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Abstract

Polycrystalline a-Ti plates subjected to pulse laser ablation in a single pulse of specified energies showed
crater and heat affected zone (HAZ) whose dimensions depend on the adopted power density and environment
according to optical and electron microscopic observations. The crater diameter decreases, whereas HAZ width
increases, in the order of water, air and vacuum environment under the same laser focal length and power density.
A relatively high power density causes a significant increase of crater diameter for PLA in air and water but not
vacuum with the least beam broadening effect. The increase of HAZ width with power density is significant
for PLA in vacuum and air but not in water because of its effective heat dissipation. Electron diffraction of the
cross sectioned o-Ti plates subjected to PLA in water showed smaller d-spacings in the upper level of the HAZ
indicating a residual compressive stress up to ca. 17 GPa. The HAZ also showed solidified/recrystallized textures
and submicron-sized TisO and TisO particles due to high temperature oxidation in the dynamic process.
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. Introduction

The motivation of this research is to compare the microstructure and phase changes of polycrystalline
a-titanium (hcp) plate subjected to pulsed laser ablation (PLA) at specified conditions of pulse energy and the
environment of water, air and vacuum. Laser processing under water has been widely used in steam cleaning,
shock processing, welding, pulsed laser deposition and chemical surface modification. In general, laser
ablation in water has better results in carrying debris, more effective cooling, increasing plasma pressure and
higher optical breakdown threshold comparing with processing in air [1, 2].

Regardless of being processed in water, air or even vacuum, the laser-matter interaction during PLA depends
strongly on the pulse duration, from nanosecond (ns) to femtosecond (fs), according to theoretical models and
experimental results [3-5]. For example, during hole drilling or cutting of aluminum material, the thermal effects
due to heat diffusion process typically produce a heat affected zone (HAZ) near the area irradiated by the laser
beam for nanoseconds, but not fs [5]. The evolution of grain size in HAZ of aluminum material within
nanoseconds was characterized by transmission electron microscopy (TEM) [5]. PLA on solids was also known
to cause complicated phase transformations such as melting-solidification, sublimation-condensation and the
formation of metastable phases, in particular the high-pressure phases due to very rapid heating and cooling of
the nanosize condensates [6,7]. This has been proved experimentally by PLA on Ti target in air to fabricate
a-PbO,-type TiO, [6] and fluorite-type TiO2 [7] nanocondensates with significant residual stress and
fault/twinning associated with martensitic-type transformation according to TEM characterization. The
high-pressure phase also occurs in the target subjected to PLA. For example, the silica window damaged by
Nd:YAG laser (A=355nm) with a 8.4 ns pulse width at a 10 Hz repetition rate in air showed a specific
high-pressure silica phase, i.e. stishovite, according to electron diffraction and infrared reflectance measurements
[8].

In this work, we focused on the combined effects of pulse energy/power density and environment, i.e.
water, air and vacuum, on the width of the crater and HAZ in a-titanium plate under the same laser focal length
when subjected to PLA in a single shot.  For the sake of industrial importance, the ablated plate with the largest
crater diameter yet least HAZ by PLA in water under a specified power density was used for detailed electron
microscopic studies of defect microstructures, residual stress, as well as the extent of recrystallization and
oxidation around the crater and HAZ.

I1. Experimental

Polycrystalline o-Ti plate (99.95% pure, 10x10x1 mm?) polished by diamond paste and then cleaned with
ethanol was subjected to energetic Nd-YAG-laser (Lotis, 1064 nm in wavelength, beam mode: TEMOO) pulse
irradiation in water, air or vacuum (3.5x10°° torr) under Q-switch mode and laser parameters specified in Table 1.
For the case of PLA in water, the target plate was put in a glass beaker filled with a fixed amount of DI water so
that the target was 2 mm below the water level for laser focusing. The same focal length (i.e. the same beam
diameter on the target) was used for PLA in water, air and vacuum under a specified power density, ranging from
9 to 11x10% W/cm? depending on the pulse energy under a fixed pulse time duration of 16 ns in a single-pulse
mode.

