Technical Physics, 2026, Vol. 71, No. 3

01

Deep penetration of metals by concentrated energy fluxes
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This article discusses the current state of fundamental research into the phenomenon of deep melting caused by
high-power energy sources, such as laser radiation and high-energy particle beams. This phenomenon is observed
when the power density of these sources exceeds a certain threshold level, and the shape of the melted zone
changes from shallow and semicircular to deeper and elongated, due to the formation of a hollow channel through
which the beam penetrates deep into the metal. The focus is on the results of studies of the hydrodynamic
aspects of melting channel formation and its dynamic behavior in technological processes. Various capillary effects,
including thermocapillary and electrocapillary, can determine the hydrodynamics of technological processes under
various conditions and at different stages. The results of these fundamental studies are consistent with experimental
data across a range of technological powers, demonstrating the inconsistency of the widely held assumption in the
engineering community that melting channel formation is due to intense evaporation and removal of melt by the

high recoil pressure of a vapor flow.
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Introduction

The phenomenon of deep penetration (DP) forms the
basis of the keyhole mode of metal processing in laser
and electron beam technologies, which are in demand
in the aerospace, nuclear, energy, and defense industries;
shipbuilding; engine building; medicine; etc. The prospects
for their application and further improvement are associated
with digitalization and the development and implementation
of scientifically grounded guidelines for the selection of
optimal process parameters [1,2]. The DP phenomenon
is essentially a threshold change in shape of the molten
region: instead of being shallow and semicircular (in the
subthreshold conduction mode), it becomes narrow and
elongated (Fig. 1) due to the formation of a hollow channel
(keyhole) through which the beam energy penetrates deep
into metal. In this case, the depth-to-width ratio of the
molten zone (L/D) exceeds unity and may reach a level of
several dozen.

The DP mode is implemented in welding technologies
(laser, electron beam, hybrid laser-arc) and in additive
processes of selective melting of metal powders with a
laser or an electron beam. Laser cutting of thick metals
may also be regarded as a technology of this kind, since
it is characterized by a strong perturbation of the melt
hydrodynamics when melt products are removed with a gas
jet [3].
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The advantages of the DP mode include increased
productivity and process efficiency, the capacity to weld
together thick parts in a single beam pass, smallness of
the heat-affected zone, minimal thermal deformation, and
improved degassing of the melting zone. In additive
manufacturing with selective melting of powder layers, this
mode allows one to enhance productivity by increasing
the thickness of the powder layer and raise the strength
and wear resistance of the finished product by improving
the bond between layers, refining grains, and altering the
microstructure. The disadvantages of this mode are the
instability of a keyhole and the formation of pores, which
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Figure 1. Schematic diagram of melting zones corresponding to
different melting modes.
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make it difficult to manufacture products of the highest
quality and require greater efforts from process engineers
to minimize and eliminate pores.

The boundaries of the range of process parameters
within which the DP mode may be implemented are
set by radiation power P, focal spot size d, and the
metal properties. The lower boundary of this range is
associated with the transition between melting modes and is
traditionally characterized by threshold power density g.;(d)
that implies a quadratic dependence P,,(d) ~ d*, where
Py, is the threshold power. Since this dependence does not
reflect the reality, the g,,(d) values are accurate only within
a very narrow range of d variation. It was demonstrated
in [4] that linear dependence P,,(d) ~d characterizes
the threshold transition more accurately. However, the
maximum accuracy within a two-order-of-magnitude range
of d variation is achieved with P,,(d) ~ d*> (see Section
8). The upper limit of the technological range, which
is associated with the onset of unwanted melt splashing
and droplet dispersion, remains unexplored. Under typical
laser welding conditions (d ~ 500um) for steel samples,
this boundary corresponds to gy ~3MW/em? [5] (or
Py ~ 6000 W). In the present review, we examine the
hydrodynamic processes within the ¢,,(d) < g < qgi(d)
(Pim(d) < P < Pg,(d)) technological range.

The research into technological processes in the DP
mode is focused on accelerated assimilation of new
technologies and relies primarily on engineering methods.
Since insufficient attention is paid to fundamental research,
the current advances are intertwined with contradictory
conclusions made by specialists coming from various fields
of knowledge, sciences, and schools. To resolve the ob-
served contradictions, one needs to analyze and systematize
a large body of available research results and identify
general trends. In this review, we discuss the results of
fundamental studies into the DP phenomenon that reveal the
mechanism of material self-organization under the influence
of highly concentrated energy fluxes, where each technology
is considered as a particular manifestation of the general
mechanism.

The formation of a keyhole is a multiphysical non-
equilibrium process with moving phase boundaries, which
includes heat and mass transfer, surface phenomena, com-
plex hydrodynamics, the dynamics of evaporation and vapor
outflow, thermal emission of charges, the formation of
plasma and the interaction of radiation with it, electrody-
namic processes, waveguide propagation of laser radiation
in the keyhole, etc. Physical modeling of such a complex
phenomenon is a difficult problem, which is unlikely to be
solved without the use of numerical methods and without
reliable data of the mechanism of the phenomenon. At
present, computer modeling of the DP mode is used
successfully to solve technological problems based on
the determination of temperature fields for prediction of
thermal stresses, deformations, and crack formation. The
reproduction of hydrodynamic fields is needed to predict the
formation of hidden defects of hydrodynamic origin (pores

and cavities) and prevent their emergence in the process of
manufacture of high-duty products. However, owing to the
methodological confusion that complicates the study of DP,
this problem has not been solved yet.

1. Methodological aspects of
development of DP concepts

The knowledge of temperature fields and cycles is con-
sidered in DP technologies to be the basis for understanding
all associated metallurgical processes related to the physics
of metals, chemical kinetics, plasma physics, etc. This
list normally does not include hydrodynamic fields, since
their influence is assumed to be insignificant. The concept
had been formed by the time when the DP phenomenon
was starting to be incorporated into production processes
in the 1970s. N.N. Rykalin has proposed to treat the
temperature distribution in DP as a result of influence of
two heat sources: a point source on the surface and a
source distributed linearly over depth. This makes it pos-
sible to obtain approximate temperature fields analytically
even when data on the physics of keyhole formation are
lacking. A realistic numerical simulation of the keyhole
is needed to increase the accuracy of calculations. An
approximation based on the calculation formalism of the
ablation mechanism, where a keyhole is assumed to form
as a result of displacement of the melt by the recoil vapor
pressure, was used for this purpose [6-8]. At the same time,
attention was drawn in [9] to the possibility that a keyhole
is maintained by thermocapillary (TC) forces moving the
melt. This was a response to the reported measurements
of vapor pressure in the keyhole [10], which turned out to
be orders of magnitude lower than the values required to
form the keyhole by ablation pressure. These measurements
questioned the relevance of the ablation mechanism to
DP and have been verified later by similar measurements
performed in [11,12]. It is worth noting here that all
experimental confirmations of the ablation mechanism were
obtained outside the technological power range (at very
high power densities exceeding 10® W/cm? [13]). Thus, the
insignificance of ablation pressure under process conditions
has been demonstrated experimentally as early as in the
1970s, paving the way for understanding the TC mechanism
of keyhole formation. This issue was debated at the
turn of the 1970s and 1980s, and different views on the
DP phenomenon and approaches to its examination were
proposed. However, while some were interested in finding a
suitable physical mechanism, others needed a computational
method to simulate a keyhole for numerical determination of
temperature fields. These two different approaches proved
difficult to reconcile, and the debate became heated. The
already available experimental data contradicted the ablation
mechanism and testified in favor of the TC mechanism.
However, a physically sound mechanism was not required to
simulate a keyhole in the process of numerical reproduction
of temperature fields for solving thermal problems of mass
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engineering. A calculation formalism based on any of the
mechanisms is sufficient for this purpose. Since the ablation
mechanism is the simplest, the TC mechanism was rejected.

A wide range of professionals perceived this verdict as
a scientific conclusion regarding the physical mechanism
of DP. Process engineers, who regularly observed the
emergence of a bright plasma torch of metal vapor in the DP
mode, even regarded it as a statement of the obvious. As a
result, contradictions found between the ablation mechanism
and the experimental data were ignored as erroneous. Thus,
the concept of ablation mechanism being the dominant one
in the DP phenomenon has become entrenched in scientific
and technical literature and engineering textbooks. Opting
for the ablation mechanism as a calculation formalism for
keyhole simulation, the researchers limited themselves to
the reproduction of temperature fields only. However, these
limitations were not understood, and the ablation mecha-
nism was also used in numerical modeling of hydrodynamic
fields (i.e., outside the range of applicability).

The demand for numerical simulation of hydrodynamic
processes arose in a relatively confined but very important
sector of technological engineering associated with the
manufacture of high-duty products that meet the highest
quality requirements and are a marker of technological
leadership of industrialized countries. It is assumed that
this should help eliminate the main drawback of the
DP mode: unwanted generation of pores by an unstable
keyhole. Acting as stress concentrators, pores reduce the
reliability and service life of critical parts and components
operating in high-stress environments. The production
parameters need to be optimized in order to suppress the
formation of pores. At present, this is achieved through
trial and error, which is typical for the initial stage of
technology development (when a proper theory has not
been formulated yet), but requires the examination of a
large number of samples over a long period of time and
a significant investment of effort, time, and resources. This
poses a challenge to additive manufacturing, undermining
their capabilities and prospects for digital transformation of
industry. The response must be an accurate prediction of
pore formation based on reliable knowledge of the nature of
the technological process. However, researchers solving this
problem encountered difficulties in numerical reproduction
of hydrodynamic fields, citing the lack of precise knowledge
of the driving forces affecting the flow of fluid, which limits
the reproduction of hydrodynamic processes to just a few
qualitative effects, as the reason for their failures [14]. These
failures may arise from an overestimation of significance of
the ablation mechanism. This is evidenced not only by
the above-mentioned data on the insignificance of vapor
pressure in the keyhole [10-12] and other reports revealing
little evaporation in the keyhole [15,16], but also by the
lack of reliable validation of calculation models of the DP
mode [17,18].

