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Abstract Today laser-based machining is used to manu-
facture vital parts for biomedical, aviation and aerospace
industries. The aim of the paper is to report theoretical,
numerical and experimental investigations of explosive
boiling under nanosecond pulsed ytterbium fiber laser irra-
diation. Experiments were performed in an effective peak
power density range between 1397 and 1450 MW/cm? on
pure titanium specimens. The threshold laser fluence for
phase explosion, the pressure and temperature at the tar-
get surface and the velocity of the expulsed material were
reported. A narrow transition zone was realized between
the normal vaporization and phase explosion fields. The
proof of heterogeneous boiling was given with detailed
micrographs. A novel thermal model was proposed for
laser-induced splashing at high fluences. Packaging factor
and scattering arc radius terms were proposed to state the
level of the melt ejection process. Results of the present
investigation explain the explosive boiling during high-
power laser interaction with metal.

1 Introduction

First mechanism of liquid droplet ejection (LDE) was
described by Lord Rayleigh in 1878 [1]. Theoretical investi-
gation of laser-induced liquid droplet ejection (LLDE) dur-
ing pulsed and g-switched operations was started in 1965
by Ready [2]. In 1972, Dabby and Paek proposed that sub-
surface heating was the reason of LLDE [3]. In 1976, Von
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Allmen [4] reported a comparative investigation about the
emission of droplets on copper surface with using Nd:YAG
laser pulses. Basu and DebRoy [5] investigated LLDE con-
cept experimentally and theoretically for lead, titanium and
stainless steel materials with using carbon dioxide laser
pulses which have millisecond pulse durations. In 1987,
Chan and Mazumder [6] reported their theoretical analy-
sis for titanium, aluminum and superalloy materials. Aden
et al. [7] calculated laser intensity thresholds for aluminum
and iron with adopting Euler’s equations. In 1995, Miotello
and Kelly [8] claimed that the explosive boiling (phase
explosion) should be the cause of laser-induced splashing
for high laser fluences instead of subsurface heating. Sub-
surface volume boiling was proposed as the liquid droplet
ejection mechanism for silicon surfaces 2 years later [9].
Korner et al. [10] suggested that LLDE was related with
material properties and power density levels for nanosec-
ond pulse durations. Lunney and Jordan [11] found that the
absorption coefficient was higher than the predicted value
and they took attention to the bound-bound and bound-free
optical transitions in high density plasma. Spatter deposi-
tion area was defined by Low et al. [12] after some drilling
experiments of Nimonic 263 alloy with an Nd:YAG laser
beam. Willis proposed an approach to describe the behavior
of radially distribution of droplets [13].

The importance of explosive phase change on liquid
material removal at nanosecond pulsed excimer laser irra-
diation was reported for nickel material [14, 15]. Solana
et al. [16] described two LLDE mechanisms such as melt
ejection and radial pressure-based flow. Ghoreishi et al.
reported important parameters in Nd:YAG laser-based
operations such as the peak power, pulse duration, pulse
frequency, number of pulses, assisted gas pressure and
focal plane position for stainless steel sheets. Their inves-
tigation proved the role of pulse duration and peak power
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Table 1 The laser fluence variation for different investigators

Author [year, reference number] Laser intensity (MW/cm?)

Aden [1990, 7] <1

Voisey [2003, 19] 0.079-0.087
Von Allmen [1976, 4] 2-100

Low [2000, 12] 2.14

Xu [2000, 14] 100-400
Semak and Matsunawa [1997, 20] <20

Ready [1965, 2] 1000

on the reproducibility of holes. They showed that the pulse
frequency and the number of pulses had not any signifi-
cant effect for the operation [17]. “Frozen melted droplets”
(FMD) phenomenon was first mentioned by Peto et al. [18].
The laser intensity was changed for different investigations
[2,4,7,12, 14, 19, 20] (Table 1).

Latest reports were presented in Lasers in Manufactur-
ing Congress [21-24]. Although considerable research has
been devoted to establish formulations for surface evapo-
ration, rather, less attention has been paid to report to
mathematical model of phase explosion [14, 15, 25-32].
Experimental background emphasized that explosive boil-
ing occurs only if the superheated layer was thick enough;
however, there was not any report for its “critical thick-
ness” before the formation of droplet expulsion just after its
tearing. Also there is a lack of knowledge for a numerical
analysis of droplets (size and morphology) in nanosecond
regime for g-switched pulses which have laser intensities
upper from 1000 MW/cm?. The aim of this present paper
is to establish novel mathematical equations to enhance the
process quality and reproducibility of laser micro-machin-
ing operations. Within the scope of this investigation, a
modified Hertz—Knudsen equation was adopted to analyze
the liquid—vapor interface after g-switched nanosecond
laser irradiation on commercially pure titanium material.
A 20 W Telesis (Ohio, USA) ytterbium fiber laser was uti-
lized for experimental tests. The thickness of liquid layer
was estimated numerically. Dimensional and morphologi-
cal data of droplets were given in micrographs. Two addi-
tional parameters were defined to enhance process quality
such as packaging factor (PF) and scattering arc radius
(SAR).

