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Abstract

The quality of laser micro-machining process (micro welding, drilling,
surface structuring etc...) has vital importance for electronic, aviation-
aerospace and biomedical industries. Dynamics of laser-induced
plasma are determined with some parameters such as laser intensity,
beam waist diameter and ambient gas conditions. When the plasma
density is limited with a threshold value, the laser energy can not
transmitted to the material due to the rarefied plasma. This
decoupling threshold has a crucial role for micro-machining operation.
In the scope of this paper, the behaviour of the plasma dynamics has
been examined both theoretically and experimentally for titanium
material and optimal laser intensity threshold was reported to prevent
dissipation of beneficial process energy and to compare numerical
investigations.

Keywords: Laser-induced detonation waves, Plasma physics, Micro
machining

Oz

Lazer destekli mikro-imalat (mikro kaynak, delme, yiizey yapilandirma
vb...) prosesinin kalitesi elektronik, havacilik- uzay ve biyomedikal
endiistrileri igcin ézel bir oOneme sahiptir. Lazerin olusturdugu
plazmanin dinamikleri lazer gii¢ yogunlugu, 1sin odak ¢api ve gevre
kosullart tarafindan belirlenmektedir. Plazma yogunlugunda egsik
degerine ulasildiginda plazma korumasina bagl i1sinim kayiplari
sebebiyle, lazer enerjisi malzemeye aktarilamamaktadir. Bu ayrisma
esigi mikro-imalat operasyonu i¢in kritik bir role sahiptir. Bu makale
kapsaminda, titanyum malzeme icin plazma dinamikleri teorik ve
deneysel olarak incelenmis ve faydali prosess enerjisinin kaybini
dénlemek igin optimum lazer yogunluk esigi rapor edilmis ve numerik
calismalarla karsilastirilmigtir.

Anahtar kelimeler: Lazerden kaynaklanan patlama dalgalar,
plazma fizigi, mikro imalat

1 Introduction

Although Society of Precision Engineering was established
eighty-three years ago in Japan, the journal of Precision
Engineering was first published in 1979 [1]. In fact,
manufacturing of miniaturised systems were proposed by
Richard Feynman [2]. American Society of Precision
Engineering was formed in 1986. Precision engineering
formed a big umbrella for metrology, calibration, error
compensation, controls, design methodology, uncertainty
analysis, actuators and sensors design and ultra-precision
machining topics [3].

Today laser may be considered as an excellent tool for high
precision material processing due to its unique properties [4].
Although ultrasecond lasers have been developed, nanosecond
lasers which have intermediate pulse durations are still
dominant in micro-machining industry due to their low costs.
Micro production with using these systems enables more
reliable manufacturing than other systems.

Laser-material interaction mechanisms were classified
according to laser intensity and plasma physics had an
important role in pulsed micro-machining [4],[5]. Laser
surface modification with close infrared wavelength field is
influenced by heat [6]. So temperature cycle of the material
surface is the most crucial factor for nanosecond laser micro-
machining, there is only one important question at this point.
How we can govern effective laser intensity and what is the
main process parameter? Understanding of “plasma

dynamics” can be a driving force to describe related physical
events accurately and “plasma threshold intensity” is the most
important parameter. Photons interact with the atoms of the
target material and this situation leads plasma formation due
to highly charged atoms and electrons in laser micro-
manufacturing. Plasma is the highly ionized vapour and the
state of matter such as solid, liquid and gas. When the plasma
is formed, the magnitude of the heat fluxes increased
dramatically due to the higher absorption of the laser energy
[7]. Micro-nanodevice production requires the description of
hydrodynamic behaviours of plasma flows. Because accurate
calculations of microscale flow characteristics have imperative
role [8]. Also the temperature, recoil pressure, vapour
expulsion rate, liquid expulsion rate are important factors to
control process parameters [9].

