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The aim of this paper is coupling of temperature oscillations and melt-pool dynamics experimentally
observed in laser melting. The literature survey has shown that the developed explanations are mainly
focused on the capillary and hydrodynamic aspects of the problem. As shown, complete analysis is only
possible if the temperature oscillations are properly accounted for. Specifically, this effect is a governing
mechanism that controls the melt-pool dynamics via feedback coupling of heating, evaporation, capillarity,
and free-surface contraction. The present study suggests a physically consistent model validated on the
detailed data of the time-resolved absorptance measured in Simonds et al. [Phys. Rev. Appl. 10, 044061
(2018)]. An analytical equation is derived for oscillation spectra within this approach. It has been proved
that the surface oscillations can be initiated without the keyhole effect. However, keyhole formation can
cause additional modes to appear in the oscillation spectrum. The practical results include the formulas
that are convenient for real-time monitoring of the surface temperature and characteristic flow velocity
in the molten pool using the measured absorptance spectra. The impact of the temperature coefficient of
surface tension on the maximal temperature, pool length, natural frequency of the free-surface oscillations,
and attenuation coefficient is thoroughly studied. All results are presented as closed-form formulas suitable

for design of industrial laser systems.
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I. INTRODUCTION

The laser processing of metals, including welding and
additive three-dimensional (3D) printing, is becoming
increasingly relevant in manufacturing parts and assem-
blies in various production areas, such as the automotive
and aerospace industries [1]. In practical terms, the devel-
opment, configuration, and implementation of such meth-
ods require substantial time and production resources [2].
It occurs because the quality of parts fabricated with laser-
melting technologies deeply depends [3] on the dynamical
stability of the melt pool (MP). High-temperature gradi-
ents, multiple undergoing phenomena like the Marangoni
effect, ablation vapor pressure, potential keyhole for-
mation, and a phase transition between solids and lig-
uids directly influence the complex hydrodynamic pattern
formed in the MP. An interaction between different driving
forces and dissipation effects combined with the nonlinear-
ity of thermophysical material properties leads to unsteady
flow, deformation of the free-surface and different oscilla-
tion processes [4,5]. The unstable behavior of the MP in
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its turn affects the quality of a seam in laser welding or of
a metal layer deposited in additive manufacturing. Finally,
it may cause a production failure with the generation of
geometrical and metallurgical defects [6].

Oscillation of the MP can be clearly detected exper-
imentally based either on the as-processed samples and
the results of in situ measurements. In Fig. 1, a typical
representation of such oscillations is depicted. First, a char-
acteristic chevron-type pattern is observed at the track’s
surface after laser skin remelting of the metal sample
[Fig. 1(a)]. The observed picture can be explained only by
the oscillations of the melt surface during melting and sub-
sequent solidification. Periodic embowed strips are often
registered at the metallographic cross section [Fig. 1(b)].
In some experiments [7], the capillary waves are pho-
tographed directly by measurement of light reflections over
the MP surface [Fig. 1(c)]. Therefore, the discussed oscil-
lations of the MP may defer the solidification front and
hence influence the final microstructure.

The oscillation effects in the MP during laser process-
ing have been studied for laser welding in the literature
[8] where this phenomenon is explicitly linked to the
seam quality. A complex recirculation pattern in the melt

© 2026 American Physical Society
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FIG. 1.

(©)

Reflected light to camera Incoming light
»

o Powder bed
°

Molten pool

Resolidified material Subsuate

Experimental evidence of the effect of thermal oscillations in the melt pool. (a) A chevron-type pattern observed at the

solidified track after linear laser processing with remelting. (b) Periodic embowed strips registered at the metallographic cross section
after chemical etching. (c) Experimental scheme for direct registration of capillary waves by the measurement of light reflections from

the MP surface [7].

is established that changes the energy transport not only
inside the MP but also towards the solid metal matrix.
As a result, such coupling impacts the MP shape [9-11].
The theoretical description of MP oscillations in weld-
ing is based on a dominated effect of keyhole formation,
where the oscillation frequency depends on the geomet-
rical parameters of the fluctuating keyhole cavity [12,13]
and capillary force effects. However, the proposed model
cannot explain the observed MP oscillations if keyholes
are absent. In the review [14], different processing regimes
are analyzed to reveal how a transition from deep keyhole
to keyhole-free occurs if the scanning speed increases and
the MP oscillations are weakened. A qualitative criterion
for the formation of highly oscillating stream patterns is
proposed, which accounts for the inclination angle of the
keyhole back wall.

In some studies, a possibility for quality optimization
in laser processing is proposed using curvilinear trajecto-
ries in laser scanning [15]. As shown, if the laser beam
moves along a circular or more complex trajectory like Lis-
sajous figures, then the temperature profile is substantially
modified and the MP oscillations are suppressed. It devel-
ops a tool for modulation of the MP shape, elimination of
keyholes and microstructure control during solidification.

Recently, some attempts were made to use MP oscilla-
tions for real-time monitoring and diagnosis of ongoing
laser processing. For example, in Ref. [7] the measured
frequency of MP oscillations was used for detection and
prediction of deep keyholes in selective laser melting. The
authors [16] studied the correlation between the oscilla-
tions of the absorption coefficient at early stages of keyhole
formation. The oscillations of thermal and concentration
fields in the tail section of the MP may affect the solidifica-
tion process, leading to the formation of segregation strips
also known as molten metal trails reported in Ref. [17].
To summarize, there are some perspectives on the prac-
tical application of the discovered effect in solidification
control.

More recently, a new technique for microstructure mod-
ification has been developed based on in situ ultrasonic
treatment of the MP in laser-processing methods [18—20].
In Ref. [20], the ultrasound was generated by optoacoustic
effects via intense material evaporation from the melt sur-
face. The effect of temperature oscillations analyzed in the
present paper also leads to ultrasound generation through
intensive evaporation of metal. Thus, it confirms the sub-
stantial application-oriented significance of research in this
direction.

