RESEARCH ARTICLE | OCTOBER 12 2023

Numerical analysis of the effect of an oscillating metal vapor
plume on the keyhole and molten pool behavior during deep
penetration laser beam welding

Special Collection: Proceedings of the International Congress of Applications of Lasers &amp; Electro-Optics (ICALEO
2023)

Fan Yang 2 ; Xiangmeng Meng @ ; Stephen Nugraha Putra ©© ; Antoni Artinov 2 ; Marcel Bachmann
Michael Rethmeier

‘ '.) Check for updates

J. Laser Appl. 35, 042041 (2023)
https://doi.org/10.2351/7.0001094

. CrossMark
@ o

View Export
Online  Citation

Laser Applications

Y
o
©
c
p -
-
O
ﬁ

A Journal of
ALIA Laser Applications Learn More

THE LASER INSTITUTE

4> ° .2
B €Y e =

®
— L

RAPID TIME COMMUNITY EXPANSIVE PRESTIGIOUS EXTENSIVE

TO ACCEPTANCE DRIVEN COVERAGE EDITORIAL BOARD MARKETING

ALIA

THE LASER INSTITUTE

€1:2€:60 £20Z JoqWanoN 0}


https://pubs.aip.org/lia/jla/article/35/4/042041/2916230/Numerical-analysis-of-the-effect-of-an-oscillating
https://pubs.aip.org/lia/jla/article/35/4/042041/2916230/Numerical-analysis-of-the-effect-of-an-oscillating?pdfCoverIconEvent=cite
https://pubs.aip.org/lia/jla/article/35/4/042041/2916230/Numerical-analysis-of-the-effect-of-an-oscillating?pdfCoverIconEvent=crossmark
https://pubs.aip.org/jla/collection/13408/Proceedings-of-the-International-Congress-of
javascript:;
https://orcid.org/0009-0006-1727-5459
javascript:;
https://orcid.org/0000-0001-8996-759X
javascript:;
https://orcid.org/0009-0004-7114-8712
javascript:;
https://orcid.org/0000-0001-7533-5014
javascript:;
https://orcid.org/0000-0003-2395-6462
javascript:;
https://orcid.org/0000-0001-8123-6696
javascript:;
https://doi.org/10.2351/7.0001094
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2058994&setID=592934&channelID=0&CID=753403&banID=520987814&PID=0&textadID=0&tc=1&scheduleID=1984978&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&matches=%5B%22inurl%3A%5C%2Flia%22%2C%22inurl%3A%5C%2Fjla%22%5D&mt=1699609033112350&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Flia%2Fjla%2Farticle-pdf%2Fdoi%2F10.2351%2F7.0001094%2F18166628%2F042041_1_7.0001094.pdf&hc=d1322c4e94998c5be1dc5682c5c6f48024ca702c&location=

Journal of

o - ARTICLE ubs.aip.org/lia/jla
Laser Applications P p-org/lia/j

Numerical analysis of the effect of an oscillating
metal vapor plume on the keyhole and molten
pool behavior during deep penetration laser beam
welding

Cite as: J. Laser Appl. 35, 042041 (2023); doi: 10.2351/7.0001094 @ I-ﬁ @
Submitted: 24 June 2023 - Accepted: 13 September 2023 -
Published Online: 12 October 2023

View Online Export Citation CrossMark

Fan Yang,' {2 Xiangmeng Meng,' () Stephen Nugraha Putra,’ 2 Antoni Artinov," {2 Marcel Bachmann,’
and Michael Rethmeier' %

AFFILIATIONS

"Bundesanstalt fur Materialforschung und -prifung (BAM), Unter den Eichen 87, Berlin 12205, Germany
?Institute of Machine Tools and Factory Management, Technische Universitat Berlin, PascalstraBe 8-9, Berlin 10587, Germany
*Fraunhofer Institute for Production Systems and Design Technology, Pascalstrae 8-9, Berlin 10587, Germany

Note: Paper published as part of the special topic on Proceedings of the International Congress of Applications of
Lasers & Electro-Optics 2023.

