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Laser surface texturing of polycrystalline zinc in bulk form and as galvanised coatings is
performed with single, as well as multiple nanosecond and picosecond laser pulses at a wavelength
of 1030 nm. By varying the laser fluence over a wide range, as well as varying the number of pulses
on the same location, thousands of ablated craters can be fabricated and their morphology studied.
From the analysis thereof, it can be concluded that, within the boundaries of our experimental (laser)
conditions, ablated craters always show molten features. Depending on the pulse fluence and duration,
the final solidifed morphology can feature jets with meso- and micro scale spherical endings, micro
rims and protrusions, as well as nano-roughness or a rim around the ablated crater. If the laser fluence
is high, one observes the evidence of surface waves and finger formation, resulted from different types
of hydrodynamic instablity. In contrast to nanosecond laser processing, it is found that craters formed
using picosecond pulses deviate significantly from the Gaussian shape of the laser intensity
distribution at high laser intensity, due to different temperature gradients in the electronic and lattice

subsystems.
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1. Introduction

Zinc (Zn) is a widely used metal in galvanizing and al-
loying, primarily for its excellent cathodic protection and
corrosion resistance properties [1]. To improve surface func-
tionality, (ultra) short pulsed laser-surface texturing can be
used to add functionalities like superhydrophobicity, oleo-
philicity, and/or improve functionalities like corrosion per-
formance and visual appearance to the Zn layer on steel [2,
3]. Short and ultrashort pulsed laser processing of Zn is
mainly aimed at nanoparticle generation [4, 5], whereas the
resulting surface morphology and properties are of more in-
terest than the ablated material for surface texturing applica-
tions.

If the time between consecutive pulses is long enough
during multi-pulse processing, the laser irradiated surface
undergoes rapid solidification after the laser pulse. However,
the solidified features depend on the pulse duration of the
laser source because of the ablation processes associated
with nanosecond (ns) and femtosecond (fs) laser pulses. In
ultrashort (z < 1 ps) pulsed laser material interaction, the ma-
terial undergoes absorption of laser light, ballistic electron
generation, lattice thermalization, subsequent phase changes
through spallation, phase explosion, evaporation and finally
residual energy dissipation [6]. On the other hand, the differ-
ence in the temperature gradients in electronic and lattice
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subsystem vanishes in short (z > 1 ns) pulsed laser material
interaction [7]. This results in vaporization of the material,
generation of plasma plume and subsequent hydrodynamic
motion of the melt exerted by the recoil pressure of the
plasma plume [8]. Thus, the solidification time of the molten
volume in ultrashort pulsed laser irradiation is shorter than
short pulsed laser irradiation. This results in different reso-
lidified surface structures resulting either from local hydro-
dynamic instabilities (e.g. Kelvin Helmholtz instability [9])
or from overall thermocapillary motion of the liquid (e.g.
Marangoni flow).

In this paper, we investigate the resolidified surface
structures of laser-textured surfaces of polycrystalline Zn in
bulk form and as galvanized coatings irradiated by single
and multiple picosecond and nanosecond laser pulses at a
wavelength of and around 1030 nm over a wide range of la-
ser fluence levels. Surface morphology of thousands of ab-
lated craters is studied in depth with confocal laser micros-
copy, atomic force microscopy and scanning electron mi-
croscopy.

2. Experimental Setup
2.1 Laser setup

The ablation experiments were performed under atmos-
pheric conditions in a cleanroom environment using two dif-
ferent laser sources as listed in Table 1. Both the laser
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Fig. 1 Laser beam cross-section (top-left) and SEM images (top view) of zinc surface irradiated at different laser peak fluence Fo lev-
elsat N =1, 5 and 25 for 7 ps laser pulses (bottom). All images are in same scale. White bar in the SEM images denotes 5 pm.