Optical microscopy coupled with Optimas 6.1 software was used to estimate the mean diameter of the hole
and width of the HAZ exposed in the top-view image of the target plate. Scanning electron microscopy (SEM,
JEOL JSM-6700F, 10 kV) was used to observe further details of the morphology and microstructures, in
particular the grain size of the ablated surface.
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Table 1 Experimental parameters for single-shot PLA on a-Ti under Q-switch mode

sample number 1 2 3 4
pulse energy (mJ/pulse) 430 470 500 520
pulse duration (ns) 16 16 16 16
beam size (mm?) 0.03 0.03 0.03 0.03
fluence (J/cm?) 1433 1567 1667 1733
frequency (Hz) 10 10 10 10
power density (10 W/cm?) 8.96 9.79 10.42 10.83

Focused lon Beam (FIB, SII NanoTechnology Inc. SMI 3050) was used to make 1 micron thick sections
for TEM studies across the crater, HAZ and the intact area of the target plates subjected to specific PLA
treatments. The composition and crystal structures around the crater center and within the HAZ were
characterized by analytical electron microscopy (AEM, JEOL 3010 instrument at 200 kV) with selected area
electron diffraction (SAED), and point-count energy dispersive X-ray (EDX) analysis at a beam size of 1 nm.
Point-count EDX analysis of local areas of interest was performed using K shell counts for Ti and O, and the
principle of ratio method without absorption correction [9]. Bright field images (BFIs) taken by TEM were used
to study the general morphology and grain size around the hole and within the HAZ. The d-spacings measured
from SAED patterns taken with a selected area aperture of 1 um were used for least-squares refinement of the
lattice parameters for the residual stress estimation of the ablated a-Ti plate based on the ambient cell parameters
reported in JCPDS file #44-1294 and Birch-Murnagham equation of state having the isothermal bulk modulus B
=117 GPa and its pressure derivative B’= 3.9 GPa for bulk a-Ti [10].

I11. Results
1. Metallographic observations of PLA induced microstructures

The a-titanium plates all formed a single crater with surrounding HAZ when subjected to different laser
pulse energy and environment. The crater diameter turned out to be decreasing whereas HAZ width increasing
in the order of water, air and vacuum environment under the same focal length and power density. Figs. 1a, 1b
and 1c show the representative top-view optical micrograph of such features produced by the specified pulse
energy 520 mJ/pulse in water, vacuum and air, respectively. It is noteworthy that the smallest crater has a
central hole throughout the target plate in the case of Fig. 1c.

(a)ater A | (b)ai
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(c) vacuum
Fig. 1 Optical micrographs under reflective light of the a-titanium plates showing top view of their
craters and surrounding HAZs formed by PLA at 520 mJ/pulse under single-shot Q-switch mode.
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Fig. 2 Pulse energy dependence of crater diameter and HAZ width in a-Ti plate subjected to PLA in
water (squares), air (circles) and vacuum (triangles) using single-shot Q-switch mode.

The crater diameter and HAZ width as a function of pulse energy are further compiled in Figs. 2a and 2b,
respectively. Apparently, relatively high pulse energy causes a slight increase of crater diameter when produced
in air and water, but no significant change when produced in vacuum (Fig. 2a). By contrast, higher pulse
energy caused a significant increase of HAZ width when produced in vacuum and air but not in water (Fig. 2b).

SEM observations indicated that the ablated Ti plate has varied extent of melting, cracking and porosity
near the crater regardless of the pulse energy and environments adopted. Fig. 3 shows the representative top view
of surface microstructures produced by PLA in water at 520 mJ/pulse. The SEM secondary electron images
taken at low and high magnifications from three areas, i.e. (a) near the crater center, (b) between the crater center
and HAZ and (c) within the HAZ, showed progressively lesser extent of melting, cracking and porosity. There
is most extensive melting with curved solidification front more or less overlaid with the condensation particles
when subject to pulse energy concentration near the crater center (Fig. 3a). Round cracks and pits, presumably
due to thermal stress and thermal etching, are typical to the area between the crater center and HAZ (Fig. 3b),
whereas dendritic solidification front, due to considerable extent of supercooling, is typical to HAZ (Fig. 3c).
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(c) within the HAZ

Fig. 3 SEM secondary electron images in low (left) and high magnification (right) showing top view of the
laser ablated a-titanium plate from three areas with progressively lesser extent of melting, cracking
and porosity. PLA at 520 mJ/pulse in water using single-shot Q-switch mode.

2. TEM observations of the residual stress of a-Ti and the phase identity of oxides

The same specimen as Fig. 3 was cross-sectioned by FIB for TEM observations of the residual stress of
o-Ti and the phase identity of oxides based on SAED pattern and corresponding BFI as shown in Fig. 4. Four
sections designated as region A (near the center of the crater), region B (between the crater center and HAZ),
region C (HAZ) and region D (between HAZ and intact area) were compared in such a TEM study. The
o-titanium turned out to be predominant in all regions and minor TisO with characteristic diffractions was found
in region B.
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Fig. 4 TEM BFls and corresponding SAED patterns of the same specimen as in Fig. 3 but cross
sectioned by FIB from specific areas having laser incidence side on the top of each photo.

