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Abstract: Micro/nano structuring of KrF Excimer laser-irradiated Aluminum (Al) has been correlated
with laser-produced structural and mechanical changes. The effect of non-reactive Argon (Ar)
and reactive Oxygen (O2) environments on the surface, structural and mechanical characteristics
of nano-second pulsed laser-ablated Aluminum (Al) has been revealed. KrF Excimer laser with
pulse duration 20 ns, central wavelength of 248 nm and repetition rate of was utilized for this
purpose. Exposure of targets has been carried out for 0.86, 1, 1.13 and 1.27 J·cm−2 laser fluences
in non-reactive (Ar) and reactive (O2) ambient environments at a pressure of 100 torr. A variety of
characteristics of the irradiated targets like the morphology of the surface, chemical composition,
crystallinity and nano hardness were investigated by using Scanning Electron Microscopy (SEM),
Atomic Force Microscopy (AFM), Energy Dispersive X-ray Spectroscopy (EDS), X-ray Diffractometer
(XRD), Raman spectroscopy and Nanohardness tester techniques, respectively. The nature (reactive or
non-reactive) and pressure of gas played an important role in modification of materials. In this study,
a strong correlation is observed between the surface structuring, chemical composition, residual
stress variation and the variation in hardness of Al surface after ablation in both ambient (Ar, O2).
In the case of reactive environment (O2), the interplay among the deposition of laser energy and
species of plasma of ambient gas enhances chemical reactivity, which causes the formation of oxides
of aluminum (AlO, Al2O3) with high mechanical strength. That makes it useful in the field of process
and aerospace industry as well as in surface engineering.

Keywords: laser ablation; aluminum; ambient environment; correlation; surface structuring; crys-
tallinity; alumina; nanohardness

1. Introduction

Pulsed laser ablation of solids is a promising technique and has variety of uses in laser-
induced breakdown spectroscopy, surface structuring [1], manufacturing, micromachining,
microelectronics and thin film deposition [2–5].

Laser induced structuring develops various kinds of structures like Laser Induced
Periodic Surface Structures (LIPSS), grids, dots and many complex structures after being
inspired from nature like from butterfly wings, shark skin, lotus leaf, etc. [6]. Hierarchical
structures can also be developed using lasers with many important properties, such as super
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hydrophilic/super hydrophobic effects, self-cleaning and anti-icing properties on laser-
irradiated metals [6–8]. Surface structuring has tremendous technological applications,
such as in the field of industry [9], biomedical [10] and optical sciences by growing various
coatings and micro/nanostructures that are efficient for light detection, reflection, data
storage, field emission and desired tribological properties of surfaces [11,12]. Laser-induced
structuring can also cause the enhancement in surface roughness and increased adhesion
of irradiated target surface [13]. During nanosecond laser material interactions, the thermal
processes become dominant and cause the variation in surface roughness [6,14].

The reactive or non-reactive nature and pressure of ambient gas are the chief control-
ling factors for the characteristics of plasma and play a momentous role for the modification
of the material [15]. Shielding effect, spatial confinement and slowing down of the expand-
ing plasma plume are the common effects of the background gas [15]. The interplay among
deposition of laser energy and the species of plasma of the ambient gas (O2, H2, N2) during
irradiation of the material enhances the chemical reactivity, which causes the development
of oxides, hydrides and nitrides [16] on the ablated target surface.

The composition and surface structure of laser-ablated Al after ablation in reactive
(O2 from air) and non-reactive (Ar) environments has been reported by Balchev et al. [17].
Maximum redeposited oxides are observed in the case of air treatment while small struc-
tures like nano particles are created in Ar ambient. Ali et al. [18] studied the development
of various kind of features after laser irradiation of metallic targets in air and liquid en-
vironments. They observed the enhancement in surface hardness after irradiation in air
ambient as compared to liquid ambient.

In the current research work, Al is chosen as target due to large range of its applications
in electronics, space science and industry [19]. It is frequently utilized owing to its low
density, extraordinary specific strength, high thermal conductivity, ductility and good
corrosion resistance at room temperature. On the other hand, its poor wear resistance and
hardness limits its usages in wearing and harsh environments [20]. These shortcomings
can be overcome by strengthening the Al target’s surface through laser-induced structuring
in non-reactive environment and through laser-induced structuring and the synthesis of
Al2O3 in reactive environment (O2) [21,22].