To summarize, we would like to emphasize that under-
standing MP oscillations holds promise both for the devel-
opment of the techniques of monitoring the MP conditions
and the strategies of controlling the crystallization pro-
cess. There is a significant number of works devoted to
modeling physical phenomena in MP [21-24]. However,
studying the MP oscillations numerically is a difficult task,
because this phenomenon is linked to complex interactions
between different physical processes within a medium at
different scales. Here, the problem of computational insta-
bility of the solutions becomes significant. For instance,
in numerical models with free-surface evaluation [22,23],
it was found that surface oscillations can change the flow
patterns and the MP shape. The response of the oscilla-
tion spectra of the free surface to different modulations of
laser irradiation and temperature-dependent thermophys-
ical properties was analyzed for keyhole-free processing
in Ref. [24]. This numerical study showed that even small
changes in free-surface oscillations yield dramatic changes
in temperature and velocity distributions, with further
alteration of the MP shape.

Our interest lies in MP oscillation modes that do not
significantly alter the MP shape or the pattern of hydro-
dynamic flows. Figure 1(c) provides a schematic represen-
tation of this mode, and its effect on the melt zone can
be seen in Figs. 1(a) and 1(b). Such moderate oscillations
are of particular interest for this research, as they are of
the only type that can be used for monitoring and control

034012-2



INTERPLAY BETWEEN TEMPERATURE OSCILLATIONS...

PHYS. REV. APPLIED 25, 034012 (2026)

of the crystallization process. This article provides an in-
depth analysis of the physical processes that lead to the
oscillation effect in MP. It proposes a physically consis-
tent model based on the perturbation theory, which has
been cross-verified against experimental data. Within the
framework of the model, it will be shown that the MP
oscillations are not caused by the effect of keyhole for-
mation as was previously reported [12,13]. The keyhole
may be a contributing factor that influences the final spec-
trum of the MP oscillations, but is not a necessary one.
As revealed below, the MP oscillations are caused by a
combination of thermodynamic and hydrodynamic factors.

II. FEEDBACK MODEL OF TEMPERATURE
OSCILLATIONS AND MELT-POOL DYNAMICS

Numerical simulation of the temperature oscillations is
a complex computational task because it requires solution
of coupled unsteady problems of laser energy absorption,
heat transfer, multiphase hydrodynamics, and phase trans-
formations with latent heat at the metal surface. Owing to
this reason, computer modeling does not produce accurate
solutions of the mentioned coupled problems if the ampli-
tude of the temperature oscillations is significant. In the
approach suggested here, the search for solutions is split
into two steps.

(1) All coupled problems are solved in the quasista-
tionary approximation, assuming that the MP geometry,
temperature, and velocity fields are stationary in a moving
coordinate system associated with a moving laser beam.

(2) The MP oscillations are described using perturba-
tion theory, where small deviations in temperature and
related quantities reflect the unsteady behavior of the ana-
lyzed process. The feedback model is based on applica-
tion of the small-perturbation theory to the heat-transfer
equation with convection

T—aAT+v-VT= -1 (1)

Cpp

where temperature 7 = T(x,y,z,t), flow velocity v =
v(x,y,z,t), and the heat-source intensity ¢ = q(x,y,z,1)
are the functions of time 7 and coordinates (x,y,z), «
is the thermal diffusivity of material in MP, ¢, is the
isobaric specific heat, V is the differential operator, 7 =
0T(x,y,z,£)/dt is the time derivative of temperature. Fur-
ther analysis of convection in the MP is based on the
Navier-Stokes equations for incompressible liquids:

av

1
5 = "V VIVHN/pAV = VP g ()

divv=0, (3)

where P = P(x,y,z,t) is the pressure distribution formed
either by capillary forces and reaction pressure owing to
material evaporation in thee MP, g is the gravitational
acceleration, 1 is the dynamic viscosity, p is the density,
and A = V? is the Laplace operator.

In the general case, the heat-transfer problem Eq. (1)
must be solved in the 3D formulation. However, with small
temperature perturbations §7 along the MP surface, it can
be reduced to a one-dimensional approximation if §7 do
not lead to a change in the MP shape and internal flow pat-
terns. Here, Eqgs. (1)~3) after a series of transformations
are turned into a single equation

8T+ 2(0)08T+ wégT:ﬁloise(Z)’ (4)

with the added noise function fyisc (£) that includes random
influences of various kinds. Expression (4) is the oscillator
equation with attenuation, where the primary oscillating
variable is the temperature deviation 87 from the mean
value at the MP surface in the vicinity of the laser-beam
focus. Then, the natural frequency of the analyzed system
is defined by

v _ﬂ_i _QBP‘”’P (5)
T o T 271\ pTom

with the dimensionless attenuation coefficient

_2+9 Uch

¢ 2:/0 Iy’ (©)
where / is a characteristic distance between the maximum
of MP surface temperature and MP boundary, v, is the
characteristic convective velocity in MP, Ty, is the max-
imum temperature at the MP surface defined at the laser
beam center in the quasi-stationary approximation (i.e.,
without temperature oscillations), Pyap = Pyap(Tmax) is the
reactive pressure produced by evaporating substance at the
MP surface, B is the saturated vapor constant [see Eq. (7)],
and 6 is the dimensionless coefficient for correction of the
temperature distribution in MP.

In the model Egs. (4)~6), MP is considered as a ther-
modynamic system with a following feedback scheme:

(1) A small increase in the maximum surface tempera-
ture Tiax leads to an increase in the reactive vapor pressure
Pyap. Growth of Py, results in the enhancement of the
velocity magnitude |v| in hydrodynamic flow patterns
inside MP.

(2) Increase in |v| facilitates heat rejection at the MP
surface according to Eq. (2). Better cooling yields decay
of Tax-

(3) Then the feedback cycle is repeated for a small
decrease of T,y If the attenuation coefficient ¢ in Eq. (6)
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is sufficiently small, for instance, { < 0.25, then the tem-
perature deviation §7 starts oscillating with a frequency
close to the natural frequency vy.

From Egs. (5) and (6), the attenuation coefficient ¢ is
defined by the temperature 7i,,y, thermophysical character-
istics of the melt, and is linearly proportional to the char-
acteristic flow velocity v,. Thus, the parameter v, acts as
an amplifier of the dissipation factor for the oscillating sys-
tem. Therefore, temperature oscillations are not generated
in the MP with intensive hydrodynamic mixing. Equation
(6) can now be used as a criterion of amplification or decay
of the temperature oscillations.

Notably, the natural frequency vy does not depend on vy,
directly. Hence, robust simulation of hydrodynamic flows
is not required in the present study of temperature oscil-
lations. This is a significant advantage of our approach.
For proper analysis, the evaluation of characteristic values
of v, under the quasistationary approximation suffices to
determine how fast the MP oscillations decay.