Hirschfelder et al. reported theoretical behaviours of gas and
liquids in 1954 [10]. It was emphasized that there was a term
congestion in laser-induced machining such as vaporization,
desorption, ablation, decomposition [11]. For this reason some
laser terms such as laser-induced splashing were used to
describe pulsed laser material interaction [12]-[16]. In the
background literature, several researchers focused on the
evaporation dynamics of laser irradiated metal specimens
from 1967 [17]. Anisimov and Anisimov et al. reported
kinetics of vaporization for low power laser interaction
[18],[19]. Olstad and Olander investigated pulsed laser
interaction for different material surfaces [20],[21].
Mathematical description of laser-induced energy transport
concept was reported by Andrews and Attey in 1975 and 1976
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[22],[23]. Allmen developed a theoretical model for laser
drilling process in 1976 [24]. Knight investigated rapid
vaporization concept in 1979. He approached to the concept
with a different perspective from background studies with
using sonic flow calculations [25]. Chan and Mazumder
reported a laser vaporization model with using Mott-Smith-
Approach in 1987 [26]. After 1988, second stage
investigations were conducted for dynamic modelling of laser
machining with using analytical and applied methods for
different purposes. Kelly and Dreyfus emphasized some
difficulties due to high time-of-flight temperatures in laser-
induced vaporization [27]. They reported that surface
temperature might be lower than the estimated value and
when the collisions were insufficient, an unsteady-adiabatic
expansion process occurred just like a strong barrel which
was fired from a finite charge [11],[27],[28]. Singh et al.
developed a theoretical model for nanosecond laser-induced
plasmas [29]. Aden et al. investigated laser-induced
vaporisation of two metallic specimens such as aluminium and
iron and they proposed a theoretical model with using Euler
equations. They reported pressure values for a 1011 W/m?
laser intensity with an Nd:YAG laser irradiation [30],[31].
Chen et al. reported hydrodynamic modelling of laser-induced
expansion of the target materials and the variation of the
surface pressure with interaction time via Saha equation [32].
Capewell and Goodwin used Direct solution Monte Carlo
(DSMC) model for calculating fluid-flow characteristics of
gases in micro-scale [33]. Also there were another studies for
high intensity laser ablation [34]-[36]. Background studies and
publications show that the major focus has been made on the
development of vaporization models for the laser ablation
[37]; however, there is a lack of knowledge for understanding
plasma mechanism and its process dynamics. Therefore, it
would seem reasonable to state that further promising studies
are needed to enhance the production quality. The importance
of the “plasma threshold intensity” was emphasized for laser
micro-machining operation. Also within the scope of this
investigation, effect of laser-induced recoil pressure was
illustrated and the optimal laser intensity threshold was
reported to obtain beneficial plasma effects with using a 20
Watt ytterbium fiber laser.

2 Material and method

2.1 Theoretical plasma physics in manufacturing
science

Plasma has been an active research area in manufacturing
engineering. Although plasma may be a beneficial tool for
general manufacturing technologies such as plasma welding,
plasma-aided coating where it facilitates the energy flow, it
may prevent transmitted laser energy and thus it may
deteriorate the quality of the process for laser manufacturing
applications [4]. Figure 1b represents the negative effect of the
plasma.

Figure 1: a) Laser-Induced Evaporation, b) The negative effect
of laser-induced plasma [16].

In the background investigations, hot surface temperature was
calculated with using Eq.1 [9]. Where To, I, p, ¥ and & refer
ambient temperature, absorbed laser intensity, density,
thermal diffusivity, the coordinate point respectively, cp
represents specific heat and uq is the laser processing speed
[9]. However, there are some difficulties to estimate absorbed
laser intensity and laser processing speed accurately with
iterations for numerical calculations.

I,/
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Then recoil pressure calculation was proposed by Anisimov
with using Eq.2 [18],[19]. Where Ly, my, A, T refer vaporization
enthalpy, mass of the vapour molecule, area and surface
temperature respectively. They used Qo and S symbols to
describe laser power and interaction area in their equation
[71,[18],[19]. However, assumption of low laser power density
was used in this method thus plasma shielding effect was
neglected. Eq. 3 represents another formula for the estimation
of the recoil pressure where L, refers heat of vaporization for
a particle [9].

1691, (kg * T)/(my * Ly) @
L T,
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Today many laser material processing applications have been
conducting laser intensity ranges in between 100-1000
MW/cm? and higher values thus the effect of plasma must be
considered [38]. For this reason mathematical models of hot
surface temperature and recoil pressure should be updated.
Plasma dynamics and its equations have a key role in laser
micro-machining, where the laser intensity is a determinant
factor. The last model was developed in 2016 [16]. In the
scope of this investigation, a different recoil pressure
calculation was proposed with updating a novel hot surface
(remodified Clausius-Clapeyron with a correction factor)
approach [16] and the accuracy of the method was confirmed
with experimental tests (Eq. 4).

L T,
P, = Pyexp[—> (1— - ,)*CF (4)
kBTv Th((;elen,2016)

Material properties were given in Table 1. Details of the
experimental set-up were given in the following section and
obtained results were illustrated in the Results and Discussion
Section.

Table 1: Physical properties of titanium used in numerical
analysis.