2 Material and method

2.1 Mathematical modeling for laser-induced splashing
at high fluences

Kinetic and thermodynamic viewpoints of our approach
are shown in Fig. 1. Figure la shows the case of normal
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vaporization during the laser pulse, 1b, c illustrate after the
laser pulse and phase explosion situations, respectively.
Gaussian heat source was considered for laser-induced irra-
diation. The heat flux was calculated by Hertz—Knudsen
equation, and it was used to estimate the velocity of surface
recession at the liquid—vapor interface (Eq. 1) [33, 34]. The
thermal properties of the material were assumed to be con-
stant and thermal expansion was negligible.

0z. aPy (mp>
Upy ~ 7=0 = 1
at (2mpkBTh) p ( )

Miotello and Kelly reported that the surface temperature
was not fixed for laser-induced splashing at high fluences
[8]; thus, a modified Clausius—Clapeyron equation was
adopted to calculate the saturated vapor pressure [33] (in

Eq. 2).
r ()
(2mpkpTh) P ke \Tv  Th p @

Two-dimensional Rosenthal equation was used to deter-
mine the hot surface temperature (in Eq. 3) [33].

¢ 1dp  fupy2
dr2+rdr_(2/c)¢_0 3
The solution of Eq. 3. was found as a modified Bessel func-
tion of the second kind and zero order, and it was given
in Eq. 4 [33]. We assumed that the energy flux relocated
with the expulsed material, and it was equal to the absorbed
laser power (q;), and the power (qg) which produced in
exothermic reaction of titanium with oxygen in the air
atmosphere. Process efficiency 7, included the free energy
change for nucleation at heterogenous boiling at the transi-
tion zone and plasma related energy losses for our novel
model. Thus, the heat flux was equal to np * (¢, + ng * qg)
when r was zero at the center of the laser beam for cylindri-
cal coordinates. Related nomenclature is given in Table 2.

Ulpy ~

Ulpye
np * (qL + Mg * C]E)e( B ) . Ko(mpvr
2mkh K

The thickness of the liquid layer was estimated with using
Eq. 5.

81 = (k/upy)In(Th /Trn) &)

Equation 6 was used to calculate opening area due to laser
irradiation.

Ty =To+ ) @

Ae = 2T wWé) 6)

A computer-based calculation program was adopted to cal-
culate the hot surface temperature, the saturated vapor pres-
sure, the velocity of surface recession and the thickness of
liquid layer. Related material constants are given in Table 3.



On mechanism of explosive boiling in nanosecond regime

Page 3 of 8

168

\ \
! i Laser |+ } Laser L

Frozen Melted ¢
Ae

Droplet \. ¢
s | 4 & " o w
Vapor Jet 4 ‘ I Knudsen Layer. Vapor Jel\\_{ ‘ ‘ Vapor Jet

(Bolizman Equation)

Recoil e Recoil o Recoil
Liquid Layer Liquid Layer
RigssUts (Hertz-Knudsen Equation) Pressure (Hertz-Knudsen Equation) Fressure
-Solid Solid

Liquid Layer
Thickness

Liquid Layer
Thickness

Laser

a b c
Amibient Air Amibient Air Amibient Air
Shock Wave
Contact Compressed Air Compressed Air Compressed Air
Front
Wapor Wapor
Expansion Expansion Liguid/vapor
Mixture
Superheated
vapor Liquid Knudsen Layer Liquid Lavyer
interface’  THAHUTIIMGIAICl  THGHUIIGIEal TR
ZONE 1

ZONE 2 ZONE 3

Galvo Mount

Beam Expander
Galvo System  gafety Shutter ~ Optical Isolator ~ Assembly

= ;

Beam Delivery Assembly ~ Fiber Optic
Cable

Fig. 1 a—c Schematic representation of laser-induced droplet formation and phase explosion, d schematic representation of laser set-up

