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Abstract
Laser ablation of galvanized steel at a wavelength of 343, 515 and 1030 nm was compared for single as well as multiple 
picosecond laser pulses. The characteristics of ablated craters, such as ablation rate, crater shape and chemical composition, 
in relation to the processing parameters were studied. Surface morphology of the laser ablated craters were characterized 
with the help of confocal laser scanning microscopy and scanning electron microscopy. Chemical compositional and crystal-
lographic changes were analyzed by energy-dispersive X-ray spectroscopy and electron backscatter diffraction respectively. 
Three ablation regimes were identified in the ablation process of galvanized steel. For equal amount of fluence, ablation 
rates are found to increase with decreasing laser wavelength. Analyzing the crater shape and the cross-sectional chemical 
composition, three possible applications are identified for three different wavelengths when processing galvanized steel with 
picosecond pulsed lasers, namely coating removal, surface texturing and micro-drilling.

Keywords Laser ablation · Galvanized steel · Ablation rate

1 Introduction

Ultrashort pulsed laser ablation offers precise and accurate 
material removal from the laser–material interaction zone. 
Due to ultra-short pulse duration, typically � ≤ 10−11 s, the 
local interaction zone can be controlled from a single atomic 
layer to hundreds of nanometers by adjusting the laser pro-
cessing parameters. Nanometric depth resolution makes 
ultrashort pulsed laser micromachining an ideal manufactur-
ing technique for processing not only bulk materials but also 

coated and multi-layered materials with desired accuracy 
and precision. As examples, to achieve higher depth resolu-
tion in determining the zinc coating layer thickness of galva-
nized steel, Canel et al. [1] identified pulse energy and laser 
spot size as performance affecting factors in nanosecond 
pulse duration, Mateo et al. [2] modified laser intensity pro-
file from Gaussian to flattop in femtosecond pulse duration, 
and Balzer et al. [3] evaluated the burst mode parameters 
like energy distribution and inter-pulse delay. Although the 
commercially available laser sources can provide very high 
peak powers, Sailer et al. [4] reported that the energy effi-
ciency of ultrashort pulsed laser processing increases when 
processing with a peak power close to the ablation threshold 
energy of a given material.

This implies that, for creating meso and micro-scale 
structures and/or textures, the processing parameters should 
combine both very low fluence (energy per unit area) and 
multiple number of laser pulses on the same spot. Due to 
the complex nature of laser ablation, much work has been 
focused on the optically flat and well characterized bulk and 
coated metals. In contrast, metallic (coated) engineering sur-
faces deviate from ideal surface conditions, because of sur-
face defects, such as roughness and oxidation, present both 
at the coating and substrate surface. Figure 1 illustrates sche-
matically the cross section of an engineering-grade coated 
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metal. Apart from individual surface roughnesses of the 
coating and the substrate, typically there exists a thin layer 
of oxides on the surface, as well as an interfacial layer at the 
coating–substrate interface. Bergstroem et al. [5] pointed out 
that the absorption of the incident laser beam energy by the 
coating surface is greatly affected by such surface defects. 
Moreover, as the ablated morphology gets deeper after each 
laser pulse, material exposed to the incident laser beam 
changes from coating to intermediate to substrate mate-
rial. On top of the complexity of the physical laser ablation 
mechanisms, a layered specimen, such as Fig. 1, induces fur-
ther complicacies in the thermodynamic pathways to phase 
changes and resulting surface morphology.

The surface aspect of galvanized steel is highly 
demanding, and currently requires quality-critical devel-
opment within the steel-making industry [6]. The cur-
rent steel strip production uses the temper rolling or skin 
pass process to attain desired product surface topology 
as well as correct shape, and mechanical properties of 
the strip [6]. Surface finish of galvanized steel sheet is 
directly related to different surface related properties: for 
example, Batalha et al. [7] investigated the correlation 
between surface topography and frictional behavior as 
well as formability, Scheers et al. [8] showed improved 
paint appearance with reduced waviness, and Mezghani 
et al. [9] identified the end-user paint usage with surface 
roughness. Consequently, surface texturing techniques, 
such as shot blasting, electric discharge texturing, laser 
texturing, chemical etching and electron beam texturing, 
are employed to enhance the surface functionality along 

with the tribological performance [10, 11]. Comparing to 
other techniques, laser surface texturing offers higher effi-
ciency, more flexibility and cleaner process with relatively 
higher accuracy in surface control. Short and ultrashort 
pulsed laser processing of coated materials has been per-
formed for micro-patterning [12], as well as for Laser-
induced Breakdown Spectroscopy (LIBS) [13]. Galvanized 
steel has been extensively studied over the last 20 years 
for depth profiling of coating layer using LIBS with depth 
resolution varying from 2 to 50 nm/pulse: for example, 
Canel et al. [1] applied Taguchi optimization method to 
analyze the effect of laser parameters, Mateo et al. [2] 
studied polymer coated galvanized steel with femtosecond 
laser pulses by reshaping a Gaussian beam to a top-hat 
beam in He atmosphere, Hrdlicka et al. [14] observed a 
deviation of linear dependence of ablated volume per pulse 
on pulse energy, Garcia et al. [15] reported improvement 
in depth resolution in vacuum environment than in ambient 
atmosphere, as well as, demonstrated the effect of inci-
dence angle on ablation rate [16], and Vadillo et al. [17] 
studied the effect of laser fluence on ablation rate by defo-
cusing. However, a detailed study on the ablated surface 
morphology, crystallography, and crater shape evolution 
in relation to ablated depth, coating thickness and chemi-
cal composition for the purpose of surface texturing of 
galvanized steel in order to improve surface functionality 
is absent.