ABSTRACT

The effect of the oscillating metal vapor plume on the keyhole and molten pool behavior during the laser beam welding of AIMg3 alumi-
num alloys is investigated by experimental and numerical methods. The real-time height of the metal vapor plume is measured by high-
speed camera observation. The obtained experimental results are used to evaluate the additional heating source and laser beam attenuation
caused by the scattering and absorption based on the Beer-Lambert theory. Furthermore, the dynamic behavior of the metal vapor plume is
incorporated into a 3D transient heat transfer and fluid flow model, coupled with the ray tracing method, for the laser beam welding of the
AlMg3 alloy. It is found that additional heating resulting from the scattered and absorbed laser beam energy by the metal vapor plume sig-
nificantly expands the shape of the molten pool on the top region. Moreover, the oscillating metal vapor plume caused the fluctuation of
the high-temperature region in the molten pool. The probability of keyhole collapse at the bottom increases 17% due to the oscillating laser
power induced by the laser beam attenuation. The internal interplay between the metal vapor plume, molten pool shape, and keyhole col-
lapse is obtained. The developed model has been validated by experiments, which shows a good agreement.
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I. INTRODUCTION downward recoil pressure.” Once the metal vapor is ejected from

Deep penetration laser beam welding (LBW) has emerged as a the keyhol.e, it can be condensed.to' metal nanoparticles, which sig-
promising technology with applications in the aerospace, large high- nificantly influences the laser radiation. The keyhole, weld pool, and
pressure and vacuum vessel industries, and shipbuilding, owing to the metal vapor plume are self-consistently interconnected through-
the rapid advancements in high-power laser sources (>10 kW, up to ~ out the deep penetration LBW process. Their coupled behavior is
100 kW)." One of the distinguished features of deep penetration closely associated with the generation of welding defects, such as
LBW is the formation of a keyhole, which is a narrow and deep spatter and process porosity. Consequently, the intricate relation-
cavity. This keyhole is formed when the intense energy from the ships among the keyhole, weld pool, and metal vapor plume have
laser beam vaporizes a part of the liquid metal, leading to the gained increasing attention over the past decades.
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The influence of the metal vapor plume on the behavior of the
molten pool and keyhole is comprehensive and multiplicate.
Compared to LBW with the application of CO, laser, the laser
beam attenuation caused by the inverse bremsstrahlung absorption
is lower, and the metal vapor plume is weakly ionized during fiber
LBW due to the lower inverse bremsstrahlung absorption coeffi-
cient.” However, the nanoparticle nucleation process is initiated by
the rapid cooling of the vapor plume ejected from the keyhole.*
The presence of these particles in the metal vapor plume leads to
the attenuation of the laser beam through scattering and absorption
before reaching back to the base metal surface. Scattering refers to
the phenomenon where the waves, light, or sound change their
propagation path while passing through a medium. When the laser
beam collides with the nanoparticles in the metal vapor plume,
scattering and energy absorption happen among these nanoparti-
cles. It is important to note that a part of the laser beam energy
can be transferred back to the molten pool in different ways.

The nanoparticles existing in the plume have a significant
impact on the keyhole and molten pool behavior and thus influ-
ence the welding quality. The attenuation was calculated by
Shcheglov et al. when the fiber laser beam propagates through the
metal vapor plume. Their findings revealed an attenuation value of
up to 12%, which can lead to instability of the welding process.”
Zou et al. clarified the effect of the laser-induced metal vapor
plume with different heights on weld penetration during high-
power fiber LBW. It was found that the weld penetration could
increase by 20% as the metal vapor plume was blown away by
using the supersonic cross jet. This can be attributed to the elimi-
nation of laser beam attenuation caused by the particles in the
metal vapor plume.’ Reijonen et al. studied the effect of shielding
gas flow velocity on the porosity ratio in fiber laser powder bed
fusion additive manufacturing. They concluded that the porosity
ratio was increased due to the attenuation effect produced by the
metal vapor plume when the insufficient cross-flow of shielding gas
was employed.” Although the substantial influence of the metal
vapor plume on the dynamic keyhole and molten pool, as well as its
consequential effect on the welding quality has gained increasing rec-
ognition, the essential characteristic of the oscillating ejection has not
been investigated in detail. The oscillating ejection of the metal vapor
plume results in the oscillating laser beam attenuation due to the scat-
tering and absorption effects. It is a challenge to quantitatively describe
the influence of the oscillating laser beam attenuation on the dynamic
keyhole and molten pool by experimental methods.