sources show a nearly Gaussian power density profile (M? <
1.3). A galvo-scanner (IntelliScan14 of ScanLab GmbH,
Germany), equipped with a telecentric flatfield F-theta-
Ronar lens (Linos GmbH, Germany) of 80 mm focal length,
was used to scan the focus of the laser beam over the surface
of the sample. The sample was placed in the focal plane. The
focal spot radius of both the sources were measured using a
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charge-coupled device (CCD) sensor-based, beam diagnos-
tic system (MicroSpot Monitor of Primes GmbH, Germany).
The beam was impinging perpendicular to the sample sur-
face. The laser energy supplied to the surface was varied by
using a combination of a half-wave plate and a linear polar-
izer. A pyroelectric detector (PM30 with FieldMax |1 of Co-
herent, USA) was used to measure the average laser power
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incident on the sample. The laser-induced surface profiles
are referred to as ‘craters’ in the forthcoming sections. At a
repetition rate of 8 kHz and a beam scanning velocity of 1
m/s, time between consecutive pulses on the same location
was at least 3.9 ms. The geometrical pulse-to-pulse distance
was at least 125 um and the number of pulses varied from N
=1 to 50. A minimum of 21 craters were created per laser
setting to get statistically sound values.

Table 1 Laser sources used in this work

Parameter Trumpf Tru-  SPI redEnergy
Micro 5050 G4

Pulse duration 6.7 ps 310500 ns
Wavelength [nm] 1030 1060
Output power instability [%] <2 <5
Focal spot radius [um] 14.6+1.6 15.2+1.6
Ellipticity of focal spot 0.89 0.81
2.2 Material

Typical zinc (99.7%wt Zn, 0.3%wt Al) used for coating
on steel products, was melted in a crucible at 460°C and cast
by gradual cooling in a ceramic crucible. Then the sample
was sectioned followed by compression mounting in phe-
nolic resin for metallographic analysis. Preparation proce-
dures included grinding with SiC emery paper (18 pm and
10 pm grit size), polishing with 1 and 3 um diamond sus-
pension and final polishing with colloidal silica (0.04 pm)
suspension. After polishing, an average roughness (Ra)
lower than 30 nm was measured by confocal laser micros-
copy. The polished polycrystalline zinc sample had a mini-
mum grain size of about 200 um. The coated samples (gal-
vanized steel) with a surface roughness (Ra) of 0.3 um was
commercially produced according to European standard
EN10346:2015 and has a nominal Zn layer thickness of 10
pum. These samples were cleaned using Ammonia (< 5%) so-
lution prior to and after the ablation experiments.

2.3 Analysis tools

Craters were measured by means of Confocal Laser
Scanning Microscopy (CLSM), (VK-9700 of Keyence Cor-
poration, Japan). The lateral and vertical resolution of
CLSM measurements were 276 nm and 1 nm, respectively.
The crater morphology was also analyzed by means of a
field emission Scanning Electron Microscope (SEM), (JSM-
7200F of Jeol, Japan) as well as Atomic Force Micros-
copy(AFM), (NX10 of Park Systems Corporation, South
Korea). The energy-dispersive X-ray spectroscopy (EDS),
(X — MaxN of Oxford Instruments, USA) analysis was con-
ducted with the same SEM with an accelerating voltage of 3
kV for an X-ray generation volume close to the surface.

3. Results & Discussions

First, this section describes the evolution of the ablated
crater morphology with the incident number of pulses rang-
ing from 1 to 50 and laser fluences ranging from 0.98 J/cm?
to 40.8 J/lcm?. Figure 1 shows the SEM images of craters
produced at N = 1, 5 and 25 with increasing fluence levels
ranging from Fo = 0.98 J/cm? to 40.8 J/cm? with 6.7 ps laser

