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On the initial stage of the evolution of hydrodynamic parameters during
deep penetration of metals by high-power laser radiation
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A qualitative analysis of changes in hydrodynamic parameters during keyhole formation by thermocapillary melt
removal under the point action of CW laser radiation is presented. It is established that rapid surface deformation
leads to adhesion of the viscous sublayer to the melting boundary and creation the shear structure of thermocapillary

flow which stimulates acceleration of keyhole growth.
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The keyhole mode ensures substantial penetration depth
and productivity in laser welding and additive manufacturing
by Laser Powder Bed Fusion. A transition from conduction
to keyhole mode turns the initial shallow and hemispherical
melting zone into a deep and narrow one due to the keyhole
formation along which laser beam penetrates deep into
the metal. Two hydrodynamic mechanisms (ablation and
thermocapillary (TC)) may be involved in the formation of
this keyhole, but opinions regarding the relative influence of
these mechanisms differ. The ablation mechanism sustains
a keyhole mechanically by the vapor recoil pressure [1,2]
and is traditionally considered to be the dominant one. A
threshold change of melting regimes is assumed to be the
result of a sharp increase in vapor pressure occurring when
the surface temperature reaches boiling point Tg [3]. It
should be noted that the use of the ablation mechanism is
sometimes accompanied by confessions of researchers about
their lack of adequate knowledge about the mechanism of
deep penetration [4-6).

The other mechanism of deep penetration is related
to the TC mechanism of removal of molten metal due
to the temperature dependence of surface tension under
nonuniform laser heating, which allows one to control the
keyhole formation [7,8]. The results of thorough numerical
calculations of the crater formation with the relative influ-
ence of both mechanisms taken into account [9] confirmed
that the TC mechanism is dominant at boiling point Tg
and that the ablation mechanism becomes dominant only
at significantly higher temperatures. The evaporation rate
in the keyhole mode (or at surface temperature Tg [3])
is insufficient to sustain a keyhole mechanically by the
vapor pressure, and the experimental data for this regime
are reproducible in evaluation calculations relying on the
TC mechanism [10-12]. Estimates of the keyhole mode
threshold for the TC mechanism agree with the results of
experiments which used different metals in a wide range
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of variation of process parameters [13]. Thus, the weight of
evidence suggests that the TC mechanism plays a major role
here, although one should still present a solid argument for
the emergence of a shear TC flow in metals at low Prandtl
numbers (Pr=v/y < 1, v is the kinematic viscosity and
x is the thermal diffusivity) that are typical of them. In order
to do this, one needs to analyze from a physical standpoint
the evolution of process parameters at the initial stage of
laser melting under the influence of the TC mechanism.
The aim of the present study is to perform this analysis for
point melting with the use of approximate dependences.

Let us consider the initial moment of point metal melting
by continuous laser radiation with diameter d and analyze
the formation of a shear TC flow before the keyhole is
formed (Fig. 1). With this end in view, let us examine
the evolution of the surface temperature, the TC flow
velocity, the melting front and surface deformation speed,
the thickness of the molten layer and the viscous sublayer,
and the penetration and keyhole depth under constant metal
properties.

Melt temperature. Laser radiation is absorbed within
a very thin layer on the metal surface. Distance X of
propagation of a heat wave within time t is estimated
roughly as X(t) = (xt)'/? [14]. The surface temperature
variation under the influence of a surface heat source
(@' < (xt)!/2, @ is the absorption coefficient) with a
constant absorbed power density q is [14]

AT (t) = (29/2)(xt/7)"/2,

where 1 is the thermal conductivity. If A and x are assumed
to be constants, the temperature grows as AT(t) ~ tV/2,
The process of melting commences at temperature Ty
and time point ty. At the time of tg, the temperature
saturates at boiling point Tg [3]. Therefore, two intervals
may be identified in the melting process: ty <t < tg with
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Figure 1. Laser melt removal by a thermocapillary shear flow
and crater growth in the steady-state regime at h(t) = 6(t) and
Vs(t) = Vi (t) with radiation capture.

temperature T(t) ~t'/2 and t > tg where the temperature
reaches saturation T(t) = Tg (Fig. 2,a).

Viscous sublayer thickness. With the emergence of a TC
flow, viscous forces are transferred to the lower layers and
extend over a distance of thickness § of the viscous sublayer
similarly to the temperature propagation §(t) = (vt)/2 [7,8]
(Fig. 2,¢). This growth of §(t) is maintained for as long as
the TC flow is present.

Thermocapillary flow velocity. The TC flow
velocity increases from the moment of ty as
V(t) ~ ot (T(t) — Tm)8(t)/(nd) [7,8], where ot is the tem-
perature coefficient of surface tension and 7 is the dynamic
viscosity. The TC flow velocity in the ty < t < tg interval
increases linearly with time V(t) ~ (T(t) — TuT)s8(t) ~ t.
At t > tg with the temperature saturated (T (t) = Tg), the
flow velocity grows with a nonlinear slowdown in time
V(t) ~ Ted(t) ~ t'/2 (Fig. 2,a).