Interaction between high power laser beam and target implicates high rates of heat-
ing/cooling and temperature gradients, generating metastable phase, causing a wide range
of surface micro-structures with innovative properties that cannot be developed using
conventional processing tools [23,24]. This may lead to improve corrosion, mechanical and
tribological properties of irradiated target materials [19]. The properties of the surface can
also be enhanced by oxidation of the surface of metal along with the creation of surface
structures. Pulsed laser ablation of target surface in O2 environment is well known method
for oxidation of the target surface to produce oxides of Al (AlO, Al2O3) [25–27]. The
aim behind the modification of surface and structural properties of Al after pulsed laser
ablation in Ar and O2 is to modify broad range functional as well as physical and chemical
characteristics. The ablation of Al in O2 ambient results in the formation of Al2O3 (alumina).
Alumina is a high-performance ceramic material with excellent temperature resistance,
high mechanical strength and good tribological properties. All these properties make it
useful in the field of process and aerospace industry as well as in surface engineering [28]

The aims of the present work are (a) to explore the consequence of laser fluences
and gaseous environment on surface structuring, chemical composition and mechanical
characteristics of Al and to synthesize alumina, and (b) to correlate the surface structuring
with the structural and mechanical changes produced after irradiation with nanosecond
laser. The morphological variations of irradiated targets were studied by Scanning Electron
Microscope (SEM). The chemical composition and phases are measured for unirradiated
and laser-ablated targets by using Energy Dispersive X-ray Spectroscopy (EDS), X-ray
Diffractometer (XRD) and Raman analysis. Nanohardness measurement analysis is utilized
to study the variation in surface hardness.
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In this study, a strong correlation is observed between the surface structuring, chemical
composition, residual stresses and variation in surface hardness of Al after ablation in both
ambient (Ar, O2). One other novelty of the current research work is that no or rare work is
performed on the correlation of surface structures with structural as well as mechanical
properties and synthesis of alumina (Al2O3) after ablation of Al in the above-mentioned
environments using KrF Excimer lasers at the selected parameters. Mostly, the literature
describes ablation of Al targets under vacuum and air.

O2-aided exothermic reactions become dominant during laser irradiation of metals in
O2 ambient, which causes reduction in the ablation threshold of the material and makes
laser material processing useful for welding, cutting, drilling and in the field of industry.

2. Experimental Setup

KrF Excimer laser (EX GAM ORLANDO, FL. USA 200) having 248 nm central wave-
length, 20 ns pulse duration, repetition rate of 20 Hz and with rectangular beam size of
1.1 cm × 0.7 cm was utilized for ablation of Al samples. The 1.2 cm × 1.2 cm square shaped
Al samples (commercially available 99.99%) were utilized as target. The Al samples were
grinded, polished and cleaned ultrasonically with acetone (Merck Ltd Shuguangxili, Beijing
China) for 30 min prior to laser treatment. These polished samples were mounted on target
holder placed in vacuum chamber (locally manufactured with good out gassing properties),
made of stainless steel, evacuated at a base pressure of about 10−3 mbar. Convex lens
(Edmund Optics Inc., Singapore) with 50 cm focal length, was used to focus laser beam on
the target surface at 90◦ with respect to target surface. Targets were exposed to 100 laser
pulses with repetition rate of 20 Hz, for both ambient environments (non-reactive Ar and
reactive O2). The targets of Al were exposed for four laser pulsed energies of 95, 110, 125
and 140 mJ with corresponding laser fluence values of 0.86, 1, 1.13 and 1.27 J·cm−2, in each
environment at a filling pressure of 100 torr. The laser fluence was calculated by using the
following formula,

Fluence =
E
A

(1)

Here, E (mJ) is energy of incident laser beam and A (cm2) is area or the beam spot size
for single pulse irradiation and was about 0.11 cm2 in present case.

Ablation threshold of Al can be calculated by following equation [29],

Fth = ρLva1/2tp
1/2 (2)

where ρ is density of target, specific heat of vaporization/mass is represented by Lv, the
thermal diffusivity of target is a and duration of pulse is represented by tp.

The value of thermal diffusivity can be calculated by Equation (3),

a = K/ρC (3)

Here, K is the thermal conductivity (79.5 W/mK) and C is the specific heat (0.900 J/gK)
and ρ = 2.7 g cm−3 of Al target. By using these values in Equation (3), we get value of
a = 0.32716 s−1 cm2. After that, by using ρ = 2.7 g cm−3, Lv = 10,874 J g−1, a = 0.32716 s−1 cm2

and tp = 1.8 × 10−8 s in Equation (2), we get the value of ablation threshold fluence for Al
that was about 2.25 J·cm2.

