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ABSTRACT

A Finite element model is developed with a commercial code to investigate the keyhole dynamics and stability at keyhole threshold, a fusion
regime characteristic to laser microwelding or to Laser Powder Bed Fusion. The model includes relevant physics to treat the hydrodynamic
problems—surface tension, Marangoni stress, and recoil pressure—as well as a self-consistent ray-tracing algorithm to account for the
“beam-trapping” effect. Implemented in both static and scanning laser configurations, the model successfully reproduces some key features
that most recent x-ray images have exhibited. The dynamics of the liquid/gas interface is analyzed, in line with the distribution of the
absorbed intensity as well as with the increase of the keyhole energy coupling. Based on these results, new elements are provided to discuss
our current understanding of the keyhole formation and stability at threshold.
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I. INTRODUCTION

Laser Powder Bed Fusion (LPBF) has become an extremely
attractive additive manufacturing process for industrial applications
because it is suited to produce small to medium components
(∼1–50 cm) of high complexity and high added value. Basically, a
laser source of a few hundred watts and a small focal spot
(∼100 μm) is used to melt at high velocity (∼1 m/s) a powder bed
together with its building plate or some previously solidified layers
(Fig. 1). Although manufacturing suitable LPBF parts is determined
by more than 130 processing parameters,1 at the local scale and at a
given working environment, melt pool hydrodynamics is primarily
affected by the combination of the material properties, laser power,
laser velocity, and spot diameter.2 Recent x-ray investigations have

shown that the presence of powder bed has only a secondary-order
effect on keyhole formation mechanisms,3 resulting, however, in
more process variability than in the bare plate configuration. Hence,
to some extent, LPBF may be analyzed as a laser microwelding
process with powder feedstock. From this point of view then, many
of the issues encountered in laser welding have been brought up to
date with the LPBF process.

One of the critical issues to implement laser welding processes
or LPBF is to understand the physical bases of keyhole formation
and stability. This thematic has been extensively investigated, pri-
marily by high speed imaging,4,5 sometimes combined with in situ
observation setups based on transparent model materials such as
water, ice, or glycerin,6,7 and is increasingly relying on dynamic
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x-ray imaging.3,8–12 Such experimental hindsight shows that
keyhole formation is deeply related to the multiple reflections of
the incident irradiation in the vapor depression. When the vapor
depression reaches a critical aspect ratio, the incident radiation is
reflected toward the melt pool instead of being deflected outward
and get somewhat “trapped.” Recent microcalorimetric measure-
ments of melt pool absorptance13 confirm that the melt pool energy
coupling sharply increases at the conduction-to-keyhole transition.
Additionally, integrating sphere measurements14 have revealed that
the keyhole absorptance fluctuates over time, particularly at the
onset of keyhole formation. Such fluctuations are believed to reflect
the keyhole geometry oscillations, which have been pointed out for a
long time either by direct melt pool observation or indirectly by
capturing the oscillating signals emitted by the vapor plumes.8,15

To better understand such mechanisms and to access quanti-
tative information that are difficult to acquire experimentally, the
previous issues are for the past 20 years, increasingly investigated
by numerical modeling. Some multiphysical models account for
the “beam trapping” effect indirectly by increasing artificially the
material absorptance.16,17 Others account for this phenomenon
self-consistently often by integrating a ray-tracing (RT) algorithm
in their model18–25 or less frequently by solving Maxwell’s equa-
tions.26 Early works such as those of Ki et al.18 and of Lee et al.19

have investigated the link between the “beam trapping” effect, the
keyhole energy coupling, and the melt pool stability in the spot
welding configuration. They have looked at the intensity redistribu-
tion on the keyhole walls, due to the beam multireflections and to
the melt pool corrugations. More recently, Kouraytem et al.25 gave
a quite complete picture of the laser welding keyhole dynamics
around the steady state, as well as an analysis of the protrusions
dynamics which form at the keyhole front wall. Moreover, contrary
to most previous studies on the same subject, their model has been
duly validated, thanks to dynamic x-ray images.