2.2 Material and experimental details

ASTM B265 grade 2 commercial pure titanium material was
used to observe the effect of laser-induced detonation waves
due to plasma formation. Surfaces of specimens were grinded,
polished and cleaned by ethanol solution before the
experimental tests. They were conducted with a 20 Watt
Ytterbium Fiber Laser source (A=1060 nm) with a precise
motion control system in air at atmospheric pressure.
Specimens were micro-machined with using rastering mode.
Pulses were adjusted to Q-switched TEM0O mode to obtain

1010



Pamukkale Univ Muh Bilim Derg, 23(8), 1009-1013, 2017
(16. Uluslararast Malzeme Sempozyumu Ozel Sayisi)

S.Celen

maximum laser intensity normal to the titanium target surface
which corresponds to the center of the beam. F-theta f=160
mm lens was used to obtain minimum focus.

3 Results and discussion

Nanosecond pulse generates explosive phase-change, strong
shock waves, plasma formation [7]. In the literature, it was
reported that laser supported detonation waves (LSDWs)
occurred at effective laser intensity range between 100-1000
MW/cm? and upper for some investigations [38]. The
threshold laser intensity value was estimated about 1425
MW/cm?2. Also results of this study were found consistent with
former studies for pulsed laser operations [30],[31] and [38]-
[40].

Recoil pressure increased with effective peak power density
[16]. (Figure 2) The first laser power led to the significant
vaporization and ionization of the material. (Figure 2a)
Effective energy transfer occurred due to the plasma coupling
[7]. When it was increased, immediate expansion of the
plasma formed and melted droplets were scattered due to
laser induced-detonation waves. Increment of the surface
pressure can be seen from the graph and also its proof was
given in Figure 2b. The effect of strong deflagration front of
the shock wave was given at Fig 2c. Laser beam caused a tear
effect on the material instead of the evaporation where the
machining process was not possible [16]. (Figure 2c) High
energy supply to the surface was broken and it prevented
overall ionization. It may be interpreted that the increased
laser density caused decoupled plasma and laser energy did
not reach to the surface effectively to vaporize the material
[16]. It was reported that the material transition took place
from purely elastic state to elastic-plastic state due to the
laser-induced shocks and material losses much of its shear
strength [41]. For I < Ip normal vaporization and effective
ionization was observed. However, for I = Ip the system was
metastable and machining was difficult due to the intermittent
characteristics of the laser energy [16].

Aden et al. reported surface pressure graphics for laser
irradiation. When the effect of their relatively long pulse
durations was assumed, results of this study were found
consistent with their pressure values [30],[31]. Bergel’son et
al. emphasized that “the stable regime occurred at 2500
MW /cm? when 65 ns pulse duration” was used [39]. McKay et
al. reported that “the transition from laser-induced detonation
to laser-induced radiation took place at 46 ns pulse duration
with using 1,06 um laser wavelength” [40]. Also a
comprehensive report which included transition regions for
laser-induced waves was published [38]. In this study,
experiments were conducted with relatively longer
nanosecond pulse durations and intermediate laser intensity
levels, thus laser-induced detonation effects were seen on
surfaces of specimens and laser-induced radiation was not
observed.

There are some process parameters for plasma occurrence
such as laser intensity, material composition, ambient gas
properties and laser wavelength [38]. The most crucial
parameter is “the effective laser intensity” which determines
the surface temperature of the target. Plasma threshold should
be a strong indicator for material processing [38]. At this
stage, this novel approach must serve some purposes such as
precision control of the laser-material interaction with

understanding the plasma dynamics of the operation. Also
their precise control will lead a higher quality machining
operation.
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Figure 2: Recoil pressure variation with effective peak power
density [16].

4 Conclusion

Plasma dynamics were investigated and physical insights and
the current limits were discussed.

Mathematical analysis was performed to obtain recoil
pressure values. Plasma threshold intensity was proposed
about 1425 MW/cm? and unfavorable shockwave period was
started after this value. Shockwave behaviour of the metal
vapour was examined experimentally and related micrographs
were given. They proved numerical approach of this study for
plasma dynamics.
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6 Nomenclature

Physical Symbol Value Unit
Properties
Mass Density p 4.54 kg/m3
Vaporization Lv 8.893*10"6 ]/kg
Enthalpy
Atomic Mass m 0.47*107-26 kg
Molar Mass M 47.867 g/mol
Laser I 1420-1428 MW /cm?
Intensity
Vaporization T 3562 K
Temperature
Boltzmann Bt 1.3865*10"- J/K
Constant 23
Specific Heat Cp 0.54 k] /kg.K
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