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Electrocapillary acceleration of molten metal flows during keyhole

formation by high-power laser radiation
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To explain experimentally observed patterns qualitatively during keyhole formation in metals by high-power laser

radiation, the mechanism of electrodynamic processes influence on the acceleration of thermocapillary melt flow

is proposed, taking into account the coupling of thermoemission of charges, electrocapillary and hydrodynamic

processes inside a keyhole.

Keywords: laser radiation, keyhole, electric field, thermal emission, electrocapillarity.

DOI: 10.61011/TPL.2025.06.61293.20184

The deep penetration (DP) mode is used widely in a

number of modern laser and electron-beam metal melting

techniques to produce welded joints and assemble products

by additive molding of metal powders. This mode is

characterized by a high aspect ratio (depth of the molten

region divided by its width) and necessitates crossing the

radiation power threshold that depends on the properties of

the medium and the focal spot size. It was demonstrated

in [1] that the thermocapillary (TC) mechanism establishes

a plausible connection between physical processes in the

DP mode and the hydrodynamic flow. This was con-

firmed experimentally [2] and by numerical calculations [3],
comparison of calculated and experimental values of the

TC threshold of DP [4], and analysis in [5,6]. At the

same time, the TC mechanism does not reveal the nature

of the synergistic effect in hybrid laser-arc processing [7]
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 [8], and the direction and strength of the external

electric field [9]. In our view, the probable acceleration of

flow by electrocapillary (EC) forces, which are induced by

dependence σ (ϕ) of surface tension on electric potential

that is distributed non-uniformly along the surface, may fill

this gap. The aim of the present study is to formulate

basic concepts regarding the physical mechanism of EC

acceleration of melting in the process of DP of metals by

high-power laser radiation.

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 (due
to dependence σ (ϕ) 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 formula

je = ART 2 exp(−ω/kT ),

where ω is the electron work function for the melt surface,

k is the Boltzmann constant, and AR is the thermionic

constant. The emission current for iron (ω = 4.31 eV) at

a boiling temperature characteristic of the DP mode is

je = 0.33A/mm2. 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 i = APT 2 exp(−ωP/kT ),

where AP is a constant and ωP is the positive ion

work function for the emission from a melt. The com-

bined 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( je − j i), where S is the irradiation spot area.

Total current J is zero at je = j i and specific charge Q = 0,

which corresponds to the EC curve maximum (see the

figure).
The application of an external electric field with strength

E alters the potential barrier of electron release and

the emission current density in accordance with the

Richardson−Dushman formula with the Schottky correction

je = ART 2 exp
[

−(ω − 1ω)/kT
]

,

where 1ω = e(eE/4πε0)
1/2 — Schottky correction, e —

electron charge, and ε0 = 8.85 · 10−12 F/m — permittivity

of vacuum. If field E is codirectional with the DEL field,

a higher potential barrier of electron release translates into
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a reduction in je . This facilitates the emission of positive

ions and raises ion current density j i . External field E

enhancing the DEL field should induce the concentration of

negative charge on the surface (from the melt side). If the
DEL field is weakened by external field E , the concentration

of positive charge on the melt surface should be observed.

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 σ gradient. Dependence σ (ϕ) is represented
by the EC curve with a maximum at ∂σ/∂ϕ = 0 with a zero

charge potential, which corresponds to zero total current

J = S j = S( je − j i) = 0 (see the figure). In the right

branch of the EC curve, ϕ < 0 and ∂σ/∂ϕ > 0 holds. The

left branch (ϕ > 0) corresponds to ∂σ/∂ϕ < 0. Lippmann

equation ∂σ/∂ϕ = −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 ϕ 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 σ (ϕ = 0)
with condition |∂σ/∂ϕ|ϕ,Q>0 < |∂σ/∂ϕ|ϕ,Q<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 (∂T/∂r < 0, ∂ϕ/∂r < 0). The

surface tension will, in contrast, increase in this case, since

∂σ/∂T < 0, ∂σ/∂ϕ < 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 ϕ are dependent, although their interrelation

has not been established yet. To simplify the problem, we

consider the special case of independent variables T and ϕ.

The balance of forces on the surface is then written as

η
∂Vr

∂z
= −

∂σ (T, ϕ)

∂r
= −

∂σ

∂T

∂T

∂r
−

∂σ

∂ϕ

∂ϕ

∂r
, (1)

where −∂σ/∂T = γ > 0 is the temperature coefficient

of surface tension, η is the dynamic viscosity, Vr 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 (∂σ/∂T )(∂T/∂r)

s, Q

0j –j

s

Q

s

Q

Typical EC curve σ (ϕ) and variation of specific charge Q(ϕ).

and (∂σ/∂ϕ)(∂ϕ/∂r) have the same signs in balance (1),
the EC forces are always (regardless of the sign of Q)
accelerating the TC flow. Taking ∂σ/∂ϕ = −Q and

∂ϕ/∂r = −ET into account, we rewrite (1) in the form

η
∂Vr

∂z
= γ

∂T

∂r
− QET . (2)

According to Gauss’s law, the surface density of charge Q

is related to the normal component of electric field strength

Ez in the following way:

Q = 2ε0Ez = 2ε0
(

EN + ED

)

,

where EN and ED are the normal components of the external

field and the DEL field, respectively (it is assumed that EN ,

ED = const). Tangential field component ET is determined

by the potential difference with maximum ϕmax in the

center of the irradiation spot with diameter d and a zero

value (ϕ = 0) at the periphery. The estimate for ET is

ET ≈ −2ϕmax/d . Equation (2) then takes the form

η
∂Vr

∂z
∼= γ

∂T

∂r
+ 4ε0

(

EN + ED

)ϕmax

d
. (3)

The following estimate of velocity of thermally and electri-

cally induced shear flow (characteristic of the DP mode)
with a viscous sublayer of thickness δ < d is obtained

from (3):

Vr
∼=

δ

η

(

γ
∂T

∂r
+ 4ε0

(

EN + ED

)ϕmax

d

)

. (4)

Formula (4) establishes the relation between thermionic,

electrocapillary, and hydrodynamic processes in the DP
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mode. According to (4), 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 = 0.5mm and characteristic

values of δ ∼ 10 µm is Vr ∼ 10m/s [1]. The flow velocity

may increase by the same amount due to the EC effect

if the TC and EC components in (4) are commensurate.

This is confirmed indirectly by an 85% increase in depth

of steel penetration by laser radiation observed in [9] after
the application of an external electric field. Relation (4)
illustrates the mechanism of correlation of the penetration

depth with the characteristics of near-surface plasma and the

emission current signal [8]. It should be noted that the total

current in the electron-beam irradiation zone includes both

total emission current S( je − j i) and system current S jb :

J = S j = S( je − j i − jb). A high electron-beam system

current S jb > S( je − j i) 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 [7]
(i. e., 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.
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