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Analysis of melt ejection during long pulsed laser drilling*
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In pulsed laser drilling, melt ejection greatly influences the keyhole shape and its quality as well, but its mechanism has
not been well understood. In this paper, numerical simulation and experimental investigations based on 304 stainless steel
and aluminum targets are performed to study the effects of material parameters on melt ejection. The numerical method
is employed to predict the temperatures, velocity fields in the solid, liquid, and vapour front, and melt pool dynamics of
targets as well. The experimental methods include the shadow-graphic technique, weight method, and optical microscope
imaging, which are applied to real-time observations of melt ejection phenomena, measurements of collected melt and
changes of target mass, observations of surface morphology and the cross-section of the keyhole, respectively. Numerical
and experimental results show that the metallic material with high thermal diffusivity like aluminum is prone to have a
thick liquid zone and a large quantity of melt ejection. Additionally, to the best of our knowledge, the liquid zone is used
to illustrate the relations between melt ejection and material thermal diffusivity for the first time. The research result in this
paper is useful for manufacturing optimization and quality control in laser-material interaction.
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1. Introduction

The laser becomes an important tool in modern material
processing and manufacturing since it has high energy density
and small divergence.!!! Laser drilling, as one of the main
laser processing techniques, is broadly used in mechanics and
electronics.®”] However, recent industry demands improve-
ments in manufacturing quality calling for a better understand-
ing of the drilling process for manufacturing optimization and
quality control. In laser drilling, when power density ranges
from 5 MW/cm? to 50 MW/cm?, different physical processes
such as heating, melting, vaporization, as well as melt ejection,
function together to generate the keyhole.!®! Among these pro-
cesses, melt ejection has the greatest influence on keyhole
shape and its quality. Therefore, studies on the melt ejection
mechanism can provide a useful reference for keyhole quality
control and improvement in laser drilling.

Experimental research is a direct way to observe the phe-
nomena of melt ejection. Even early in the 1980s, dynamics of
melt ejection during irradiation with CO, laser was studied.”!
In these years, higher-performance devices have been widely
used to investigate the dynamical process of melt ejection with
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higher spatial and time resolution. Low et a
the melt ejection in laser drilling on both dielectrics and met-
als. It was concluded that melt ejection is mostly dependent on

the parameters of laser pulses. Based on these studies, more
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detailed researches have been conducted recently. Voisey et
al.''3 considered more characteristics of melt ejection, and
proved that melt ejection is mainly induced by the molten ma-
terial flows along the keyhole wall. Duan et al.l’! carefully
analyzed the influences of pulse width, pulse energy, pulse
repetition rate, trepanning velocity, trepanning diameter, beam
rotation number, and assist gas pressure on melt ejection. Be-
sides, more papers focused on the melt ejections of different
targets: Trippe et al.,'"*! Chen et al.,''"> and Zhang et al.!'f!
observed the melt ejection dynamics in keyholes generated
during laser drilling on steel, molybdenum and glass, respec-
tively. Though with direct observation and accurate measure-
ment, the phenomena of melt ejection can be truly described,
the melt ejection mechanism is still poorly understood.
Compared with experimental observation, modeling ap-
proaches propose a route to exploring the physical process
of melt ejection in laser drilling. Usually the keyhole model
of laser drilling is established by analytical and/or numerical
method.["7-2%] Low ez al.!'7) investigated the influence of laser
pulses on melt ejection, which is complementary to the ex-

IL121 Song et al.I'8 presented the temper-

perimental results.|
ature distributions and mushy zone size near the keyhole wall,
which is useful to study the formation of the vapour jet and
melt ejection. Muhammad et al.l'! studied the melt ejection

in pulsed laser dry and wet micromachining processes. Solana
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et al.?" explained that the melt ejection occurs in both initial
and steady states in the whole process of laser drilling.

Though these results are helpful to understand melt ejec-
tion in laser manufacturing, few reported results focus on the
influence of targets on ejection. Bandyopadhyay et al.!*’! and
Hugger et al.!”®! have compared the different melt ejection re-
sults with different alloys, however, the influencing factors of
material properties on melt ejection are still not discussed in
detail.