From Eq. (5), the frequency vy is determined by the dis-
tance /, maximum 7,,x of the MP surface temperature,
and by material properties. In the present model, the vapor
pressure Py, is calculated using the exponential function:

Py = (1 - %) Pye'~ T, )

where Py = 1 Pa is a normalization factor, 4 and B are the
coefficients derived from material properties and obtained
experimentally. The coefficient ¢ defines a fraction of
particles (molecules) that does not return into MP after
evaporation from its surface. In laser processing of metal-
lic materials, the coefficient ¢ may vary [25] in the range
¢ € [0;0.82].

Equations (4)—(6) are derived independently for a spe-
cific temperature distribution inside MP. The equations
remain correct for any continuous decreasing function of
temperature 7(x), where the spatial coordinate x takes the
values from the MP center to the solidification front. In
the limiting case, T(x) takes the form of the Rosenthal
solution and has the hyperbolic type if v, < /o /I [26].
Otherwise, if ve, > +/a/I the solution for T(x) tends to
be linear. Under processing conditions typical in selec-
tive laser melting (SLM) and directed energy deposition
(DED), an intermediate thermal mode usually realizes. In
Ref. [27], real-time measurements of temperature at the
MP surface during DED are performed with the exper-
imental data provided in Fig. 17 of [27]. The surface
temperature at the tail of MP is assumed linear. How-
ever, this approximation has a sufficient accuracy only in a
localized MP domain. Over the whole MP surface, the tem-
perature is accurately described by an exponential function

as

. Tliq %
Ty(x) = Thax 5 ®)
Tnax

where Tjjq is the liquidus temperature of the material in the
MP. Based on the fitting given by Eq. (8), after a series of
mathematical transformations of Eq. (1) towards Eq. (4),
the following expression for the correction coefficient 6 of
temperature distribution from Eq. (6) has been received as

Tinax
0 =1In (—) : 9)
Tliq

Next, laser treatment of metals is accompanied by mul-
tiple effects that reveal themselves as sources of thermal
perturbations. These phenomena include light reflection
on surface irregularities and powder particles, fluctuations
of the irradiated power density, focus adjustment of the
laser beam, and others. The perturbations have a stochas-
tic behavior and are encountered during the whole period
of laser processing. In the present paper, the family of all
mentioned effects is formalized by a noise function fise ()
on the right-hand side of Eq. (4). Hence, Eq. (4) is math-
ematically classified as a differential functional, which
converts the noise function into a frequency spectrum.

Equations (4)—+9) define the oscillations of the MP sur-
face temperature 7; unambiguously. The spectrum itself
does not depend on the amplitude of oscillations and is
determined by the maximum surface temperature 7.y
averaged over time, MP width, material properties, and
noise function fy,ise. Further verification of the equations
is provided below.

Finally, we present another theoretical implication of
the formulated analytical model in this section. Equation
(5) defines the function vy(7Tmax, ). At the same time, the
model allows to solve the inverse problem for determina-
tion of the maximal melt-pool temperature as

1
Tinax(vo, ) = (1 4+ 2) (_ETboil (21In(ylv) — 1

45 AToon,  (10)
T boil s

boil

+ @I - 1) -

where the coefficient y depends on thermophysical prop-
erties

y = 2n 0 Tooil
(1 = (¢/2))Poe’ BIn(Tvoit/ Tiiq)

(1D

Equations (10) and (11) are derived in the approxima-
tion form and they precisely correspond to Eq. (5) only
at Tmax = Tooil- The correction factor A &~ —0.1 is required
for error compensation. It is independent on /, vy and is
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dependent on thermophysical material properties. For the
parameters of the stainless 316L steel defined in Table I,
the best correspondence between Egs. (10), (11), and Eq.
(5) is obtained at . = — 0.11. In this case, the calculation
error does not exceed 5 K in the temperature range Tiax =
Tvoit £ 300 K and it diminishes as Ty, approaches Ty
The obtained Eqs. (12) and (13) can be used to analyze the
maximum temperature values on the melt surface Tp,x in
real time during or after laser processing via analysis of the
chevron-type patterns (see Fig. 1).

IT1I. ASSESSMENT OF FREE-SURFACE
OSCILLATIONS

Real-time in situ measurement of temperature oscilla-
tions at the MP surface is technically difficult because laser
processing is complicated by intensive material evapora-
tion and high instability of the MP surface. Temperature
registration should be performed at a sampling frequency
greater than the natural frequency. Therefore, verification
of the formulated model is not performed by comparison
with direct temperature measurements but using a set of
experimental data on the time-dependent absorptance.

The effect of temperature oscillations is directly linked
to fluctuations of the reactive vapor pressure at the MP
surface and hydrodynamic flow oscillations inside MP.
Above a certain amplitude, these oscillations may cause
a substantial deformation of the MP surface beneath the
laser beam. Consequently, the laser absorptance shows
conjugated fluctuations thanks to multiple reflections of
laser irradiation. In Ref. [16], a comprehensive experimen-
tal study of the absorptance oscillations is completed for
laser processing of a flat stainless 316L plate. The authors
[16] registered the light reflected by MP using an inte-
grating calorimetric sphere. All tests included the 10-ms
accumulation period with the laser pulse energy in the
interval Ej, € [1.2;6.3]J. The fulfilled analysis delivered
the absorptance oscillations in real time with the time res-
olution of less than 1 ps. The obtained spectra in Ref.
[16] are used for verification of the model presented by
Egs. (4)H9).