source. In general, the diameter of a crater increases with
increasing fluence indicating that the tail of the Gaussian
pulse becomes intense enough to cause material modifica-
tion. This effect is intensified if the number of pulses at the
same location increases. As shown schematically on the top-
right image of Fig. 1, each subsequent pulse arrives after
about 3.9 ms. Therefore, the laser irradiated area is resolidi-
fied before the next pulse arrives, because the typical life-
time of melt from ultrashort pulse irradiation is in ps time
period [10]. The absorption of consecutive laser pulses by
the sample depends on the resolidified surface structures af-
ter previous pulses. As a result, similar type of surface mor-
phology dominates with increasing number of pulses at low
fluence values as can be seen from Fig. 1 for Fo = 0.98 J/cm?
and 3.6 JJcm?. At high fluence values (Fo > 10 J/cm?), crater
morphology is determined mainly by the hydrodynamic mo-
tion of the melt. Craters produced at high fluence levels ap-
pears more melty in form of frozen splashes as shown in Fig.
1 for Fo = 40 J/cm?,
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Fig. 2 Contour plots of crater dimension on Zn at 7 =7 ps as a
function of incident number of laser pulses N and peak fluence
Fo; (a) diameter, (b) maximum depth, (c) volume.
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Fig. 3 Schematic representation of morphological features observed on Zn after single and multiple 7 ps laser pulse processing along
with the SEM image of the corresponding representative craters at the bottom. (a) N = 1, Fo = 0.98 - 40 J/cm? with a SEM image (tilted
70°) of a representative crater processed at Fo = 6.87 J/cm?, (b) N = 1 - 50, Fo = 0.98 J/cm? with a SEM image (tilted 70°) of a repre-
sentative crater processed at N = 25 and (c) N = 1 - 50, Fo = 40 J/cm? with a SEM image (tilted 50°) of a representative crater processed

at N = 20. All schematic diagrams are in same scale.

Although we do not observe the well-known saturation
limit of depth and diameter of the ablated craters [11] within
our experimental conditions, we see that the dimension of
craters depends both on the laser fluence and the applied
number of pulses and increases with increasing Fo and N.
Fig. 2 shows the contour plots of the diameter, maximum
depth and volume of the ablated craters as a function of Fy
and N. As can be concluded from this figure, the rate of in-
crease in depth and volume is rapid up to Fo = 10 J/cm? and
slows down afterwards with increasing Fo or N. On the other
hand, the diameter is affected more by the change in Fo than
the change in N. However, the aim of the paper is about in-
vestigating resolving crater morphology, not about crater di-
mensions. Therefore, only changes observed in the morphol-
ogy with Fo and N is described in the remaining of the paper.

Fig. 3(a) shows the evolution of different surface struc-
tures at different laser fluence levels for N = 1. At the lowest
fluence level and single pulse processing, evident signs of
melting and phase explosion are visible in terms of explod-
ing bubbles and jets with spherical endings (see also Fig.
11(a)). Outside the boundary of the actively modified area
(i.e. outside the “cell like structures” in Fig. 3(a)), some form
of “cleaning” is observed within a radius of 4 pum. With in-
creasing fluence, a flat modified area bounded by “ripples”
increases at the center of the crater and “cell like structures”
agglomerate at the edge, see Fig. 3(a). These ripples develop
crests towards the edge of the crater with increasing fluence
indicating melt expulsion by recoil pressure exerted by the
ablation plume, see Fig. 1 bottom-left image and Fig. 10(a).
For single pulse processing, depth of the ablated crater lies
within 250 nm to 650 nm for a forty fold increase in laser
fluence, stemming mainly from the melt expulsion rather
than the ablation itself. On the other hand, the diameter of
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the modified area increases from about 20 um to about 47
pum with increasing laser fluence. Presence of liquid droplets
and redeposited metal particles around the crater is not com-
mon for N = 1 and submicron droplets, if any, lie within 4
pm and 7 pm around the crater edge for lowest and highest
fluence respectively. The complete picture of above men-
tioned feature evolution is shown schematically in Fig. 3(a).

