistent simulation and compare it with analytical laws
often used in simplified models. In Fig. 8, Gouffé’s” analytical

<)

t=3573 ps

Temperature [K]

1500 2000 2500 3000

5 10 15 20
Number of reflections

FIG. 7. Keyhole process formation. (a) Pure conduction mode, (b) melt pool deformed through the recoil pressure effect, (c) multiple reflections occur in the capillary, (d)
rays focus at the tip of the keyhole rapidly increasing penetration dynamic, and (e) deep keyhole mode. Process parameters are P =8 kW, d =560 um for a pulse duration
fouise =4 MS.
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FIG. 8. Evolution of the absorptance inside the capillary with respect to its
aspect ratio. Gouffé’s (Ref. 29) analytical evolution (black curve) compared to
numerical results (green and red curves).

evolution of the absorptance (applied for copper with a 13% inci-
dent absorptivity) inside a predefined geometry is presented—here
a cone shape—as a function of its aspect ratio defined as the depth
of the capillary over its aperture radius. Numerical results obtained
with P =8 kW and d =560 um for a pulse duration are also plotted

with two considerations. Red curve represents the evolution of

absorptance as a function of the keyhole depth over laser beam
radius whereas the green curve represents it as a function of the
keyhole depth over keyhole aperture radius measured at the
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FIG. 9. Weld seam comparison between experimental (left) and simulation
(right); computed temperature field (K) is also plotted. Numerical fusion front is
reported on experimental cross section as black lines.
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FIG. 10. Simulation results (7 kW red curve, 8 kW black curve) compared to
experimental results (7 kW red dots, 8 kW black dots).

sample’s surface (z=0). It can be seen that numerical results
present a mode transition from material incident absorptivity—
here 13%—to multiple reflections modified absorptance at an
aspect ratio of, respectively, 0.5 and 0.75. The difference between
the two transitions is easily explained by the fact that the laser
beam radius is bigger than the keyhole aperture radius as Fig. 7
illustrates. Hence, the aspect ratio computed with the laser beam
radius squeezes the values to lower aspect ratios. After the transi-
tion, red and green curves globally follow the same trend as
Gouffé’s predicts. However, some discrepancies are found as the
keyhole shape is not a perfect cone shape assumed by Gouffé.

B. Results comparison

Experimentally and numerically obtained melt pool shapes are
compared. An example of such a comparison is presented on Fig. 9
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FIG. 11. Sensitivity analysis of absorptivity variations on keyhole penetration
dynamic.
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for a 8 kW laser shot during 3.8 ms. An experimental melt pool is
measured where the grain structure has been modified after melt
pool resolidification. A good agreement is found between the simu-
lated melt pool and the experimentally measured one.

Numerical melt pool depth penetration results are compared
to experimental measurements in Fig. 10. For 7kW laser shots,
experimental results also present a sharp transition between forced
conduction and deep penetration keyhole mode®® with a fast
keyhole depth evolution of around 7 ms. However, a time delay of
about 1 ms between transitions found numerically and experimen-
tally is observed. This time delay can be explained by a poor knowl-
edge on copper absorptivity or more generally material absorptivity
evolution with temperature or other parameters (oxidation, rough-
ness, etc.). Here, the absorptivity is taken constant and equal to
13% compared to 5% in solid and 10% in the liquid state found
experimentally by Engler et al."> This kind of absorptivity modifi-
cation has already been implemented by other authors.*”" A sensi-
tivity analysis of material absorptivity on keyhole penetration
dynamic is performed to illustrate this point and is presented in
Sec. IV C. Experimental measurements at 8 kW do not capture the
previously presented sharp transition but still confirm the range of
pulse duration (around 4 ms) needed for a fully penetrated sample
of 1 mm. Large error bars presented in Fig. 10 are due to: (1) a
small amount of samples observed experimentally, (2) a difficulty
with this experiment to find the exact center of the laser shots
leading to an uncertainty in the measure, and (3) a poor repeatabil-
ity of the process already explained by variations of the local
absorptivity with oxidation or roughness, which leads to different
penetration dynamics between distinct samples. However, this
experimental setup does not require heavy installations, such as
x-ray measurements, and allows a first depth analysis in laser spot
welding. For further study and model-to-experiment comparison,
x-ray measurements'’ could be used for a more accurate keyhole
penetration depth and shape analysis.