In laser manufacturing, a large number of metal materi-
als have been used for processing. However, in industry, the
influence of material property on the final drilling quality is
still empirical. Understanding the influence of target parame-
ters on melt ejection is rather important. Here, in this paper, a
great effort is made to profoundly and comprehensively inves-
tigate the effects of material properties on melt ejection, with a
novel two-dimensional (2D) transient multiphase model based
on modified hydrodynamic equations and improved level-set
technique, and multi-aspect experimental methods including
the shadowgraphic technique, weight method, and optical mi-
croscope imaging. Two kinds of typical metal materials: 304
stainless steel and aluminum are chosen as our targets. The
simulation results accord well with the experimental data. The
research results demonstrate that the metal with high thermal
diffusivity such as aluminum is prone to have a thick molten
layer and a large quantity of melt ejection in the drilling pro-
cess. The research result in this paper can serve as a use-
ful guidance for manufacturing optimization and quality con-

t [29 [30,31] 32]

trol in laser surface treatment, 2] cladding, cutting,[

33,34

welding, 3334 and drilling.

2. Mathematical modeling

In order to study the mechanism of melt ejection in laser
drilling, an improved transient model based on the finite el-

35-401 and hydrodynamic

ement method, level set technique,[
equations is used for detailed analysis. The original mathe-
matical model of laser drilling can be described by the fol-
lowing continuity equation, Navier—Stokes equation, level set

equation, and energy conservation equation, respectively,
V-u=0, (1)

p <a;; +u'(V~u)>
= V- [-pl+pu(Vu+(Vu)")] +pgB(T - T,) + Ku, (2)

5 v
£+u~v¢}’lsV'(3lsV¢¢(l¢)|Vg>’ )
oG, Bf V. (uT)] — V. (AVT), )

where u, p, t, p, u, g, B, T, Ty, K, Gy, and A are veloc-
ity, mixture density, time, pressure, dynamic viscosity, grav-

itational acceleration, expansion coefficient, temperature, ref-
erence temperature, isotropic permeability, equivalent heat ca-
pacity, and thermal conductivity, respectively; ¢ is the level
set function; yjs and € are two level-set parameters; I is the
unit matrix.

In traditional models, the continuity equation shown in
Eq. (1) is solved only in solid phase and liquid phase, but not
in the gas phase. Here, the gas phase as an extra source term is

introduced into the modified continuity equation shown as[4"!

Vu=mod(9) (”lp_zp>, 5)
where pj is the liquid density, my is the mass flux, and 0 is the
delta function. The source term creates an evaporation phe-
nomenon and depends on the mass flux mg, which is inferred
from the local temperature and the saturated vapour pressure

Psar(T).1*1 Here, mg and pgy(T) are

- m psat(T) _
mo =\ 5 g (1B (6)
T)= H 1 L 7
psat(T) = poexp wn T ) @)

where m is the atomic weight of metal; ky, is the Boltzmann
constant; f3; is the retro-diffusion coefficient assumed to be 0
at the beginning of evaporation, and 1 at steady state; py is the
ambient pressure; 7y is the boiling temperature; and H, is the
latent heat of evaporation.

The original Navier—Stokes equation shown in Eq. (2) is
also solved only in the solid phase, liquid phase but not in the
gas phase. Thus, the forces on the gas—liquid interface are not
included in the model, so the dynamic process of molten pool
and material removal phenomena cannot be accurately simu-
lated. Here, the gas phase is incorporated into the improved
model and the interface forces as a source term are incorpo-
rated into the modified Navier—Stokes equation as

P <?;;+u(Vu)>
= V. [-pl+u(Vu+(Vu))]
+pgBi(T —Tw) + Ku+ F-8(9). (8)

Here, F' refers to the interface forces including surface ten-
sion, recoil pressure, and Marangoni force, and is shown as
follows:

F= (Gkn_precoiln“" 37;% 't)7 &)
where o is the surface tension coefficient, & is the curvature ra-
dius, precoil i the recoil pressure and equal to 0.54 pg(T),4?!
n and ¢ are normal and tangential unit vectors, respectively.