The most distinct oscillations of absorptance are regis-
tered at the pulse energy of Ejn, = 3.1 Jand Ejy,p = 3.27J
(with the original notation Ej, in Ref. [16]). For these
regimes, the authors of Ref. [16] deliver both the absorp-
tance dynamics and frequency spectra after the fast Fourier
transform. The highest peaks in the spectra correspond
to the frequencies vex = 8.6 kHz and vex = 6.4 kHz cor-
respondingly. In Ref. [16], the relevant data on the MP
width are provided with Wyeq = 418 pm and Wyeg =
468 wm correspondingly. In Eq. (1), the parameter / is
defined as a distance from the MP center to its boundary
Thus, the experimental half-width of MP can be used in

v, kHz

16 1 Vo,Eimp=3.1J
141 :

' Vo, Eimp =3.27J
12F :
10} J:/
8f s

6T
4f

Vexp: Eimp = 3.14

Vexp: Eimp = 327 J

2- 2900 3000 3100 3200 3300 3400 3500

Tmax: K

FIG. 2. Cross-comparison of the analytical model vo(7iax)
(color solid curves) and experimentally detected frequencies vey,
[16] (horizontal dashed lines at the frequencies of vex = 8.6 kHz
and vex = 6.4 kHz) provided for the processing modes No 1.
(pulse energy Eim, = 3.1 J, blue color) and No. 2 (Ejyp, = 3.27 J,
orange color). The points of intersection between the model
and experimental data provide the maximum temperatures at
the melt-pool surface predicted by Egs. (5)+9) at the values
Timax = 3211 K and Tax = 3129 K. The vertical green line fits
to the value used in Ref. [16].

calculations as

1

lexp = EWweld- (12)

Table I shows the saturated vapor constants for 316L taken
from Ref. [28] for calculation of the function vy(7jnax)
defined by Eq. (5), which expresses the natural frequency
Vo via the maximal temperature Tiay.

Figure 2 depicts the calculated plots vo(7max). In all
plots, the blue and orange lines are related to the processing
modes No. 1 (Ejmp = 3.1 J) and No. 2 (Ejpp = 3.27 J) cor-
respondingly. The experimental data [16] are marked by
the color lines emphasized by black dashes. In Fig. 2,
the frequencies vey, of the maximal peaks registered in
the experimental spectra are also drawn by two horizontal
lines. The dashed vertical lines show the auxiliary values of
temperature that correspond to Ty = 3211 K and Ty =
3129 K for the regimes 1 and 2 correspondingly, where
the predicted function vy(7Tmax) crosses the experimental
values of Veyy,.

Following the obtained results, the natural frequency vy
increases if T grows. The orange line is located below
the blue one because the semiwidth /.., of MP in the
regime No. 2 is greater than in the regime 1. The calcu-
lated vy should match the experimental frequencies veyp,
thus the maximum surface temperatures are defined from
this coupling as Ty.x = 3211 Kand T = 3129 K for the
regimes No. 1 and 2 correspondingly.

The authors [16] do not provide accurate numbers on
the surface temperature Tp.x. Only the estimate T, >
3300 K is given that is depicted in Fig. 2 by a green
vertical line. At such temperatures, the calculated natu-
ral frequencies take the values vy > 10.4 kHz and vy >
9.3 kHz according to our model. Thus, one may conclude
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TABLE I. Thermophysical properties of the 316L melts used in the calculations.

Property Notation Value Units
Saturated vapor constants A 25.601 [28]

B 43.445 x 103 [28] K
Density P 6.2 x 10° [29] kg/m?
Viscosity n 8.0 x 1073 [30] Pas
Boiling temperature at standard pressure Thoil 3090 [28] K
Liquidus temperature Tiiq 1660 [31] K
Thermal conductivity k 35[31] W/(m K)
Specific heat capacity e 950 [29] J/(kg K)
Thermal diffusivity o 0.59 x 1073 m?/s
Specific heat of evaporation Ly 7.45 x 10° [28] J/kg
Surface tension o (Tiiq) 1.5[32] N/m
Temperature coefficient of the surface tension B =do/dT {—4;—-2;—-1;0:1;1;2:4} x 10~ N/(m K)

that the fair agreement with Ref. [16] in the frequency v of
thermal oscillations is achieved. After further analysis, this
acceptable discrepancy of about 20% with Ref. [16] may
come from an overestimated value . In Ref. [16], the tem-
perature evaluation is only based on the simulation results
of spot welding [33] owing to technical difficulties in direct
measurement. Since the simulated problem [33] does not
fit the conditions of experiments [16], extended computer
modeling of the studied problem has been performed in the
present paper.

IV. COUPLING FREE-SURFACE OSCILLATIONS
WITH CAPILLARY AND THERMOCAPILLARY
FORCES

For numerical simulation of laser melting a plate surface
by a stationary laser, a computer model [34] is imple-
mented for description of conjugated heat transfer, laser
surface annealing, fluid flow, and free-surface dynamics
with a moving boundary. The laser source is continuous
and has a top-hat spot at the focal plane that is 303 um
in diameter [16]. Secondary reflections of laser irradia-
tion are also considered at the keyhole-type MP interface.
Owing to the axial symmetry, the problem is solved within
the two-dimensional (2D) formulation using the cylindri-
cal coordinate system. The mathematical model is resolved
in COMSOL Multiphysics software with the finite-element
discretization. The free surface of MP is tracked using
the arbitrary Euler-Lagrange method with a nonlinearly
deformed mesh.

For better computational stability, most thermophysi-
cal parameters of the melt in the MP are selected con-
stant at the temperature close to the boiling temperature
Tvoil, as has been done in Ref. [20]. A list of these ther-
mophysical properties and references to original papers
describing thermophysical measurements is presented in
Table I. Two parameters including the surface tension o
and its temperature coefficient 8 = do /dT are selected as
variables because of the following reasons. The hydro-
dynamic conditions inside the MP influence its geometry

and the maximal temperature Tp,,x at the MP surface. The
latter value defines both the natural frequency vy and its
attenuate coefficient ¢ following Egs. (5) and (6).

A quick assessment of the thermocapillary effect on fluid
flow is conducted via the Marangoni number defined as

do| 1
2 AT~ 6 x 10°
T| no

do

dT

Ma = . (13)

where the characteristic temperature difference AT =
1430 K is equal to the difference between the boiling
and melting temperatures at normal pressure. Other used
parameters are taken from Table I. At Ma > 10°, active
thermocapillary convection is assumed, hence the hydro-
dynamic system is sensitive to the temperature coefficient
B if its deviations are about AB ~ 2 x 10~* N/(m K).

Analysis of the literature on experimental measurements
of the surface tension [32,35-38] reveals that different
research groups have obtained different values in the range
o € [1.3;1.9]N/m and for its temperature coefficient in
the range B € [—4 x 107*;4 x 107*] N/(m K). This dif-
ference in experimental data can be explained by several
factors. First, measuring the surface tension and temper-
ature coefficient is a challenging task, especially at high
temperatures. Second, the temperature dependence of the
temperature coefficient can vary significantly depending
on the oxygen and sulfur content of the melt.