@ Springer



168 Page 4 of 8

S. Celen

Table 2 Nomenclature

Table 3 Calculation parameters

Physical properties Symbol Unit Physical properties Symbol Value Unit
Velocity of surface recession Uppy m/s Mass density 0 4.51 kg/m?
Boltzmann constant Bt J/K Vaporization enthalpy  Lv 8.893 x 10° J/kg
Avogadro constant Na Mol™! Atomic mass m 0.47 x 10726 kg
Vaporization coefficient o - Molar mass M 47.867 g/mol
Saturated vapor pressure Ps Pa Laser intensity 1 13.97 x 103~ W/em?
3
Mass of the particle mp kg 14.75 % 10
Ambient gas pressure Pa Pa Melting temperature Tm 1941 K
Vaporization temperature Tv K Vaporization tempera-  Tv 3533 K
Hot surface temperature Th K ture ”
. Boltzmann constant Bt 1.3865 x 1072 J/K
Melting temperature Tm K
. Avogadro constant Na 6.022 x 10% Mol ™!
Ambient temperature Ta K Svecific h c 0.54 Ki/ke K
Knudsen layer temperature Tvk K pectfic heat P ' &
. Laser beam radius w 13.35 x 107° m
Liquid temperature Tl K
Specific heat Cp KJ/kg K
Mass density 2 kg/m® It was beneficial for drilling applications; however, some
Vaporization enthalpy L, Jkg manufacturing steps must be involved to obtain clean sur-
Melting enthalpy Lm Jikg face due to splashed particles.
Mol s M /mol . . .
olar mass ] gmo Mass gain of collection side
Constant for bessel function Ko - MEF = Cxrp - 7
. . Mass loss of drilled sample
Thickness of the specimen h m
Thermal diffusivity K m%/s In the present investigation, a packaging factor (PF) and
Laser beam radius w m scattering arc radius (SAR) terms were defined to increase
Thickness of liquid layer 5 m the quality of laser-based applications. They can be facili-
Laser-induced Opening area Ae m2 tators for maChlning blind holes. PF refers the ratio of
Heat input P KJ/m total accumulated scatterers to a limited surface zone on
The distance of any general point r m the target surface. (Eq. 8) If PF has a low value, the scat-
Laser-induced heat flux (power) input a Watt tering is supposed to be low and the process quality will
Exothermic reaction-induced heat flux (power) g Watt increase. SAR term defines the maximum planar distance
input of the droplet from the center of the laser-induced open-
Efficiency (process) T - ing area. It shows the effect of melt ejection velocity.
Efficiency (exothermic reaction -
) y( ) e Covered zone by accumulated scatterers
Plate thickness h m PF = — ®)
. . Limited surface area
The coordinate point & -
Melt ejection fraction MEF — 2.3 Experimental configuration
Correction factor Cyaa -
Packaging factor PF - After the required numerical analysis, experiments were
Scattering arc radius SAR m conducted to observe the quantity and morphology of fro-

2.2 Quality aspects

Quality of laser micro-machining is related with the nar-
row heat affected zone, lack of cracking and recast layer,
precise geometric dimensions, metallurgical properties and
the clean surface finish [33]. In 2003, melt ejection fraction
(MEF) term was used to determine the proportion of mate-
rial removed by laser-induced melt expulsion [19]. (Eq. 7)
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zen melted droplets. ASTM B265 grade 2 commercial pure
titanium specimens were molded in acrylic resin. Grinding
was carried out under water irrigation using 320, 600, 1200
grit waterproof silicon carbide abrasive papers followed
by polishing using 6 pm and 1 pm diamond paste on a
medium nap rayon cloth. Q-switched mode was used with
a galvo steered precise motion control system. (Figure 1d)
The wavelength of the laser beam was 1064 nm. With an
f= 160 mm f-theta lens, a beam waist diameter of 26.7 pm
was obtained with a 90° angle. Pulse repetition rate was
adjusted to 10,000 Hz. Specimens were mounted tightly
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Fig. 2 Graphical representation of the surface temperature and micrographs of heterogeneous boiling

and controlled in order to prevent misplacement. Surfaces
of specimens were laser micro-machined by single and
double pulses. The main parameters of the laser radiation
were as follows: the energy per pulse 1.2-1.8 mJ and the
pulse duration 200-250 ns. The maximum effective peak
power density value was calculated about 1450 MW/cm?.

The surfaces of the titanium targets were examined with
scanning electron microscope examination (JSM-6060
JEOL).

3 Results and discussion

During g-switched laser irradiation of commercially pure
titanium material, the mechanism of liquid metal expul-
sion has been examined both theoretically and experimen-
tally. According to our numerical analysis, the surface tem-
perature increased with the effective peak power density.
Calculated surface temperatures are shown in Fig. 2 for