An insight into the complicated interactional mechanism
between the keyhole, molten pool, and metal vapor plume can be
obtained by using a sophisticated numerical simulation model. The
vapor jet during the LBW of steel is calculated by a fully triple-
phase coupled solid-liquid-gas model published by Pang et al® In
their model, the thermal effect, momentum effect, as well as the
coupling effect caused by the metal vapor plume were considered.
Different from the aforementioned time-consuming full triple-
phase coupled model, Cho et al. proposed a more accessible analyt-
ical method, including the momentum and thermal effects of the
metal vapor plume.” However, the above research did not consider
the laser beam attenuation caused by the scattering and absorption
effect due to the condensed metal nanoparticles. Based on the
triple-phase coupled model and sharp interface formulation, Tan
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et al. studied the effect of vapor plume attenuation on the keyhole
and molten pool behavior during LBW of steel.'”'" According to
their studies, the interplay of the multiple reflections and plume
attenuation is crucial for the laser absorption intensity on the
keyhole wall. Hence, the fluid flow in the molten pool is also influ-
enced profoundly. Han et al. recently reported that the scattering
effect by the nanoparticles in the metal vapor plume is considered
by calculating the actual scattering route based on the Rayleigh
scattering model. Meanwhile, the absorption effect was also
included in their work by reducing the energy of the subray in the
ray tracing algorithm.'”

According to the above literature review, although the signifi-
cance of the interconnection between metal vapor plume, keyhole,
and molten pool behavior has been recognized, the influences of
oscillating metal vapor plume on the keyhole and molten pool
behavior have not been studied systemically. Previous studies
mainly focused on the metal vapor plume effects in the LBW of
steel, while the LBW of aluminum presents unique characteristics
and challenges, particularly regarding the influence of the metal
vapor plume on the keyhole and molten pool. This paper has
developed a 3D transient multiphysical numerical model including
the oscillating laser beam attenuation caused by the scattering and
absorption effect due to the nanoparticles in the metal vapor
plume based on the experimental results and our previous work.
The influence of the metal vapor plume on the keyhole and molten
pool behavior has been revealed through the comparison between
cases with/without the consideration of the metal vapor plume.

Il. EXPERIMENTAL SETUP

The experimental setup for capturing the metal vapor plume
by a high-speed camera is shown in Fig. 1. Experiments on
bead-on-plate welding were conducted using an IPG YLR 20000

LBW system. The welding parameters employed are provided in ¢
Table 1. The base metal used is 5754 aluminum alloy, with dimen- :

sions of 300 x 100 x 10 mm®. The laser beam is inclined forward at

Laser torch head\ ’/ .( ;"
Lighting B
e /

Gas|

Workpiece

Shielding gas nozzle

g \;(\ High-speed camera system

FIG. 1. Experimental setup for capturing metal vapor plume using high-speed
camera.
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TABLE I. Laser beam welding parameters.

Parameters Value
Laser power 5kW
Laser spot diameter at the focal plane 0.52 mm
Wavelength 1070 nm
Focal position 0 mm
Welding speed 2 m/min

an angle of 10°. Pure Ar is used as shielding gas with a flow rate of
201/min (11.79m/s at the nozzle outlet). A high-speed camera
(Photron FASTCAM SA4) is used to capture the temporal evolu-
tion of the metal vapor plume ejected from the keyhole at a fre-
quency of 10000 Hz. The camera is positioned on the side at the
same height as the plate and without any tilt angle.