The SAED patterns of a-Ti taken from the upper level 1 and lower level 2 of the cross section in the four areas
were used for least-squares refinement of the measured d-spacings (as compiled in Table 2) and hence the cell
volume, regarding the possible residual stress (as compiled in Table 3) based on the known equation of state
(EOS) [10]. The resultant stress distribution along the cross section A to D as marked on the corresponding
SEM image in Fig. 5 indicated that the upper level 1 has a higher residual stress than lower level 2 and region C
has the highest residual stress.

Table 2 Observed d-spacings of a-Ti, based on SAED patterns from the cross section of laser ablated
regions A to D in Figs. 4 and 5. The subscripts 1 and 2 denote upper and lower level,
respectively of the bombarded section

hkl/region JCPDS Al A2 B1 B2 c1 C2 D1 D2
#44-1294
100 2.555 2531 | 2518 | 2.515 | 2.489 | 2.466 | 2.465 | 2549 | 2.506
002 2.341 2.333 | 2302 | 2.343 | 2352 | 2.267 | 2.240 | 2339 | 2.326
101 2.243 2219 | 2203 | 2195 | 2176 | 2.162 | 2.152 | 2225 | 2.197
102 1.726 1718 | 1.701 | 1.688 | 1.672 | 1.667 | 1.659 | 1.713 | 1.685
110 1.475 1.467 | 1454 | 1.447 | 1434 | 1.431 | 1.428 | 1.464 | 1.441
103 1.332 1.326 | 1.318 | 1.313 | 1.298 | 1.285 | 1.284 | 1.342 | 1.307
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Table 3 Cell parameters and residual stress of a-Ti in specified regions

region/value a (nm) ¢ (nm) V (nm?®) cla residual stress* (GPa)
Al 0.2923+0.0007 | 0.4666+0.0009 | 0.034517 1.596 2.751
A2 0.2903+0.0006 | 0.4610+0.0009 | 0.033646 1.588 6.174
B1 0.2873+0.0015 | 0.4669+0.0022 | 0.033364 1.625 7.378
B2 0.2837+0.0026 | 0.4674+0.0037 | 0.032590 1.648 10.932
C1 0.2849+0.0006 | 0.4529+0.0009 | 0.031830 1.590 14.825
C2 0.2845+0.0008 | 0.4483+0.0011 | 0.031415 1.576 17.138
D1 0.2923+0.0011 | 0.4683+0.0016 | 0.034641 1.602 2.256
D2 0.2874+0.0012 | 0.4639+0.0017 | 0.033182 1.614 8.179

* hased on Birch-Murnagham equation of state with V,= 35.302 A 3 B, = 117 GPa, B, = 3.9 GPa (cf. text)
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SEM secondary electron image showing the whole PLA area of the a-Ti plate in Fig. 3 with
regions A (near the crater center), B, C, and D (in HAZ) cross sectioned by FIB for TEM imaging
and electron diffraction study in Fig. 5.

Fig. 5

TEM BFI of the specimen sliced from region B shows a submicron-sized particle with an irregular shape (Fig.
6a). The corresponding SAED pattern (Fig. 6b) and point-count EDX spectrum (Fig. 6c¢) indicated that the
particle is TisO (space group P 3 1c, JCPDS#72-1807) in [541] zone axis with strong Ti and rather weak O
peaks.

100 nm

Z=[541]

(a) TEM BFI (b) SAED pattern
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Fig. 6 TEM BFI, SAED pattern and point-count EDX spectrum of the specimen sliced from region B in
Fig. 4 showing irregular-shaped TisO particle with Bragg diffraction contrast in [541] zone axis.

The TisO particle with columnar shape was also observed (Fig. 7). The well developed surface of this
particle appeared to be a pseudomorph of a precursor phase, presumably an a-Ti grain.  Submicron-sized oxide
of other stoichiometry and crystal structure, such as TizO (space group Pélc, JCPDS#72-1806) was also
revealed by TEM BFI coupled with SAED pattern and point-count EDX analysis (Fig. 8).