Therefore, in this paper, laser ablation of galvanized steel 
in infrared (IR), visible (VIS) and ultraviolet (UV) wave-
lengths with picosecond laser pulses is presented for the 
purpose of surface texturing with low number of pulses at 
thermal ablation fluence regime. Wavelength of the incident 
laser beam generally controls the absorption of laser energy 
in the target material resulting in a photochemical and/or 
photophysical decomposition of the material surface. The 
absorption of the available laser energy is governed either 
by the optical penetration depth in the target material, or 
by the excitation of ablation plume (plasma shielding) as 
well as the molecules of surrounding medium (laser-induced 
breakdown of media) [18]. The goal of this paper is to inves-
tigate the crater morphology as well as the ablation rate of 
galvanized steel at different wavelengths for a picosecond 
pulse duration. The minimum fluence value used in this 
work corresponds to formation of visible surface modifica-
tion observable by an optical microscope for single laser 
pulse over a surface with submicron average roughness. In 
this work, first, the optical reflectivity of the surfaces prior 
to laser processing was measured. Next, crater morphology 
after laser irradiation with single and multiple pulses over 
a fluence range is analyzed by the help of confocal laser 
scanning microscopy and scanning electron microscopy. 
Afterwards, ablation rate and energy efficiency was derived 
for multiple laser pulse irradiation at 343, 515 and 1030 nm 
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Fig. 1  Schematic diagram of the cross section of laser–material inter-
action of galvanized steel, showing zinc coating (Zn) on forming steel 
(FS) substrate
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wavelength and ps-pulse duration. Finally, chemical compo-
sition and crystallography of untreated coating surface and 
ablated craters were analyzed.

2  Experimental

A thin-disc, diode-pumped Yb:YAG pulsed laser source 
having a pulse duration of 6.7 ps, maximum output aver-
age power of 50 W at a maximum pulse repetition rate of 
400 kHz (TruMicro 5050 of Trumpf GmbH, Germany) was 
used in a cleanroom environment under atmospheric condi-
tions to perform the ablation experiments. The polarization 
was linear, the power density profile was nearly Gaussian 
( M2 < 1.3 ) and the power instability was less than 2% . The 
fundamental wavelength of the laser source (1030 nm) was 
converted to its second (515 nm) and third (343 nm) har-
monic wavelengths by frequency doubling (SHG) and tri-
pling (SFG) respectively using Barium Borate (BBO) crys-
tals. In this work, all of these wavelengths were used.

The laser beam was scanned over the surface of the target 
using a galvoscanner (IntelliScan14 of ScanLab GmbH, Ger-
many), and subsequently, focused using a telecentric F-theta-
Ronar lens (Linos GmbH, Germany). The galvoscanner was 
mounted on a linearly motorized stage (ATS150 of Aerotech 
Inc., USA) to process the target surface in the focal plane. 
MicroSpot Monitor (Primes GmbH, Germany), a beam diag-
nostic system based on charge-coupled device (CCD) sensor, 
was used to measure the focal spot radius. Table 1 lists the 
parameters related to the setup described above.

All of the ablation experiments were performed at nor-
mal incidence and the focus position was kept fixed at the 
original unprocessed surface. Debris from laser processing 
zone were extracted using an exhaust system. A half-wave 
plate along with a polarizing beam splitter was employed to 
vary the laser pulse energy, and the average output power 
available on the target surface was measured using a PM-30 
thermopile sensor connected to a FieldMax II power meter 
(Coherent, USA) with an uncertainty of < 8% . Single pulse 
energy was estimated from the quotient of the measured 
average power and the corresponding pulse repetition rate. 
On the same location, the number of pulses was varied 
from N = 1–70. Here, surface profiles induced by the laser 
pulses are referred as “crater’. In each of the laser settings, 
36 craters were created for statistical significance. In all the 
experiments, the beam scanning velocity was 1 m/s and the 
pulse repetition rate was 8 kHz. As a result, the geometrical 
distance between consecutive pulses was at least 125 μ m and 
the time between consecutive pulses on the same location 
was at least 7 ms.

2.1  Materials

Hot dipped galvanized steel (GI) was used as the target mate-
rial. It has a Zinc coating ( 99.7% Zn, 0.3% Al) weight of 70 
g∕m2 , with an average thickness of 8 ± 2 μ m. In accordance 
with European standard EN10346:2015 [19], the samples 
were produced commercially on Titanium Stabilized Ultra 
Low Carbon (TiSULC) steel substrate. The as-received sam-
ples had a surface roughness of 0.5 μ m. Ammonia ( < 5% ) 
solution ( NH3(aq) ) was used as the cleaning agent before 
and after the laser ablation experiments. The thermophysi-
cal properties, such as melting point ( Tm ), boiling point ( Tv ), 
critical point ( Tcr ), latent heat of melting ( Hm ), thermal dif-
fusivity ( Ds ), vapor pressure ( Pv ) at 1000 K, surface ten-
sion ( � ) at melting point, temperature coefficient of surface 
tension ( d�∕dT  ) and kinematic viscosity ( � ) are listed in 
Table 2 for Zn, Al, Fe and forming steel.

2.2  Analysis tools

The refractive index n and the extinction coefficient k, i.e., 
the optical constants, were obtained from spectroscopic 
ellipsometry measurement using M-2000UI ellipsometer 

Table 1  Parameters related to laser setup

Parameters Laser wavelength [nm]

1030 515 343

Max. pulse energy [ μJ] 119.25 62 31.6
Min. pulse energy [ μJ] 6 1.1 1.4
Focal length [mm] 80 100 103
Focal spot radius [ μm] 14.4 ± 1.6 10.0 ± 0.9 7.4 ± 0.5

Ellipticity @ focus 0.93 0.85 0.86
Scanner repeatability @ focus [ μm] 0.16 0.2 0.21
Rayleigh length [mm] 0.56 0.513 0.425
Divergence angle [mrad] 51.5 39.0 35.2

Table 2  Thermophysical 
properties of Zn, Al, Fe and 
forming steel

Material T
m

T
v

Tcr H
m

D
s

P
v,1000K � d�∕dT �

[K] [K] [K] [kJ∕kg] [cm2∕s] [Pa] [N/m] [104 N/m.K] [10−3cm2∕s]