I1l. MATHEMATICAL MODELING

A three-dimensional transient multiphysical model, including
the oscillating metal vapor plume, has been developed coupled with
the volume of fluid (VOF) method to calculate the heat transfer,
fluid flow, and keyhole dynamics. Due to the highly complex and
coupled nature of the metal vapor plume, keyhole, and fluid flow
behavior, certain simplifications have been applied to reduce compu-
tational costs. The assumptions made in the model are as follows:

o The flow regime of the liquid metal flow is assumed to be

ARTICLE pubs.aip.org/lia/jla

where p is the material density, ¢ is the time, p is the pressure, u is
the viscosity, g is the vector of the gravity acceleration, T is the tem-
perature, T7;, is the liMlus temperature, and K is the Carman-
Kozeny coefficient."” S,, is the additional momentum source,
which includes the effects of surface tension along the aluminum-
air interface, the recoil pressure induced by evaporation, and the
stagnation pressure and shear stress produced by the metal vapor
plume. Due to the utilization of the VOF method, the continuum
surface force method is employed to convert all surface forces into
volumetric forces."

3. Energy equation

p{%nL(V- V)h} =V (kVT) + S, 3)

where h is the enthalpy, k is the thermal conductivity, and S, is the
energy source term, which includes the laser heat flux density, con-
vective and radiative heat transfer, evaporation, recondensation, as
well as the energy resulted from the scattering and absorption
effect by the metal vapor plume. It is noteworthy that the heat
fluxes with the unit of W/m? described above should be converted

to power densities with W/m3."?

4. VOF equation

© Author(s) 2023

?aminar, wi.th the liquid metal being treated as Newtoniag and 8_‘1’ 1V ) =0, (4) ?
incompressible. The buoyance term follows the Boussinesq ot 8
apprgximation. o where ¢ is the volume fraction of aluminum.'® The VOF equation &
+ The 1pﬂ1}ence qf shielding gas on the metal vapor plume has is employed to track the transient deformation of the free surface §
been 1nd1rectIY. included dqung the measurement of the vapor including the keyhole surface, molten pool surface, and the solidi- g
plume length in the experimental part, while the momentum fied weld seem profile. B
effect from the shielding gas has been neglected in this model 3
gfter the evaluati.on .of the stagnation pressure on the plate B. Physical models included in LBW
induced by the shielding gas.
o The energy scattered and absorbed by the metal vapor plume is 1. Heat source model
assumed to be fully transferred back into the melt pool. The energy density distribution of the laser beam profile on
. . an arbitrary horizontal plane is assumed to be an ideal Gaussian
A. Governing equation distribution, which can be mathematically expressed as follows:
The governing equations in a fixed Cartesian coordinates
system can be mathematically expressed as follows: 2P X2+ y?
Y v exp qL:_]z“.exp<—2 2)/)) (5)
zr? r2
1. Mass equation
7 — 2\ 2 3
V-i=0, (1) rz=rf1+( Zf)], (6)
where ¥ = (v, v,, v;) is the fluid velocity vector.
where g, is the heat density function, Py is the laser power, 7, is the
2. Momentum equation radius of the laser beam at z distance away from the focal plane, r¢
is the laser beam radius at the focal plane, zf is the position of the
focal plane, and x and y are the coordinates.
o L o e o . A ray tracing algorithm is employed to calculate the ray reflec-
Pl o +@- V)V | = =Vp+uVV+pg— Bo(T — Triy)g tions, which discretizes the laser beam energy into multiple energy
L= bundles.'” To improve the precision of the ray tracing algorithm, a
—HKV+ Sy, @ potential cell on the reflection point is further divided into finer
J. Laser Appl. 35, 042041 (2023); doi: 10.2351/7.0001094 35, 042041-3
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virtual cells from 0.2 to 0.067 mm without burdening the calcula-
tion costs as the virtual refined ray tracing method is applied."*"”
The Fresnel absorption happening on every reflection can be calcu-
lated by the following equation:

1 (1 + (1 — £cos ¢)*
2 \1+ (1 + & cos p)*

£2 — 2ecos @ + 2 cos? ¢ @)
g2 +2ecosp+2cost @)’

where ¢ is the angle between the incident ray and the surface
normal, € is a coefficient determined by the laser type and the
material properties, which is set to 0.12 in this model.