At the same time, fundamental research into the TC
mechanism was ongoing, and the obtained results and
conclusions were in close agreement with experimental
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data. We outline them briefly in the present review,
starting with model experiments [19,20], which demon-
strated the fundamental possibility of forming a keyhole
with insignificant evaporation. These data were used to
construct a theoretical evaluation model for the formation
of a keyhole via melt removal by TC forces [21,22], and
estimates verifying the relevance of the TC mechanism
under process conditions were obtained. Studies into the
initial stage of metal melting in the DP mode confirmed the
formation of a shear structure of TC flow in the irradiation
zone and revealed the reason for nonlinear dynamics of
keyhole growth under point impact [23]. A relation for
the conditions of threshold transition to the DP mode was
obtained [24], and its correspondence to experimental data
was confirmed. It was established that the generation of
pores by an unstable keyhole is the result of excitation of
capillary-wave oscillations of the melt [25]. The key patterns
of pore generation were revealed [26,27], and the obtained
relations were verified by comparison with experiments.
A criterion for termination of pore formation, which sets
the position of a window in the coordinates of process
parameters and opens up an opportunity to digitalize routine
procedures of development of technologies for manufacture
of high-duty products, was defined.

The TC flow structure at DP has a feature that distin-
guishes it from the TC flow structure in the subthreshold
conduction mode [19-22]. If this feature is neglected, the
commitment to take into account the actions of both mech-
anisms (ablation and TC) may also lead to erroneous results
and conclusions regarding their contributions [28-31], which
makes the real hydrodynamic picture even harder to see. In
the mean time, correct supercomputer calculations [32] car-
ried out at the Livermore Laboratory with the aim of testing
the idea of cavity formation by the TC mechanism [20]
confirmed that a deep cavity may be formed in metal
under the influence of just the TC mechanism with the
contribution of the ablation mechanism being immaterial.
The reason for underestimation of the significance of the
TC mechanism in [28-31] was analyzed in [33], and it was
concluded that this error is attributable to the use of a coarse
computational grid inconsistent with physically justified
requirements as to the discretization of the computational
domain.

Fundamental studies into the role of capillary phenomena
in DP processes provided an opportunity to interpret a
number of effects and correlations that could not be
explained using the ablation and TC mechanisms. Among
them are the synergistic effect in hybrid laser-arc process-
ing [34] and the empirically observed correlations of the
penetration depth with the ambient pressure variation, the
characteristics of near-surface plasma, the emission current
signal [35], and the direction and strength of the external
electric field [36]. To gain an insight into these effects
and correlations, one just needs to consider that surface
tension depends not only on surface temperature, but also
on electric potential. This idea is illustrated in [37] by the
hypothesis of acceleration of TC flow by electrocapillary
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forces, which are induced by dependence o (¢) of surface
tension on electric potential that is distributed non-uniformly
along the surface. This hypothesis points to a potential
way to develop and improve methods for monitoring and
managing technological processes.

2. Evolution of a keyhole under the point
impact of continuous-wave laser
radiation

Visual observation of DP of metals is hampered by
difficulties associated with high temperatures in the irra-
diation zone. Model experiments provide an opportunity to
avoid these complications. Specifically, a model experiment
on laser melting of paraffin, where imaging is facilitated
by the lack of laser plasma and the optical transparency
of molten paraffin, proved informative. The results of
observation of the evolution of a keyhole in paraffin with a
depth up to 3—5mm formed by stationary and continuous-
wave laser radiation with a power of 20—30W were
presented in [19,20]. The peculiar pattern of evolution
of the keyhole in paraffin, which ends with flow-in and
collapse despite the fact that irradiation is still ongoing,
has been noted for the first time in monograph [38]. A
toroidal vortex flow with TC recirculation of the melt is
formed instead of the vanished keyhole (Fig. 2). A low
rate of paraffin vapor outflow (~ 1cm/s) was recorded
during the formation of the keyhole, which confirmed the
infeasibility of forming a keyhole by recoil vapor pressure.
The intermediate stage with excitation of melt oscillations
in the keyhole and alternating capture of gas bubbles, which

No melting
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Figure 2. Evolution of the molten pool. Variation of depth of
the keyhole in paraffin and appearance of the molten pool with
time under the influence of continuous-wave laser radiation with
a power of 30W. a,b — 1st stage, crater formation; ¢ — 2nd
stage, excitation of melt oscillations in the keyhole; d,e — 3rd
stage, keyhole collapse as a result of flow-in with irradiation still
ongoing.

has a clear similarity with the generation of pores by an
unstable keyhole in actual processing of metals, is of interest.
Thus, a simple model experiment provides an insight into
the physics of complex hydrodynamic processes in real
technologies.

The change in nature of hydrodynamic processes allows
one to distinguish three stages of evolution of the keyhole.
The first stage is characterized by keyhole growth. With
insignificant evaporation, just a slight influence of recoil
vapor pressure, and an insignificant contribution of the
ablation mechanism, TC removal of the melt from the
irradiation zone is the only feasible driving force behind
the keyhole formation. This is confirmed by the flow-in
and vanishing of the keyhole at the final stage of evolution,
which is observed with laser irradiation still ongoing.
An evaluation theoretical model was constructed, which
provided an opportunity to make confirmatory estimates
for both paraffin penetration and penetration of various
metals [19-22]. The fundamentals of this model are
presented in Section 3. The intermediate (second) stage of
evolution of the keyhole is characterized by the excitation
of intense oscillations in the melt layer on its walls, which
may lead to bubble capture (see Section 6). Data on
the hydrodynamic processes at this stage are of particular
importance for solving the problem of pore formation in
the DP mode in development of process technologies for
manufacture of high-duty products (see Sections 6, 10).

3. TC mechanism of deep laser
penetration

The TC effect is well known as a mechanism of melt
recirculation (Marangoni convection) in the subthreshold
conduction mode. This flow forms if a metal is heated
non-uniformly and surface tension o(7) is temperature-
dependent. Its structure include a near-surface TC flow and
a reverse flow with friction against the bottom. The action of
TC forces on the surface determines the flow direction and
depends on the sign of temperature coefficient of surface
tension or = 0o /dT. It is always negative for pure metals
(or < 0) and specifies the direction of TC forces from hot
metal at the center of the irradiation spot to the colder
part at the periphery of the irradiation spot. The sign of
or may change to positive (o7 > 0) under the influence of
surfactants, impurities, or contamination. The TC flow is
then directed from the periphery of the irradiation spot to
the center. A positive or is characteristic of alloys heated
from melting point 7); to a certain point of inversion of
the sign of o7, above which the sign of o7 always changes
to negative, since the surface tension understandably tends
to zero at the critical temperature. The or sign inversion
point is normally located ~ 100—300° higher than Ty;
therefore, it remains lower than boiling point 7, which
is characteristic of heating of the keyhole walls in the DP
mode (according to the experimental data from [39]). This
is the reason why the sign of o7 is always negative (or < 0)
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in the DP mode, and the TC flow is directed from the center
of the molten pool with characteristic temperature 73 to the
periphery with temperature 7). Thus, condition o7 > 0
may be satisfied only in the conduction mode of melting of
metals.

Let us consider the simultaneous motion of two phase
boundaries: the melting front, which moves with velocity
Vu, and the free surface deforming at rate Vg by virtue of
conservation of mass due to the TC melt spreading. Note
that the formation of a vortex flow with closure of flow
lines is non-instantaneous and requires a certain time. At
the initial stage of melting, the TC flow always has a shear
structure, which leads to melt removal from the center of
the irradiation zone to the periphery and deformation of the
surface. Owing to the conservation of mass, deformation
rate Vg is small compared to velocity Vs of the melting
front at a low TC flow velocity V; ie., Vs < Vy. Under
this condition, the thickness of the melt layer increases
with time, which implies further closure of flow lines and
formation of TC melt recirculation. The pattern changes if
TC flow velocity V is so high that the level of Vs = Vy
is reached. In this case, both phase boundaries move
while maintaining the thickness of the molten layer and the
shear structure of TC flow (without the closure of flow
lines and the emergence of a reverse bottom flow). This
flow structure is characteristic of the removal of melt from
the irradiation zone and the formation of a cavity [19-22]
(Fig. 3). As a cavity grows in metal, laser radiation gets
reflected multiple times from the walls and the effective
absorption increases to A = 0.6—0.9 [40,41], which helps
maintain a high deformation rate under condition Vs = V.
The characteristic TC flow velocity is determined from the
balance of surface TC forces and resistance forces of the
viscous sublayer:

or aT

Ve — —3§,
n dr

where 7 is the dynamic viscosity, oy = |06 /3T |, 3T /dr is
the temperature gradient along the melt surface, and ¢ is
the viscous sublayer thickness that is equal to molten
layer thickness /# in the case of a shear flow struc-
ture; ie, 6 = h. If the molten layer thickness is small
(6 = h <« d), the temperature gradient may be estimated
as T /dr =~ Aqh/(Ad), where Aq is the absorbed power
density (A =0.6—0.9 [40,41] is the effective absorption in
the keyhole), 1 is thermal conductivity, and d is the focal
spot diameter. The velocity of shear TC flow may then be
written as o2
. ()
nd