(a) TEM BFI (b) SAED pattern
Spectrum 1

4 5 3 7 8 9 10 KeV

0 1 2

()

(c) Point-count EDX spectrum
Fig. 7 TEM BFI, SAED pattern and point-count EDX spectrum of the specimen sliced from region B in
Fig. 4 showing columnar TisO phase with Bragg diffraction contrast in [711] zone axis
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Fig. 8 TEM BFI, SAED pattern and point-count EDX spectrum of the specimen sliced from region B in
Fig. 4 showing TisO grain in [111] zone axis with extra diffractions from neighboring grains.

V. Discussion
1. Environmental dependence of crater diameter and HAZ width

In general, a less HAZ associated with a less extent of grain coarsening, precipitation and impurity
segregation is preferred for the welded materials [11]. The crater diameter was found to decrease whereas HAZ
width increases in the order of water, air and vacuum environment when laser under the same focal length and
power density was introduced to the Ti plate target. The smallest crater diameter is associated with a central
drill hole and the widest HAZ for the Ti plate subjected to PLA in vacuum. This can be rationalized by the
least loss of input energy (i.e. least beam broadening) and the poorest heat dissipation in vacuum than other
environments. In comparison with air, water environment has a more significant beam broadening effect to
form a larger crater diameter, and a more effective heat dissipation to form a less HAZ on the Ti plate when
subjected to PLA.

As for the effect of power density on crater and HAZ dimension, it was concluded that higher pulse energy
causes a slight increase of crater diameter when produced in air and water, but no significant change when
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produced in vacuum (Fig. 2a). This indicates that the limited extent of beam broadening is rather inert for the
case of PLA in vacuum. On the other hand, a relatively high pulse energy caused a significant increase of HAZ
width when produced in vacuum and air but not in water (Fig. 2b), in accordance with the most effective heat
dissipation through water. Three characteristic time scales concerning the plasma generation and retention
during thermal confinement in a dynamic process such as PLA are 7. ( the electron cooling time) which is in
the order of 1 ps; ¢ (the lattice heating time); and ¢ ( the duration of laser pulse) [3]. Note ¢ . and ¢ | are
proportional to their heat capacity divided by a same constant, and the heat capacity of electron is much less than
that of lattice, so 7. << 7, where 7, 7 are decided by materials whereas 7 ,, is what one can readily choose to
make a difference in a PLA process.

In general, t , falls in ns, picosecond (ps) and fs regimes depending on how harsh the laser parameters are
adopted. For the present Q-switched laser, ¢ is of ns regime and 7, >1 ns >> 7| >>7. Under such a
condition, the electrons with absorbed laser energy have enough time to be transferred to the lattice for thermal
equilibrium or so called thermal confinement [12-14], and the main energy loss is the heat conduction into the
solid target. (7 is typically shorter than the time of dissipation of the absorbed laser energy by the thermal
conduction, and this condition is commonly referred to as thermal confinement.[12-14]) As a result, the target
material can be over heated much beyond the melting temperature. An onset of massive material removal or
ablation, is defined in this case by the critical energy density sufficient for the overheating of the surface layer up
to the limit of its thermodynamic stability.

The phase explosion during PLA would cause a spontaneous decomposition of the ejected plume into a
two-phase system, i.e. high-pressure high-temperature laser induced plasma (LIP) and liquid droplets in view of
thermodynamic considerations [14] and experimental results [3]. Thermodynamic prediction also suggests that
the LIP would generate a recoil pressure on the target [15]. In general, the piston mechanism [16] of melt
ejection by the recoil pressure and an overheated substrate account for the solidification layer and HAZ near the
crater by laser ablation [3]. For melting-free ablation to be possible, two conditions must be met, ultra-short
pulse duration (such as fs) and high enough pulse energy.

The LIP duration, i.e. the plasma relaxation time, generated by the present ns pulsed laser is expected to be 10
times shorter for PLA in liquid than in air [17]. Besides, the maximum diameter of LIP expansion is 3 times
shorter for PLA in liquid than in air [17]. Thus, PLA in water rather than air would reduce the HAZ of
laser-irradiated Ti plate, as observed in this study.