state-of-the-art [33, 34] and present approaches. Although
Knight’s approach was only used for surface evaporation
(dot line) [34], our model can be used for both heterogene-
ous and explosive boiling conditions (straight line). Modi-
fied Clausius—Clapeyron model enables vaporization in
a temperature range up to critical temperature of titanium
instead of a constant value. Thus the surface temperature
was not fixed for laser-induced splashing at high fluences
[8]. In laser-induced boiling, the surface temperature was
supposed to be fixed; however, there should be an increase
because of the raising laser power intensity due to hetero-
geneous vaporization at the same zone. The release of gas
from subsurface can be seen in micrographs. When the sur-
face temperature reached to ~0.84 Tc (Tc = 5850 K-ther-
modynamic critical temperature of titanium), the saturated
vapor pressure was estimated as 4, 64 MPa. The pure tita-
nium material made a rapid transition from superheated
liquid to a mixture of liquid droplets and vapor at 5265 K
(~0.9 Tc). The molten layer was pushed laterally and
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droplets splashed in mostly spherical form to the ablation
front. A group of droplets scattered to the outside atmos-
phere. Some of them accumulated on the specimen surface.
Their average velocity was calculated about 0.441 m/s.
(with Eq. 1) Chan and Mazumder were reported that the
total removal rate of titanium above from 0.4 m/s [6]. Thus,
the current algorithm was consistent with the background
investigation.

Dimensions of droplets were measured and they com-
pared with estimated thicknesses of liquid layer. The graph-
ical representation of the thickness of liquid layer versus
pulse duration is given in Fig. 3. According to the Fig. 3,
the maximum droplet size tended to rise with increas-
ing pulse duration. It was observed about 13 wm, and the
thickness of the liquid layer was estimated as 22 pm at
230 ns pulse duration. The thickness of the liquid layer
was reported about 20 pm for 10 kW laser power [6]. The
critical tearing thickness was found about 17 pm. (in Fig. 3
250X zoom-200 ns) At this point, maximum droplet size
was measured as 11 pwm from scanning electron micros-
copy micrograph. There was a slight decrease in thickness
levels when the effective peak power density increased.
(Figure 3 core graph) When the power density increased,
the recoil pressure rose and it triggered the vapor to the
ablation front [33].

Two process quality factors were proposed. When the
packaging factor (PF) proved the dominated mechanism
numerically, the scattering arc radius (SAR) showed its
level. Total planar surface area of accumulated particles
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was measured with using SEM. PF referred the areal pro-
portion of particles on a limited 120 pwm? surface area. It
was multiplied by M factor to cover the lost laser beam
area. The change in the quantity of droplets before and
after the threshold value can be seen in Fig. 4. Maximum
PF was calculated about 70 % for 1.7 mJ heat load. PF
increased gradually from 150 to 213 ns pulse durations,
and it declined after 213 ns due to the mechanism change at
superheated temperature.

Wider liquid layer thickness enabled bigger droplets
with lowering their packaging factor value. There was a
significant drop in the level of the PF after the threshold.
It can be interpreted that the heat rate was so slow and
the liquid was not metastable for longer pulse durations
[8]. Maximum scattering arc radius (SAR) can be seen in
Fig. 4. According to the graph, splashing length rose with
increasing pulse duration (with increased recoil pressure
and velocity of droplets). The micro-morphology of laser-
generated cavity after 1.8 mJ pulse is given in Fig. 4d.
Laser-irradiated cavity had contained a little pearl-like fro-
zen melted droplet. This can be called as “sea shell effect.”
Our results were appropriate with former studies for pulsed
laser operations [12, 20, 35, 36] Although Semak and Mat-
sunawa’s criterion was reported for laser intensities up to
20 MW/cm?, its further investigations will be beneficial for
high-power regimes [20].

According to the result of the mathematical analysis,
significant amount of energy was lost due to the laser-
induced plasma. Further SAR investigations will lead to
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understand Solana’s second mechanism about intensity dis-
tribution due to the recoil pressure which was not proven
until now [16]. Also novel mathematical approaches should
be developed to obtain the critical bubble radius (at heter-
ogeneous boiling) and the actual average rate of material
removal in the future [37, 38].

4 Conclusion

Our novel model should serve some purposes such as preci-
sion control of the laser beam interaction with target. Fol-
lowing conclusions can be summarized in the scope of this
investigation;

(a) This is the first report which explains laser-induced
boiling of metals. According to P-V diagram, heterog-
enous boiling started at ~0.84 Tc—4.64 MPa. The phase
explosion was occurred at ~0.9 Tc—9.62 MPa.

(b) The critical thickness of liquid layer was found about
17,4 pm and maximum frozen melted droplet size was
measured as 11 pm at this stage. Thicknesses of the

f SCATTERING
ARC RADIUS

e
PF AREA

ratio of total red area to gray zone in a limited red border, f scattering
arc radius represents the maximum length of droplet to the irradiation
cone center

liquid layer were estimated in the range of 12-22 pm
for 150-230 ns. The maximum droplet size was
changed between 7 and 13 pwm for 1.2-1.8 mJ laser
intensities, respectively.

(c) Shapes of droplets were observed mainly spheri-
cal form, and the scattering arc radius (SAR) was
increased with the pulse duration and pulse energy.

(d) PF can be used as a numerical parameter to predict
vaporization.
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