Thickness 7 = § is determined from equality Vs = V), upon
the formation of a cavity

s A\ 2n32a2 5
=" =\ TagoPor)” @)

where y is thermal diffusivity and p is density. Relations (1)
and (2) allow one to estimate the velocity of shear TC flow,

Vv
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Laser beam

Figure 3. Thermocapillary shear flow of melt and cavity growth
in steady-state conditions at A(r) = §(¢) and Vs(¢) = Vu(¢) with
multiple reflections of laser radiation from the walls.
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Figure 4. Maximum depth of laser penetration of steel calculated
according to the TC penetration model [22] with account for the
spread of data on material properties. Points correspond to the
experimental data from [43].

its thickness h = §, cavity growth rate Vg, and threshold
power P, (d) = qu(d)(nd?/4) of transition to the DP
mode (see Section 8). The obtained estimates correspond
to experimental values within the technological power
range [19-22]. The TC model provides an opportunity
to estimate the maximum keyhole depth. The nature of
dependence of the maximum depth of steel penetration on
laser beam power was established in the form of L ~ P%7
in [42] (Fig. 4) through analysis of a set of empirical data. A
close analytical dependence L ~ P?3 was obtained in [22]
with the assumed TC mechanism of DP. This dependence is
represented in Fig. 4 by the shaded region, which accounts
for the spread of data on the properties of steel. The
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correlation of calculated and experimental data verifies the
TC mechanism of DP.

4. Evolution of hydrodynamic parameters
at the initial stage of keyhole
formation

The evolution of penetration parameters and their influ-
ence on the growth of a cavity at the initial stage of melting
were analyzed in [23]. The process of metal melting by
stationary and continuous-wave radiation focused into a spot
with a diameter d was considered; curves characterizing
the evolution of the following parameters at constant metal
properties are plotted alongside each other in Fig. 5: surface
temperature 7(¢t), TC flow velocity V(¢), melting front
velocity Vi (1), surface deformation rate Vg(r), thicknesses
of molten layer h(z) and viscous sublayer §(¢), and DP
(keyhole) depth L(t).

Melt surface temperature. Radiation is absorbed within
a very thin layer on the metal surface. The propagation of
a heat wave over distance x in time ¢ is approximated as

“ TO~Ty
g B L2 ! . a
E T(t)|~l | ! ‘E\
‘S T | 1 1 V(t) ~ l‘l/2 S
S fm i i . =
N 1 1 v
S ! ' ! z
2 = | g
8 : ! ! ~ b
L3 ) R
55 R VORI
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) I I
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~
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Time, t

Conduction

Keyhole growth
melting

Figure 5. Evolution of melting parameters in the DP mode [23]:
a — surface temperature 7'(¢t), TC flow velocity V(t); b —
melting front velocity Vi (¢), surface deformation rate Vs(t); ¢ —
thicknesses of molten layer /() and viscous sublayer §(¢); d —
keyhole depth L(z).

x(t) = (xt)"/2. The change in surface temperature induced
by a heat source with constant power density g is

~ 2Aq [xt
AT (1) = =\

If A, A, and ) are assumed to be constant, the temperature
variation is AT(t) ~t/2. The process of melting com-
mences at temperature Ty, and time point ;. At time tg,
surface heating reaches saturation at boiling point 75 [39].
Therefore, two intervals may be distinguished in the melting
process: ty < t < tz with temperature variation T () ~ t'/2
and 7 > rp with temperature saturation at boiling point
T(t) = Ty (Fig. 5,a).

Thickness of the viscous sublayer. When TC flow com-
mences, the surface force is transferred by viscous forces
to the lower layers. If convective heat transfer is neglected,
the nature of their propagation through thickness & of the
viscous sublayer is similar to that of the propagation of
temperature; ie, at V > 0, §(t) ~ (vt)/? or §(t) ~t'/?
(Fig. 5,¢).

Thermocapillary flow velocity. The velocity of thermo-
capillary flow starts to increase in accordance with rela-
tion (1) at time point #,;. Notably, it grows linearly with time
in the fy <t < tp interval, since V(t) ~T(t) ~6(t) ~ 1.
At t = 1p, the temperature reaches saturation 7' (t) = Tp; at
later points in time (¢ > 1), it remains unchanged, while
the TC flow velocity increases with a nonlinear deceleration
over time V(t) ~ §(t) ~ t'/2 (Fig. 5,a).

Surface deformation rate. Radial spreading of the
TC flow with velocity V at a viscous sublayer thick-
ness of § causes deformation of the liquid surface,
which proceeds at rate Vi(¢), and the formation of a
cavity (see Fig. 3). The mass conservation condition
is written as Vs(t)(7d?/4) = V(t)8(t)nd, which yields
Vs(t) =4V(1)5(t)/d. At V(t) ~t and §(t) ~ 12, the
surface deformation increases with nonlinear acceleration
Vs(t) ~ 132 in the tyy < t < tp interval, and surface heating
at ¢t > tp reaches saturation at boiling point 7. Therefore,
the Vs(¢) velocity increase slows down (by virtue of
V(t) ~ 2 and §(t) ~ t'/?) and becomes linear: Vs(t) ~ ¢
(Fig. 5, b).

Molten layer thickness. Molten layer thickness /(z) is set
by the motion of two phase boundaries. In a moving frame
of reference associated with the absorbing surface, thickness
h(t) increases as the melting front moves deeper into the
metal with velocity Vi (¢) ~ (x/t)"/? and decreases due to
deformation of the surface at rate Vi (¢). Using Vy,(¢), Vs(z),
and T(¢) and denoting C = 8Aqv/m'/?1d, we obtain

8A4X1/2V (52

h(t) =V (1) = Vs(0)e ~ ()" — =7

—12(1V2 — ),
Thus, the onset of melting is marked by an increase in h(z)

due to rapid (but slowing down nonlinearly) propagation
of a heat wave h(t) ~t/2.  However, thickness h(t)
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then decreases abruptly due to nonlinear acceleration of
deformation rate Vs(r) ~ 32, As a result, the growing
viscous sublayer adheres to the melting boundary at time
point 7c. The fulfillment of no-slip condition A(r) = §(¢)
completes the formation of shear TC flow (Figs. 3,5,¢).
Starting from ¢, two phase boundaries separated by the
viscous sublayer are engaged in dynamic interaction. The
viscous sublayer limits the rate of surface deformation by
viscous deceleration of TC flow, but also maintains a proper
level of the melting front velocity by keeping thickness
h(r) at the lowest possible level and thereby ensuring the
maximum possible heat flux to the melting front. Thus, no-
slip condition %(z) = §(r) for the viscous sublayer leads to
effective removal of the melt from the irradiation zone and
to the onset of growth of a cavity with equal velocities
Vu(t) = Vs(t). No-slip condition h(r) = 8(r) is violated
when the maximum keyhole depth is reached and the
process of removal of the melt from the keyhole throat
ceases.

Penetration depth. Point of adhesion 7- divides the
melting process into two phases: preparation of shear
TC flow (fyy <t < tc) and the phase of steady keyhole
growth (¢ > tc) (Fig. 5,d). The first one is charac-
terized by an insignificant surface deformation with an
increase in penetration depth due to thermal conductivity:
L(t) ~ h(t) ~ t'/2. The second phase is associated with the
keyhole growth and nonlinear acceleration of the penetra-
tion depth: L(t) =~ Vs(t)t ~ T(t)8*(t)t ~13/% atty <t < tc
and L(t) ~8%*(t)t ~1> at t > tg. Apparently, a jump
in effective absorption A resulting from radiation capture
by a cavity accelerates the keyhole growth additionally
(Fig. 5,d). The existence of two phases of penetration with
a characteristic break in the L(¢) evolution curve is observed
in experiments with metals [43] (their results are analyzed
below in Section 6).

Thus, the above analysis confirms that it is the TC nature
of flow that ensures a high rate of surface deformation in the
DP mode, contributes to maintaining the shear structure of
TC flow, and governs the formation of a keyhole. Notably,
this keyhole exists only in a short time interval within which
the shear structure of TC flow is preserved after adhesion
of the viscous sublayer to the melting front.

5. Experimental determination of the
mechanism of deep penetration in
metals

Ablation and TC mechanisms differ in the application
of forces to the free surface of the melt. The force of
ablation recoil vapor pressure acts along the normal to
the free surface, while TC forces are directed tangentially.
This shapes the specifics of evolution of a cavity under
point and long-term exposure to radiation, which allow
one to establish experimentally the dominant mechanism of
keyhole formation. If the ablation mechanism is dominant,
the keyhole evolution will involve two stages: initial
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Figure 6. Evolution of the keyhole with the ablation (dashed
curve) or TC (solid curve) mechanisms being dominant.

growth proceeding until the maximum depth is reached and
subsequent quasi-steady existence of a cavity under long-
term exposure to radiation (Fig. 6). This quasi-steadiness
of a cavity under the influence of recoil vapor pressure was
observed in model experiments on the effect of continuous-
wave laser radiation on liquids [44]. The lack of a melting
boundary makes experiments with liquids an inadequate
model of the DP phenomenon. The formation of a melting
boundary upon substitution of a liquid with paraffin in
experiments [19,20] alters radically the keyhole evolution.
It turns out that the keyhole is short-lived and vanishes
as a result of flow-in despite the fact that irradiation is
still ongoing. Following the keyhole collapse, TC flow
takes the form of vortex recirculation with a reverse bottom
flow characteristic of the conduction mode. This type of
evolution reflects the dominance of the TC mechanism with
an insignificant contribution of the ablation mechanism.