The objective of the present work is to give a complete analysis
of the transient keyhole formation process, with a focus on the
mechanisms that lead to its fluctuations at threshold. To do so, a

Finite Element (FE) model is developed with COMSOL MULTIPHYSICS®.
The code includes the melt pool hydrodynamic (surface tension,
Marangoni stress, and recoil pressure) as well as a self-consistent RT
algorithm to account for the “beam trapping” effect. The model is
then used to reproduce published experiments, to validate the mod-
eling approach, and to investigate the complex coupling between the
optical and hydrodynamic phenomena that drive keyhole formation.

II. COMPUTATIONAL MODEL

A. Geometrical configuration

As explained in Sec. I, the powder bed has only a secondary-
order effect on keyhole formation mechanisms.3 For this reason,
the following simulations are performed without including the
powder bed, for simplification purpose.

B. Laser beam energy deposition

The laser heat source is computed using the RT approach.
The incident laser beam is discretized into Nray individual rays that
carry a fraction of the incident power and interact with the material
in accordance with the law of geometrical optics. The incident laser
flux is modeled by a Gaussian law, typical to the fundamental
TEM00 mode,

~wlaser ¼ 2P
πR2

0
exp –2

r2

R2
0

� �
~k, (1)

where P and R0 are, respectively, the laser power and the 1/e2 spot
radius, r is the radial distance to the laser axis, and ~k is the direc-
tion of ray propagation.

Then, the RT algorithm is designed to calculate the absorbed
laser intensity in accordance with the keyhole geometry (Fig. 2). At
the first laser–material interaction, prior to any multiple reflections,
the absorbed intensity Iiabs is initialized analytically as

Iiabs ¼ [1–RF]~wlaser�~n, (2)

where RF is the reflectivity and ~n is the outer normal to the metal
surface.

Thereafter, as the melt pool depression forms, there is a point
from which it is necessary to account for the multireflected rays in
the local absorbed intensity,

Iabs ¼
XNray

ray ¼ 1

XNrefl

refl ¼ 1

[1–RF]~wlaser�~n, (3)

where Nrefl is the number of reflections per ray.
More details about the algorithm are given in Ref. 27.

C. Heat transfer

Temperature field is computed by solving the transient heat
conservation equation

ρceqp
@T
@t

þ ρcp(~u�~∇T) ¼ ~∇�(k~∇T), (4)

FIG. 1. Schematics of the melt pool in LPBF.



where cp, k, and ρ stand for the specific heat, the thermal conduc-
tivity, and the density, respectively.

The enthalpy of fusion Lm is accounted for through an equiva-
lent specific heat,28

ceqp ¼ cp þ Lmffiffiffiffiffiffiffiffiffiffiffi
πΔT2

p exp –
(T–Tm)

2

ΔT2

� �
, (5)

where ΔT = (Tliq – Tsol)/2 is the fusion interval and
Tm = (Tliq + Tsol)/2 is the melting temperature.

The laser heat flux is counterbalanced by vaporization losses,

k~∇T�(–~n) ¼ Iabs– _mLv, (6)

where LV is the latent heat of vaporization.
Heat lost by radiation and convection is neglected compared

to vaporization losses. The ablation flux _m is computed as29

_m ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
M

2πRTs

r
Psat(T)þ βR

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M

2πRTKN

r
Psat(TKN)f (;KN), (7)

f (;KN) ¼
ffiffiffi
π

p ;KNerfc(;KN)� exp (�;2KN), (8)

;KN ¼ Ma2Knγ/2, (9)

where M is the molar mass, MaKN and TKN are, respectively, the
Mach number and the temperature outside of the Knudsen layer,
βR is the retro-diffusion coefficient, and γ is the heat capacity ratio.

MaKN and TKN are determined according to Knight’s
method30 and the saturated vapor pressure Psat is calculated, thanks

to the Clausius–Clapeyron law,

Psat(T) ¼ Patmexp
MLv
RTv

1–
Tv

T

� �� �
, (10)

where Patm is the atmospheric pressure and TV is the boiling tem-
perature at atmospheric pressure.

D. Fluid flow

Transient mass [Eq. (10)] and momentum [Eq. (11)] balance
are computed in their incompressible form,

~∇�~u ¼ 0, (11)

ρ
@~u
@t

þ ρ(~u�~∇)~u ¼ ~∇�{– pI þ μ[~∇~uþ (~∇~u)
T
]}þ~fv , (12)

where μ is the viscosity of the liquid phase.
The bulk force ~fv is a Darcy’s penalization term used to model

the solid/liquid transition,31

~fv ¼ – C1
(1 – fliq)

2

f 3liq þ C2
~u, (13)

where fliq is the liquid fraction and C1 and C2 are two numerical
constants tailored to penalize velocity in the solid.