The provided description of the experimental method in
Ref. [16], which was used as a basis for model verification,
does not allow us to determine the values of o (7jiq) and B
that best correspond with the experiment data.

Thus, we have performed a series of calculations based
on a linear approximation of the temperature depen-
dence o (T) of the surface tension. Each calculation corre-
sponds to a specific value of the temperature coefficient of
the surface tension 8 = {—4;—-2;—1;0;4+1;+2;+4} x
10~ N/(m K). The surface tension at the liquidus tem-
perature has been chosen equal to o (Tjiq) = 1.5 N/m as
reported in Ref. [32].
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FIG. 3.

Physical characteristics of the melt pool and the oscillation dynamics of its surface as functions of the temperature coefficient

B of surface tension. (a) Tiax, K; (b) I, um; (¢) ven, m/s; (d) vo, Hz; () ¢. The plotted characteristics have the same meaning and
values as described in Table II. The blue and orange polylines correspond to the processing modes No. 1 (Ejy, = 3.1 J) and No. 2
(Eimp = 3.27 J). The solid segments are obtained for time averaging in the interval ¢ € [3; 4] ms while the dashed segments are received
over the reduced intervals. The experimental data [16] are depicted by the color-and-dash horizontal lines.

The experimental data in Ref. [16] (illustrated by Fig. 7
of Ref. [16]) evidence that the transition from a transient
mode towards an oscillatory mode in MP occurs at ¢ ~
2 ms. At ¢t = 3 ms, the absorptance oscillations achieve a
steady behavior for the processing regimes with the pulse
energies Eiyp = 3.1 Ejp = 3.27 J. Our numerical sim-
ulations show the similar transition time # = 3 ms before
the governing parameters Ti,.x, /, and v, achieve a qua-
sistatic level with imposed oscillations. Therefore, in the
postsimulation analysis all time-dependent functions of
Tmax, [, and v, are averaged in time over the time inter-
val ¢ € [3;4] ms. Before time averaging, the flow velocity
Vch 18 first averaged spatially over the MP surface.

The results of computer simulations are summarized
in Table II that also contains the natural frequency vy
and attenuation coefficient ¢ calculated with the analyti-
cal model presented by Eqgs. (5)~9). Figure 3 visualizes
the data from Table II as functions of the temperature
coefficient S of surface tension. The results calculated at
B = —4 x 107* N/(m K) are not accurate enough because
time averaging is conducted over the limited time inter-
vals ¢t € [3;3.6] ms and ¢ € [3;3.3] ms for the processing
regimes No. 1 and 2 correspondingly because of weak
computational stability.

Analysis of the maximal temperature Ti,.x [Fig. 3(a)]
yields that its values are smaller than the estimate Ty, >
3300 K given in Ref. [16]. We hypothesize it happens
owing to two factors: (i) intensive convective heat trans-
fer in MP, (ii) deep keyholelike deformation of the MP
surface. For further evaluation, the typical profiles, flow-
velocity distribution, and streamlines in MP are illustrated

in Fig. 4 for the processing regime No. 2 at different values
of B = (—=107%0; 1074 N/(m K). The value and sign of
B have a great impact on hydrodynamics in the MP (Fig. 4)
and then on the semiwidth / [Fig. 3(b)] and maximal tem-
perature T« [Fig. 3(a)]. At negative B, the mass flux
is directed from a hot MP center to its border, hence the
semiwidth / increases rapidly [Fig. 4(a)] and the MP deep-
ens with the proceeded keyhole formation. Contrary, at
positive 8 the melt stream heads towards the hot MP cen-
tral point resulting in a completely different flow pattern
[Fig. 4(c)] with a single toroidal vortex. Consequently, the
MP has the smaller semiwidth and volume. The liquid-
gas interface is less bended and the liquid-solid interface
is shrunk comparing to the case of § < 0. This feature
explains why at positive 8 the characteristic flow velocity
Uch 18 almost 3 times larger at the MP surface. Additionally,
at positive 8 the heat input inside MP is reduced. It hap-
pens owing to the convexed MP surface that adsorbs less
laser irradiation than the deeply concaved shape at § < 0
where the keyhole effect yields the secondary reflection
and increases the heat input.

The maximal values of Ti.x [Fig. 3(a)] at both pro-
cessing regimes are observed at § = 0 N/(m K) that is
directly linked with the minimal value of the velocity
Veh [Fig. 3(c)]. The value 8 = 0 N/(m K) yields the best
agreement (see Table II) to the experimental data for: (i)
semiwidth /g, = 204 pm versus /[exp = 209 pm (regime
No. 1); lim = 231 pm versus lex, = 234 pm (regime No.
2); (ii) natural frequency vosim = 8198 Hz versus v ey, =
8600 Hz (regime No. 1); vosim = 6462 Hz versus vy exp =
6400 Hz (regime No. 2).
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TABLE II. Summary of the melt-pool characteristics obtained using direct computer simulation of underlying thermal and capillary
phenomena (described by the parameters Ti,.x, /, and ve,) and analytical calculus of the temperature oscillations by Egs. (5)+9)
(defined through vy and ¢). In the simulated series, the variable parameter j is the temperature coefficient of surface tension, Tiax is
the maximal temperature at the melt-pool surface, / is the MP semiwidth, vy, is the characteristic flow velocity in MP, vy is the natural
frequency of the MP free surface, ¢ is the attenuation coefficient. The data on Ty, /, and v, are obtained by averaging over the time
interval ¢ € [3;4] ms after a pulse start when the oscillation mode is already established. The data marked by * are averaged over a

limited time interval.