2. Recoil pressure model

The improved recoil pressure model with the consideration of
. . 2 .
ambient pressure is used here,”’ and the recoil pressure can be cal-
culated as

O, OSTSTL)
aT? + bT? + cT +d, T, <T<Tn

T—Ty
0.54P, ALM——— | — Py, Ty <T,
oeXP( v RTT, ) 0 H S

®)

Precoit =

where T is the temperature; Ty, is the low vaporization threshold
(T, =2550K); Ty is the high vaporization threshold
(Ty = 3600 K); a, b, ¢, and d are the coefficient to guarantee
a smooth transition in the vaporization temperature range
(@a=1.38779773 x 1073, b= —1.12888349 x 1073, c=3.078 746 88
x10%, and d = —28113899.9); P, is the atmospheric pressure; Al,
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been published.”” The recondensation heat flux is determined by
allocating 18% of the heat loss from evaporation as local reconden-
sation, while the remaining 72% is assumed to be redistributed as
surface heat flux along the keyhole. The rest of the energy is dissi-
pated. This redistribution of recondensation heat linearly changes
from zero at the keyhole bottom to its maximum value at the
keyhole exit.

5. Metal vapor plume model

As mentioned in the Introduction, the laser beam can be
attenuated by the scattering and absorption effects from the metal
nanoparticles in the metal vapor plume. Based on our previous
work, the amount of the attenuated laser beam energy by scattering
and absorption can be calculated by Beer’s law, as shown in the fol-
lowing equations:

Al =1 [2 - exp(_ascatteringL) - exp(_aubsorptionL)] > (11)
22°D8N | — 1
QAscattering = —4P 772 > (12)
31 n”+2
m*D3N 172 -1
Qabsorption = TP Im <772 T 2) > (13)

where Ogcartering 15 the scattering coefficient and @apsorprion is the

© Author(s) 2023

. o . . absorption coefficient, D, is the particle diameter in the metal 3
is the latent heat of vaporization; M is the molar mass; R is the gas . . .z
) a1 - . vapor plume (D, =110nm), N is the particle density 2
constant; and Ty, is the boiling temperature. Since the ambient pres- 6.5 . . )
. . (N=12x10"°m™), A4 is the laser wavelength, and 7 is the 3
sure can be considered a reference pressure or operating pressure, o . : 8

. . o . complex refractive index of the nanoparticles in the metal vapor 3
there is no necessity to apply it in the model. Instead, the recoil pres- | - . d L is the effective leneth of the S

below T, can be applied as zero plume (7 = 1.37 +10.31i), an is the effective length of the §
sure ’ metal vapor plume along the path of the laser propagation. The §

. . periodic effective length is fitted from the experimental measure-
3. Capillary pressure and Marangoni stress . &
ments, as shown in Fig. 2.

The temperature-dependent surface tension induces two dis- Figure 2 shows the captured images of the metal vapor plume,
tinct components: capillary pressure acted on the normal direction its effective length, and the fitted results. As shown in Fig. 2(a), the
to the free surface and Marangoni stress exerted in the tangential ejected metal vapor plume can be blown away from the laser prop-
direction. The normal capillary pressure P, serves as the primary agation path by the shielding gas, and thereby it may not be contin-
driving force for balancing the recoil pressure, significantly impact- uous. Meanwhile, multiple metal vapor plumes blocking the laser
ing the keyhole geometry. Simultaneously, the tangential radiation simultaneously is an occasional situation during the
Marangoni shear stress 7,,, plays a crucial role in influencing the welding process. Therefore, the effective length for the scattering
fluid flow pattern. The normal capillary pressure P., and the tan- and absorption effects is defined as the total length of the metal
gential Marangoni stress 7,,, can be written as follows: vapor plume along the path of the laser propagation. The effective

. . length of the metal vapor plume was measured within a 200 ms
Py, = ykn, ) timeframe, as illustrated in Fig. 2(b). Based on the statistical analy-
sis, the metal vapor plume demonstrates periodic oscillations with
., oyor (10) the welding time. It is nonrepresentative to input the original
Tma = 57 05" experimental data within 200 ms into the numerical model. It is
. . . o R feasible and accessible to use a function to describe the oscillating

where y is the surface tension of aluminum,” « is the curvature, @i hei -
. . o . eight of a vapor plume. Therefore, the fast Fourier transform

is the normal unit vector, and s is the tangential vector of the . N .