Stress balance at the liquid/gas interface gives

(–pI þ μ[~∇~uþ (~∇~u)
T
])�~n ¼ – (Ps–Patm)�~n þ σκ~n

þ @σ

@T
~∇ST , (14)

where σ is the surface tension coefficient and κ is the liquid/gas
interface curvature.

As for the ablation flux, a complete expression of the recoil
pressure is derived as29

Ps ¼ 1
2
Psat(Ts)þ βRPsat(TKN)g(;KN), (15)

g(;KN) ¼ ;2KN þ 1
2

� �
erfc(;KN)– ;KNffiffiffi

π
p exp(–;2KN)

� �
: (16)

E. Interface tracking

The liquid/gas interface is tracked using the Arbitrary
Lagrangian Eulerian method. The interface is discretized with a
conformed mesh, and its velocity VI follows the fluid movement
according to

VI ¼~u �~n: (17)

Interface displacement is then propagated through the whole
domain, following the Yeoh smoothing method32 to ensure a
smooth mesh deformation.

FIG. 2. Schematics of laser heat source update strategy. Adapted from
M. Courtois, M. Carin, P. Le Masson, S. Gaied, and M. Balabane, “Complete
heat and fluid flow modeling of keyhole formation and collapse during spot laser
welding,” in International Congress on Applications of Lasers & Electro-Optics,
Miami, FL, USA (Laser Institute of America, 2013), pp. 77–84.



F. Properties and numerical constants

The material under investigation is the titanium alloy
Ti-6-Al-4V. Constant indicative property values are summarized in

Table I. In the model, notice that full temperature-dependent prop-
erties are implemented, using the data compiled in Refs. 33–36.

G. Numerical setup

This model is implemented in the commercial FE software
COMSOL MULTIPHYSICS® 5.5,32 using the “developer” mode. All details
of the numerical setup are provided in Ref. 27.

III. EXPERIMENTAL DATA

The authors use Cunningham’s experimental results3 as refer-
ence data to validate the present FE model. The data are extracted
with the software IMAGEJ, and some x-ray images are embedded in
the figures.

IV. RESULTS AND DISCUSSION

A. Keyhole dynamics during stationary illumination

Stationary laser illumination is simulated, with a laser power
of 156W and a 1/e2 spot size of 140 μm (I = 1MW/cm2). This sim-
ulation aims to validate the model method with published experi-
mental results and to provide new material that describes keyhole
formation mechanisms.

Figures 3(a)–3(e) compare the simulated keyhole formation
steps to their experimental counterparts.3 For each step, the optical
path and the normalized power of the rays are represented to show
how optics and hydrodynamics are involved in this process. First,

TABLE I. Material properties and numerical parameters.

Thermophysical properties (units) Values Reference

cp Specific heat (J/kg K) 740 33
k Thermal conductivity (W/mK) 26 33
kF/nF Refractive indexes of Ti 4.0/3.5 34
Lm Enthalpy of melting (J/kg) 2.86 × 105 33
Lv Enthalpy of vaporization (J/kg) 8.90 × 106 35
M Molar mass (g/mol) 0.0479 33
Tsol Solidus temperature (K) 1878 33
Tliq Liquidus temperature (K) 1923 33
Tv Boiling temperature (K) 3558 35
γ Heat capacity ratio 1.67 —
μ Dynamic viscosity (Pa s) 2.0 33
ρ Density (kg/m3) 4200 33
Σ Surface tension (N/m) 1.38 36
@σ/@T Thermocapillary coeff. (N/m K) −0.31 × 10−3 36

Numerical constants
C1/C2 Penalization constants 106/10−5 —

Nray Number of rays 50 000 —

FIG. 3. Keyhole formation steps during stationary irradiation. (a) Conduction mode. (b) Forced conduction mode. (c) Vapor depression instabilities. (d) Keyhole mode. (e)
Keyhole fluctuations. X-ray images were reprinted with permission from R. Cunningham, C. Zhao, N. Parab, C. Kantzos, J. Pauza, K. Fezzaa, T. Sun, and A. D. Rollett,
Science 363, 849–852 (2019). Copyright 2019, AAAS.



an evident phenomenological agreement is depicted between the FE
and the experimental results. Five steps are identified: (1) conduction
melting [Fig. 3(a)], (2) vapor depression formation and growth
[Fig. 3(b)], (3) vapor depression instability [Fig. 3(c)], (4) keyhole
formation [Fig. 3(d)], and (5) keyhole fluctuations [Fig. 3(e)].