To extend the conclusions drawn from model experiments
to metal processing, one needs to confirm experimentally
that the nature of keyhole evolution in metals is similar. An
experiment with a sample in the form of a sandwich of two
tightly pressed plates of titanium and transparent sitall was
performed for this purpose. Laser radiation with a power
of 1.5kW was focused on titanium near its contact with
sitall [45]. The results of video recording of the keyhole
evolution in titanium are presented in Fig. 7. Thermal traces
of a keyhole at the stage of its growth, which are created
by the glow of metal heated to a high temperature, were
imaged. The maximum depth of the thermal trace is 4.5 mm
and is much greater than its width, indicating the formation
of a keyhole. When the keyhole reaches its maximum depth,
the image of its thermal trace is erased throughout the entire
height by a fast darkening wave moving from right to left
(similar to a shutter). This type of image fading cannot be
represented by a time dependence of depth; therefore, it
is denoted by a shaded region. The sudden vanishing of
the image may be attributed to spiral flow-in, which will
be discussed in Section 6. The penetration process was
recorded over a sufficiently long time interval (~ 25s) to
ensure that the keyhole could not be re-formed.
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Figure 7. Evolution of a keyhole in titanium produced by
1.5kW laser radiation with final collapse and transition to melt
recirculation [45]. The direction of melt flow is indicated by arrows.

6. Main stages of keyhole evolution

Let us discuss the specific hydrodynamic processes at
each stage of keyhole evolution with a focus on the
conditions of transition from one stage to another.

The 1st stage is characterized by the growth of a cavity
with rapid deformation of the surface due to melt removal
by shear TC flow and was characterized theoretically
in [19-22]. The evolution of melting parameters and the
formation of shear TC flow at this stage [23] (Fig. 5) were
analyzed in Section 4, where this stage was divided into
two phases: the initial phase of shear flow preparation with
motion of the melting front driven by thermal conductivity
and the phase of steady keyhole growth with a high melting
front velocity V) = Vi due to rapid deformation of the free
surface and cavity growth. The Ist stage ends with the
cessation of TC melt removal from the keyhole throat due
to the suppression of temperature gradient on the keyhole
walls with increasing depth.

The 2nd stage is associated with transitional processes of
transformation of shear flow to melt circulation and flow-
in at the final 3rd stage of evolution. The 2nd stage is
characterized by the excitation of capillary-wave oscillations
of the melt layer on the walls of a deep cavity [19,20,25-27].
It starts with the cessation of melt removal through the
keyhole throat and accumulation of liquid mass in the
upper part of the keyhole. This causes a local separation
of the viscous sublayer from the melting boundary (ie.,
local disruption of the shear structure of flow). A reverse
wall flow, which emerges at the site where the viscous

sublayer gets separated, transfers the excess mass to the
bottom of the keyhole and allows the viscous sublayer to
re-adhere at the keyhole throat. The displaced mass induces
separation of the viscous sublayer at the bottom of the
keyhole. For this reason and due to the ,scissors effect,”
the maximum amplitude of oscillations of the molten layer,
reaching 30 %—40 % of depth L, is found in the root part of
the keyhole. Short-term alternating keyhole collapses with
the capture of a gas bubble, which occur when the crests
of waves from the opposite walls come into contact in the
upper part of the keyhole (Fig. 8), are possible in this case.

Such capillary-wave oscillations in technological processes
may induce keyhole instability with unwanted pore gener-
ation, which is recognized as the main drawback of the
DP mode. This is what makes the research into the 2nd
stage of keyhole evolution practically relevant. The buildup
of capillary waves is the result of TC instability [46-48].
Owing to incompressibility of the melt, transverse liquid
motion is induced by fluctuation TC motion of the melt
along the free surface, which leads to the emergence of
crests and troughs on the melt surface. Since the molten
layer features a constant negative transverse temperature
gradient, the surface temperature increases at crests and
decreases at troughs, establishing the preconditions for TC
buildup of capillary waves.

It was demonstrated in [32] that resonant amplification of
capillary oscillations at the 2nd stage of evolution may be
used to raise the efficiency of metal drilling by choosing
the proper frequency of modulated laser radiation. The
main patterns of pore generation in real technological DP
processes were established in [26,27], and the condition for
cessation of pore generation, which determines the position
of the technological window in the coordinate system of
key process parameters, was formulated. The results were
indicative of the potential to predict the technology window
position and provided a scientific basis for improving the
processing techniques.

The 3rd stage is associated with the final collapse of
the keyhole as a result of flow-in, which is accompanied
by closure of flow lines and stable recirculation of the
melt [19,20,45]. The process of keyhole collapse in paraffin
is fairly prolonged, which makes it easier to examine this
stage. The collapse in metals proceeds rapidly due to their
low viscosity, complicating experimental studies. High-
speed synchrotron (X-ray) imaging was used in [43] to
observe the evolution of a keyhole in metal. The obtained
evolution curve is shown in Fig. 9. The first two stages are
clearly distinguished in it.

The 1st stage features a well-pronounced preliminary
phase of slow melting and a subsequent keyhole steady
growth phase. This is consistent with the analysis of
formation of shear TC flow presented in Section 4 (Fig. 5, d).
The 1st stage of keyhole formation then passes into the
2nd stage with excitation of oscillations of the melt in the
keyhole. At this point, tracking of the keyhole evolution
was stopped for an unknown reason. The authors made no
mention of either a forced shutdown of the laser source or a
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Figure 8. Photographic images and diagram of capillary-wave oscillations of the melt in a keyhole in paraffin with the capture of a gas

bubble [25-27].

possible rapid keyhole collapse at the 3rd stage of evolution.
Presumably, the sudden ,loss“ of the tracked object made it
difficult to interpret the causes. With the experimental data
from [45] (Section 5, Fig. 7) taken into account, one may
assume that this termination of evolution curve tracking is
the result of a rapid keyhole collapse at the 3rd stage.

A similar difficulty is noted in experiments [49] on
reconstructing the keyhole evolution in stainless steel under
the influence of a laser pulse with a rising front (Fig. 10).
The results revealed a sharp discontinuity dividing the
keyhole evolution curve into two sections L; and L,.
Section L; represents the Ist stage of keyhole formation
with its two clearly distinguishable phases (slow melting
and rapid keyhole growth) and a very short 2nd stage
of evolution, which consists of just one oscillatory cycle.
This is followed by a sharp discontinuity at the moment of
reaching the maximum energy in a pulse; the continuation
of the evolution curve is denoted as L, (the dotted curve in
Fig. 10). Just as in [43], the authors made no comment on
this discontinuity in keyhole evolution, which is likely to be
attributable to the same difficulty in interpreting the rapid
keyhole collapse.
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Figure 9. Analysis of the keyhole evolution in a titanium

alloy under the point impact of laser radiation (based on the
experimental data reported in [43]).

The photographic images of cross sections of the melting
zone with traces of crystallization of spiral flows from
the drain funnel formed during the collapse in region L,
(Fig. 10), which were presented in [49], provide an insight
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Figure 10. Analysis of the experimental data from [49]. Keyhole
evolution in stainless steel under the point impact of a laser pulse
with a rising front. Cross section with traces of spiral melt flows
in the keyhole throat.

into the collapse mechanism. The spiral nature of flows
explains why the darkening wave moves from right to left
(similar to a shutter) in frontal video recording in [19,45]
and why the keyhole images vanish instantaneously and
entirely in experiments [43]. With such ,loss“ of the
tracked object, this stage of the keyhole evolution cannot
be represented by a continuous L(r) curve. Therefore,
curve L(¢) is simply interrupted in [43] and plotted in two
parts with a discontinuity in [49]; in [47] (Fig. 7), the
interruption of L(¢) is combined with a shaded region.

7. Evaluation of the relative contributions
of mechanisms in deep penetration of
metals

We use the Bernoulli equation for an ideal liquid (the
viscosity of liquid metals is low) to estimate the contribution
of the ablation mechanism to melt transfer. When the
ablation mechanism is dominant, the balance of static
pressures in liquid is given by

o
R + 087 = pasL, (3)

where pap; is the ablation vapor pressure, o/R is the
Laplace pressure, pgz is the hydrostatic pressure, R is the
surface curvature radius, g is the gravitational constant, and
z is the coordinate along the beam axis. Let us use the
experimental data from [11] on melting of Armco iron with
a 7.2kW electron beam in vacuum to evaluate the terms
of Eq. (3). Penetration depth L =20mm was achieved
with aspect ratio L/D =8. The mentioned experiment
is unique in its set of measurements, which includes the
surface tension of liquid iron (o = 0.42J/m?) and the
pressure in the keyhole (pag, = 0.31kN/m?) and provides
an opportunity to evaluate each term of Eq. (3).

]6_ T T T . i
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Figure 11. Variation of melt flow velocity with increasing laser
power. Points and the shaded region represent the experimental
data [50] and the results of calculation according to relations (1)
and (2).

1) The Laplace pressure is o/R~3.6—4.2kN/m> at
measured surface tension o = 0.42J/m? and keyhole radius
r ~ 1.0—1.15mm (with account for molten zone diameter
D ~ 2.5mm at known values of L = 20mm and L/D = 8).

2) The hydrostatic pressure is pgL ~ 2kN/m?.

3) The measured vapor pressure in the keyhole is
PABL = 0.31 kI\I/l’Il2

It follows from a comparison of pressure values that the
measured pressure in the keyhole is an order of magnitude
lower than the sum of Laplace and hydrostatic pressures;
therefore, it cannot provide mechanical support for the
keyhole. This excludes the possibility that the ablation
mechanism is dominant.