At the lowest fluence with increasing number of pulses,
we see both the evolution of depth and diameter of the cra-
ters as shown in Fig. 3(b). It is observed that the mean size
of the microprotrusions gets larger and becomes more
sparsely distributed in the spot center with increased pulse
numbers. Within the crater, nanometric particle redeposition
is higher for lower number of pulses than for higher number
of pulses. On the other hand, redistribution of submicron and
microparticles around the laser spot becomes more promi-
nent with increasing pulse number and redeposits as far as ~
17 um from the edge of the crater for N = 50, see e.g. SEM
image in Fig. 3(b) for N = 25. This suggests that the plasma
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Fig. 4 Evolution of kurtosis roughness Rk in the crater as a
function of number of pulses N on Zn for 7 =7 ps.
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Fig. 5 SEM images (top view) of zinc coated surface irradiated at different laser peak fluence Fo levels at N = 1 for 30, 100 and 241 ns

laser pulses. White bar in the SEM images denotes 10 pm.

plume expands in greater speed for higher number of pulses
than in low number of pulses. This results in less nanoparti-
cle redeposition inside the crater. The microrims also gets
thicker and shows evident expulsion and redistribution of

182

melt towards the edge. At N = 5, peripheral nano-roughness
starts to appear in the form of stretched marks and extends
up to 6 um from the crater boundary as shown by the “nano-
roughness” annular ring in Fig. 3(b). High velocity particles



from the ablation process impact onto this area resulting in
features similar to bubble bursts within the crater. In Fig.
3(c), the surface feature evolution is shown for highest flu-
ence value used in this work, as the number of pulses in the
same spot increases. Similar to lower fluences, particle re-
deposition occurs outside the crater boundary. The bigger
sized particles fall closer to the crater periphery and the
smaller sized particles redeposit further as shown in Fig. 3(c).
Also the shapes of the craters become asymmetric as they
tend to deviate from the Gaussian shape. Features like ero-
sion, hump, waves and splashes, as seen in the SEM image
of Fig. 3(c) around and in the crater respectively, are dis-
cussed in details in Section 3.1, 3.2 and 3.3.

In general, the roughness at the bottom of the crater de-
creases as the number of pulses increases for a given laser
fluence. The roughness, at the bottom of the crater, can be
measured from CLSM data and is shown in Fig. 4. Since the
crater depth increases with increasing number of pulses, we
use kurtosis roughness according to JIS B 0601: 2001 (1SO
4287: 1997) standard, which is a dimensionless quantity. It
is calculated by dividing the average of the fourth power of
the height of each point by the root mean square height
within the region of interest (ROI). In this figure, each data
point is an average of 10 craters. The limit for decreasing the
roughness would be - when a uniform melt has been pushed
away from the center of the crater to the edge by the ablation
plume, creating a flat crater bottom.

For ns pulse processing, the variations in surface struc-
tures, when varying Fo and N, are less than ps pulse pro-
cessing as illustrated in Fig. 5. In this case, the surface struc-
tures are “only” micrometric jet and a well-defined rim. Alt-
hough the ablation threshold energy is much higher for ns
pulses than for ps pulses, the depths of the craters are higher
and the craters are Gaussian shaped with a flat crater bottom
irrespective of Fo and N. For longer pulse durations (z >1 ns),
the target material heats up to melting point and to vaporiza-
tion point following classical heat transfer equation [7]. Sig-
nificant evaporation of the target material takes place as soon
as the incident laser fluence is larger than the specific heat
of evaporation. This results in plasma plume formation. At
the same time, energy loss through heat conduction to solid
creates a molten region. The plasma pushes the melt away
from the center of the crater towards the edge. Details of the
features like jets and rim, as seen in the SEM image of Fig.
5, are discussed in Section 3.4 and 3.5.

In the following, we focus on the specific features and
structures we observed in the short (ns) and ultrashort (ps)
laser irradiation of zinc and zinc coated (galvanized) steel
surfaces. For N = 1, as received galvanized steel sample (Ra
= 0.3 um) is comparable to the pure zinc block. This is be-
cause, optical heating is a surface phenomenon and the effect
of the substrate can be neglected for a coating thickness of
about 8 um or larger. However, the substrate effect becomes
prominent for multiple pulses. Therefore, only results of gal-
vanized steel for N=1 is discussed in the following subsec-
tions.