Zn 692.68 1180 3380 100.9 0.42 1.25 ×104 0.782 8.31 (– 2.5) 5.7
Al 933.47 2743 8550 388 0.98 5.08 ×10−6 0.868 – 1.48 5.9
Fe 1811 3134 9250 272 0.23 1.54 ×10−9 1.92 – 3.97 9.6
Forming steel 1530 – – 275 0.16 – – – –
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(Woollam, USA). The as-received samples were mirror-pol-
ished ( Ra ≤ 0.03 μ m) and the ellipsometric measurements 
were carried out over a range of wavelengths (245–1690 nm) 
and at incident angles of 65◦ , 70◦ and 75◦ . The reflectance 
of the as-received samples were further evaluated using an 
UPB-150-ART integrating sphere (Gigahertz-Optik, Ger-
many) in combination with a AvaLight-HAL-S broadband 
Tungsten–Halogen Light Source (Avantes, the Netherlands) 
and a HR-4000 spectrometer (Ocean Optics, USA) against 
the reference standard made of Ba2SO4 . VK-9700 Confocal 
Laser Scanning Microscope (CLSM) (Keyence Corpora-
tion, Japan) was used to measure the sample roughness, as 
well as the laser ablated craters, with a vertical and lateral 
resolution of 1 nm and 276 nm respectively. JSM-7200F 
Scanning Electron Microscope (SEM), (Jeol, USA) was 
used to analyze the morphology of the laser ablated craters. 
With the same SEM, the chemical composition of the laser 
ablated craters were analyzed by Energy-dispersive X-ray 
spectroscopy (EDX), ( X −MaxN of Oxford Instruments, 
UK) at an accelerating voltage of 7 and 20 kV. Electron 
Backscatter Diffraction (EBSD), (Zeiss Ultra55 of Carl Zeiss 
NTS GmbH, Germany fitted with a TSL (Hikari) camera 
of EDAX Inc., USA) measurements were carried out at an 
accelerating voltage of 15 kV and 100 nm step size, and 
afterwards a single iteration grain-dilation cleanup was per-
formed along with a grain-CI standardization (> 0.1).

3  Results

In the following subsections, first the optical reflectivity of 
the sample prior to laser processing is assessed in compari-
son with Zn, Al and Fe. The polished galvanized steel sam-
ple is used to act as a reference in comparison to as-received 
rough sample. Then the morphology of the surface before 
and after laser irradiation is discussed. Next, the ablation 
rate and energy efficiency of three wavelengths are pre-
sented. Finally, we evaluate the chemical composition of the 
craters at different depth levels to investigate possible chemi-
cal changes due to laser processing of the galvanized steel.

3.1  Surface reflectivity

As a reference, the reflection coefficient calculated from n 
and k value obtained from ellipsometry measurement for 
the polished GI sample ( Ra ≤ 0.03 μ m) is shown in Fig.  2 
(dashed curve). Since, reflectivity of as received GI sample 
was not readily available in the literature, we used an inte-
grating sphere (ISP) setup to measure the reflectivity of as 
received GI samples.

Figure  2 also represents the reflectivity of Zn [20], Al 
[21] and Fe [22] for comparison. It was demonstrated that 
the reflectivity of the steel substrate shows similar trend as 

Fe, but at either higher, or lower reflectivity value due to 
surface conditions like roughness and oxidation [23]. As can 
be seen from this figure, the reflectivity of GI (blue, solid 
curve) follows a similar trend as Zn at longer wavelengths 
( ≥ 650 nm) and behaves more like Fe for shorter wave-
lengths. Although the coating is made of nearly pure Zn, the 
optical penetration depth �0 , calculated from the extinction 
coefficient k as �0 = �∕4⋅�⋅k , of Zn at 1030, 515 and 343 nm is 
25.4, 13.4, 13.3 nm respectively, whereas for GI the values 
are increased to 34.3, 14.4 and 14.4 nm respectively. The as 
received GI sample ( Ra = 0.5 μ m) shows higher reflectiv-
ity for shorter wavelengths ( ≤ 800 nm) than the polished 
GI sample ( Ra = 0.03 μ m) on which ellipsometry measure-
ments were performed. In any case (polished and rough), 
the absorbance of laser energy for GI samples is lower than 
pure Zn at all wavelengths. However, the surface roughness 
increases the reflectivity of as received GI sample at shorter 
wavelength than polished GI sample.

3.2  Morphology

The surface of non-skin-passed galvanized steel features 
different kinds of surface defects/ asperities [24]. Although 
no spangle (snowflake-like six-fold pattern) is visible to the 
naked eye, primary and secondary dendrite arms (PDA and 
SDA), grain boundaries (GB) and random scratches (RS) 
mainly constitute the surface defects present prior to laser 
processing. These surface defects vary in length and depth. 
For example, primary and secondary dendritic arms spread 
within 500 μ m laterally and are 0.3–1 μ m deep. The depth 
of grain boundaries lies within 1–2 μ m. Random scratches 
over the surface are less than 100 nm deep. Together, these 
defects result in a surface roughness Ra of 0.5 μ m. Since, the 
optical penetration depth, as derived in Sect. 3.1, is an order 
of magnitude smaller than the reference surface roughness, 

Fig. 2  Reflection coefficient R of galvanized steel as a function of 
wavelength measured using the integrating sphere setup, as well as 
calculated from the measured optical constants (n and k) from ellip-
sometry. Data for Zn, Al and Fe are taken from [20, 21] and [22] 
respectively
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surface modification with low number of pulses at low laser 
fluence values are highly affected by these surface defects.

Figure  3 shows confocal images of craters processed at 
F0 = 1.8 J∕cm2 with single ( N = 1) and multiple ( N = 20 
and 50) laser pulses. For single pulse processing at low flu-
ences, the crater diameter follows the beam diameter ( 1∕e2 ) 
and the depth of the craters are equal to the reference sur-
face roughness ( Ra = 0.5 μm). Presence of laser-induced 
periodic surface structures (LIPSS) are visible for � = 1030 
and 515 nm (see Fig. 4). In the context of this work, we 
found that LIPSS is strongly dependent on the presence of 
scratches with submicron depth, which is a known feature in 

LIPSS formation [25]. LIPSS form easily when these sub-
micron scratches are present on the surface. On the other 
hand, flat non-scratched surface demonstrates barely visible 
LIPSS. Deep surface defects, such as grain boundaries and 
micrometric scratches, induces local surface modifications 
(bubble-bursts, splashes) and hydrodynamic instabilities that 
adversely affect the formation of LIPSS [26].

With increasing fluence, the diameter of the crater 
increases for single pulse processing (see Figs. 5 and 
6), because the tail of the Gaussian laser pulse becomes 
intense enough to initiate ablation. Further, increasing 
fluence and � = 1030 nm, the morphology of the craters 
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constant fluence F0 = 1.8 J∕cm2 for N = 1, 20 and 50. All images are 
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cated in each graph
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becomes increasingly melt dominated and shows negli-
gible depth formation up to 10 J∕cm2 (see also Fig. 7). At 
mid fluence levels ( F0 ≈ 10 J∕cm2 ), LIPSS-like structures 
form along the periphery of the crater, while the center 
is dominated by bubble-bursts and random melt move-
ment (see Fig. 5). For shorter wavelengths, the center of 
the crater shows a flat melt like solidified surface. For 
all three wavelengths, well-defined structures from melt 
movement (e.g., splashes with fingers, ripples with crests) 
are formed at high fluence, as shown Fig. 6.