It is worth noting that in our improved model, the level-
set transport equation is also modified by adding a source term.
The resulting equation is

¢ ¢ 1-¢
at+u'V¢—mo5(¢)(pl+ o >
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—nv-(avo-on-oZs). a0
The third term on the left-hand side in Eq. (10) is a new
added term, which incorporates the mass loss (due to evapora-
tion) into the model, so the free surface of the keyhole can be
more precisely captured. Here, py is the vapour density. The
laser energy deposition and heat loss due to evaporation at the
surface of the metal are also treated through the source term in

the following heat equation:

pCp [aaf +V. (uT)}
= V- (AVT) 4 (Qraser—moHy) - 5(9). (11)

Here, Qjaser is the laser irradiation thermal flux and mgH, is
the evaporation heat flow rate. Based on those modified math-
ematical equations, the boundary conditions need to be dis-
cussed. For the pressure boundary, at the outlet p = pg, the
top side is wetted wall, and the other side is zero slip. For the
thermal boundary condition, at the gas—solid interface (initial
interface), with considering convection and radiation heat flux,
the Norman boundary condition is satisfied as follows:
2 ek(rt T~ h(T — Ty). (12)
an
Here, & is the surface emissivity and A is the convection heat
transfer coefficient. The other three sides of the solid target
are considered to be adiabatic boundaries due to the absence
of heat flow across them. A detailed description is shown in
Fig. 1.

wetted wall @

metallic vapor

open flow
P=Po

open flow
P=Do

initial surface

spatter
free surface

—n-(—kVT)=0
u=0

—n-(—kVT)=0

u=0

—n-(—kVT)=0
u=0

Fig. 1. Schematic of laser drilling and corresponding boundary conditions.

With the modified mathematical equation group com-
posed of Egs. (7), (8), (10), and (11) and their correspond-
ing boundary conditions, three phases (solid, liquid, and gas

phases) are all considered in the improved model, and com-
pared with traditional models, the newly designed one can
truly describe the details in the laser drilling process.
Moreover, in the simulation of laser drilling, the laser
beam is in the TEMyy mode with a wavelength of 1064 nm
and pulse duration of 1 ms. The laser pulse can be written as

2x?

Qlaser = 2M1p exp 2 g(t), (13)
0

where 1) is the absorption coefficient of material, [y is the peak

value of laser power density, rq is the focus radius, x is the

position, and g(¢) is the temporal distribution described as

1, t<1,
sz{0t>f (14)

with 7 being the pulse width.

In order to deal with latent heat due to phase transitions,
equivalent specific heat capacity method commonly used in
fixed grids techniques for phase changes is applied to this pro-
posed simulation model. The equivalent specific heat capacity
equation is given as!*’]

G = Co+ (I;H)H'((T—Tm),AT)—kSmHm

v

" (?)H’((TTV),AT)Jr&Hv: 5

where C; is the specific heat of the solid phase, Ty, is the melt-
ing point, Hy, is the latent heat of melting, 6., and d are given
as

_exp[—((T — T)*/AT?]

Om = AT VT ; (16)
T T2 2
5, - Pl TjaT? -

With the modified continuity equation (Eq. (5)), Navier—
Stokes equation (Eq. (8)), level set equation (Eq. (10)) and
energy conservation equation (Eq. (11)), equivalent specific
heat capacity equation (Eq. (15)), and corresponding bound-
ary conditions, the whole process of laser drilling can be well
described via the simulation model with high accuracy.