3.1 Erosion

It has been discussed in the previous section that surface
modification in form of “cleaning” is observed outside the
boundary of active modified area at N = 1, see Fig. 3(a). Also,
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Fig. 6 Erosion around the crater at N =20, Fo =40.8 J/cm? on Zn
for 7 =7 ps. Lower image corresponds to AFM height image of
the area marked with black rectangle in the upper SEM image.

at low fluence values but N > 5, nano-roughness starts to ap-
pear outside the boundary of the actively modified area as
an evident sign of stress from rapid solidification, see Fig.
3(b). Figure 6 shows the sample surface outside the crater
for N = 20 at the highest fluence level used in this work. It
appears as if melting and its subsequent liquid has taken
place beneath a hard top surface layer, which leaves this hard
top surface stretched and shattered in places. This is analo-
gous to riverbank erosion where softer rock underneath is
eroded ahead of the harder rock on top. AFM measurements
show that the this possible “eroded” area indeed has a depth
difference compared to the reference surface and increases
towards the crater, being as deep as 100 nm. Figure 7 shows
laser beam cross-section at representative fluence levels
along with the theoretical melting and evaporation threshold
calculated as [12]

_ 8.p.((Ty=Tp).Cp+Hm+H,)

e
Fen = A

@)

where, p, Hm, Hy, Cp, Tm, To, 0 and A represent the density
of the solid (7140 kg/m® [13]), the enthalpy of fusion
(111x10% J/kg [14]), the enthalpy of evaporation (1748x103
J/kg [14]), specific heat (0.382x10° J/(kg-K) [13]), melting
point (692.68 K [13]), room temperature (300 K), the energy
penetration depth and absorption coefficient, respectively.
The total penetration depth, including optical and ballistic
electron penetration depth, of about 50 nm is taken as the
energy penetration depth in Eq. (1). Left inset of Fig. 7
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Fig. 7 Laser beam cross-section for different laser fluence levels along with theoretical melting and evaporation threshold according to
Eq. (1). Left inset shows the zoomed image of the tail of the Gaussian profile. Right inset is a schematic representation of native oxide
layers on bulk zinc, where red line indicates laser beam at 1030 nm.

shows the zoomed image of the tail of the Gaussian profile
indicating the extent of the surface features like cleaning,
nano-roughness and erosion. These features appear when the

laser fluence crosses the melting threshold. Right inset in Fig.

7 is a schematic representation of native oxide layers. X-ray
photoelectron spectroscopy (XPS) analysis on the virgin
sample revealed the presence of native oxide layers as thick
as 50 nm. Both ZnO and Al,O3 are transparent to infra-red
wavelength. Thus, the laser beam penetrates through the ox-
ide layer without significant absorption in the oxides. More-
over, both these oxide layers are considerably harder and
possess higher melting point than Zn. Therefore, the tails of
Gaussian beam at high fluence level becomes intense
enough to melt Zn but not the corresponding oxides. This
results in surface erosion as depicted in Fig. 6.

3.2 Hump

It has been observed from the cross-sections of ablated
craters, obtained from CLSM measurement (see Fig. 1 bot-
tom-right image and Fig. 3(c)), that the craters are Gaussian-
shaped for all N for fluence level up to Fo < 10 J/cm?, but
start to deviate from this shape at higher fluence levels. At

Table 2 Thermo-physical properties of Zinc [13] and Alu-
minum [18].

i Elclaate -~

Fig. 8 (a) Ablated crater at N = 20, Fo = 40.8 J/cm? with ‘hump’
in the center and surface modification (erosion) around the crater
(tilted 60°) on Zn for =7 ps. (b) Backscattered electron (BSE)
image of cross-section of a similar crater ablated at N = 50, Fo =
40.8 Jicm?. (c) EDS layered image of a crater ablated at N = 50,
Fo = 40.8 J/cm?, and (d) EDS layered image of the area marked
with white rectangle in (c).

the maximum fluence value used in this work, the crater
shape differs significantly from a Gaussian profile, showing
a “hump” in the center surrounded by a groove (see Fig.