Kevhol f (FFT) algorithm was employed to identify the primary frequency
eyhole surtace. characteristic of metal vapor ejection, which was determined to be
. 125Hz. The peak height of the ejected metal vapor plume is
4. Recondensation model defined as 9 mm, which is a mean value above a threshold. Since

The effective estimation of vapor recondensation flux within the vapor plume does not exist continuously, the duty cycle is
the inner region of the keyhole during the evaporation process has determined as 0.67 based on the experimental data. The sine

J. Laser Appl. 35, 042041 (2023); doi: 10.2351/7.0001094 35, 042041-4
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power ratio affected by the scattering effect is 3.01%, and the ratio
affected by absorption is 0.99%.

The scattering effect results in the laser propagation route
deviating from the original routes. Most of the deviated laser rays
can reach the top surface of the metal plate. Therefore, the energy
distribution on the top surface caused by the scattering effect is
assumed to be a Gaussian distribution, as expressed in the
following:

2 2
3- Oscattering * Py x4y
qscuttering - — " €Xp -3 s

2 2
T, r,

(14)

where r, is the effective radius of the Gaussian distribution. Here,

© Author(s) 2023

30
(b) jLaser the effective radius of the Gaussian distribution is defined as
Metal vapor 1 12
25 plume [ Spatters mm.
— [ P The absorption effect leads to the overheating of the metal
E Me‘?';’fepm vapor plume, which can be operated as an additional heat source.
= 20 pu Plate The absorbed energy can be dissipated by radiation and the con-
S vective heat transfer method. The equation of the secondary heat
o 15F from the convection and radiation can be written as the following
g equation:
S5 10}
3
6 Gabsorption = hc(Tvup - Tkey) - O-Sr(T:,lup - T;:Ey)) (15)
Q 5L
(>U |
‘ where h, is the coefficient of the convective heat transfer, o is the
ok | Stefan-Boltzmann constant, T, is the vapor temperature, Tg,, is
vl . i Y . L A the temperature on the keyhole wall, and &, is the emissivity. Here, »
;.0 50 Tin® ;=80 200 Tyap is not input as an estimated value, which is determined by a z
] ime (ms) e ot inpu . brag
(c) , - numerical iteration method. Based on our previous work, the itera- g
16 tion method is used to guarantee that the total energy absorbed &
12+ from scattering and the absorption effect is equal to the value cal- §
T sl culated by Egs. (11)-(13). =
£ The momentum effect caused by the metal vapor plume on &
= 4r the keyhole wall is also considered according to the work from &
2 ot Cho et al.” The momentum effect from the impact of the high-
= . : . . : . velocity vapor can be divided into stagnation pressure and shear
8 12 stress. The mathematical equation is shown in the following:
)
o 8f 1 -
g Tvapor = 2 f Puapor(V sIn 6)7, (16)
T 4} 8
>
OF 1 R
0 10 20 30 40 50 60 Puapor = 5 Puapor(V 08 0)°, a7)
Time (ms)
where f = 64/Re, p,,,, is the gas density, 6 is the angle between
. . - the normal vector of the free face and vertical direction, V is the
FIG. 2. The captured images of the metal vapor plume and its statistical 1 et locity. Th ecti locity is det
results: (a) pictures of the generation and dissipation process of the metal vapor vapor plume ejection velocity. Ihe vapor ejection velocity is deter-
plume; (b) experimental results of the effective length of the metal vapor plume; mined as 150 m/s on the keyhole outlet, which is assumed to
(c) fitted results of the effective length by a sine function. increase linearly along the depth from 0 m/s at the keyhole bottom
to the outlet. The vapor momentum effect is not considered in this
model when the plume height is 0 mm.
function is applied to fit the vapor plume height with the welding .
time, the fitted result is shown in Fig. 2(c). This fitted sine function C. Numerical setup
is incorporated into Eq. (11) to account for the influence of the The computational domain is defined with the dimensions of
oscillating metal vapor plume. According to Eq. (11), when the 32x12x 8 mm’. A fine hexahedral mesh region in the central part
vapor plume height reaches the maximum value of 9 mm, the (—29<y<29mm and 3<x<29mm) is drawn, where the
J. Laser Appl. 35, 042041 (2023); doi: 10.2351/7.0001094 35, 042041-5
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molten pool forms, with a recommended and fixed size of 0.2 mm,
according to Ref. 23. The periphery of the finely meshed region is
encompassed by coarser cells, whose size grows from an initial
dimension of 0.2 mm and governed by a growth rate of 1.1. All
transport equations are solved by the commercial software aNsys
FLUENT. The discretization of the momentum and energy conserva-
tion equations was executed utilizing a second-order upwind algo-
rithm. The pressure implicit with splitting of operators is employed
to calculate the velocity-pressure coupling. The aluminum-air inter-
face is reconstructed by the Geo-Reconstruct method. The numeri-
cal simulations were conducted by a high-performance computing
cluster at the Bundesanstalt fiir Materialforschung und priifung
(BAM) with 88 CPU cores and 1024 GB RAM. About 154 h com-
putational time was consumed to simulate 0.75s physical welding
time.