For multiple pulses, i.e., N > 1 , both the diameter 
and the depth of the crater start to increase for all three 
wavelengths. Evidence of melt is visible in all cases (see 
Figs. 3, 4, 5, 6, 7), especially for 1030 nm. Once the coat-
ing layer of Zn is removed, so for crater depth > 8 ± 2 
μ m, the beam impinges on the steel substrate. Regard-
less of the laser wavelength, exposing the steel substrate 
results in an observable heat affected zone (HAZ) around 
the crater on the coating surface. A “saturation” in depth 
is observed for all wavelengths when the ablation depth 
reaches the coating–substrate interface. The HAZ is 
clearly visible at this point (see Figs. 3c, f, i, 5c, e, h 
and 6c, e). For 343 and 515 nm, laser pulses drill further 
through the steel, but as mentioned above, the ablation 
depth saturates along the coating–substrate interface for 
1030 nm. However, the HAZ diameter, as well as the 
cylindricity of the crater, increase with multiple pulses 
at high fluence regime for 1030 nm, while drilling inside 
the steel substrate reduces the HAZ for 515 and 343 nm. 
This observation indicates that heat diffusion along lat-
eral direction becomes more pronounced as the ablation 
depth saturates along the coating substrate interface.

3.3  Ablation rate and depth

Using CLSM, the three-dimensional morphologies of the cra-
ters were measured, and the dimensions of the craters namely, 
diameter, depth, surface area and volume, are extracted from 
the measurement data using a shape detection algorithm [20]. 
The CLSM measurements are compromised by the initial sur-
face roughness ( Ra ≈ 0.5 μ m) at low fluence levels and low 
number of pulses, resulting in a spread in the quantities. In the 
context of this work, the ablation rate is defined as the amount 
of material removed per laser pulse. It can be calculated 
either from the ablated depth, or from the ablated volume. As 
sketched in Fig. 1, the coating layer has a varying thickness 
over the rough substrate. The minimum coating layer thickness 
is about 4 μ m (see Sect. 2.1). Therefore, pure Zn layer extends 
up to 4 μ m along the depth of the sample from the surface, 
followed by a Zn-rich intermediate layer extending up to the 
coating–substrate interface. Figure 7a–c shows the maximum 
ablated depth as a function of incident peak laser fluence F0 
for different number of pulses N at fundamental, second and 
third harmonic laser wavelengths respectively. In these fig-
ures, the horizontal dashed and dashed-dotted lines represent 
the boundary of the pure Zn layer and the coating–substrate 
interface, respectively. The maximum ablated depth appears 
to be saturated along these two horizontal lines for 1030 nm 
(see Fig. 7a), whereas the transition from pure Zn coating to 
intermediate layer to substrate becomes smoother as the laser 
wavelength shortens (see Fig. 7b and c). In the case of multi-
ple pulses, the shorter the wavelength, the higher the ablated 
depth. The maximum ablated depth saturates for craters pro-
cessed with N > 20 at a laser wavelength of 1030 nm (see 
Fig. 7a). Saturation in depth is also observed for data points 

5 µm5 µm

a) b)

RS

RS

Bubble burst

Fig. 4  SEM micrographs of LIPSS on galvanized steel surface irradiated with single laser pulse at F0 = 1.8 J∕cm2 and at a laser wavelength of a 
1030 nm and b 515 nm
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within a depth range of 6–10 μ m in the case of 515 and 343 
nm (see Fig. 7b and c). This observation is consistent with the 
average coating thickness of 8 ± 2 μ m (see Sect. 2.1).

In polar coordinates (r, z,�) , the spatial fluence profile, 
F(r,�) [J∕cm2] of a laser beam with Gaussian energy distri-
bution is given by,

where F0 = (2 ⋅ Ep)∕(� ⋅ �0) is the incident peak laser flu-
ence, which depends on the laser pulse energy Ep and the 
beam spot radius ( 1∕e2 ) �0 . At hmax(r = 0) , the ablation 

(1)F(r,�) = F0e
−

(

2r2

�2
0

)

,

depth per pulse L can be expressed as a function of peak 
fluence F0 [27],

where Fth and �e are the threshold fluence and the effective 
energy penetration depth, respectively. For a given laser flu-
ence, the maximum depth hmax is plotted against the number 
of pulses N. Under the assumption of linear dependence of 
hmax on N, the slope of hmax vs. N results in the crater depth 
per pulse, or the ablation rate at that fluence level. Since 
the trend in ablated depth or volume changes for N ≥ 20 

(2)L = �e ⋅ ln

(

F0

Fth

)

,

Fig. 5  CLSM images of galvanized steel surface (top view) processed at different laser wavelengths and different pulse energies E
p
 at 

F0 = 10 J∕cm2 for N = 1, 20 and 50. All images are in the same scale. The diameter d and depth h of the craters are indicated in each graph
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compared to N < 10 , the ablation rate Lav at any fluence 
level is calculated separately for craters processed with 
N = 1 to 10 and with N = 20 to 70. In Fig.  8, the ablation 
rate Lav is plotted against the peak fluence for N ≤ 10 and 
N ≥ 20 at all three wavelengths, represented by the colored 
solid and dashed lines respectively. As mentioned above, the 
ablation rate indicated by the solid curves ( N ≤ 10 ) is dif-
ferent than the dashed curves ( N ≥ 20 ) in this figure. There-
fore, Fig. 8 is divided into three parts indicated by the black 
dashed curve, where the upper part corresponds to direct 
ablation of Zn (only), the lower left part corresponds to the 
ablation of both Zn and the substrate, and the lower right 
part corresponds to the ablation of forming steel (FS). At all 

wavelengths, the ablation rate for N ≤ 10 (see Fig. 8 upper 
part) follows Eq. (2) with an energy penetration depth �e of 
0.1 ± 0.06 μ m, 0.22 ± 0.04 μ m and 0.25 ± 0.06 μ m for 1030, 
515 and 343 nm respectively. However, the ablation rate for 
1030 nm saturates around 0.3 μm/pulse for F0 > 5 J∕cm2 in 
contrast to the other wavelengths. In the lower-left part of 
Fig. 8 ( N ≥ 20 ), the ablation rate decreases exponentially 
( L = a1 ⋅ exp(a2 ⋅ F0) + a3; a1 = 0.14 − 0.18, a2 = 0.4 − 0.5 ) 
up to F0 ≤ 10 J∕cm2 for all three wavelengths. The ablated 
depth per pulse decelerates towards saturation with increas-
ing F0 , because the substrate steel increasingly becomes the 
exposed surface for incident laser pulses. When the peak flu-
ence value exceeds 10 J∕cm2 , the ablation rate stays almost 
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Fig. 6  CLSM images of galvanized steel surface (top view) processed at different laser wavelengths and different pulse energies E
p
 at 

F0 = 36 J∕cm2 for N = 1, 20 and 50. All images are in the same scale. The diameter d and depth h of the craters are indicated in each graph
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constant for 1030 nm, while it increases linearly for 515 
and 343 nm.