)

Parameter Zn Al 8(a)). A similar bulging shape was also observed for Si [15].
Latent Heat of Melting [J/g] 1009 388 At N = 50, for example, the hump extends over 1/e? beam
Latent Heat of Vaporization [J/g] 1782 10800 diameter from the center of the crater. The height difference
Absorptivity @ 1030 nm [%] 4211 4.03 is ~}r$1 HL“ ffOT the ‘g_eePeSt Pg'“t-tt - .

. . e hump formation may be attributed to the segregation
Optical _Penetratlon ‘?Epth @ 1030 nm [nm] 25.4 845 of aluminum from the solid solution (Zn-Al) during ablation.
Theoretical evaporation threshold (Eq.(1)) 0.09  0.67 There is no intermetallic formation in the Zn-Al solid solu-

[3/cm?]
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tion, which means the interaction between Al and Zn atoms



is weak [16]. Comparing the thermal and physical properties
of Zn and Al in Table 2, Zn ablation rate is expected higher
than Al. Melting of the zinc is expected with the fluence lev-
els applied in this study. As the zinc is ablated, the aluminum
tends to be clustered and supersaturated in the remaining
molten Zn resulting in a new thin Zn-Al solid solution layer.
This process is repeated as the number of the laser pulse in-
creased since Al is highly reflective at 1030 nm wavelength.
As a result, the accumulation of new Zn-Al solid solution
may become a layer as shown in Fig 8(a) and (b). This also
leads to lower ablation rate than the low fluence regime (Fo
< 10 J/cm?) [17]. Figure 8(b) shows a cross-section of the
crater processed with 50 laser pulses with Fo = 40.8 J/cm?.
From this figure, the melt layer thickness is estimated to be
around 3 um with higher aluminum content.

sl 2n cooling rate (s)

(a < 80um (b),
3u g
% 0o
Bulk Zn a N
(C) {/ggfem'perature -

Type:Temperature .
it: O Unit: °C
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Fig. 9 (a) Schematic diagram of the ANSYS model representing
a liquid melt within bulk Zn. (b) Cooling rate of Zn obtained
from ANSYS model where (c) initial boundary condition at 5 ns
and (d) temperature at 100 ps.

A 3D transient thermal FEM analysis was performed in
ANSYS 19.0 as shown in Fig. 9. For analysis, a 30° symmet-
ric model was meshed with solid187 element type. An initial
temperature boundary condition of 900°C (Tevap) Was applied
to the Zn melt of a thickness of 3 um, see Fig. 9(c). The
cooling rate was calculated by taking into account the heat
conduction to the surrounding material, and combined heat
loss due to convection and radiation. It was found that Zn
melt cooled down to 54°C in 100 ps as shown in Fig. 9(b)
and (d). Since zinc has a positive temperature coefficient of
surface tension [15], this hump could result from the ther-
mocapillary flow of the superheated molten Zn.

Subsequent EDS analyses were performed, and the re-
sults are shown in Fig. 8(c), in which the green denotes the
presence of Zn and pink denotes the presence of Al. The
groove around the hump is too deep for the EDS detector to
detect any elemental composition. Therefore, area marked in
white rectangle is analyzed for retrieving a better composi-
tional map as shown in Fig. 8(d). From these two images, it
can be concluded that, Zn is present in the hump whereas Al
is segregated from the melt and deposited in the groove
around the hump.

3.3 Waves and Instabilities
Although the craters are disc-shaped at low fluence, they
become more splash-dominated with increasing Fo and N,
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see Fig. 1. Ripples with crests for N = 1 (Fig. 10 (a)) turns
into splats with fingers (Fig. 10 (b)) for higher number of
pulses at the center of the crater. At Fo <10 Jlem? and N > 1,
splash fingers do not develop completely. However, for Fo >
10 J/cm?, these fingers “stack” over each other in an alter-
nating manner as shown in Fig. 3(b). Also, these melt splash
fingers do not develop radially, but rather randomly, around
the crater center. The spherical fingertip detaches from the

10 pm

Fig. 10 (a) Ablated crater at N = 1, Fo = 40.8 J/cm? (tilted 70°) on
Zn for 7 =7 ps. (b) Splash fingers over the crater rim at N = 25;
Fo = 40.8 J/cm? (top view).

finger and redeposits as micrometric spheres around the
crater. Eventually by melt expulsion, stacked splash fingers
form a rim around the crater at high fluence levels and/or
number of laser pulses.