IV. RESULTS AND DISCUSSION

The molten pool on the cross section is compared between
experimental results, the reference case without considering the
metal vapor plume effect, and the case with the metal vapor plume
whose height is defined by a sine function. In Fig. 3, the black line
is the profile of the final weld, and the red region represents the cal-
culated weld region. The deviation of the molten pool width
between the experimental results and the results without consider-
ing the vapor plume can be 22%. It can be clearly seen that there is
a good agreement between the experimental weld profile and the
calculation results when taking into account the oscillating metal
vapor plume model. Since the metal vapor plume mainly affects
the top surface, there is no apparent difference in keyhole depth
between the case with/without the consideration of the metal vapor
plume.

The oscillating metal vapor plume significantly influences the
distribution of thermal energy on the top surface. Consequently,
the temperature field is compared between the reference case
without/with the metal vapor plume effect. The black profile line

3.2mm

4.1 mm

4.2 mm

Fusion region Fusion region

w z

g 2mm y

Experiment Reference case Calculation case with
results without plume consideration of vapor

plume effect

FIG. 3. Comparison between experimental and calculated fusion zones on
cross section: (a) experiment results; (b) calculated results without vapor plume;
(c) calculated results with consideration of the vapor plume effect.
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represents liquidus temperature. As the metal vapor plume effect is
included in the numerical model, a clear and significant increase in
both the length and width of the weld pool can be observed in
Fig. 4. This can be attributed to the scattering and absorption effect
on the laser radiation by the metal vapor plume, leading to the
redistribution of thermal energy on the top surface as an additional
heat source. The molten pool length obtained by the case with
metal vapor plume is closely approached with the experimental
results (8.8 mm).

Considering the oscillatory nature of the integrated metal
vapor plume in this model, described by a sine function, the tem-
perature field is extracted and compared at two significant time
points within one periodical cycle, as depicted in Figs. 4(b)
and 4(c). In Fig. 4(b), the temperature field is extracted from time
point A, which means the beginning point of a periodical cycle.
Notably, the width of the high-temperature region (defined as the
region with temperatures above 1250 K) in Fig. 4(b) is observed to
be 21% smaller compared to that extracted from time point B in
Fig. 4(c). At time point B, the high-temperature region is expanded
due to the top surface exerting a whole additional heat flux from
the metal vapor plume. Therefore, the molten pool is wider than

J. Laser Appl. 35, 042041 (2023); doi: 10.2351/7.0001094
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that at time point A. Compared with the vapor model without
oscillation nature characteristic,”'” the width of the high-
temperature region exhibits fluctuation because of the oscillating
metal vapor plume. It should be noted that the expansion and
shrinkage of the high-temperature region cannot be observed in
some oscillating cycles. Due to the fluctuation in both the keyhole
and molten pool, the absorbed laser energy is varied in nature. This
variation, in turn, influences the fluctuation of the high-
temperature region. It can be inferred that the fluctuation of the
high-temperature region induced by the oscillating plume effect
can be covered sometimes.