C. Absorptivity analysis

Local material absorptivity is influenced by laser wavelength,’’
surface roughness,”” oxidation, or local temperature.'” Engler
et al,"”” for example, measured through an integrating sphere the
absorption at different material states. For solid state copper alloys,
an absorptivity of 4%-8% has been found compared to 8%-10% in
the conduction regime giving an idea of the absorptivity in the
liquid state. The oxidation effect is also measured and is found to
greatly influence the absorption. Compared to the 4%-8% found
for a solid phase on a standard sample, those subjected to 30 min at
200 °C led to an increase in absorption between 26% and 34%, ie., a
ratio of 5 on average. Note that an absorptivity of 13% was used in the
simulation compared to the 8%-10% proposed by Engler.

The effect of such material absorptivity variation on the melt
pool penetration dynamic is observed with a sensitivity analysis on
three different case parameters. Material absorptivity is numerically
modified at 12%, 13%, and 14% to simulate the effect of material
properties variations due to oxidation, roughness, and the lack of
knowledge on real temperature dependency. Results are presented
in Fig. 11 for spot laser welding simulation at P=8kW and
d=560um. The blue curve (12%) leads to a penetration depth of

ARTICLE scitation.org/journal/jla

100 um after 4 ms pulse duration insufficient to initiate multiple
reflections effect. The black curve (13%) is already described in the
laser spot welding simulations section. Finally, the red curve (14%)
presents the same penetration dynamics as the black curve (13%)
but shifted in time by approximately 1 ms. This simple study shows
that a small variation in absorptivity can greatly influence penetra-
tion dynamic regarding time evolution.

In fact, a constant material absorptivity property as it is used in
the simulation is not representative of the real physics. For a proper
representation, each effect should be taken into account separately. For
example, a surface roughness or oxidation can hardly be defined for
the liquid state. In next development steps, all these effects should be
considered separately with their regarding influence on absorptivity.

D. Porosity formation

After the pulse duration is reached, laser power slowly decreased
according to Fig. 5. The temperature inside the molten pool decreased
accordingly and recoil pressure is no longer the main force driving
melt pool dynamics. Surface tension effects tend to close the keyhole
as presented in Fig. 12. Hundreds of microseconds after the beginning
of the cooling phase a gas bubble is being trapped inside the molten
pool. In the present example, the metal solidifies faster than the
bubble rises up to the surface. As a result, the gas bubble remains
inside the cooling metal resulting in a process of residual porosity.

Such porosity is also observed experimentally as Fig. 4 presents.
The presented numerical model then captures this phenomenon. This
particularity will be used in further investigations for laser welding stabil-
ity and process efficiency. Porosity formation dynamics and its final size
are very sensitive to the value of the surface tension, which should also
be known more precisely in the same way as the absorptivity.

Power modulation has already been presented as an effective
method to enhance weld quality and suppress porosity occur-
rence.'™” This welding strategy could be investigated numerically
in a further study with the present model.

V. CONCLUSION AND OUTLOOKS

A numerical model of spot laser welding has been developed
including a self-consistent ray-tracing algorithm able to capture irradi-
ance variations with keyhole geometry fluctuations. The latter is com-
pared with experimental cross sections and gives satisfactory results.
The model also captures melt pool behavior found in the literature.

A strong effect of material absorptivity on penetration
dynamic is presented highlighting the need for more accurate prop-
erties knowledge for a numerical purpose.

The model is globally validated for intermediate keyhole
aspect ratios (2-4). Further investigations will be made to improve
the model and compare it with up-to-date x-ray measurements.

An extension to a complete 3D description will be made in the
next development steps to investigate the effect of high power com-
bined with high welding speed on the stability and efficiency of the
laser welding process.
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