Increasing the laser fluence results in a transition to a
molten region with waves and fingers (see e.g. the single
pulse results in Fig. 1). The final morphology features solid-
ified layers of the ablated materials with clear azimuthal in-
stabilities. In such a regime, a part of the laser energy ab-
sorbed by the material leads to a solid-liquid phase change.
Meanwhile, the plasma formation generates a pressure gra-
dient on the surface of the thin molten film. This results in a
flow towards the edge of the crater. We hypothesize the “lay-
ered” morphology is a consequence of Kelvin-Helmholtz in-
stability [19], due to the shear at the interface of the molten
material and the plasma/vapor. The Kelvin-Helmholtz
waves grow in the radial direction, which leads to azimuthal
transverse modulations due to the Rayleigh-Taylor instabili-
ties [19], i.e. the edge of the accelerating waves become un-
stable and forms finger-like jets. These finger-like jets fur-
ther stretch and in some cases break up because of Rayleigh-
plateau instability [20], redepositing micrometric spheres
around the crater. A similar phenomenology has previously
been observed in spray formation [21] and deformation of a
droplet in a gas stream [22]. Nevertheless, a direct experi-
mental observation is yet to be provided in the future studies,
using ultra-high speed imaging.

The hydrodynamical phenomena explained above are
damped by surface tension and the viscosity of the melt and
are eventually ceased due to re-solidification. A simple scal-
ing reveals that the heat conduction time scale (L2pCy/k,
where L, p, C, and k are the characteristic length scale, den-
sity, heat capacity, and heat conductivity, respectively) is
smaller or comparable to the visco-capillary time scale (L/o,
where L, W, and o are a characteristic length scale, viscosity,
and surface tension, respectively) as well as the flow time
scale (UL2/Pavg hmeit, Where Payg and hier are the plasma pres-
sure and the melt thickness, respectively). Therefore, the
melt instabilities are retarded while developing due to the
solidification, as is clear in the SEM pictures of the final
morphologies (Fig. 10).

N
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Increasing the pulse number results in a more compli-
cated final morphology. On the one hand, the crater depth
grows and on the other hand, a larger number of fine spher-
ical residuals (solidified droplets) are created around the
crater. The latter might be due to the complex initial shape
of the target for the subsequent pulses.

3.4 Jets

Two types of jets can be observed for picosecond and
nanosecond pulsed processing, which only occurs for N =1
and was not observed for higher number of pulses, see Fig.
11. In ps laser irradiation, jets with spherical endings cover
the laser irradiated zone at low fluence values as shown in
Fig. 11(a). Similar features were observed by Obotia et al.
for Cu surfaces processed with the same ps-pulsed laser
source [23, 24]. These jets protrude from the reference sur-
face 780 nm on average. This results in a subsequent minima
or valley as low as 480 nm from the reference surface. Of
course, this is neither ablated nor removed material. Rather
these maxima and minima are a consequence of the rapid
solidification of the displaced melt due to inertia, viscous
and capillary forces acting during the formation of the bub-
ble in the propagating thin liquid layer [23]. The size of the
spherical tip is bigger in the center of the crater than on the
edges.

Fig. 11 SEM images of (a) crater processed at N = 1; Fo =0.99
Jiem? with 7 ps laser pulse featuring jets with spherical endings
in the center of the crater and micrometric redeposition (tilted
60°) on Zn, and (b) crater processed at N = 1; Fo = 19.7 J/cm?
with 30 ns laser pulse showing jet with micrometric spherical
ending (tilted 65°) on Zn coated sample.