Processing mode No. 1 with the energy pulse Ejy, = 3.1

ﬂ’ N/(m K) Tmax; K ls Mm vChs m/s V(), HZ ;
* —4 x 107* 3035 252 0.934 4744 0.208
—2x107* 3043 249 0.810 4896 0.177
—1x107* 3079 239 0.735 5566 0.146
0x 1074 3178 204 0.478 8198 0.075
1x1074 3083 178 0.941 7545 0.186
2 x 1074 3067 175 1.571 7385 0.327
4 x 107 3077 171 2.572 7742 0.515
Experimental data from [16], 8 is unspecified > 3300 209 Unspecified 8600 Unspecified
Processing mode No. 2 with the energy pulse Ejn, = 3.27 J
139 N/(m K) Tmaxa K lv “‘m vcha m/s VOa HZ é‘
* —4 x 10~ 3056 266 1.189 4731 0.251
—2x 107* 3060 264 0.878 4814 0.183
—1x107* 3070 257 0.733 5066 0.149
0x 10~ 3128 231 0.650 6462 0.115
I x107 3097 179 0.934 7756 0.178
2x 1074 3083 176 1.627 7631 0.351
4x1074 3092 172 2.628 7977 0.507
Experimental data from [16], 8 is unspecified > 3300 234 Unspecified 6400 Unspecified
@ (b) ©
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FIG. 4. Shape of the melt pool, stream arrows, and flow-velocity magnitude in the azimuthal projection section calculated as a
function of the temperature coefficient 8 of surface tension in the quasistationary state. (a) 8 = —10~* N/(m K); (b) 8 = 0 N/(m K);
(c) B = 10~* N/(m K). The parameters of the processing regime No. 2 with the pulse energy Eim, = 3.27 J are used. The solid black
line corresponds to the liquidus isotherm and depicts the pool boundary.
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(b) Processing regime No. 2 (Ejpy, = 3.27) ]
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Temperature (a),(b) and flow-velocity (c),(d) distributions in the melt pool at the processing regime No. 1 [subfigures (a),(c)]

and regime No. 2 [subfigures (b),(d)] at the time # = 3.67 ms. The black line is the liquidus isotherm and the arrows show the flow

pattern.

As shown, Eq. (5) either provides fair quantitative
agreement to experimental data and predicts correctly
a tendency of the natural frequency vy decay with the
increase of the pulse energy Ejn,. This tendency is logi-
cal because a higher pulse energy results in an increase of
the semiwidth of MP, hence a larger semilength / leads to
reduction of vy according to Eq. (5). At the same time, the
behavior of T,y is also important. The maximal temper-
ature decreases as Ejnyp increases at § = 0 N/(m K)! [see
Table II and Fig. 3(a)]. The noticed coupling for T}, with
the processing regimes is unusual at the first glance and it
requires explanations. Figure 5 represents the temperature
and flow-velocity distributions in MP for two processing
regimes at t = 3.67 ms.

The decay of Tpn,x in the case of the Ejy,;, increase occurs
owing to the combination of a few interrelated factors:

(1) Increase of the flow-velocity magnitude. Fig-
ures 3(c) and 5 demonstrate the largest difference in the
characteristic velocity magnitudes v., for the different
processing regimes is predicted at 8 = 0 N/(m K) .

(2) Substantial increase of the MP bend and subse-
quently decrease of the distance /# between the maximal
temperature point and the melting front (4; = 663 pm at
regime No. 1 and 4, = 164 wm at regime No. 2). A draft
estimation Tax — Tjiq/h of the temperature gradient in the
MP center gives d7/dz ~ 2.3 K/pum at the regime No. 1
contrary to dT/dz ~ 8.8 K/um at the regime No. 2. There-
fore, in spite of Tyax decay, the temperature gradient in MP
grows by a few times if the pulse energy variates.

(3) Increase of the MP volume and redistribution of
temperature inside MP. A bigger semiwidth leads to a
larger surface area of MP. Using temperature distribution
defined by Eq. (6) and the data from Table II, one may eas-
ily calculate the internal energy inside the MP surface layer
within the cylindrical approximation. The internal energies
divided by the layer thickness are approximately equal to
1606 J/m and approximately equal to 1943 J/m at the pro-
cessing modes No. 1 and No. 2 correspondingly. Thus, the
higher pulse energy, the larger energy is accumulated in
the surface layer of MP even though the maximal energy
is smaller.
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(a) Regime No. 1, Ejyp = 3.1J, Vg exp = 8.6 kHz (b) Regime No. 2, Ejmp = 3.27 J, Vg oxp = 6.4 kHz
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FIG. 6. (a),(b) Experimental frequency spectra of oscillations of the melt-pool absorptance. Reprinted from Ref. [16], copyright
2018, with permission from APS. The vertical arrows mark the frequencies vex, = 8.6 kHz and vy, = 6.4 kHz with the maximal
peak intensities (i.e., local maxima). The same values are depicted by dashed black lines in subfigures (c)—f) for comparison with the
calculated spectra [39]. (c)(f) Simulated frequency spectra obtained after numerical solution of Eq. (4) using the parameters in Table
IT and the variable coefficient (c),(d) 8 = 0 N/(m K), (e),(f) 8 = —107* N/(m K), (g),(h) 8 = 10~* N/(m K). The red dashed lines
show the calculated natural frequencies vy.
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In summary of the section, the verification procedure of
Eq. (5) coupled to direct finite-element simulations has
shown fair agreement of the calculated values with the
experimental data [16] at two different processing regimes.
As shown, the sign and magnitude of the temperature coef-
ficient of surface tension 8 have a great effect on the MP
shape, convection intensity, maximal temperature, key-
hole formation, and even on the MP dynamics. The best
agreement with experiments in the natural frequency and
MP semilength is got at § = 0 N/(m K).

It is worthwhile to note that, based on the results
obtained, we cannot conclude that there is no thermocap-
illary effect in the experiment presented in Ref. [16]. The
problem of precise determination of the temperature coef-
ficient of surface tension will be highlighted further in
Sec. VL.

V. FREQUENCY ANALYSIS

Verification of Eq. (5) in the previous section is built
on a comparison of the calculated natural frequency vy sim
and the maximal peak frequency vy, registered exper-
imentally [16]. However, the value of vy, is not always
equal to the natural frequency of oscillations and it depends
on either the system configuration and external actuation
that leads to temperature perturbations § 7(¢) at the MP sur-
face. In other words, determination of v, is possible only
via solution of the differential Eq. (4), which includes the
external noise actuation fnoise (7). Such effects are stochastic
in their nature thus we consider the function fisc (f) in the
formulated model as white noise. Its discrete analog has
been modeled with Wolfram Mathematica and then used
for numerical solution of Eq. (4) as follows:

(1) Anarray {x;} of 10* random numbers in the range of
[—1; 1] is first generated. Each number is associated to the
time array {¢;} with the period7 =1 pusast; = fo+ 1 X i.
The value of 7 is selected based on the sampling period
of the experimental setup [16]. The total time interval is
10 ms and it is equal to the laser pulse duration in Ref.
[16].