After laser irradiation the ablated targets were characterized by using various char-
acterization tools. SEM (JEOL JSM-6480 LV, JEOL Ltd., Tokyo, Japan) and AFM (Atomic
Force Microscopy, Shimadzu AFM-9500J, Shimadzu Corp., Kyoto, Japan) were utilized to
investigate the Surface morphology of the laser-irradiated Al targets. X’Pert PRO-MPD X-
ray diffractometer (Malvern Panalytical, Malvern, UK) working in θ–θ mode, with 40 mA
current and 40 kV voltage was used for crystallographic, dislocation density, residual
stress measurements and for study of variation in composition of laser-ablated Al targets.
Meanwhile, the EDS (S3700N) analyzer (Hitachi, Tokyo, Japan) was used for chemical com-
positional analysis. Micro Raman Spectrometer (Dongwoo Optron, MSS-400A, Gwangju,
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Korea) was used to identify the formation of new bonds in Al after exposure in O2 ambient.
Nano-indentation Tester (CSM Instruments, NHT + MHT, Needham Heights, MA, USA)
was used for the measurement of nanohardness of laser-ablated Al.

3. Results and Discussions

Figure 1a–d represent SEM images revealing formation of ripples or Laser Induced
Periodic Surface Structures (LIPSS) after irradiation of Al under 100 torr pressure of Ar for
various laser fluences. Increase in fluence from 0.86 to 1.27 J·cm−2 results in decrease in
average periodicity of ripples from 22 to 14 µm as shown in the Figure 1a–d. With increasing
laser fluence, the ripples merge together and this fusion is significantly enhanced at the
edges. With increasing fluence, enhanced absorption of energy is responsible for decreased
tendency in the periodicity of these ripples. This enhanced energy deposition is responsible
for profound plasma surface interactions, thermal effects, melting, re-solidification, spatial
in-homogeneities and surface tension gradients, and consequently causes the merging of
individual periodic structures [30].

Figure 1. SEM images revealing the surface morphology of Al exposed to 100 pulses of ns laser at wavelength of 248 nm,
pulse duration of 18 nm and repetition rate of 20 Hz at various fluences of (a) 0.86 J·cm−2, (b) 1 J·cm−2, (c) 1.13 J·cm−2 and
(d) 1.27 J·cm−2 under an ambient environment of Ar at a pressure of 100 torr.

It is also observed that the periodicity of these laser-generated LIPPS (14 to 22 µm) is
significantly greater than the laser wavelength (248 nm). If the damage threshold of the
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target material is less than the laser fluence, the laser will heat the target further than the
vapor phase, which results in a wavy melt pool responsible for the formation of this kind
of structures after irradiation [31]. Surface tension increases for molten Al, which causes
the convective flow from hotter to colder region at the surface [32].

Bonse et al. [33] discussed some intra (during single laser pulse) and inter (for succes-
sive laser pulses) pulse feedback processes for the formation of ripples on laser-irradiated
surfaces. The intra-pulse effects can be related to spatial in-homogenous absorption,
self-trapped excitation/excitations of transient defect states, transient variation in optical
properties of irradiated targets and nonlinear effects. While the inter-pulse effects include
ablation and alterations in surface morphologies, hydro-dynamical flow of melted mate-
rial, variation in material surface structures in between amorphous and crystalline states
affecting optical constants. Further, the chemical reactions of ambient environment, like
oxidation and permanent defects generation by incubation causing reduction in ablation
threshold [34] or self-organized surface erosions and diffusion of atoms, are viable. LIPSS
generation on irradiated Al targets can also be discussed on grounds of Kelvin–Helmholtz
instabilities [31]. In the present case, the irradiated Al surface is behaving as a fluid, while
the expansion of plume with high pressure will act as the source of wind. Ripples with size
in micrometer range are developed on the laser-irradiated target due to the re-solidification
of splashed laser-induced surface waves [30,31].

Magnified SEM images of irradiated Al at the central ablated area are shown in
Figure 2a–d. Fibrous structures like nanoscale ripples appear on the irradiated area of
Figure 2a, along with droplets and cavities. Heating induced by laser causes thermal
desorption, thermal ablation and explosive boiling after melting of the irradiated area which
results in cavity formation [35] and the hydro-dynamical effects are responsible for the
formation of droplets. With the increase of fluence, the fibrous structures are transformed to
micro-cones exhibited in Figure 2c,d. It shows that the threshold value for the development
of conical microstructures is greater than that required for the formation of ripples [36]. The
formation of cones originates from the concurrent action of several deformation phenomena,
like ablation, melting and evaporation of the material [37]. Properties of material (heat
capacity, thermal conductivity, thermal diffusivity), laser parameters (fluence, repetition
rate, number of pulses) and the ambient environment (reactive or non-reactive) affects
each deformation mechanism [37]. Another reason for cone formation after multiple pulse
irradiation of the target will be the erosion resistance generated by the defect generation
and surface segregation that results in preferential evaporation of the target surface, which
in turn results in the formation of cones [38].