Surface deformation speed . The radial spread of the
TC flow with velocity V at thickness 6 of the viscous
sublayer induces melt surface deformation with speed
Vs(t) (Fig. 1) in the irradiated zone. It follows from
mass conservation condition Vs(t)d?/4 =V (t)8(t)zrd that
Vs(t) =4V (1)8(t)/d. At V(t)~t and §(t) ~tV/2, the
surface deformation first (ty <t <tg) spreads with a
nonlinear acceleration Vs(t) ~ t*/2; following the saturation
of temperature (at t > tg), this spread then slows down due
to V(t) ~t/2 and §(t) ~ t'/2 and assumes a linear nature:
Vs(t) ~t (Fig. 2,b).

Molten layer thickness. Molten layer thickness h(t)
is defined by the movement of two phase boundaries.
Thickness h(t) in a moving system of reference tied to the
absorbing surface increases with penetration of the melting
front deeper into the metal with speed Vu(t) ~ (x/t)"/?
and decreases as the solid metal material is supplied to the

melting front with surface deformation speed Vs(t):
h(t) = [Vm(t) — Vs(t)]t.

Using the relations for Vi (t), Vs(t), T(t) and introducing
notation C = 8qv/(x'/2d1), we obtain

h(t) _ Xl/z(t1/2—ct5/2).

At the onset of melting, the rapid growth of h(t) is governed
by thermal conductivity: h(t) ~tY/2.  The melting front
speed decreases with time from its maximum value of
Vm(tm) with a nonlinear slowdown Vi (t) ~t=1/2, while
the deformation speed increases from zero Vs(tv) =0
with a nonlinear acceleration Vs(t) ~ t>/2. Thickness h(t)
grows until the speeds of phase boundaries become equal.
After that, thickness h(t) decreases under the influence
of acceleration of surface deformation Vs(t) ~t¥2 up to
the time point (tc) of sticking of the viscous sublayer
to melting boundary and the formation of a shear TC

flow structure: h(t) = §(t) (Figs. 1 and 2,c¢). From
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Figure 2. Evolution of parameters governing the penetration of
metals. a — surface temperature T (t), TC flow velocity V(t); b —
melt front speed Wm(t), surface deformation speed Vs(t); ¢ —
molten layer thickness h(t), viscous sublayer thickness §(t); d —
penetration depth L(t).
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that point on (t > tc), the heat source on an accelerat-
ing free surface facilitates the melting front acceleration
by an enhancement of heat transfer due to convective
heat transport in the viscous sublayer. Thus, thickness
h(t) increases together with viscous sublayer thickness
h(t) = §(t) ~t/2 at equal velocities Vi (t) = Vs(t) and
with the TC flow assuming a shear structure. The rapid
keyhole growth in the steady-state regime, which was
characterized theoretically in [7,8], provides for efficient
removal of melt from the irradiated region.  Sticking
condition h(t) = §(t) is violated when the limiting keyhole
depth is reached and the process of melt removal from
the keyhole stops under continuous melting by laser radi-
ation.

Penetration depth. The moment of sticking tc divides the
melting process into two phases: the phase of preparation
of a shear TC flow (ty <t < tc) and the phase of steady-
state keyhole growth (t > tc) (Fig. 2,d). The first one is
characterized by an insignificant surface deformation with
an increase in penetration depth due to thermal conductivity:
L(t) ~ h(t) ~ (xt)"/? ~t/2.  The second phase involves
the keyhole growth and nonlinear acceleration of pen-
etration: L(t) = Vs(t)t ~ T(t)82()t ~t3/2 at ty <t <tc
and L(t) ~ Tes?(t)t ~t? at t > tc. An absorption jump
resulting from radiation capture by a cavern (Fig. 1)
accelerates the keyhole growth additionally (dashed curve
in Fig. 2,d) [15]. The existence of two melting phases with
a characteristic bend of evolution curve L(t) is confirmed
in observations (with high-speed X-ray visualization) of
keyhole growth in metal [16]. According to the obtained
data, the duration of the first phase decreases as the
radiation power grows (and as the laser spot diameter
decreases).

Thus, regardless of the fact that metals typically have
very low Prandtl numbers (Pr=v/y < 1), rapid surface
deformation in keyhole mode is conducive to the short-term
emergence of a shear flow at the melting front. The moment
of sticking is distinguished by a bend in evolution curve
L(t) and divides the process of laser melting in keyhole
mode into the phase of preparation of a shear flow and the
phase of steady-state keyhole growth. When the keyhole
reaches its ultimate depth, the surface deformation ceases.
The thickness of the molten layer starts increasing from this
moment, and the viscous sublayer gets detached from the
melting boundary (the sticking condition is violated). A
convective TC flow with a near-wall backward flow forms,
and a crater thus gets filled and vanishes, although the
exposure to laser radiation remains uninterrupted. This was
demonstrated experimentally in [12].

The hydrodynamic processes described above are micro-
scopic in scale. At thickness h=6 ~ 5—10um and TC
flow velocity V ~ 5—10m/s, the characteristic propagation
time of viscous forces is §/V ~ lus [8]. An even finer
spatiotemporal grid and substantial computational resources
are needed to model numerically the TC keyhole formation.
The disregard of these requirements in calculations may
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translate into erroneous results and conclusions regarding
the role of the TC mechanism.
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