The second type of jet is observed in ns laser processing
for relatively short pulse duration (< 50 ns). Longer pulse
duration in ns regime results in a complete melt redistribu-
tion towards the edge of the crater creating rims as high as 1
um. In Fig. 11(b), such a jet is shown on galvanized steel
sample, which resembles a wheel with spokes. The jet rises

more than 2 um over of the reference surface. The ellipsoidal
tip is extended over 5 um along the major axis and 2.5 pm
along the minor axis. The total number of spokes is seven
and the height of the spokes from the crater bottom is more
than 0.5 um. This may result from the increasing surface ten-
sion of Zn with temperature as mentioned earlier. Similar
kind of micrometric jet was also observed for gold and was
attributed to the liquid material being “sucked up” into the
crater center due to the drop of ablation pressure behind the
ablation plume [25].

3.5 Rim

Ablation of the material results in an ablation plume with
a melt layer as a result of the residual heat energy within the
target during and/or after the pulse but prior to resolidifica-
tion. This plume is associated with internal and external
shock waves [26]. These shock waves, i.e. plasma pressure
pushes the melt outwards as the pressure gradient is ex-
tremely high at the plasma-air interface. If the lifetime of the
melt layer is longer than the plasma pressure generation time,
the melt is pushed outwards more strongly [27]. Figure 12(a)
shows a crater processed with 50 ps laser pulses. It can be
seen that the rim formed around the crater has evident signs
of melt expulsion with each new pulse arriving on the same
location. On the other hand, Fig. 12(b) shows a typical rim
around a ns pulsed laser processed crater analogous to a Na-
poli pizza. The maximum depth of this crater is about 2.3
pum, whereas the rim height is about 1.6 um. Within the

Fig. 12 SEM image of (a) crater processed at N = 50, Fo = 40.8
Jlem? (tilted 70°) on Zn for z =7 ps, (b) crater (tilted 65°) pro-
cessed on a Zn coated sample by a 100 ns laser pulse at N = 1;
Fo=19.2 J/lcm?.



boundary of our experimental conditions, ns laser pulses al-
ways results in a crater with a rim. At low fluence levels,
there is either transient surface melting and resolidification
or formation of a crater with a rim. As the fluence and/or
number of pulses is increased, the rim height increases.

The height of the rim hmcan be estimated as [28]

~ pavg-hmelt
w.D?

hrim (2)

where payg i the average plasma pressure, hmert is the melt
layer thickness, D is the ablated crater diameter and W is the
viscosity As the laser fluence is increased, the plasma pres-
sure and temperature also increases with the melt tempera-
ture. Therefore, an increase in the rim height is observed
with increasing fluence both in ps and ns pulse durations. As
can be observed in Fig. 2, the depth of the crater also in-
creases with fluence. This implies that the rim height in-
creases with increasing crater depth. This is found to be true
for ns laser processing of Zn. Figure 13 shows the height
image of ablated craters on galvanized steel at similar pro-
cessing conditions, but at different laser pulse durations. The
rim around the crater is more pronounced in longer pulse du-
rations than shorter ones because of the slower decrease of
temperature, as well as higher initial velocity of the ns plume
than ultrashort pulse plumes [26]. Thus, the rim around the
crater gets higher as the laser material interaction time in-
creases.

4. Conclusion

Within the boundaries of our experimental conditions,
laser ablation of Zn is a melt dominated process. In spite of
that, the crater morphology of ps- and ns-ablated craters dif-
fer substantially. The shorter lifetime of the plasma plume as
well as liquid melt makes the difference. Three different mi-
croscopy techniques were utilized to investigate the result-
ing surface structures.

At the lowest fluence in the ps regime, the laser irra-
diated zone is covered with jets with spherical endings. In
contrast, ns laser pulses modify the surface either through
transient melting and resolidification or by creating a crater
with a well-defined rim.

e There is a limit of laser peak intensity, below which
the shape of the crater follows the Gaussian shape of the in-
coming beam intensity profile. If the intensity is high enough,
the composition of the Zn alloy changes locally due to su-
persaturation of Al at the surface.

e As the number of pulses increases, the previously
formed microstructures affect the later formed surface struc-
tures in an accumulative manner.

Therefore, depending on the requirements of the surface
texture for a given application, either ps- and/or ns-pulsed
laser sources can generate different kinds of textures result-
ing from resolidification.
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