Figure 2c,d also show decrease in density of cones for increase of laser fluence from
1.13 to 1.27 J·cm−2. It also exhibits that the cones become less distinct. Thermal effects due
to enhanced laser fluence destruct the previously formed well-defined structures. Figure 2c
also reveals the presence of a large number of cavities at fluence value of 1.13 J·cm−2.
Density of cavities gets reduced for maximum laser fluence (1.27 J·cm−2) and is revealed in
Figure 2d. Melting due to enhanced localized ablation is accountable for reduction in the
density of cavities [39].
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Figure 2. Magnified SEM images of Figure 1a–d at the central ablated area showing the variation
in the surface morphology of Al exposed to 100 pulses of ns laser at wavelength of 248 nm, pulse
duration of 18 ns and repetition rate of 20 Hz at various fluences of (a) 0.86 J·cm−2, (b) 1 J·cm−2,
(c) 1.13 J·cm−2 and (d) 1.27 J·cm−2 in an ambient environment of Ar at a pressure of 100 torr.

Figure 3a–d reveal the SEM images of overall ablated area of Al targets exposed
to 100 pulses of Excimer laser, under 100 torr pressure of O2 for various laser fluences.
Small-scale diffused ripples are observed at laser fluence of 0.86 J·cm−2 (Figure 3a).

Distinguished and well-defined spiral-shaped LIPPS with an average periodicity
of 28 µm are observed with increase in laser fluence from 1 to 1.27 J·cm−2 as shown in
Figure 3b–d. Figure 3b,c represents the growth of imprinted name of Allah (
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), the God
in Arabic, while it is repeated twice in Figure 3d in the form of spiral-shaped LIPSS. For
all fluences periodicity of the spiral shaped LIPPS remains almost constant. Redeposited
material and cavities are also observed along the channels. Melting of the material due to
laser induced heating in O2 environment causes formation of oxides and is also responsible
for the redeposition of the ablated material. The convective instabilities, gradient of temper-
ature spatial in-homogeneities, tension of the surface during resolidification, redeposition,
oxide formation and enhanced exothermic reactions are accountable for the development
of spiral shaped structures [40]. Wave-like ridges are also observed at the boundary of
the ablated area. The piston mechanism can be related to the ablation mechanism and
formation of ridges, in which laser produced plasma and the recoil pressure of the ejected
material moves a molten pool layer to boundaries of spot of laser beam which coagulate in
the shape of ridges.
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Figure 3. SEM images revealing the surface morphology of Al exposed to 100 pulses of ns laser at wavelength of 248 nm,
pulse duration of 18 ns and repetition rate of 20 Hz at various fluences of (a) 0.86 J·cm−2, (b) 1 J·cm−2, (c) 1.13 J·cm−2 and
(d) 1.27 J·cm−2, under an ambient environment of O2 at a pressure of 100 torr.

Enlarged views (at higher magnification) of central ablated region after irradiation in
ambient environment of O2 for 100 laser pulses and for different laser fluences at pressure
of 100 torr are shown in Figure 4a–d. Wave-like structures or small-scale ripples along with
wrinkles and canals are observed in Figure 4a. Fibrous structures or small scale ripples are
also presented in Figure 4b–d.
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Figure 4. Magnified SEM images of Figure 3a–d, representing the surface morphology of the central
ablated area of Al exposed to 100 pulses of ns laser at wavelength of 248 nm, pulse duration of 18 ns
and repetition rate of 20 Hz at various fluences of (a) 0.86 J·cm−2, (b) 1 J·cm−2, (c) 1.13 J·cm−2 and
(d) 1.27 J·cm−2, under an ambient environment of O2 at a pressure of 100 torr.

Comparison of both non-reactive (Ar) perceived in Figures 1 and 2, and reactive (O2)
environment shown in Figures 3 and 4, presents considerable differences for the ablated
areas. In the case of non-reactive environment (Ar), the ablated area reveals prominent
ripple formation (Figure 1), droplets and fibrous structures. On the other hand, for reactive
environment (O2), less distinct spiral-shaped ripples along with redeposited material are
observed (Figure 3).