During the conduction step, the melt pool is flat [Fig. 3(a)].
The absorbed intensity is distributed according to the initial
Gaussian law (Fig. 4, t = 100 μs), and there is no particular coupling
between the optics and the melt pool hydrodynamics. In our simu-
lation, the fraction of incident power absorbed by the melt pool
(i.e., the global absorptance) is constant and equal to the material’s
absorptance at normal incidence—here 0.33. Physically speaking,
the absorptance is in fact likely to increase with temperature and
with the eventual formation of oxide layers.37 This phenomenon
was recently shown by Allen et al.38 during stationary illumination
experiments but on 316L stainless steel. However, we did not con-
sider these effects here, first because it is difficult to find reliable
experimental data on temperature-dependent absorptance, and also
for simplification purpose, as we are mainly interested in the next
steps where absorption is dominated by laser beam trapping.
Anyway, during this stage, the maximum temperature at the liquid
interface lies between the liquidus and the boiling temperatures.
Hence, Marangoni shear stress—induced by a high temperature
gradient of ∼5 × 107 K/m—is the only driving force, which shears
the liquid metal from the center of the interaction zone to the sides
of the melt pool (since @σ/@T , 0).

Then, when the melt surface temperature reaches and exceeds
the boiling point at the center of the interaction zone, vaporization
starts. Previous studies have estimated that at similar incident
intensities, metal vapor is ejected at several hundred meters per
second,39 or even at a few thousand meters per second,40 depend-
ing on the material tested. However, due to the piston effect (i.e.,
equilibrium between rising plume and surrounding quiescent
atmosphere), the plume ascent velocity is 1 order of magnitude
lower.39 Due to the action–reaction principle, the recoil pressure

creates a shallow vapor depression onto the melt pool [Fig. 3(b)],
which deepens roughly linearly with time (Fig. 5). Here, the melt
flow induced by the recoil pressure is slower than that generated by
the Marangoni stress (∼1 m/s, against ∼8 m/s, respectively). But if
the fluid layer sheared by the Marangoni stress is relatively superfi-
cial, the recoil pressure literally “drills” the material and ejects the
liquid metal from the center to the rim of the melt pool.
Consequently, as shown by the well-known “piston” model derived
by Semak and Matsunawa,41 the recoil pressure becomes the main
driving force and 70%–90% of the absorbed power is carried away
from the interaction zone by this mechanism. Also, the melt pool
keeps its semicircular shape as in the conduction mode, but power
lost by conduction represents only about 10% of the balance.41

Furthermore, the vapor depression is not deep enough to trap the
incident laser irradiation and the absorbed intensity conserves a
Gaussian distribution—weighted by the cosine of the laser incident
angle (Fig. 4, t = 500 μs). Consequently, as already suggested by Lee
et al.,19 this stage corresponds to an intermediate third melting
mode in welding, recently qualified by Fabbro42 as a “forced con-
duction” mode.

Thereafter, the bottom of the vapor cavity starts to oscillate,
around a mean value estimated by the dotted red line in Fig. 5,
which represents the depression depth calculated without account-
ing for RT. When the vapor depression gets an aspect ratio of
∼0.3–0.4, a portion of the vaporization front reaches an inclination
angle of ∼45°, at which the rays are reflected horizontally
[Fig. 3(c)]. The absorbed intensity thus locally increases, and its
distribution deviates from the initial Gaussian shape. For instance,
at t = 1034 μs, a local intensity maximum (two times higher than
that absorbed at the center of the Gaussian) is reached at r = 20 μm
(Fig. 4). At that location, the temperature exceeds the boiling point
and the recoil pressure pushes the vapor front laterally.
Consequently, the depression wall is pushed back again above 45°
(relative to the vertical axis) and its depth decreases below the

FIG. 4. Distribution of normalized absorbed laser intensity (log scale) at differ-
ent instants.