This observation indicates that the absorbed part of 
the laser beam energy contributes more towards ablating 
laterally, rather than vertically, along the beam propaga-
tion axis, as the steel substrate becomes more exposed 
towards the incoming laser beam. Therefore, the shape 

of the crater, as well as the ablated volume, should also 
experience similar trend when the ablated depth reaches 
the coating–substrate interface. In the following subsec-
tions, namely Sects. 3.3.1 and 3.3.2, we discuss the effect 
of these regime changes on the ablated volume and crater 
shape.

Fig. 7  Maximum ablated depth against the laser peak fluence for var-
ying number of pulses at a laser wavelength of a 1030 nm, b 515 nm 
and c 343 nm. Note the different vertical scales of these graphs. The 

horizontal dashed and dashed-dotted lines, at 4 μ m and 8 μ m, repre-
sent the boundary of pure Zn layer and the coating–substrate inter-
face, respectively
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3.3.1  Ablated volume

Since the beam diameter decreases with decreasing wave-
length (see Table 1), the ablated volume for same laser 
processing parameters (N and F0 ) at different laser wave-
lengths cannot be readily compared. To compare ablated 
volume at different laser wavelengths, the ablated volume 
(V) is divided by the laser spot area ( ��2

0
 ) and plotted 

against the laser peak fluence in Fig. 9a–c. Unlike the max-
imum ablated depth hmax at 1030 nm shown in Fig. 7a, no 
saturation with increasing F0 is observed for the ablated 
volume per irradiated area as shown in Fig. 9a. This indi-
cates that the craters become more cylindrical, rather than 
Gaussian, in shape for N > 20 at 1030 nm. In the case of 
515 and 343 nm, increase in volume along with an increase 
in maximum ablated depth indicates that ablation of Fe or 
Fe-Zn compound is more efficient at shorter wavelengths, 
when the ablated depth hmax is greater than 8 μ m. In any 
wavelength, it takes up to 20 pulses to ablate deeper than 
the pure Zn layer, at which a different trend in ablation 
rate is observed for both the ablated depth and volume (see 
Figs. 7 and 9). Rearranging the expression of the ablated 
volume per pulse as proposed by Raciukaitis et al. [28] 
and Neuenschwander et al. [29], the quadratic relationship 
between the ablated volume V per irradiated area and peak 
fluence F0 reads as

From the non-linear fit of Eq. (3), the energy penetra-
tion depth �e , as shown in Fig. 9d, can be derived for the 
data points of Fig. 9a–c. The solid and dashed line rep-
resents the curve fit for F0 ≤ 10 J∕cm2 and F0 > 10 J∕cm2 

(3)V

��2

0

=
1

4
⋅ �

e
⋅

[

ln

(

F
0

F
V

th

)]2

.

respectively. The vertical dotted line indicates N = 10 , 
below which the ablation is confined within the pure 
Zn layer. As soon as the ablated depth reaches the inter-
mediate layer, energy penetration is adversely affected. 
That is, unlike 1030 nm, �e increases significantly for 
F0 > 10 J∕cm2, N ≤ 10 at a laser wavelength of 515 and 
343 nm. This observation indicates that energy penetrates 
deeper within the Zn coating for shorter wavelengths than 
1030 nm if the peak laser fluence exceeds 10 J∕cm2 . The 
energy efficiency can be calculated from the instantane-
ous slope of Eq. (3). In agreement with Neuenschwander 
et al., it is found that the process becomes energy efficient 
for low fluence values and multiple number of laser pulses 
[30].

3.3.2  Crater shape

The cross sections of the ablated craters further illustrate 
the effect of the wavelength on laser ablation of galvanized 
steel. In Fig. 10, the evolution in the crater shape for a given 
fluence ( F0 = 21 J∕cm2 ) is shown for three different number 
of pulses corresponding to ablation in pure Zn layer, inter-
mediate layer and steel substrate. As can be observed from 
these graphs, the crater shapes are Gaussian when ablation 
is confined within the pure Zn layer, as shown in Fig. 10a. 
Although 1030 nm shows a more “basin”-like crater shape 
at F0 = 21 J∕cm2 , the Gaussian shaped craters are only 
observed for F0 < 10 J∕cm2 , which is in agreement with 
our previous work [20]. As discussed previously, the abla-
tion rate is significantly higher for 343 and 515 nm when 
F0 > 10 J∕cm2 . This observation is reflected in Fig. 10a, 
where the craters extend to the intermediate layer for 343 
and 515 nm, while craters at 1030 nm are within Zn layer. 
If the number of pulses is increased further, the difference 
between the craters processed at different laser wavelength 
becomes more pronounced as shown in Fig. 10b for N = 20 . 
Craters at 1030 nm maintain their basin-like shape with a 
hump at the center of the crater. Similar features were also 
observed for Zn [31] and for Si [32]. For 515 nm, the crater 
shows a slight saturation with increasing N along the coat-
ing–substrate interface indicated by the dotted horizontal 
line in Fig. 10b. In contrast, craters processed at 343 nm 
appear to be unaffected by the change of ablating material 
at the coating–substrate interface and maintain their Gauss-
ian shapes. For an even higher number of pulses ( N = 40 ), 
the craters deepen further within the material, as shown in 
Fig. 10c. As seen for lower number of pulses, craters pro-
cessed at 1030 nm maintain their basin-like shape, but this 
time, along the coating–substrate interface. Both 515 and 
343 nm drill through the substrate steel with the latter having 
higher rate of ablation than the former.