To enhance the accuracy of calculations, grids of variable
spacing were employed consisting of around 51613 elements
for the total computational domain of 2.0 mmx 2.0 mm. The
grid spacing was finer near the location of the heat source and
coarser away from it. The maximum grid spaces were 20 pum.
To increase the convergence of the fluid field analysis, time
step was about 107 s and the setting time was 1073 s. Calcu-
lations were executed on a personal computer with Intel Core
13-3240 CPU 3.40 GHz and 8.00 GB RAM. The total compu-
tational time was about 76 h.
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3. Numerical results and quantitative analysis

With the above proposed mathematical model, the laser
drilling process can be reflected by numerical simulations.
Firstly, cross-sections of keyhole for 304 stainless steel
(304 SS) and aluminum, measured and calculated via both ex-
periments and simulations, are shown in Fig. 2. In the ex-
periments, The incident laser is a Nd:YAG long pulsed laser
(Meyer-50, Beam-tech Optronics Co., Canada) with a wave-
length of 1064 nm. The pulse width is set to be 1 ms. The
focused radius is measured to be ~ 260 wm via chlorine silver
bromide paper. While in the simulation, the parameters are all
based on the experimental conditions, such as the power den-
sity of laser pulse is 5.71 MW/cm?, the laser pulse width is

1 ms, and the focus radius is 260 um. While the parameters of
304 SS and aluminum are listed in Table 1.

Figure 2 obviously shows the simulated keyhole struc-
tures fit well to the experimental results. The depth of the
304 SS keyhole is around 1.37 mm, which is close to 1.34 mm
in simulation, besides, the equivalent diameter of the 304 SS
keyhole is 0.75 mm, in simulation, while in experiment its
value is 0.76 mm. In the case of aluminum, the depth and
equivalent diameter are 1.48 mm and 0.68 mm in experiment,
while 1.45 mm and 0.70 mm in simulation. The coincidences
of keyhole shape and dimension between experiment and sim-
ulation indicate that the improved laser drilling model can well

describe the real laser-material interaction.

Table 1. Physical properties of 304 SS and aluminum used in the simulation. [25-44-46]
Nomenclature Symbol Aluminum 304 SS
Liquid density/kg-m~3 p1 2385 6900
Coefficient of thermal expansion/K ! By 2.36x1073 4.95x107>
Absorption coefficient of material n 0.23 0.27
Solid thermal conductivity/W-m~!.K~! As 238 22
Liquid thermal conductivity/W-m~!.K~! A 100 22
Solid specific heat/J-kg~!-K~! G 917 714
Liquid specific heat/J-kg~!-K~! G 1080 840
Dynamic viscosity/N-m~2-s u 1.6x1073 6x1073
Latent heat of fusion/J-kg~! Hp, 5.03 x 10° 2.47x 10°
Latent heat of vaporization/J-kg ™! H, 1.07 x 107 6.34% 10°
Melting point/K T 933 1700
Boiling point/K Ty 2790 3200
Ambient temperature/K Ty 300 300
Surface tension coefficient/N-m~! o 0.9 1.2
Temperature coefficient of surface tension/N-m~ 1K~ do/dT —0.3x1073 —0.43x 1073
Convective heat transfer coefficient/W-m~2-K h 30 40
Black body radiation emissivity/W-m~2-K I3 0.15 0.16

500 um
I

Fig. 2. Cross-sections of keyhole for simulation and experiment results on 304 SS and aluminum targets in laser drilling. (a) Simulation
result of laser drilling on 304 SS; (b) experimental result of laser drilling on 304 SS; (c) simulation result of laser drilling on aluminum; (d)
experimental result of laser drilling on aluminum. Laser pulse power density is 5.71 MW/cm? and pulse width is 1 ms.

Then, applying the verified simulation model, the melt
ejection can be well studied in rather high spatial and temporal

resolution. Figure 3 shows the phenomena of melt ejection in

both 304 SS and aluminum generated by a single laser pulse
with a power density of 5.71 MW/cm? and pulse width of 1

ms. In the case of 304 SS, melt ejection occurs only at an early
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stage (see Figs. 3(a) and 3(b)) of the drilling process and is
perpendicular to the target; however, in subsequent stages, no
obvious melt ejection happens as shown in Figs. 3(c) and 3(d).
While in aluminum, an acute jet exists in the whole process
(see Figs. 3(e) and 3(f)) and is inclining to the target. It means
that there is a small quantity of molten material removed from
the 304 SS keyhole, while for aluminum, there is a larger quan-
tity of molten material in the keyhole to remove and it is easier
for spatter to accumulate at the periphery of the keyhole in the
ejection process.