Measurements of the melt flow velocity at the front
wall of the keyhole in stainless steel [50] provided another
opportunity to estimate the contribution of ablation pressure.
With a laser radiation focusing spot diameter d = 0.9 mm
and a laser power of 6, 10b and 14kW, the average
values of melt velocity V were 7.5, 10.77, and 16.24 m/s,
respectively (Fig. 11, Table 1 (Nos. 1 and 2)). The
corresponding calculated values of TC flow velocity are
shown in Fig. 11 (owing to the spread of values of
stainless steel parameters, velocities are presented in the
form of a shaded region) and in Table 1 (No. 3). No-
tably, the calculations agree closely with the measurement
data.

The ablation vapor pressure is spent not only on me-
chanical support of the keyhole, but also on melt removal
from the irradiation zone at significant rates (see above).
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Table 1. Analysis of the DP mode parameters based on the experimental results [50]

Ne Parameters Experimental conditions [50]
Laser power, kW 6 ‘ 10 ‘ 14
! Focal spot diameter, mm 09
’ Melt Veloc@ty at the f?ont yval} of the keyhole 7.5 10.77 16.24 2
(experimental points in Fig. 11), m/s =
Thermocapillary mechanism (calculation) ‘g
3 Thermogapillary mejlt ﬂpw velocity 7.7-10 10—13 12—15.5 =
(calculation region in Fig. 11), m/s
Ablation mechanism (calculation)
4 Ablation vapor pressure in the keyhole, kN/m? 225 460 1055 ~ 0.31 [11]
5 Vapor outflow rate, m/s 475 670 1058 10—50 [52,53]
6 Rate of mass loss due to evaporation, mg/s 350 540 790 2—8 [51,54]
Laser power spent on evaporation, kW 2191 3.373 4914
7 Percentage of laser power spent on evaporation, % 36 34 35 0.5-0.6 [55]

Therefore, the sum of static pressures in Eq. (3) should be
supplemented with dynamic flow pressure pV?2/2:

2

% +pgz + % = PABL- (4)
Ablation pressure psp;. may be expressed in terms of
measured rate of mass loss m/t from focal spot area S.
The rate of lowering of the melt level due to mass loss
is then Vypr = %. Using the condition of conservation of
mass flow rate pyVy = pVagr (pv, Vv are the density and
velocity of vapor flow), we write the following for recoil
vapor pressure:

mV
pasL = pvVy = pVasLVv = S—tv (5)
Taking (5) into account, one may rewrite Eq. (4) in

measurable quantities:

o pV:  mVy

R+pgz+ TR (6)
The dynamic pressure estimate corresponding to the
measured values of flow velocity V =7.5—16m/s [50]
is pV?a225-1055kN/m?.  Taking py ~ lkg/m?® [51]
into account, we estimate the vapor outflow rate at

Vy = /B ~ 475-1058 m/s (Table 1, No. 5), which is

1.5—2 orders of magnitude higher than the values normally
observed in experiments (10—50m/s [52,53]).

Let us estimate the power cost of evaporation. Ac-
cording to (5), the rate of mass loss in vapor needed
to support mechanically a keyhole with a diameter
of ~1mm by vapor pressure should be estimated at

m_ pSViag = 24T — 350, 540, and 790 mg/s (Table 1,
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No. 6) with a beam power of 6, 10, and 14kW, re-
spectively. However, such m/t values are 1.5—2 orders
of magnitude higher than the typical experimental values
of ~2—-8mg/s [51,54]. In addition, high rates of mass
loss m/t should correspond to high levels of laser power
consumption for evaporation (m/t)Hy = 2.19, 3.373, and
4914kW (Hy is the specific heat of evaporation) at a
laser power of 6, 10, and 14kW, respectively (Table 1,
No. 7). These consumption figures amount to 34 %—36 %
of the total laser power and are 2 orders of magnitude
higher than the actual values (~ 0.5%—0.6%) confirmed
by experimental measurements [55] performed for stainless
steel and a welding laser power of 10kW. Note that
anomalously high evaporation costs (~ 40% of the laser
power) were also obtained in the calculation example with
the ablation mechanism, which was presented in Section 4.1
of monographs [2,38].

A low level of excess vapor pressure in the keyhole was
also confirmed by measurements during welding in vacuum.
For example, it was as low as 19—570Pa [10] when Al
alloys were welded with an electron beam with a power of
1.1-3.85kW, and was measured at 436 and 404 Pa when
Armco iron and titanium alloy VT1-0, respectively, were
subjected to electron-beam welding [12]. In addition, a
low vapor pressure (~ 10?Pa) in the keyhole was noted
in [56] with reference to measurements [57]. In [58], the
conclusion regarding a low pressure in the keyhole during
welding with a 25kW laser beam was formulated on the
basis of detection of protective gases (Ar, He) in the pore
volume [59]. The authors of [60] did also note that air
or protective gas (depending on the composition of the
working medium) were found in the pore volume. All
these data call into question the dominance of the ablation
mechanism in the DP mode. No measurements of pressure
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in the keyhole indicative of a high excess vapor pressure
(~ 10°—10° Pa) needed for the ablation mechanism were
found.

8. Threshold transition to the DP mode

Estimates of the threshold conditions for transition to
the DP mode based on the assumed dominance of the
ablation mechanism should rely on the magnitude of surface
deformation due to a sharp increase in recoil vapor pressure
observed when a certain temperature of developed evapo-
ration T* is reached [44]. Apparently, the first analytical
expression for threshold power density of the transition to
the DP mode was obtained in [61] with the use of fitted
parameters. This approach provided nothing beyond rough
estimates and was not developed further.

Models of the DP mode have long incorporated the
assumption of saturation of heating of the keyhole walls
at boiling point 75, which was later confirmed by measure-
ments [39]. It is believed that the sharp exponential increase
in ablation vapor pressure at boiling point 75 is the cause
of keyhole formation. Thus, boiling point 7z and developed
evaporation temperature 7 are assumed to be equal, which
is inconsistent with the results of numerical calculations of
temperature on the keyhole walls. For example, according
to calculations [31], deep penetration of stainless steel under
the influence of high ablation pressure requires heating the
keyhole walls to temperatures of ~ 4000—4200K, which
are significantly higher than 7 ~ 3300 K.

The temperature criterion for threshold transition to the
DP mode at T = Ty is often used to obtain an order-
of-magnitude estimate of threshold switching of melting
modes. For example, this criterion was used in [62,63] in
the analytical expression for the dependence of threshold
power on spot diameter d and beam scan rate W and
in [64,65] to identify the threshold transition by examining
the combined effects of power, scan rate, and size of the
beam. Notably, negligible energy losses due to evaporation
were assumed in this case, which excludes the possibility
that the ablation mechanism is dominant in supporting
a steady cavity (as was demonstrated in Section 7, this
requires ~ 30%—40% of the absorbed laser power, and
such power consumption cannot be neglected). Note that
temperature criterion 7 = T and the assumption of low
energy losses due to evaporation agree closely with the TC
mechanism of formation of the DP keyhole.

The threshold condition for melting mode change may
be determined using the TC mechanism if dependence (2)
for the thickness of shear TC flow & =4 is applied in the
heat flux density equation (Fourier law). The dependence
of absorbed threshold power on focal spot size d then takes
the form

Agm(d)md®>  AM(Tg — Ty)md?
APy = 4 = 45
~aM{d(Ts — Ty)}*(pot /x)"/°
o 4nl/2 : (7)

Here, A is the effective absorption of radiation by the
keyhole, which reaches a level of A =0.6—0.9 [40,41] in
the DP mode due to multiple reflections (see Fig. 3).

Figures 12,13 present a comparison of dependence
AP,(d) (7) of the absorbed threshold power with effective
absorption within the A = 0.5—1 range with experimental
data for the main structural metals Fe, Cu, Al, and Ti (Ta-
ble 2). This comparison reveals quantitative and qualitative
agreement between the calculated results and experimental
data over a wide range of d variation. The AP, ~ d*3
nature of the dependence is confirmed. Therefore, a
correct characterization of threshold conditions for each
metal should include not only the power (or power density),
but also the focal spot size.

In Figs. 12 and 13, formula (7) is compared with the
analytical dependence of threshold power for a round focal
spot with a uniform power distribution proposed in [63].
Calculations were performed for Fe, Cu, Al, and Ti with
the spot diameter values varying within a wide range typical
of laser welding and the additive process of selective laser
melting of powder layers. Calculations in accordance with
the formula proposed in [63] were performed for two beam
scan rates W = 0 and 1m/s, which are shown in gray. A
total of 36 experimental points obtained in 25 studies were
used for comparison. The scatter of experimental data is
within the limits of possible variation of effective absorption
A=05-1

The comparison demonstrates that relation (7) character-
izes the threshold conditions much more accurately than
the formula proposed in [63]. A sufficient closeness of
agreement between the calculations using relation (7) and
the experimental data verifies the correctness of the initial
assumptions regarding the causes of threshold transition to
the DP mode. The confirmed accuracy of expression (2)
for the thickness of shear TC flow allows one to formulate
requirements as to the computational grid step in numerical
models of the DP mode.

The dependence of threshold power on the absorption
of radiation with different wavelengths is illustrated by the
results for copper (points Cu 2 and 3) [72] obtained under
the influence of laser radiation with a wavelength of 515
and 1030nm. In this case, the absorption of radiation by a
flat copper surface within the green range of the spectrum
(515nm) is close to 0.4, while the approximate absorption
of IR radiation (1030nm) is 0.03. However, the effective
absorption increases as a result of multiple reflections in the
keyhole. The value of A for green radiation (515nm) and IR
radiation is close to unity and the A = 0.5 limit, respectively.