(2) Then the continuous function fyis (f) is constructed
applying cubic interpolation splines. The derived func-
tion fhoise(f) is used for numerical solution of Eq. (4)
for determination of the temperature oscillation function
8T(2).

(3) After Fourier transformation, the frequency spec-
trum of 8 7(¢) is obtained.

The simulated results [39] and their match to experimen-
tal data [16] are summarized in Fig. 6. The spectra are
received at different processing regimes and temperature
coefficients g taken from Table II.

The differential Eq. (4) is linear. Hence, the calculated
spectra and their maxima in Figs. 6(c)—6(h) do not depend

on the noise amplitude of fnise (7). The results are only sen-
sitive to the probability distribution of random numbers
used for construction of fis(#). For each individual run,
Jhoise (7) 18 freshly generated for better statistical confidence
of vy. In Figs. 6(a) and 6(b), the difference between vy and
Vexp 1 equal or even smaller than the one between vy and
the frequency maximum in the calculated spectra.

The next step of the present analysis is devoted to a
shape of the obtained spectra. In the suggested model, the
temperature fluctuations 67 are considered as small. The
dependent fluctuations of flow velocity dv and reactive
vapor pressure §P are assumed as linearly dependent on
8T with sufficient accuracy. We imply that the oscillations
of the absorptance coefficient can be attributed to §7 lin-
early as well. Therefore, a comparison of both the maximal
frequencies and the spectrum profiles is logical, including
the width of the resonance peak and level of background
fluctuations. Both characteristics depend on the attenua-
tion coefficient ¢, which in its turn is linearly proportional
to veh. Hence, a correspondence between spectrum profiles
in Ref. [16] and calculated by Eq. (4) becomes an addi-
tional method of verification of temperature oscillations in
MP.

Following Figs. 6(c)-6(h), the resonance peak goes
wider and fuzzier if ¢ increases. The background oscilla-
tions in the experimental spectrum at the processing mode
No. 1 do not exceed the amplitude of 0.2 in Fig. 6(a).
Although the spectrum for the processing regime 2 in
Fig. 6(b) reveals a few additional peaks at the frequencies
of 9.6, 11.9, and 13.6 kHz whose origin is discussed in
what follows. In Fig. 6(b), the background oscillations in
the experimental spectrum for the regime No. 2 are below
the level 0.3. The correlation analysis of the background
signals and resonance peak widths between Figs. 6(a), 6(b)
and Figs. 6(c)—6(h) demonstrates the best agreement with
the experimental data in the case 8 = 0 N/(m K). Thus, it
yields an extra confirmation of quantitative accuracy of the
developed analytical model represented by Egs. (4)~9).

Concerning the additional minor peaks in Fig. 6(b), they
are initiated by secondary modes in the frequency spec-
trum related to elasticity of the melt surface. Usually,
this effect is prominent with well-developed keyhole for-
mation. In the present model, it is not accounted for in
the model, thus the calculated spectra do not contain the
secondary peaks. Nevertheless, the model accurately pre-
dicts the principal mode of oscillations that is defined by
the coupling between thermophysical and hydrodynamic
phenomena in the melt pool.

The application of the external source term foise(?)
with white noise in Eq. (4), the resonant peak becomes
imperceptible if the attenuation coefficient ¢ > 0.4 [see
Fig. 3(e)]. This conclusion is acceptable for any welding
and 3D-printing processing regimes. Thus, Eq. (6) with Eq.
(9) propose another approach for prediction and control of
the temperature oscillations in the melt pool.
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VI. DISCUSSION

This section focuses on two significant methodologi-
cal issues for this study’s development. The first issue
concerns the selection of the thermal coefficient 8 =
0 N/(m K) and the interpretation of the calculation results
presented in Sec. IV. The second issue relates to prospec-
tive direct experimental verification of the model pre-
sented.

The selection of the temperature coefficient B =
0 N/(m K) requires further justification. In studies dedi-
cated to the simulation of the melt-pool hydrodynamics in
layer-by-layer synthesis techniques, different values of
are suggested. Forinstance, § < 0 N/(m K) is assumed in
[4,40,41], while [42] used 8 > 0 N/(m K) in calculations.
If the concentrations of oxygen and sulfur in the 316L SS
melt are known, the reasonable approach [43] for replicat-
ing real experimental conditions is to take 8 as a function
of temperature like presented in Fig. 7.

We cannot definitively state that the function shown in
Fig. 7 is the best fit for the experimental data presented
in Ref. [16]. However, the type of dependence shown
in Fig. 7 helps to interpret the selection of the tempera-
ture coefficient 8 = 0 N/(m K) when modeling proceeds
within a linear approximation.

The function 8(T) = do/dT depicted in green in Fig. 7
is close to 8 = 0 N/(m K) in the temperature range T €
[2100; 2400] K. These temperatures exceed the liquidus
by between 600 and 900 K and are very typical for the
melt-pool surface. Therefore, 8 = 0 N/(m K) fits well
with the thermophysical condition in the area of inter-
est. Additionally, this value yields the best agreement
between the calculated results and experimental data for
three parameters simultaneously: (i) semiwidth of the melt
pool; (ii) natural frequency of surface oscillations, (iii)
spectrum profiles, which depend on the average convec-
tion level. Moreover, similar conclusions are drawn from
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1.25F  \ 1.2
120} / \ -0

g 115 5 12 =

2 4 a0 \ N {0.6 _TA

5y 104 o
1.05 ‘ j ;
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0.90k . . ——— 1l o4
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Temperature, K
FIG. 7. Surface tension o (7) and the temperature coefficient

B(T) = do (T)/dT of surface tension as functions of temperature
depicted in blue and green correspondingly. The graphs illustrate
the functional dependencies suggested in Ref. [43].

the analysis of local hydrodynamic conditions in different
zones of the melt pool. Its outermost and central zones
have significant capillary forces and exhibits vortex flow
structures. Both factors diminish the thermocapillary effect
because of their opposite effect compared to Marangoni
forces.

In conclusion, we consider 8 = 0 N/(m K) to be an
effective value that provides the most accurate results
within the linear approximation for the particular system
and temperature range corresponding to the experiments
presented in Ref. [16].