FIG. 5. Keyhole depth (with and without RT) and absorptance over time in the
static configuration.



mean value. The absorbed intensity profile then becomes Gaussian
again, and the above process repeats periodically, while the vapor
depression continues to deepen on average. As the vapor depres-
sion oscillates, the global absorptance fluctuates accordingly, from
one value theoretically calculated with Fresnel’s laws, to another,
estimated by Gouffé’s law.43

However, as the cavity deepens, a critical inclination is
reached, at which the incident radiation is reflected downward.
Here, this event occurs at t = 1036 μs. Figure 6 shows how the inci-
dent rays are reflected at that time. A fraction of the incident rays
(the green ones) are reflected almost horizontally, as they interact
with a portion of the vaporization front inclined at ∼47° relative to
the vertical axis. These rays leave the cavity after two reflections.
However, another fraction (the purple rays) is reflected downward
by a portion of the vaporization front inclined at 33° relative to the
vertical axis. These rays then leave the cavity after three reflections.
This portion of the melt then acts like a concave mirror, which
focuses the laser beam on its optical axis. Consequently, the
absorbed intensity sharply increases near the symmetry axis and is
multiplied by 20 (Fig. 4, t = 1036 μs). Such a dramatic increase of
the absorbed intensity has been also shown by Ki et al.18 and is the
cause of keyhole formation.

In less than 10 μs, the semicircular vapor cavity switches into
a V-shape keyhole [Fig. 3(d)], 50 μm deeper (Fig. 5). In this
V-shape keyhole, the incident rays at the center of the beam are
reflected three times or more and leave the cavity with a residual
power of ∼0.1–0.2 times the incident power [Fig. 3(d)]. The
absorbed intensity is completely redistributed on the keyhole wall
(Fig. 5, t = 1044 μs), and the system is unstable as the incident laser
powder is not distributed homogeneously. Consequently, the
keyhole loses its initial V-shape, in favor of a chaotic bimodal
shape [Fig. 3(e)] as noted by Cunningham et al.3 This unstable
behavior is apparent not only through the shape of the keyhole but
also on both its depth and absorptance that oscillate accordingly.
This correlation has been recently experimented by Allen et al., 38

using integrating sphere radiometry and inline coherent imaging.
There are nevertheless some discrepancies between the experi-

ments and the FE results. For instance, the conduction mode is
shorter in the model (∼100 against 250 μs) and the predicted melt
pool depth over time is overestimated by about 16%. For example,
at t = 700 μs, the predicted melt pool width and depth are,

respectively, 226 and 80 μm, against ∼220 and ∼69 μm in the
experiments. Any model, by definition, results in differences with
experiments, often the results of simplifying assumptions. Here
particularly, we have used a constant material absorptance.
Therefore, the difficulty was to estimate an adequate “average”
value, which is supposedly valid on solid and liquid metal, at any
temperature. By using Fresnel’s law with the refractive indexes of
pure Ti, we found a much faster keyhole process than in the experi-
ments. We have therefore lowered the absorptance value from 0.39
to 0.33 to fit the experimental results. Note that recently, Ye et al.24

faced the same issue and lowered the absorptance to 0.26. This
challenge illustrates how much works on measurements of material
properties are important so that modeling efforts can benefit from
reliable material data. Note finally that neglecting absorptance var-
iations with incident angle is not an excessive simplification. As
shown in Ref. 42, the induced absorptance variation (before the
beam trapping event) is negligible compared to the effect of multi-
reflections. Typically, using the refractive indexes of Ti, it is esti-
mated (assuming the beam is not polarized) that between 90° and
45° relative to the vertical axis, the material absorptance varies only
by 2%, whereas the beam trapping effect increases the absorptance
by 60% in our case.

B. Application to a single track

The same investigation is carried out for a laser single track, with
a power of 300W, a 1/e2 spot size of 140 μm (i.e., I = 2MW/cm2),
and a scan speed of 700 mm/s. Note that for numerical stability
reasons, a power ramping of 150 μs was implemented. Such addi-
tional element will be taken into consideration for the following
discussion. Again, an image sequence of the keyhole formation is
given in Figs. 7(a)–7(e), and the associated keyhole depth and
absorptance over time are given in Fig. 8. Here, the similarity with
the previous stationary case is notable. The same fusion regimes
preceding keyhole formation are observed, and there is a high
correlation between the keyhole depth and absorptance over time
(Fig. 8). However, the scanning configuration has some specificities
that should be discussed.