The ingression of cold metal onto the beam at a high scan
rates interferes with propagation of the melting boundary
on the front keyhole wall and reduces the thickness of
the molten layer. This is what shapes the dependence
of threshold power on the scan rate. The increase in
threshold power with increasing scan rate is reflected in the
experimental results (points Fe 2,3,4) [40] for stainless steel
obtained at a scan rate of W = 100, 500, and 1500 mm/s.
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Table 2. Correspondence between the point numbers in Figs. 12 and 13 and experimental studies from the list of references

Point No. 1 2,34 5 6 79,12 8 10 11
Iron (steel)
Experiment [68] [40] [67] [46] [4] [68] [69] [70]
Point No. 1 2,3 4 5 6 7
Copper
Experiment [71] [72] [73] [74] [75] [76]
Point No. 1 2 3,4 5
Titanium
Experiment [77] [78] [43] (79]
Point No. 1 2 3-6,8,11 7 9 10 12
Aluminum
Experiment [66] [80] [81] [82] [83] [84] [6]

9. Requirements as to discretization of o a B
the computational domain and time in S a4t Fe .=ty 40 E
numerical modeling of the DP mode Y e

o T "2 i 1 =

. . . . S N il 120 8

It is known that the veracity of a numerical solution g [ s 173
is affected not only by the completeness of the system é 21k 410 =

of equations and boundary conditions characterizing the S8~ , , , , , ] g{

= 0 0

model, but also by the correspondence of the chosen step &~ 0 1000 2000 3000 4000 5000 6000 E

of the computational grid and the time step to the real 5 b »

scale of the physical process. In addition to inclusion of S L Fe _ paerd Eﬁ

the boundary condition for the action of TC forces on the O §16 C d=500pum _.-=""" V 116 i

melt surface and precise determination of the position of the i(d 12 | S 112 3
. . S - 1=

melting front at the front wall, correct reproduction of shear o< 8F M 83

TC flow with thickness # = § requires a physically justified § z 4k 14 =

choice of step Ax of the computational grid to ensure the SRS oL ) ) ) ) ) 10 ﬁ

required ,resolution” of the model. The grid step should be [ 0 1000 2000 3000 4000 5000 6000 E

significantly (~an order of magnitude) smaller than scale
6 =h; ie, Ax <0.1h Time step Ar should be related
to Ax and the TC flow velocity by Courant-TFriedrichs—
Lewy (CFL) criterion Ar < Ax/V, where V is determined
in accordance with (1).

Let us consider scales # = § and V and the technological
range of laser power, the lower limit of which is set
by threshold condition (7). Table 3 lists the calculated
estimates of AP, (d) for two values of d differing by
an order of magnitude that are typical of laser welding
(d =500um) and the additive process of selective laser
melting (d = 50um). The technological range is bounded
from above by the need to comply with quality standards
(e.g., the onset of unwanted splashing and droplet disper-
sion). Under typical iron welding conditions, this occurs
at ggpr ~ 3MW/cm? [5], which is ~ 7.5times higher than
threshold value g, = 0.4MW/cm? (at d = 500 um) [4].
Thus, the technological range may be characterized approx-
imately by ratio gg/q:m ~ 7.5. If we assume that quantity
qspi/qm 1s conserved when d changes, the approximate
estimate of the upper boundary of the technological interval
for d =50um and the corresponding threshold value
g = 1.9MW/em? is gy ~ 14 MW/ecm?. The variations of
thickness of shear TC flow (2 = §) in iron and its velocity V

Laser power, W

Figure 14. Power dependences of thickness of the shear TC layer
(h =8) and TC flow velocity during the formation of a cavity in
iron calculated according to relations (2) and (1) with different
radiation focusing, d: a — 50, b — 500 um.

within the g /g ~ 7.5 technological range (at d = 50 and
500 um) are presented in Fig. 14 and Table 3.

The calculated field within irradiation spot d = 50 um
should have at least d/Ax > 10d/h ~ 200—330 nodes (or
at least ~ 420—720 nodes at d = 500 um). According to
the CFL criterion, the time step should satisfy condition
At < Ax/V. The variations of V(P) at two values of d are
presented in Fig. 14 and Table 3. With these calculated data
taken into account, the grid and time steps turn out to be
within the nanometer and nanosecond ranges. Therefore,
the solution requires considerable computational resources.
For example, calculations [32], where the possibility of
cavity formation with minor evaporation under the dominant
influence of the TC mechanism was revealed, were per-
formed using one of the top supercomputers in the world.

The presented technique allows one to analyze the
correctness of discretization of the computational domain
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Table 3. Parameters of discretization of the computational domain for the DP mode simulation in iron with two focal spot diameters d

Focal spot diameter d, um 500 50
Threshold power AP, W (calculation) 800 37
Threshold power density Ag,, MW/cm? (calculation) 04 1.9
Technological range of power density ¢, MW/cm? 04—3 1.9 - 14
(estimated, ggi/qem ~= 7.5)
Shear flow thickness & = § (calculation), ym 11.5 -7 25—1.5
TC flow velocity V (calculation), m/s 7 — 19 15— 41
Estimated grid step Ax ~ 0.1 ~ h, um <12—0.7 <0.25 —=0.15
Time step estimated in accordance with the CFL criterion Ar ~ Ax/V, ns <170 — 37 <17 — 3.7

in those numerical models of the DP mode that contain
information about the computational grid. Note that no
physical justification is often provided for the choice of
grid and time steps. The results are rarely tested for grid
independence. The presented technique makes it possible
to overcome these difficulties in assessing the correctness of
resolution setting for each numerical model.

Let us illustrate the discretization analysis of com-
putational models using the examples of six models
with information about the computational grid avail-
able [28-31,85-87].

In [28,29], time step Ar = 1us was used to model the
penetration of steel by laser radiation with d = 0.5mm. It
follows from Table 3 that, according to the CFL criterion,
the limit value of the time step at d = 0.5mm should
fall within the Ar = 0.037—0.17 us range. The mentioned
step value of Ar = 1us is too large to provide adequate
reproduction of the TC mechanism. Indeed, the obtained
values of flow velocity V ~ 1—-2m/s (with power P = 4kW
and d = 0.5mm) are an order of magnitude lower than
V = 15.5m/s calculated under the same conditions accord-
ing to relations (1) and (2).

The authors of [30] used a computational grid with
a step of 20um to modeling laser penetration of steel
(d = 0.3mm). This value is an order of magnitude greater
than Ax ~0.1 ~h=0.82um (h=6=28.2um) recom-
mended for proper reproduction of the TC mechanism.
Therefore, it was impossible to reproduce TC flow in [30],
and the conclusion regarding the supposedly insignificant
(in comparison with the ablation mechanism) influence of
Marangoni flow on the formation of a cavity is untenable.

Laser penetration of steel (d = 0.5mm) was simulated
in [31] using a non-uniform grid system of 202 x 252 points
for a computational domain 5.0 X 6.25mm in size (the
average step is ~ 25um). The minimum spatial grid step
was not reported, but the minimum time step Ar ~ 1us
was indicated, which is an order of magnitude greater than
the recommended values of Ar < 0.17—0.037 us (Table 3).
Thus, the temporal and spatial discretization used in [31] is
insufficient to support an accurate calculation.

6" Technical Physics, 2026, Vol. 71, No. 3

Point penetration of the Inconel 625 alloy by a laser pulse
with power P =700 W focused into a spot d =205um
(¢ =2.1MW/cm?) was simulated in [85]. A spatial
grid of triangular elements with a local step reduction
to 2um was used. According to (2), the thickness of
shear TC flow corresponds to 2 =48 ~ Sum; ie, the
minimum step of 2um used in calculations is only 2.5
times smaller than the thickness of TC flow, which is
insufficient for its accurate numerical reproduction. The
smallest time step used in the model was 1us, which
is more than an order of magnitude larger than the
recommended value. Indeed, it follows from (1) that
the magnitude of TC flow velocity is V = 13.4m/s, and
the CFL criterion stipulates that the time step should not
exceed Ax/V = 0.037us. Consequently, the discretization
used in [85] cannot ensure proper reproduction of TC
flow.

The authors of [86] presented a computational fluid
dynamics model of selective laser melting in the DP mode
with simulation of an unstable cavity and pore formation.
Calculations of stainless steel penetration were performed
with grid step Ax = 4um. At d = 45 um, the thickness of
shear TC flow is h = § ~ 2 um; ie., the recommended grid
step is Ax ~ 0.1h = 0.2um (~ 20 times smaller than the
used value of Ax = 4um). Thus, the grid step used in [86]
cannot provide accurate reproduction of shear TC flow at
the front wall of the cavity.

A model of the additive process of selective laser melting
of AISI HI13 steel in the deep penetration mode with
focusing of radiation into a spot with a diameter of 50 um
was presented in [87]. To determine the reliability of
the numerical model and the appropriate grid size, grid
convergence was analyzed with the size of computational
cells varied from 3 to 10um. A grid step of 4.5um
was chosen based on the results of these grid conver-
gence studies. However, it follows from Table 3 that
the thickness of TC flow at d = 50um does not exceed
h =204~ 2.5-1.5um, and the physically justified grid step
is as small as Ax ~0.1h =0.25-0.15um.  Therefore,
the calculations in [87] were performed at a grid step
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20—30 times greater than the recommended one and cannot
provide a proper description of hydrodynamic processes.