The laser beam energy absorbed on the keyhole wall is further
influenced by the attenuation resulting from the scattering and
absorption effect of the oscillating metal vapor plume. To investi-
gate this, the absorption energy on the keyhole wall is extracted and
compared between the reference case and the case considering the
metal vapor plume effect, as shown in Fig. 5. The average laser
beam energy absorbed on the keyhole wall is about 3380 W when
the metal vapor plume effect is not integrated into the numerical
model. As observed in Fig. 5(b), the laser beam energy absorbed on
the keyhole wall oscillates with the height of the metal vapor
plume. As the height of the metal vapor plume increases, more
laser power is affected by the scattering and absorption effect, and
the affected energy is mainly redistributed on the top surface of the

ARTICLE pubs.aip.org/lia/jla

200 W. As the height of the metal vapor plume is zero, it indicates
there is no effect on the laser radiation, the laser can penetrate into
the keyhole without any attenuation. Consequently, the laser beam
energy absorbed on the keyhole wall is also affected by the metal
vapor plume, which significantly affects the keyhole dynamics.
Additionally, the average laser beam energy absorbed on the
keyhole wall decreases to 3271 W when the metal vapor plume is
considered in the model. Compared to our previous work, which
treated the metal vapor plume model as a continuous process
without considering the oscillating nature, this model avoids over-
estimating the laser beam energy on the keyhole wall.

The normalized time-averaged laser beam energy distribution
absorbed on the keyhole wall (within 300 ms) is provided in Fig. 6.
It can be seen from Fig. 6 that there is no noticeable difference in
the laser beam energy distribution pattern on the keyhole wall
between the calculation case with/without the consideration of
the metal vapor plume. The laser beam energy absorbed on the
keyhole wall mainly focuses on the top and bottom regions of the
molten pool. When integrating the metal vapor plume into the cal-
culation case, a slightly higher amount of laser beam energy is
absorbed on the central region of the keyhole wall. Additionally,
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compared to the reference case without the metal vapor plume, the
case with the consideration of the metal vapor plume shows less
laser beam energy absorbed on the top keyhole wall. It can be
inferred that the secondary heating source applied on the top
surface benefits the keyhole to keep it open. The laser ray is easier
to escape from the keyhole. The direct laser beam energy distribu-
tion pattern on the keyhole wall has no apparent changes and less
laser energy is absorbed on the top region. Therefore, the top
profile of the molten pool shows a significant difference can be
clearly concluded by the scattering and absorption effect of the
oscillating metal vapor plume.

The statistical comparison of keyhole collapse probability
between the case without the metal vapor plume and the case with
the metal vapor plume is conducted, as shown in Fig. 7. The
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keyhole behavior exhibits pronounced differences between these
two calculation cases. The keyhole collapse on the bottom is signifi-
cant for the bubble formation, which is the main reason for the
porosity generation.”' Therefore, the keyhole collapse that hap-
pened within a distance of 1 mm relative to the keyhole bottom is
counted. Based on Fig. 7(b), the keyhole collapse probability within
a distance of 1 mm from the keyhole bottom reaches up to 75% as
the metal vapor plume effect is integrated into the numerical
model. However, the collapse probability within the same 1 mm
distance is only 58% without considering the metal vapor plume
effect. This increase primarily originates from the attenuated laser
power with high-frequency oscillation, thereby causing the laser
beam energy absorbed on the keyhole wall oscillation. The recoil
pressure induced by evaporation is closely associated with laser
beam energy precipitate on the keyhole wall. The force balance on
the keyhole bottom can be broken more frequently due to the oscil-
lating laser power. Consequently, considering the effect of the oscil-
lating metal vapor plume on the laser beam attenuation in the
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laser power, which increases the susceptibility of the keyhole
instability on the keyhole bottom.
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