First, the conduction and forced conduction steps are very
similar to the static case [Fig. 7(a)]. The incident laser irradiation is
reflected outward, so the absorptance keeps its initial value (here
we have kept the value of 0.39) (Fig. 8). Contrary to the static case,
when the vapor depression is generated, the “drilling” process is
not strictly vertical, but normal to the depression front wall which
is inclined due to the welding speed. Consequently, the melt flow
(located under the vapor depression and at its sides) is directed
rearward the melt pool. The ejection velocity is initially very close
to the scanning speed (0.7 m/s) and progressively increases as the
depression deepen, because the section through which the melted
metal flows reduces. For instance, at keyhole threshold (t = 250 μs),
the maximum velocity magnitude is about 2.5 m/s, and at the end
of the simulation, it reaches about 8 m/s. Note that the ejection
velocity determines the position of the vapor depression rear wall
and, indirectly, the keyhole threshold. Indeed, the higher the ejec-
tion velocity, the further the depression rear wall open42 (i.e., the
greater is the depression aperture). Consequently, the incident
power necessary to create a keyhole is all the higher.

FIG. 6. Keyhole average inclination angles at threshold (t = 1036 μs).



In the transient regime, the equilibrium between the keyhole
penetration and opening rates also determines the instant at which
the keyhole threshold is reached. Here, this event occurs at
t = 250 μs [Fig. 7(b)]. The fraction of the rays that are reflected
downward contributes to the keyhole penetration rate and makes it
deviating from the estimation made without RT (Fig. 8). These rays
then go out of the keyhole after three or four reflections, with a
residual power that lies between 0.2 and 0.3 times the incident
power [Fig. 7(b)]. The fraction of the rays that are reflected hori-
zontally contributes to heat the keyhole rear front and to make it
fluctuate under the action of the recoil pressure. Both the keyhole
depth and absorptance then fluctuate accordingly (Fig. 8). Here,
the process is similar to the static case, except that the transition

between the vapor depression and keyhole occurs more continu-
ously. This smooth transition must be reinforced by the implemen-
tation of a power ramping in our model.

As the keyhole deepens, the front wall tilts further and more
rays are reflected downward, contributing to the keyhole penetra-
tion [Fig. 7(c)]. However, at the same time, heat lost by conduction
in the solid increases proportionally.42 As a result, the keyhole pen-
etration rate slows down and the absorptance reaches a plateau. At
this stage, a relative equilibrium is found between the keyhole pene-
tration and opening rates such that oscillations of absorptance
attenuate (Fig. 8). Such absorptance plateau is also observed in
Tang’s model,44 but with less attenuation. Additionally, frequency
and amplitude change during laser single tracks have been observed

FIG. 7. Keyhole formation steps during a single track. (a) Vapor depression formation. (b) Transition between vapor depression and keyhole. (c) Keyhole formation. [(d)
and (e)] Propagation of melt pool corrugations. X-ray images were reprinted with permission from R. Cunningham, C. Zhao, N. Parab, C. Kantzos, J. Pauza, K. Fezzaa,
T. Sun, and A. D. Rollett, Science 363, 849–852 (2019). Copyright 2019, AAAS.



experimentally by Simonds et al.,14 especially in the transition
between the forced conduction and the keyhole regimes. However
here, we believe that the oscillations are further attenuated by
numerical damping inherent to our model method. Nevertheless,
at this stage, the keyhole rear wall is almost vertical and is
consequently mainly irradiated by the secondary reflected rays
[Fig. 7(c)]. As the keyhole rear front continues to widen (as the
hydrodynamics is not established yet), under the action of the
recoil pressure, the keyhole opens. Consequently, the absorptance
decreases and so is the keyhole depth. The equilibrium previously
found is then lost, the keyhole oscillates, generating corrugations at
the bottom of the keyhole rear wall [Fig. 7(d)], which propagates
rearward the melt pool [Fig. 7(e)]. This feature is clearly visible on
some x-ray images given by Cunningham et al.3 and is well repro-
duced by our model (Fig. 9).