Figure 4 shows velocity field distributions of molten pools
obtained from calculations. In the case of the aluminum, the
whirlpool shaped flow in Fig. 4(e) illustrates that the fluid flow

in the molten pool is intense and the ejection speed of material
(metallic vapour and molten liquid) is much larger than that
of the 304 SS target. The fluid in Fig. 4(e) also directly re-
veals that for aluminum, a certain quantity of molten material
overflows out of the melt pool at the initial stage. Then, the
fluid flows in Figs. 4(f)—4(h) also reveal that at a later stage of
the drilling process, a larger quantity of molten material flows
up along the “green channel” by the effects of the tempera-
ture gradient of surface tension (Marangoni force) and recoil
pressure.[*”] When the recoil pressure of metallic vapour over-

comes the surface tension of the molten liquid, the molten lig-

uid is prone to break, detach and be ejected as can be seen in
Figs. 3(f)-3(h).[48]

1.0

A4V

Fig. 3. Phenomena of melt ejection at moments of: 235 us ((a), (e)), 470 us ((b), (f)), 704 us ((c), (g)), and 939 us ((d), (h)); for
304 SS ((a)-(d)) and aluminum ((e)—(h)) under 5.71 MW/cm? laser power density irradiation and 1 ms pulse duration.

v0 v0

A 8.22 A 8.96
8 8
6 6
4 4
2 2
0 0
v vO0
A21.3 A21.9
20 20
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8 8
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v0 vO0

Fig. 4. Velocity field distributions of molten pool at moments of: 235 us ((a), (e)), 470 us ((b), (), 704 us ((c), (g)), 939 us ((d), (h))
for 304 SS ((a)—(d)) and aluminum ((¢)—(h)) under 5.71 MW/cm? laser power density irradiation and 1 ms pulse duration. The white
arrows indicate the material flowing directions. The unit of the color bar is m/s.
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It is worth noting that the ejection speed is not the decisive
factor for the quantity of ejected liquid but the thickness of the
liquid zone (molten layer) around the keyhole wall is. In order
to quantitatively analyze this key point, temperature distribu-
tions of 304 SS and aluminum in the drilling process are also
obtained in Fig. 5. As can be seen in Fig. 5, the heat affected
zone increases with the evolution of laser-matter interaction
for both materials, however, the temperature gradient across
the keyhole wall for 304 SS is obviously large; these could
mean that the liquid zone of 304 SS is smaller than that of alu-

v 300

A 2821
X102

2.5

1.5

0.5 0.5
v 300 v 300

minum. In order to have an insight into the temperature distri-
bution, the temperature plots of both 304 SS and aluminum at
free surface are shown in Fig. 6. According to melting temper-
atures and keyhole structures of metals, the thickness values of
liquid zones are obtained, and show that the liquid zone thick-
ness of aluminum is much larger than that of 304 SS, which
are in agreement with the experimental results in Figs. 2(b)
and 2(d); this is the reason why a large quantity of molten ma-
terial is generated in the keyhole and a huge spatter is observed
in aluminum targets (Figs. 3(e)-3(h)).

A 3189 A 3192
X103 x10°
3 3
2 | 2

|
1 1

v 300 v 300

42823 A 2825
X103 %103
2.5 2.5
1.5 1.5
0.5 0.5

v 300 v 300

Fig. 5. Temperature field distributions of molten pool at moments of: 235 s ((a), (e)), 470 us ((b), (), 704 us ((c), (g)), 939 us ((d),
(h)) for 304 SS ((a)—(d)) and aluminum ((e)—(h)) under 5.71 MW/cm? laser power density irradiation and 1-ms pulse duration. The

unit of the color bar is K.

—s—304—SS

SU00Fe—aay —e— aluminum

% 2400 liquid zone of 304 SS
E
g 1800
5] \liquid zone of aluminum|
P‘O 1200 H

600

L L N i
0 0.2 0.4 0.6 0.8 1.0

Radial distance/mm

Fig. 6. Temperature plots of 304 SS (black solid squares) and aluminum
(red solid circles) along the radical direction, with the original point cor-
responding to the center of the laser focal spot in simulation.