From these analyses, it can be concluded that hot-
dipped galvanized steel is quite sensitive to the chosen laser 

Fig. 8  Average ablation rate Lav of galvanized steel for three differ-
ent wavelengths as a function of F0 . The dashed black curve indicates 
ablation in the coating, interface and substrate layers
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wavelength at picosecond pulse durations, allowing to tune 
ablation rates, as well as surface morphologies, to the need 
of application. For example, the wavelength of 1030 nm may 
be suitable for removing the Zn layer from a coated steel 
surface without affecting the substrate steel. For functional 
surface texturing, 515 nm seems to be an ideal candidate in 
terms of controllable depth and interaction with substrate 
steel. The wavelength of 343 nm is suitable for micro-drill-
ing, being less sensitive to a change of ablating material at 
the coating substrate interface.

3.4  Chemical composition

To investigate the possible effect of the laser processing of 
galvanized steel on the chemical composition of Zn and Fe, 
energy-dispersive X-ray spectroscopy (EDX) analysis was 
performed over a line along the center of the crater extend-
ing up to the unprocessed surface, as shown in Fig. 11, with 
an accelerating voltage of 7 kV. For craters processed with 
N ≤ 10 , the crater depth is within the pure Zn layer and the 
EDX measurement confirms this observation. As regards 

Fig. 9  Ablated volume per irradiated area against laser peak fluence at a laser wavelength of a 1030 nm, b 515 nm and c 343 nm. d Energy pen-
etration depth �

e
 as calculated from the fit of Eq. (3)
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the intermediate layer, the effect of intermetallic formation 
by Fe and Al is visible along the depth of the crater. Fig-
ure 11 shows the SEM image and EDX spectra of a crater 
processed at a laser wavelength of 1030 nm with N = 20 
and F0 = 10 J∕cm2 . Zn is predominantly present within 4 
μ m depth. As the crater gets deeper, the presence of Al and 
Fe is observed, which may come from Fe-Al intermetallics 
formed during the HDG process. Moreover, the geometrical 
“flatness” in the bottom of the crater can be correlated with 
the presence of different materials apart from Zn.

Generally, the intermetallic formed by Fe, Zn and Al 
during the solidification of Zn coating over forming steel 

surface in the HDG process is less than 0.2 μ m [33]. The 
intermetallic is mainly of Fe–Al which prohibits Fe–Zn inhi-
bition layer. The cross-sectional composition also confirms 
the presence of Zn in the coating layer with a sharp interface 
with Fe (forming steel) as shown in Fig. 12a. During the 
laser processing of galvanized steel at high peak laser flu-
ence levels and multiple number of pulses, first the coating 
layer is removed, followed by the removal of the intermetal-
lic and substrate material. A cross section of such a crater 
processed at a laser wavelength of 515 nm with N = 50 and 
F0 = 39 J∕cm2 is shown in Fig. 12b. The lower part of this 
figure shows the EDX mapping of the crater wall and its 
surrounding, indicated by the black dashed rectangle, per-
formed with an accelerating voltage of 15 kV.

3.5  Crystallography

The influence of picosecond-pulsed laser irradiation on the 
crystal structure of Zn coating on galvanized steel samples 
was investigated using EBSD analysis. Figure 13 shows the 
crystal orientation map of laser processed GI samples after 
single pulse irradiation at an approximately equal fluence 
but different wavelengths. On one hand, craters processed 
at a wavelength of 1030 nm show the same crystal orien-
tation as the mother grain, i.e. no preferred reorientation 
is observed for the resolidified melt (see Fig. 13a–c). On 
the other hand, craters processed at a wavelength of 515 

Fig. 10  Cross sections of craters (obtained from CLSM measure-
ments) processed at different wavelengths and at F0 = 21 J∕cm2 with 
a N = 7 , b N = 20 and c N = 40 . The horizontal black dotted line 
represents the interface between Zn coating and steel substrate

Fig. 11  a SEM micrograph of an ablated crater processed with 
N = 20 and F0 = 10 J∕cm2 at a laser wavelength of 1030 nm. The 
horizontal solid line indicates the linescan of EDX measurement. b 
EDX spectrum (left y axis) and depth profile (right y axis) of the laser 
processed crater. The horizontal black dashed line at 4 μ m demarcates 
pure Zn and intermediate layer in the coating
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nm reorientate towards the basal plane irrespective of the 
mother grain orientation, and the misorientation angle of 
the resolidified melt inside the crater and the mother grain 
is grater than or equal to 90 deg (see Fig. 13d–f, and Fig. 
S2 of Supplementary Material). In such a case, only two 
crystal orientations do not reorientate towards basal plane, 
namely the basal plane itself, and any of the pyramidal II 
planes (see Fig. 13c and g). The results are in line with pre-
viously published work on a polished Zn alloy having the 
same composition, where crystal reorientation was observed 
for craters processed at a wavelength of 343 nm, 515 nm and 
1030 nm, and the phenomenon was termed as Laser Induced 
Preferential Crystal (re)Orientation (LIPCO) [34, 35]. In 
contrast, no preferred crystal reorientation was observed for 
craters processed at a wavelength of 1030 nm for galvanized 
steel samples. As can be seen in Fig. 13b, c, e and f, the 
crystal orientations around the grain boundary follow the 
reorientation behavior of the respective mother grains. In 
all the cases, deeper grain boundaries render non-indexed 

points, although such demarcation is not visible in the opti-
cal microscope images (see Figs. 3, 5 and 6) due to uniform 
melt displacement over the irradiated area.

4  Discussions

Complexities in the physics of picosecond pulsed laser 
ablation arises from its non-isochoric nature. Rethfeld et al. 
demonstrated that the femtosecond laser pulses are short 
enough for considering the subsequent laser–material inter-
action as an isochoric process [36]. For nanosecond pulses, 
Momma et al. showed that the pulse duration is long enough 
to consider the subsequent laser -material interaction as a 
steady state process [37]. However, for picosecond pulsed 
laser ablation, the computational complexity arises due to 
the associated time scale and heating length scales [38]. 
Nevertheless, the laser–material interaction starts from the 

Fig. 12  Cross-sectional EDX mapping of galvanized steel - a SEM 
image of unprocessed Zn layer over steel, the EDX mapping of Zn 
and Fe is shown below; b SEM image of ablated crater processed 
with single pulse at F0 = 39 J∕cm2 and a laser wavelength of 515 nm. 
EDX mapping of the area indicated by the black dashed rectangle is 
shown below with layered image (left) and elemental compositional 
map (right)