Additionally, we have compared the keyhole depth and width
(at mid-depth as in Ref. 25) obtained numerically and experimen-
tally at the steady state, in comparable conditions. The results are

summarized in Table II. Note that the chosen process conditions
are not strictly identical, but the difference between the initial inci-
dent intensities is reflected in the same proportions in the keyhole
dimensions. Furthermore, according to Ref. 5, the keyhole front
wall inclination at the steady state can be estimated by

tanθ � D0/e, (18)

where θ is the inclination angle relative to the vertical axis and e is
its penetration depth.

Here, the measured inclination of 56° agrees with the estima-
tion given by Eq. (16), i.e., atan(140/94) = 56.1°.

Finally, the presented FE model provides encouraging results
that agree well with most recent x-ray images, both qualitatively
and quantitatively. Notice, however, that this tool is very computa-
tionally expensive. For this reason, if it is well adapted for research
and fundamental understanding, it is in the present state not ready
for direct industrial use. However, such model methods could
benefit from progress made in GPU computing that could help to
make multiphysical models more accessible in the near future.45

V. CONCLUSIONS AND PROSPECTS

In summary, a finite element model of laser-induced keyhole
has been developed, taking into account the melt pool hydrody-
namics (surface tension, Marangoni shear stress, and recoil pres-
sure) and a ray-tracing algorithm to compute self-consistently the
absorbed power as a function of the keyhole geometry. We used it
to explore keyhole formation mechanisms through two case
studies: a static illumination case and a laser single track. We have
observed that keyhole formation is characterized by a complex
interaction between the melt pool hydrodynamics and the ray
optics, which must be accounted for to understand the transient
dynamics of keyhole formation mechanisms. Particularly, in the
stationary illumination mode, we have observed that

(1) Keyhole forms in five steps: (1) conduction melting, (2) vapor
depression formation, (3) vapor depression instability, (4)
keyhole formation, and (5) chaotic keyhole fluctuations.

(2) The second stage constitutes a third melting mode in welding/
LPBF, between the conduction and the keyhole modes. This
“forced conduction” regime is characterized by a semicircular
melt pool shape (like in conduction melting), but its depth and
its energy balance are determined by the action of the recoil
pressure on the melt. However, it is not a keyhole because the
incident laser irradiation is absorbed in the same proportions as
in the conduction mode.

FIG. 8. Keyhole depth (with and without RT) and absorptance over time in the
scanning mode.

FIG. 9. Comparison of FE and experimental keyhole shapes. X-ray images
were reprinted with permission from R. Cunningham, C. Zhao, N. Parab, C.
Kantzos, J. Pauza, K. Fezzaa, T. Sun, and A. D. Rollett, Science 363, 849–852
(2019). Copyright 2019, AAAS.

TABLE II. Comparison of keyhole dimensions obtained numerically and
experimentally.

I
(MW/cm2)

Depth
(μm)

Width at ½ depth
(μm)

FEM 2.0 94 105
XP 2.4 ∼110 ∼130
ϵ% 16% 15% 20%



(3) Transition between the third and fourth stages occurs very
sharply when the incident laser irradiation is focused by the
melt pool toward the laser optical axis. Locally, the absorbed
intensity increases by at least 1 order of magnitude.

(4) Fluctuations of the vapor depression/keyhole result from the redis-
tribution of the absorbed intensity because of multiple reflections.

(5) There is an evident correlation between the keyhole depth and
the melt pool absorptivity.

In the scanning laser configuration, the keyhole steps are very
similar. There is also a high correlation between the keyhole depth
and the melt pool absorptivity, and the destabilization mechanisms
are identical. However, we have also highlighted that

(1) In transient conditions, while the welding speed is constant,
the keyhole depth reaches a maximum before decreasing
toward its stationary value.

(2) Accordingly, the keyhole absorptance reaches a maximum
before decreasing to its steady state value.

Globally, the FE model presents good similarities with the experi-
ments, both qualitatively and quantitatively. However, to provide a
fuller picture of the keyhole formation mechanisms, future work
should be dedicated to exploring more process conditions and dif-
ferent materials, particularly with very reflective ones (such as alu-
minum or copper). Similarly, the combined effects of the welding
speed and the incident laser power should be more systematically
investigated. Finally, note that in the present model, we did not
consider the possible interaction between the keyhole and the
vapor plume. Conclusions on keyhole stabilization mechanisms
should also take this aspect into account in the future.
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