2. Residual stress and recrystallization/oxidation of a-Ti plate upon PLAL

A metal target subjected to PLAL is expected to suffer a considerable residual stress because of the drastic
temperature and pressure changes of the target as well as liquid under the influence of shock wave in such a
dynamic process. It is commonly accepted that the laser-induced plasma expands adiabatically at a supersonic
velocity creating a shock wave of high temperature/pressure/density in the plasma plume under the confinement
of liquid [15]. In general, the plasma-induced pressure depends on the laser parameters, in particular the
wavelength and power of the laser pulse. (For instance, PLAL of Al in water under 308 nm XeCl excimer laser
with a specified pulse duration (50 ns) and laser power (1-2 GW/cm?) was shown to reach a pressure level as
high as 2-2.5 GPa in the laser-induced plasma. [18]) The liquid-solid interface where the laser pulse irradiated
would tend to form a surface coating with high residual stress and even metastable phases when quenched from
high temperature and high pressure [19]. This accounts for a higher residual stress in the upper level of the
target plate as shown by the stress profile across the sections by FIB (Fig. 5). The residual stress is higher in
HAZ (i.e. region C in Fig. 5) rather than the crater center with melting texture characteristic of a solidification
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process. This can be attributed to anisotropic thermal expansion and heat conductivity of the Ti target plate
more or less recrystallized and oxidized during the dynamic process.

In comparison with the original microstructure (not shown), the a-Ti plate subjected to PLA in water
showed recrystallized texture and oxides, in particular in the region near HAZ, as a result of residual stress relief
and high temperature oxidation, respectively. Metal oxidation is a multi-sequence process, i.e. transport of the
oxide molecules to the oxide/gas interface, adsorption, dissociation, transport of the species (oxide and metal
ions, electrons and holes) to the reaction site through the oxide layer, the chemical reaction itself, etc [20].
High temperature oxidation in the present dynamic process of PLAL is expected to be even more complicated.
Apparently, oxygen supply from turbulent water bubbles or water itself would react with the ablated Ti surface
near HAZ to form TisO and TizO (having oxygen ordering in the hexagonal a-Ti structure [21]) with round shape
or platy like as a pseudomorph of o-Ti. Such a high-temperature oxidation is in accord with the Ti-O phase
diagram [22] and previous experimental results of PLA on titanium substrate [23].

3. Engineering implications

This study shows that the crater diameter decreases whereas HAZ width increases in the order of water, air
and vacuum environment when laser beam of specified pulse energy was introduced to the Ti plate target. This
knowledge is in accord with a higher ablation rate of other materials by PLA in a confining liquid, than vacuum
and diluted gas [19], and may shed light on some engineering applications as following.

A liquid layer is beneficial in the reduction of ablation threshold and the enhancement of ablation yields [24]
for more effective films deposition and small particles synthesis [19]. In the latter aspect, experimental results
and theoretical analysis, the HPHT plasma and the short quenching times, indicate that laser ablation of a solid
target in a confining liquid provides an effective means to synthesize nanocrystals, especially for the metastable
nanocrystals such as diamond and carbon related materials, immiscible alloys, etc. These advantages allow one
to combine selected solid targets and liquid to fabricate compound nanostructures with desired functions [19].

The other potential applications are liquid-assisted materials processing including surface patterning,
surface cleaning, surface coating, etching, cutting, and shock processing as suggested for various materials [1,2].
In the case of water-assisted such materials processing, in particular that involving water containing materials
such as biological tissues, it is desirable that water does not absorb much laser energy following the Beer
Lambert law l=l,exp(-x/A\), where |, is the entrance laser intensity and Iy the laser intensity in water, x the
traveling distance and A\ light absorption length. In fact, water was reported to be most transparent in green
light region using copper vapor laser and second harmonic Nd:YAG laser with a wavelength of 511 and 532 nm,
respectively [1]. Further PLA in water using a second harmonic rather than a full UV wavelength (1064 nm) of
Nd:YAG laser is therefore of great interest to study the possible microstructural and phase changes on the ablated
Ti plate for potential applications on aerospace, submarine and biological materials processing.

V. Conclusions

Polycrystalline o-Ti plates subjected to pulse laser ablation in a single pulse of specified energies showed
power density and environment dependences of crater and HAZ dimensions. The crater diameter decreases
whereas HAZ width increases in the order of water, air and vacuum environment under the same laser focal
length and power density. Besides, a higher power density causes a significant increase of crater diameter for
PLA in air and water but not vacuum with the least beam broadening effect. The increase of HAZ width with
power density is significant for PLA in vacuum and air but not in water due to its effective heat dissipation.
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According to electron diffraction measurements and Birch-Murnagham equation of state, the residual stress of
the a-Ti subjected to PLA in water was estimated to be up to ca. 17 GPa in the upper level of the HAZ which

showed solidified/recrystallized textures and submicron-sized TisO and TisO particles due to high temperature

oxidation in the dynamic PLA process.
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