Fig. 13  Orientation map of EBSD data of laser processed galvanized 
steel surface. a Sample processed at a wavelength of 1030 nm and 
F0 = 25 J∕cm2 , b and c shows higher magnification image of the 
selected craters shown by the black rectangle. (d) Sample processed 
at a wavelength of 515 nm and F0 = 21 J∕cm2 , e and f shows higher 
magnification image of the selected craters shown by the black rec-
tangle. g Crystal planes in HCP metals corresponding to the inverse 
pole figure (IPF) color shown in (a) and (d). h Orientation maps of 
EBSD data of unprocessed galvanized steel surface
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absorption of laser light by the target material. The wave-
length of the incident laser beam plays a fundamentally cru-
cial role in determining the subsequent material removal 
processes. Generally, the static reflectivity of the target mate-
rial is taken into account for calculating the absorbed laser 
power. Surface roughness as well as material composition 
greatly determine the static reflectivity of the engineering 
grade materials [5]. Surface roughness generally increases 
static absorptivity. However, as shown in Fig. 2, the reflec-
tivity of the as received GI is similar to the polished one. 
This is because polishing of as received GI removes almost 
2 μ m of the coating layer. For similar coating thicknesses, 
Balzer et al. demonstrated that the concentration of Al in 
the coating layer is maximum at the surface, followed by a 
sharp 87% decrease within a depth of 1.5 μ m, and a grad-
ual increase towards maximum concentration at the coat-
ing–substrate interface starting from 6 μ m [39]. Therefore, 
polishing away the topmost coating layer also reduces the 
amount of Al on the surface. Since, Al has higher reflectivity 
than zinc, the as received GI sample shows similar reflectiv-
ity as the polished zinc despite the higher surface roughness. 
From that point, the increase in effective surface area due 
to surface roughness is counterbalanced by the presence of 
higher amount of Al on the surface.

However, static reflectivity alone cannot account for 
the amount of absorbed energy due to the temperature 
dependence of the optical properties of materials. Mate-
rial reflectivity actually changes with temperature, which 
is termed as dynamic reflectivity. For ultrashort pulses, the 
dynamic reflectivity depends on the electron temperature. 
The dynamic reflectivity of Zn was measured for 150 fs, 
800 nm laser pulse at different fluence values by Shugaev 
et al. [40]. They demonstrated that the dynamic and static 
reflectivity of Zn stays the same up to 1 J∕cm2 . For F0 > 
1 J∕cm2 , the dynamic reflectivity decreases by more than 
60% . To account for the changing dielectric permittivity with 
increasing electron temperature, Kirkwood et al. divided the 
dielectric function into three domains based on the Fermi 
temperature ( TF ), namely metallic (Drude-Lorentz) dielec-
tric function �m for Te ≤ (1∕3) ∗ TF , plasma dielectric func-
tion �plasma for Te > 3 ∗ TF and a combination of �m and 
�plasma for (1∕3) ∗ TF < Te ≥ 3 ∗ TF [41]. For femtosecond 
pulses, the plasma contribution is small on the dynamic 
reflectivity for Au and Zn, and primarily contributes to the 
leveling-off of reflectance value [40]. For picosecond laser 
pulses, the pulse duration is long enough to increase elec-
tron temperature above the Fermi temperature, to affect the 
electron-phonon coupling and subsequent early plasma for-
mation during the pulse. As a consequence, laser absorption 
is initially dominated by laser–target coupling, and subse-
quently by laser–plasma coupling. Zn plasma absorbs visible 
and IR wavelengths more than the UV wavelength due to 
the electron-ion inverse Bremsstrahlung [42]. Consequently, 

UV wavelength penetrates deeper into the plasma due to 
higher critical electron density at shorter wavelengths, gets 
absorbed by the electrons closer to the ablation surface, and 
generates higher laser-driven pressure shock than the longer 
wavelengths, where the ablation surface heats up from the 
thermal diffusion of a laser heated plasma [38].

Material removal by ultrashort pulsed laser ablation is 
primarily governed by phase explosion, photomechanical 
spallation and cavitation [43]. For picosecond laser abla-
tion, phase explosion and cavitation dominate the material 
removal process at low and high laser fluence respectively 
[38]. Phase explosion happens when the material is heated 
close to its critical point. From the material properties shown 
in Table 2, Zn has the lowest critical temperature than Al and 
Fe. Therefore, the threshold for phase explosion is easily 
reached for Zn than steel substrate. The latent heat of melt-
ing of all the materials listed in Table 2 is in the same order 
of magnitude. However, both Al and Zn have lower melt-
ing temperatures and higher diffusivities than forming steel. 
Therefore, the coating material (Zn and Al) is more suscepti-
ble to deep melt penetration at higher heating rates than the 
steel substrate. This inference is reflected in Fig. 8, where 
the ablation rate of the steel substrate is significantly lower 
than Zn coating layer for all three wavelengths. From these 
observations, the ablation of the steel substrate appears to 
be dominated by phase explosion only, whereas the ablation 
of coating material appears to be dominated by cavitation.

The reason why the ablated depth appears to reach a 
maximum (saturation) along the coating–substrate interface 
at a wavelength of 1030 nm (see Figs. 7a and 10) can be 
attributed to the lower ablation rate and lower transmission 
through plasma. Moreover, the saturation behavior at 1030 
nm disappears at lower heating rates, i.e. processing with 
longer pulse duration [44]. On the other hand, the saturation 
behavior is nearly absent at 343 nm and 515 nm, because 
the laser-driven pressure shock is higher at shorter wave-
lengths, which results in deeper heat and thus eventually, 
melt penetration.

Since Zn has the lower vaporization temperature, and 
consequently higher vapor pressure, compared to Al and 
Fe, the ablated plume exhibits fractionation of Zn over Al 
and Fe [39, 45]. That is, from a melt of Zn with Al and/or 
Fe, Zn will vaporize at a higher amount than the others. The 
absence of Zn-Fe intermetallic in the laser ablated crater 
(see Fig. 12) can be attributed to this finding. High vapor 
pressure of zinc results in a positive temperature coefficient 
of surface tension up to (1/3)*Tb in ambient atmosphere [46]. 
Due to the higher plasma absorptivity at 1030 nm, the cen-
tral part of the Gaussian intensity profile of the laser pulse 
will heat up the near surface plasma more than the ablating 
surface [47]. We speculate thus, that under the given physi-
cal boundaries, the lattice temperature rise is inhibited and 
remains below the vaporization temperature. Consequently, 



Wavelength dependence of picosecond-pulsed laser ablation of hot-dip galvanized steel  

1 3

Page 15 of 18   296 

the thermocapillary motion of the liquid zinc will form a 
hump (see Fig. 10b) due to the positive temperature coeffi-
cient of surface tension. As the thickness of the coating layer 
reduces over increasing number of pulses, the hump disap-
pears, in contrast to similar processing of pure zinc [20].