The above examples illustrate a typical error of modern
models of the DP mode: the use of a computational grid
step that exceeds significantly the maximum permissible
value for correct reproduction of shear TC flow. This
error leads to an underestimation of contribution of the
TC mechanism and an overestimation of contribution of the
ablation mechanism and, consequently, to incorrect CAD
engineering results.

10. Generation of pores by an unstable
keyhole during beam scanning

It makes sense to divide the evolution of a keyhole under
the influence of stationary continuous-wave radiation into
three stages differing in the specific features of hydrody-
namic processes (Sections 2, 6). With the beam scan rate
being equal to W, the first two stages are confined within
irradiation spot d and exposure time d/W. To maintain a
deep keyhole, one needs to exclude the last (third) stage
with flow-in and keyhole collapse. This may be achieved
if the scan rate is not too slow and exposure time d/W is
not too long. The ingression of cold metal onto the beam
induces asymmetry of the keyhole, the formation of which
(1st stage of evolution) corresponds to melting at the front
wall. Oscillations in the keyhole (2nd stage) correspond
to the processes at its root. They were characterized
in [19,20,25-27] and lead to the generation of unwanted
pores (Fig. 15), which act as stress concentrators and reduce
significantly the service life of parts under dynamically
changing loads. Such pores need to be eliminated in high-
duty products, especially in those produced by additive
manufacturing with selective melting of metal powders by
a laser or electron beam, where the elimination of pores
allows one to both maximize the density and enhance the
strength due to the effect of steep temperature gradients
and high crystallization rates, which contribute to grain
refinement and alter the metal microstructure.

.
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Figure 15. Oscillations of the molten layer in the keyhole lead to
oscillations of its root part and pore formation.
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Figure 16. Typical trend of porosity variation with scan rate and
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Figure 17. Effect of scan rate W on pore volume Vol(W), pore
generation frequency f (W), and pore fraction G(W) [26,27]. All
quantities are normalized to their maximum values.

The development of process procedures suppressing the
formation of pores is a complex problem. Solving it through
trial and error requires about a hundred technological tests.
These tests will take approximately a year and require
significant effort, but their result is hard to predict. Attempts
at reducing time and effort expenditure through numerical
modeling have resulted in the publication of a large number
of models, which, however, have not yet managed to
reproduce the main trends in pore formation.

Beam scan rate W is believed to be the most important
factor shaping the pore formation trends. As was noted
in [88-90], the cause of emergence of pores at relatively
low values of W is the keyhole instability (keyhole pores),
while the lack of melt drives pore formation at high W
values (lack-of-fusion pores) (Fig. 16). The process window
with zero pore formation lies between these W intervals.
Prediction of the position of the process window on the W
axis is beneficial for process design (CAD engineering).
The interpretation of the typical trend of porosity variation
with W based on the generation of pores by excitation of
capillary waves in the keyhole provided an opportunity to
obtain dependences of pore formation parameters (pore
volume, generation frequency, and fraction) on the scan
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rate [26,27]. These dependences were verified by compari-
son with experimental data and are presented in normalized
form in Fig. 17.

It was found that all porosity characteristics turn to
zero at W = y/d (or at Peclet number Pe = Wd/y = 1);
ie., the technological window condition is satisfied at
Pe = Wd/x = 1. The positions of maxima of the pore char-
acteristics on the axis of normalized scan rate Pe = Wd/x
variation were determined. Pore volume Vol(W) and pore
generation frequency f(W) are maximized at Pe = 0.25
and Pe = 0.81, respectively. In practice, it is convenient
to evaluate the pore content through density variation
G =1—po/pn, Where py is the measured density after
melting and p, is the nominal density. This porosity index
is proportional to the product of pore volume and pore
generation frequency (G ~ f(W)Vol(W)) and is maximized
at Pe = 0.617.

Pore generation by capillary waves (keyhole pores) is
feasible at a positive molten mass balance (2(W) > 0)
when the scan rate speed corresponds to Peclet number
Pe=Wd/x <1 (or W <y/d). If rate W is high and
corresponds to Pe > 1 (ie, W > x/d), melt imbalance is
observed at the root of the keyhole, which causes the
emergence of voids due to a lack of melt (lack-of-fusion
pores). Rate W =y/d (or Pe =1) corresponds to the
technological window with zero pore formation (Fig. 16).
It is fundamentally possible to predict its position with the
required accuracy and use these data in process design
(including digital CAD design).

11. Electrocapillary acceleration of TC
melt flow during DP of metals

It was demonstrated above that the TC mechanism es-
tablishes a plausible connection between physical processes
in the DP mode and hydrodynamic flow. At the same
time, the TC mechanism does not reveal the nature of
the synergistic effect in hybrid laser-arc processing [34]
and the reason behind the empirically observed correlations
of the penetration depth with the ambient pressure, the
characteristics of near-surface plasma, the emission current
signal [35], and the direction and strength of the external
electric field [36]. In our view, the probable acceleration of
flow by electrocapillary (EC) forces, which are induced by
dependence o (@) of surface tension on electric potential
that is distributed non-uniformly along the surface, may
fill this gap. The basic concepts regarding the physical
mechanism of EC acceleration of melting in the process of
DP of metals by high-power laser radiation were formulated
in [37).

The transition to the DP mode is accompanied by the
emergence of laser-induced plasma at the irradiation spot
and the melt-plasma contact with the formation of a double
electric layer (DEL). Owing to the locality of laser action,
this induces non-uniform distributions of electric charge
and potential on the melt surface that cause the EC effect
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Figure 18. Typical EC curve o (¢) and variation of specific charge
0().

(due to dependence o (@) of surface tension on electric
potential) and result in the emergence of tangential EC
forces. The formation of plasma and a DEL is facilitated by
thermionic processes. Thermionic emission is characterized
by current density given by the Richardson-Dushman for-
mula j, = AgT? exp(—w/kT), where w is the electron work
function for the melt surface, k is the Boltzmann constant,
and Ag is the thermionic constant. The emission current for
iron (w =4.31eV) at a boiling temperature characteristic
of the DP mode is j, = 0.33 A/mm?. Owing to the loss
of electrons, positive charges are induced on the surface
from the melt side, which trap electrostatically a certain
fraction of electrons above the surface, establishing DEL
charge separation. The DEL electric field counteracts the
release of electrons from the melt surface and stimulates the
emission of positive ions with a current density given by the
Richardson-Smith formula j; = ApT? exp(—wp/kT), where
Ap is a constant and wp is the positive ion work function for
emission from the melt. The combined thermionic emission
of electrons and positive ions produces a total emission
current equal to the sum of oppositely directed emission
currents of electrons and ions: J=S-j=S(j.—ji),
where S is the irradiation spot area. Total current J is zero
at j, = j; and specific charge Q = 0, which corresponds to
the EC curve maximum (see Fig. 18).

The application of an external electric field with
strength E alters the potential barrier of electron
release and the emission current density in accor-
dance with the Richardson-Dushman formula with the
Schottky correction j, = AgT? exp|—(w — Aw)/kT], where
Aw = e(eE/4meg)'/? is the Schottky correction, e is the
electron charge, and &) = 8.85- 10712 F/m is the permittiv-
ity of vacuum. If field E is codirectional with the DEL field,
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a higher potential barrier of electron release translates into
a reduction in j,. This facilitates the emission of positive
ions and raises ion current density j;. External field E
enhancing the DEL field should induce concentration of
negative charge on the surface (from the melt side). If the
DEL field is weakened by external field E, positive charge
should concentrate on the melt surface. Thus, the external
field allows one to control the charge on the molten metal
surface, which may be used to control the EC effect and
hydrodynamic processes in the DP mode.

Let us consider the EC effect as flows induced by the
surface tension o gradient. Dependence o () is represented
by the EC curve with a maximum at do/d¢p =0 with
a zero charge potential, which corresponds to zero total
current J =S-j =5, — j;) =0 (Fig. 18). In the right
branch of the EC curve, ¢ < 0 and do/d¢ > 0 holds. The
left branch (¢ > 0) corresponds to do/d¢ < 0. Lippmann
equation do/d¢p = —Q, which is known from the theory of
EC phenomena, establishes the relation between the slope
of the EC curve and charge Q per unit surface area for a
given potential ¢ taken with the opposite sign. The right
and left branches of the EC curve have Q < 0 and Q > 0,
respectively. The dependence of penetration depth on the
change in polarity of E (sign of Q) may then reflect the
asymmetry of the EC curve relative to axis o (¢ =0)
with condition |06/0@|g.0-0 < [00/3¢|p0<0 for its two
branches.

Any increase in charge density (positive or negative) will
result in a reduction in surface tension. This behavior
is attributable to the fact that all charges at the interface
act on each other with Coulomb repulsive forces directed
tangentially to the free surface. Therefore, a smaller amount
of energy is needed to expand the interface, which translates
into a reduction in surface tension with an increase in
potential.