The model was verified using the data from measure-
ments of laser radiation absorption in real time [16]. One
can believe that direct experimental verification of the
model in which oscillations in temperature on the surface
of a melt pool are registered will also be possible in the
future. The direct experimental verification can be per-
formed using in situ thermal monitoring of the melt pool
that records the real-time temperature of the melt pool. To
date, such monitoring systems employ the basic concept
suggested by Concept Laser and the research group by J.P.
Kruth in Ref. [44].

The control system combines two recording subsystems
that complement each other. A single control device is
incapable in this situation because of multiple reflection
effects and instability of the measured signal. The CMOP
camera is used for measuring the dimensions of the melt
pool at frame rates between 5 and 10 kHz. Simultaneously,
the high-temperature diode registers a radiation level emit-
ted from the melt pool at even higher frequencies. The
diode with a sampling rate above 20 kHz is sufficient
for experimental verification of the effect of temperature
oscillations suggested in our paper.

VII. SUMMARY

This paper presents and validates an alternative analyt-
ical model of temperature oscillations applicable to laser
welding and 3D-printing processes. The model employs
perturbation theory and incorporates radiative and convec-
tive heat transfer, reactive vapor pressure, and hydrody-
namic effects. Based on the performed simulations and
comprehensive comparison with experimental data, the
following conclusions have been drawn.

(1) It has been proved that the origin of oscillations of
the melt-pool surface can be connected to temperature fluc-
tuations at the free surface caused by the feedback coupling
between energy absorption, intensive metal evaporation
and multiphase forced convection.

(2) The model developed in the present paper consid-
ers the effect of temperature oscillations as a primary (i.e.,
governing) mechanism that initiates periodic oscillations
of the melt pool’s surface. The keyhole effect is inter-
preted as a secondary (i.e., assistant) factor specifically
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in this matter. This assumption is made based on critical
evaluation of available experimental data, including mea-
sured frequency spectra and the molten zone depth. Thus,
the keyhole effect may give additional frequency peaks in
the spectrum similar to the frequency modes depicted in
Fig. 6(b).

(3) The developed model introduces the analytic
expression Eq. (5) for the natural (basic) frequency of vy
that depends on the maximal temperature T, of the melt-
pool surface, its linear size / and material thermophysical
properties of the melt. The vy value increases as Tj,,x raises
and it is inversely proportional to the / value. The verifica-
tion performed on reliable experimental data provided in
the literature [16] has shown the fair agreement between
the calculated and measured vy in the absorptance spectra.
The model also explains the registered tendency towards
vy decrease if the pulse energy increases.

(4) Equation (5) defines the function vo(Tpmax, /). The
formulated analytical model of temperature oscillations
allows the inverse problem to be solved for determination
of the maximal melt-pool temperature through Egs. (10)
and (11). These equations are derived in the approxima-
tion form, and they correspond precisely to Eq. (5) only
at Tax = Tvoil- The correction factor A ~ —0.1 is required
for error compensation. It is independent on /, vy and
depends on thermophysical material properties.

(5) For the parameters of the stainless 316L steel
defined in Table I, the best correspondence between
Egs. (10), (11) and Eq. (5) is obtained at A = —0.11. In
this case, the calculation error does not exceed 5 K in the
temperature range Tiax = Tpoit £ 300 K and it diminishes
as Timax approaches Tyoi. Therefore, Egs. (10) and (11) are
recommended for practical application for in situ monitor-
ing of the maximal melt-pool temperature in real time. This
method is more practical and accurate compared to absorp-
tance measurements, where the melt-pool temperature is
substantially altered by intensive metal evaporation.

(6) An analytical expression Eq. (5) for the attenuation
coefficient ¢ is developed where ¢ depends on Ty, char-
acteristic flow velocity vy, and thermophysical properties
of the melt. As follows from the performed analysis, ¢
drops with T}, increase and it is linearly proportional to
vch- In the case of ¢ elevation, the resonance peak becomes
wider and background fluctuations build up. Upon achiev-
ing the critical level ¢ = 0.4 the resonant peak disappears
and the temperature oscillations decay. A semiquantitative
assessment has revealed a good match between the calcu-
lated and experimentally measured spectrum profiles;.

(7) The thermocapillary (Marangoni) effect does not
contribute any additional peaks into the oscillation spec-
trum. However, it may affect either vy and ¢ indirectly via
hydrodynamic coupling. In the present work, this effect
is found significant. In the simulation series, the varia-
tion of the temperature coefficient 8 of surface tension in
the range B € [—4 x 1074 x 107*]N/(m K) yields

substantial deviations in the frequency response. The vari-
ations are in the ranges vy € [4744;8198] Hz and vy €
[4731;7977] Hz at the processing regimes No. 1 (with
the pulse energy Eiynp = 3.1 J) and No. 2 (Ejpp = 3.27 J).
The attenuation coefficient fulfills the ranges ¢ €
[0.075;0.515] and ¢ €[0.115;0.507] correspondingly,
i.e., the dissipation rate changes drastically at different 8
values;

(8) The best correspondence to the experimental data
[16] is received for the semiwidth (lexp, = 209 um ver-
sus lim =204 pm and o, = 234 pm versus i, =
231 pm at the processing regimes 1 and 2), natu-
ral frequency (vexp = 8600 Hz versus vy gm = 8198 Hz,
Vexp = 6400 Hz versus vg g = 6462 Hz at the processing
regimes 1 and 2) and spectrum profiles at 8 = 0 N/(m K).
The value B = 0 N/(m K) is considered to be an effec-
tive value of the temperature coefficient of surface tension,
which provides the most accurate fit within the linear
approximation for the particular system and temperature
range corresponding to the experimental data presented in
Ref. [16].

(9) The case of B8 = 0 N/(m K) is particularly inter-
esting because it shows an unusual decrease of the max-
imal temperature Ty, if the pulse energy increases from
Eimp = 3.1 J to Ejnp = 3.27 . The physical reason for that
behavior is a complex coupling between thermophysical
and hydrodynamic phenomena under laser processing of a
metal surface by a stationary pulse laser. Proper accounting
of this effect may be pivotal in modeling of the 3D printing
of thin-wall parts where pulse lasers are usually utilized
[45,46].
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