Hydrodynamic expulsion of the melt due to the recoil 
pressure from the ablated plasma is clearly visible in the 
crater morphology for single and multiple laser pulses at all 
the wavelengths (see Figs. 3, 5 and 6). The melt mobility is 
proportional to melt thickness and inversely proportional to 
kinematic viscosity [48]. The melt instabilities at the center 
of the crater point not only to a formation of a thin molten 
layer at the central part of the crater due to high fluence, but 
also to a ‘premature’ recoil pressure in contrast to nanosec-
ond laser processing of galvanized steel [44]. Although the 
kinematic viscosity is in the same order of magnitude for Zn 
and Fe, the higher surface tension of Fe impedes the melt 
instability at the bottom of the crater contrary to Zn coat-
ing. For galvanized steel, the steel substrate acts as a heat 
reservoir due to its higher melting point and lower thermal 
diffusivity than zinc [20]. The heat affected zone observed 
around the crater after the complete ablation of coating layer 
(see Figs. 5 and 6) may originate from the reflected heat 
front from the coating substrate interface.

The melt instabilities also pose a challenge for a reliable 
acquisition of Electron Backscatter Pattern (EBSP), since 
the reliability of EBSD analysis depends extensively on the 
surface condition of the sample. No sample preparation, in 
terms of etching, was involved after the laser processing for 
EBSD analysis. In spite of the major role of the surface on 
EBSD measurements, it has been suggested experimentally 
that for generating useful EBSP, Ra ≥ grain size is unaccep-
table, whereas Ra ≤ 50 nm does not affect the EBSD quality 
significantly [49]. In this work, as-received galvanized steel 
surface has Ra ≤ 0.5 μ m ≤ 200 μ m (average grain size), the 
microprotrusions within the crater has Ra ≤ 0.27 ± 0.05 μ m 
and the protrusion-free crater area has a Ra ≤ 0.12 ± 0.03 
μ m. Moreover, the magnitude of the interaction volume is of 
most interest when surface damage is concerned, because the 
interaction volume determines whether the backscattering 
electron can overcome any absorption to produce Kikuchi 
patterns [50]. With an accelerating voltage of 15 kV, the 
X-ray generation volume is calculated to be 1.0 μ m using 
Castaing’s formula, which is regarded sufficient in compari-
son to the crater depth ≤ 1 μ m. However, high surface rough-
ness results in a shadowing effect. This reduces the number 
of high-energy electrons arriving at the detector screen. If 
the electrons suffer higher energy loss, they contribute to 
the background noise of the Kikuchi pattern [51]. Therefore, 
one cannot expect usable EBSD patterns everywhere in this 
area due to the surface roughness and topography, resulting 
in an increased percentage of non-indexed points, which can 
be also observed as black spots in Fig. 13a–f. Nevertheless, 

the orientation maps provide useful insight on the crystal 
orientation of the laser processed area and similar EBSD 
measurements were carried out in several other works for 
laser-induced craters[52–54]. As for the reason why prefer-
ential reorientation was observed at 1030 nm for bulk zinc 
and not for GI, various surface conditions create a different 
scenario for Zn-plated steel than for polished bulk zinc, such 
as surface roughness, limited number of properly orientated 
crystals (see Fig. 13h), slightly different chemistry and/or 
stress at the surface due to precipitation during solidifica-
tion from Zn bath during galvanizing process [33], degree 
of misorientation within a single grain along the dendrites, 
grain boundaries, etc. For example, higher surface roughness 
leads to higher absorption and consequently higher degree 
of heating, which might affect the resolidification behavior 
of the molten phase. All in all, LIPCO opens a novel route 
to surface texturing in terms of local roughness and crystal-
lographic variations, although the origin of such preferred 
reorientation demands for further in-depth study.

For the same amount of energy per area, shorter wave-
lengths ablate more material than longer wavelengths during 
the picosecond pulsed laser ablation of galvanized steel. Fur-
ther generalization of such an observation would be that, as 
long as laser plasma interaction is concerned, shorter wave-
lengths will result in higher material removal than longer 
wavelengths for the same amount of fluence. However, the 
specific combination of pulse duration and laser wavelengths 
used in this work demonstrated that galvanized steel can be 
selectively processed to address three different applications. 
For scraping or welding of galvanized steel, 1030 nm can 
be used to clean the zinc coating layer. Due to the crater 
shape with two different aspect ratio in the coating and the 
substrate layer, 515 nm can be used for texturing purpose. 
Finally, UV ablation is less sensitive to the change of ablat-
ing material. Therefore, 343 nm is best suited for laser drill-
ing of galvanized steel at picosecond pulse duration.

5  Conclusion

Ultrashort pulsed laser processing of galvanized steel at 
three laser wavelengths of 343, 515 and 1030 nm was stud-
ied to investigate the morphological evolution, due to laser 
fluence levels and number of laser pulses, of the ablated cra-
ters, as well as the wavelength dependence of ablation rates 
and energy efficiency of material removal. Three regimes 
of ablation were found, namely removal of pure Zn, of the 
intermediate layer and of the substrate, as the craters become 
deeper. Chemical compositional analysis supported the three 
phase ablation scheme revealing the presence of interme-
tallic compounds within the ablated area. Crystallographic 
analysis revealed laser induced preferential crystal reorien-
tation for 515 nm, while no reorientation was observed for 



 H. Mustafa et al.

1 3

  296  Page 16 of 18

1030 nm. Although the static reflectivity is lower for longer 
wavelengths, it was found that the shorter wavelengths ablate 
higher amount of material for the same amount of energy per 
area due to the presence of early stage plasma. The differ-
ence in ablation rate and energy efficiency became promi-
nent for shorter wavelengths, when the peak laser fluence 
exceeds 10 J∕cm2 , primarily due to laser plasma interac-
tion. The maximum depth of the ablated crater was found 
to saturate along coating–substrate interface for 1030 nm, 
and the craters became more cylindrical in shape. For 343 
and 515 nm wavelengths, no saturation in crater depth with 
increasing fluence and/or number of pulses was observed. 
The different shapes of the craters can be exploited for pos-
sible application-specific processing regimes ranging from 
coating removal (1030 nm) to surface texturing (515 nm) to 
micro-drilling (343 nm). As such, this work maps out the 
material removal regimes and crystallographic orientations 
for a coated system like galvanized steel.
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