When metals are exposed to focused laser radiation in
the DP mode, the temperature and electric potential at
the irradiation spot should vary along the metal surface,
decreasing from their maxima in the center of the spot
to zero at the periphery ((07/9r < 0, d¢p/0r < 0)). The
surface tension will, in contrast, increase in this case, since
d0/0T <0, do/dp < 0. EC flows arise in addition to
TC ones due to the presence of an unbalanced tangential
gradient of surface tension induced by the tangential
gradient of voltage, which, in turn, is induced by a non-
zero tangential electric field component. In the general case,
variables T and ¢ are dependent, although their interrelation
has not been established yet. To simplify the problem, we
consider the special case of independent variables T and ¢.
The balance of forces on the surface is then written as

oV, 9o (T, ) dc 0T do 3

L e A T T

where —d0/dT =y > 0 — temperature coefficient of sur-
face tension, 7 is the dynamic viscosity, V, is the tangential
melt flow velocity, and r and z are the coordinates tangential
and normal to the surface. Since the thermally and

electrically induced terms (3o /dT) (3T /dr) and (do/3¢)
(dp/dr) have the same signs in balance (8), the EC forces
are always (regardless of the sign of Q) accelerating TC
flow. Taking the fact that do /0 = —Q and dp/dr = —Er
into account, we rewrite (8) in the form

av, aT
= —_— E . 9
o =V % QEr 9)

According to Gauss’s law, the surface density of charge Q
is related to the normal component of electric field
strength E; as Q = 2e0FE, = 2e0(En + Ep), where Ey and
Ep are the normal components of the external field and the
DEL field, respectively (it is assumed that Ey, Ep = const).
Tangential field component E7 is determined by the po-
tential difference with maximum @u.x in the center of the
irradiation spot with diameter d and a zero value (¢ = 0)
at the periphery. The estimate for Er is Ep = —2@max/d.
Equation (9) then takes the form

o, | Ty—T,
Nt =yt +4eg(Ey + Ep) 2= (10)

d

The following estimate of velocity of thermally and
electrically induced shear flow (characteristic of the DP
mode) with a viscous sublayer with thickness § < d is
obtained from (10):

1)
V, = nd {y(Ts — Tu) + 4€0(En + Ep)Prmax}- (11)

Formula (11) establishes the relation between thermionic,
electrocapillary, and hydrodynamic processes in the DP
mode. According to (11), the electrodynamic characteristics
at the metal-plasma interface affect the acceleration of TC
melt flow at the irradiation spot and, consequently, the
penetration depth enhancement. In the DP mode, the
estimated TC flow velocity at d = 0.5 mm and characteristic
values of § ~ 10um is V, ~ 10m/s [50]. The flow velocity
may increase by the same amount due to the EC effect
if the TC and EC components in (11) are commensurate.
This is confirmed indirectly by an 85 % increase in depth of
steel penetration by laser radiation observed in [36] after
the application of an external electric field. According
to (10) and (11), the TC and EC effects are commensurate
when 4ey(Ey + Ep)@max = ¥ (Tp — Tyr). With an estimate
of y(Tg — Tu) =~ (0.2—0.6)V/m for structural metals, the
approximate condition of commensurability of effects is
(EN + ED)(pmax ~ V(TB — TM)/4£0 ~ 1010 V2/m

According to (11), the mechanism of correlation of the
penetration depth with the characteristics of near-surface
plasma and the emission current signal [35] may be regarded
as a result of changes in the velocity of EC flow with
fluctuations in the DEL field and the maximum value of
the electric potential on the surface of molten metal.

It should be noted that the total current in the
electron-beam irradiation zone includes both total emis-
sion current S-(j, —j;) and system current S - jp:
J=S8-j=S8(je— Ji — jb)- Ahigh electron-beam system
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Figure 19. Diagram of hydrodynamic dissipation mechanisms
changing sequentially with increasing power density supplied to
iron (steel).

current S - j, > S (j. — j;) provides an additional flow of
negative charge to the metal surface, facilitating effective
EC acceleration of hydrodynamic flows and increasing the
penetration depth. An arc discharge in hybrid laser-arc
processing has a similar effect on the surface charge density,
which may be the cause of the synergistic melting effect [34]
(ie., violation of additivity of thermal effects of irradiation
and arc discharge on a metal). In this case, the energy
spent on melting may be more than 2 times greater than
the sum of the corresponding energies released in the
metal processed with each heat source individually (with
a corresponding increase in processing efficiency). The
presented mechanism allows one to formulate a physical
interpretation of the experimentally observed correlations of
the DP characteristics with thermionic and electrocapillary
phenomena and indicates the direction of further research
into the improvement and modeling of laser technological
processes.

Conclusion

Let us formulate the most important issues and conclu-
sions that we had no chance to discuss in more detail and
that, in our opinion, must be taken into account in further
research into technological processes, the development of
production techniques, the simulation of the DP mode, and
the validation of models.

It follows from the presented comprehensive analysis of
experiments that, contrary to what is commonly believed
and implemented in calculation models, the removal of melt
from the irradiation zone is governed by the TC mechanism
with a slight influence of the ablation mechanism. The
dissipation of power entering the metal is effected by the
hydrodynamic flow of melt. As the power increases,
this dissipation is driven by hydrodynamic mechanisms
changing in a strictly defined sequence. This sequence
of mechanisms for iron (steel) is shown schematically in
Fig. 19.
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Their interchange is caused by a change in dissipation:
the transition from TC convection, which is characteristic of
the conduction melting mode, to TC formation of a keyhole
due to an increase in TC flow velocity. With a further
increase in power and evaporation, the contribution of
the ablation mechanism becomes predominant outside the
technological range. The presented sequence of dissipation
mechanisms is often distorted in computer calculations,
which is the probable reason why they fail to reproduce
the hydrodynamic pattern. The distortion is attributable to
the fact that the peculiarities of TC flow in the DP mode
are neglected due to the use of an arbitrary and physically
unjustified discretization of the region of formation of TC
flow and time. Owing to their insufficient resolution, models
do not ,notice” the TC flow and its influence on keyhole
formation. As a result, the obtained results and conclusions
are distorted, and the validation of models is extremely
simplified.

A comprehensive analysis of the influence of hydrody-
namic DP mechanisms inevitably leads to the conclusion
that models need to be validated more thoroughly. Test
computer visualization of the keyhole evolution under
stationary irradiation may be used for this purpose. An
adequate model should reproduce three main stages of
keyhole evolution (its growth, excitation of oscillations,
and collapse). The specifics of TC flow in the DP mode
determine the nature of keyhole evolution under prolonged
exposure to stationary radiation with a characteristic final
(3rd) stage of flow-in and keyhole collapse under ongoing
irradiation. This 3rd stage is of no interest for technological
applications, but allows one to determine explicitly the main
hydrodynamic mechanism in the DP mode, which makes it
important for model validation.

It is instructive to compare the results of computer visu-
alization with X-ray imaging data [43] (Fig. 9). Numerical
calculations of the evolution of hydrodynamic parameters at
the initial stage of melting (similar to the evaluation analysis
in Section 4) are also important for testing the veracity of
models. It is advisable to compare the calculated TC flow
velocity with measurement data [50]. It should be noted
that a physically justified discretization of the computational
domain and time, which, apparently, will require significant
(supercomputer) computing resources, is needed for correct
reproduction of TC flow.

The reproduction of shear structure of TC flow at the
keyhole growth stage (1st stage of evolution) is of particular
importance for modeling of manufacturing processes. The
velocity of such flow reaches its maximum on the free
surface of the melt (formula (1)) and is equal to zero at
the melting boundary. Thickness & = § of shear TC flow
(or viscous sublayer) is estimated using formula (2) and is
specified by the condition of equality of the deformation
rate of the free surface and the melting front velocity
(Vs = V). While the melting boundary is characterized
by melting point TM, the liquid-gas surface is heated,
according to experiments [39], to TB. Thus, temperature
gradient (Tg — Ty)/h is present in the molten layer and
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exerts a decisive influence on the threshold transition to
the DP mode at Agy;(d) = A(Tg — Tyy)/h. The correctness
of formula (2) was confirmed conclusively by the corre-
spondence of AP (d) = Ag.,(d)(nd?/4) calculations to 36
experimental points obtained in 25 studies for four metals
(iron, titanium, copper, aluminum) (Figs. 12,13). This
confirms that, contrary to the common belief that a sharp
increase in evaporation is critically important in this case,
the transition to the DP mode is caused by a high TC flow
velocity and rapid deformation of the free surface, which
supports the shear structure of TC flow during the keyhole
formation. The ingression of cold mass on a beam is what
supports the shear structure of TC flow in experiments with
beam scanning.

Having gained an insight into physical processes in
the keyhole at the 2nd stage of its evolution and taken
the influence of the beam scan rate into account, we
formulated a physical interpretation of the pore formation
trends observed in experiments in the DP mode. The results
of pore formation analysis provide guidelines for computer
modeling of this process and model validation. The criterion
of a process window with zero pore generation by the
keyhole is useful in practical applications as an opportunity
for predictive determination of operational parameters of a
defect-free process. This criterion may be used to digitalize
the labor-intensive process of elaboration of a manufacturing
process for high-duty products and to alter the parameters
of a technological process in a flexible manner within the
framework of an existing technology (or to transfer an
existing technology from one facility to another). Practical
implementation of these opportunities requires targeted
research into the parameters of the technological window.

Building upon the understanding of the significance of
capillary effects in manufacturing processes, we detailed
the mechanism of influence of electrodynamic processes
on the acceleration of TC flow of melt during DP of
metals by high-power laser radiation. This mechanism
establishes a connection between hydrodynamic processes
and thermionic and electrocapillary effects. It provides
a qualitative explanation of the experimentally observed
patterns and may be used to improve process control and
management.

In the present review, we endeavored to present a brief
summary of certain aspects of the DP phenomenon that pro-
vide the key to understanding the technological processes
governed by it. The physics of the phenomenon turns out
to be quite diverse and is far from being fully investigated
both theoretically and experimentally. Enough blank spots
concealing the full potential of relevant technologies still
remain. The nonlinear progress in understanding the
nature of DP demonstrates that a closer and more targeted
interaction and consolidation of the efforts of specialists
from different fields of knowledge (physicists, process
engineers, materials scientists, and computing engineers)
are needed to reveal the technological potential of this
phenomenon.
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