The analysis indicates that the difference in liquid zone
thickness is mainly caused by thermal diffusivity o which de-
pends on density p, specific heat C, and thermal conductivity
A, and is given as follows:

A

o=—. (18)
PGy

According to Eq. (18), the thermal diffusivity values of

304 SS and aluminum are 4.46 x 107 m?/s and 1.09 x 10~*
m?/s, respectively. The thermal diffusivity of aluminum is
24 times higher than that of 304 SS, which indicates thermal
dissipation in aluminum is much faster than that in 304 SS.
Much more heat dissipates from the laser focal spot to the
keyhole periphery and matrix at the same time, and a thicker
liquid zone (because of the smaller temperature gradient) is
generated across the keyhole wall for aluminum. Especially
as shown in Fig. 6, the thickness of the liquid zone is nearly
320 um and these molten materials mainly contribute to melt
ejection in the laser drilling process. However, for 304 SS, it
is only 50 pm, that is why there is so little melt ejection in the
laser material interaction process as seen in Fig. 3.

In this section, by using the improved mathematical
model, the laser drilling process, especially the melt ejection
Utiliz-
ing the calculated flow and temperature field of the keyhole,

phenomenon, is studied via numerical simulations.

the relation between the quantity of liquid ejection and ma-
terial thermal diffusivity is deduced and the conclusions are
obtained. Metal material with high thermal diffusivity such as
aluminum has a small temperature gradient and thick liquid
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zone across the keyhole wall, and it is more prone to having a
bigger quantity of melt ejection in the laser drilling process. In
the following section, experimental observations and measure-
ments are used to verify the conclusions obtained in numerical
simulations and analysis.

4. Experiments

To verify the numerical simulation and the relation be-
tween melt ejection and thermal diffusivity, experiments are
conducted for direct observation and measurements. The
quasi-real time observations of laser drilling are realized by the
shadowgraphic technique. The experimental setup is shown
in Fig. 7(a): a Nd:YAG long pulsed laser (Meyer-50, Beam-
tech Optronics Co., Canada) is used as a heat source for laser
drilling. Its wavelength is 1064 nm and the output laser owns
a beam divergence angle of less than 3 mrad. The laser pulse
width can be set to be in a range between 0.5 ms and 2.5 ms,
besides, the maximal output laser energy is 50 J. In the experi-
ment, laser pulse width is selected to be 1 ms (Fig. 7(b)), which
meets the requirement of numerical simulations. In addition,
the output laser energy is 12.1 J, with a focusing lens (focal
length 18.5 mm) set to be above the metal targets, and the
power density can reach 5.71 MW/cm?. Moreover, the TEMg
mode is used in laser drilling. Another continuous semicon-
ductor laser (DPSSL) with 50 mW power and 532 nm wave-
length coupling with beam expanders with an expansion factor
of 8 is used for illumination. A high speed charge-coupled-
device CCD camera (Gigaview, Southern Vision Systems Inc.,
USA) is used to capture the “shadow” images of spatter dur-
ing laser drilling. In the experiment, the capturing frame rate
is 4261 fps at a pixel resolution of 1280 x 128. Besides, a
band-pass filter (A = 532 nm, and full width half maximum
(FWHM) =10 nm) is used. The metal targets are fixed on
the three-dimensional (3D) precision translation stage (Beijing
Optical Century Instrument Co., Ltd. China) for spatial adjust-
ment. A combination of beam-splitter and energy meter (Bei-
jing Institute of Opto—Electronic Technology, China) is used
in the system to measure the laser energy. A four-channel dig-
ital delay system (DG535, Stanford Research Systems, USA)
is used to trigger the long pulsed laser for laser drilling, a digi-
tal oscilloscope ((DS6064, RIGOL Technologies Inc., China,)
is used to show the signal delay between the laser pulse and
CCD, and high speed CCD camera, which is connected to the
PC directly through the USB interface for control and infor-
mation storage, is used for capturing the images to record the
phenomena of material ejection in real time. Besides, a glass
slide is placed perpendicularly to the light path about 10 mm
away from the target front surface for collecting molten mate-
rial and shift after each drilling, each energy density is tested
20 times and many an energy density is conducted. Finally, an
electronic scale (AL2024, Mettler Toledo Co. Ltd., Shanghai)

with an accuracy of 0.0001 g is adopted to measure the mass
of the collected molten material and variation of target mass.

reflector

DS6064 DG535

]

I'—lilyETlo

energy mete

beam-splitter

lens

glass slide

DPSSL  beam

expanders -
stepping motor

band pass
filter

0.20

—— waveform (b)

0.16

0.12

0.08

0.04

Intensity/arb. units

0

—1000 0 1000 2000 3000
Time/ps

—0.%5500

Fig. 7. (a) Schematic of real time laser drilling observation via the shad-
owgraphic technique, and (b) the laser pulse waveform with an FWHM
of 7 being 1 000 ps.

The shadowgraphs of melt ejection for both 304 SS and
aluminum, captured by the real time laser drilling observa-
tion system, are shown in Figs. 8(a)-8(d) and Figs. 8(e)-8(h),
respectively. As indicated by the red arrows in Fig. 8, the
melt ejection in aluminum is much more obvious than that in
304 SS, the results in experiment fit well to the conclusions
in simulation. Moreover, the melt ejection fractions (collected
melt mass versus measured mass change of substrate) of about
37% for 304 SS and 65% for aluminum coincide with the data
in the literature,*”) which means that melt ejection is a pri-
mary drilling mechanism for material removal for aluminum.
Finally, the keyhole surface morphologies for both materials
after laser drilling in the same condition are shown in Fig. 9. It
is clear that the periphery of the keyhole surface of aluminum
has a larger quantity of depositions than that of 304 SS as the
accumulated depositions are mostly generated by molten ejec-
tion during laser drilling. Therefore, it also certifies that melt
ejection often occurs in high thermal diffusivity materials like
aluminum rather than in low thermal diffusivity materials such
as 304 SS, which accords well with the conclusions obtained

in the above mentioned numerical simulations and analysis.
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®

2 mm
—

Fig. 8. Shadowgraphs and emitted light images for material removal
(vapour jet and melt ejection) at moments of 235 us ((a), (e)), 470 pus
(), (), 704 ps ((¢), (2)) and 939 ps ((d), (h)) for 304 SS ((a)~(d))
and aluminum ((e)—(f)) under a laser power density of 5.71 MW/cm?
irradiation and laser pulse width of 1 ms. The red arrows indicate the
melt ejection.

Fig. 9. Optical microscope images of a drilled hole showing material re-
moval from the hole in the melt phase for (a) 304 SS and (b) aluminum.
Drilling conditions are the same as those in Fig. 8.

result shows that melt ejection is influenced not only by the
forces acting on the free surface and fluid flow in the melt pool,
but also by the liquid zone (molten layer) across the keyhole
wall. According to heat transfer theory, the thickness of the
liquid zone is mainly determined by the thermal diffusivity of
material. For high thermal diffusivity material like aluminum,
a small temperature gradient occurs in the solid target, and a
thick liquid zone will be generated across the keyhole wall.
These molten metals mainly contribute to melt ejection. Fi-
nally, experimental measurements for both 304 SS and alu-
minum verify the accuracy of the mathematical model and the
quantitative analysis for melt ejection. Additionally, the con-
clusions presented in this paper can be applied to other metals
such as copper, nickel based alloys and titanium, etc.

With both proposed numerical simulations and experi-
mental observations, the quasi-quantitative relation between
melt ejection and thermal diffusivity is established: materi-
als with high thermal diffusivity, such as aluminum, small
temperature gradient and thick liquid zone across the keyhole
wall, easily generate a large quantity of melt ejection in a long
pulsed laser drilling process. The research in this paper will
serve as a guidance for manufacturing optimization and qual-
ity control in laser drilling.
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