The formation of distinct and well-defined ripples on Al targets after irradiation in
non-reactive (Ar) ambient as compared to the reactive (O2) environment, is basically due
to enhanced electronic cascade growth in Ar compared to the O2 environment [41]. During
cascade growth of electrons, the energy loss can be calculated by measuring the E/M
ratio [41], where E is the first ionization energy of the gas and M is mass of the background
gas. E/M value for O2 is 0.43 and E/M value for Ar is 0.39, which shows that cascade
growth for Ar will be higher than in O2 [41]. Enhanced electronic cascade growth escorts
to plasma are much higher in temperature and density in the Ar environment as compared
to the ambient environment of O2, which is accountable for efficient energy transfer to the
sample surface. This is the major reason for the appearance of more distinct and prominent
ripples in Ar than in O2.

Figure 5 shows the AFM surface topographical image of untreated Al surface for scan
area 5 µm × 5 µm with surface roughness value of about 10 nm.
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Figure 5. AFM surface topographical image of untreated Al surface for scan area 5 µm × 5 µm.

Figure 6a,b depicts the AFM surface topographies of Al targets of 5 µm × 5 µm scan
area, exposed to 100 laser pulses at a pressure of 100 torr for 0.86 J·cm−2 fluence in Ar and
O2 environments respectively. The surface roughness value of irradiated Al in Ar environ-
ment is about 87 nm, while in O2 environment it is about 44.88 nm. These results show
that surface roughness value in both ambient environments is higher than the untreated
Al surface. KrF Excimer laser system generate the pulses in UV spectral range, causing
abrupt material removal from target surface with less penetration of light into sublayers
of material [42]. So, this laser system is most suitable for etching and growth of surface
structures on irradiated targets and generation of permanent plastically deformed materi-
als [43]. These deformations cause the enhancement in surface roughness and generating
the anti-reflective properties on the surface and enhance the optical absorption [44]. This
enhancement in the optical absorption develops black metal effects on ablated targets and
makes the material useful in the underwater marine applications.
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Figure 6. AFM surface topographical images of Al targets exposed to 100 pulses of Excimer laser at a wavelength of 248 nm,
pulse duration of 18 ns and for a laser fluence of 0.86 J·cm−2, in ambient environments of (a) Ar and (b) O2 at a pressure of
100 torr.

Figure 6a shows the presence of protrusions, bumps and cones of height of 250 nm for
Ar environment, whereas an average height of 150 nm is revealed for the bumps formed
after irradiation in O2 environment, as shown in Figure 6b. Non-uniform and protruded
surfaces are generally termed as bumps, having high electric fields and defect densities
in the regimes near to surface. Many researchers have found the presence of micro/nano
bumps on metals and nonmetals [45,46]. Surface aggregation of defects after diffusion of
gasses can generate the bumps on irradiated surface. Relaxation of compressive residual
stresses and enhancement in local volume is also one of the basic reasons for protruded
surfaces, cones and bumps formation [47]. Formation of bumps can also be attributable to
micro-explosions owing to the pressure waves generated by melting of the surface [47].

Table 1 shows the variation in elemental composition (EDS data) of unexposed and
exposed Al targets, exposed to 100 laser pulses, at laser fluence of 0.86 J·cm−2 and under
pressure of 100 torr in Ar and O2 environments. EDS point analysis data was collected from
the central ablated areas of the samples and the data given in Table 1 is with percentage
error of ±5%. Variation in Al content owing to inclusion of Ar and Atomic Oxygen (O)
into the Al surface after irradiation in both ambient environments is shown in the table.
Small amount of O observed in the untreated Al is attributable to the formation of oxide
due to chemical reaction of Al with the ambient environment when placed in air before
experiment. During ablation in ambient environment of Ar, complete removal of oxides is
observed. A small amount of Ar (1 atomic%) is seen, which is attributable to the diffusion
of Ar atoms interstitially into the Al target. Being inert gas, only highly energetic Ar ions
(small in number) can diffuse into the Al surface. Meanwhile, during irradiation in ambient
environment of O2, Al concentration is decreased from 99 (atomic %) to 65 (atomic %)
owing to penetration of oxygen atoms into the surface (varies from 1 to 35 atomic %). It
has been suggested that the recoil pressure of plasma plume species, may also promote the
diffusion and incorporation of O2 gas atoms into the molten Al surface [48]. Dissociation
of molecular oxygen (O2) to atomic oxygen (O) takes place more efficiently during laser
irradiation. As the adsorption capacity of the target is higher for O than molecular oxygen
(O2), this therefore results in significantly enhanced diffusion of O. XRD results supports
the EDS results, where enhanced diffusion of oxygen results in peak broadening.
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Table 1. An EDS analysis of the un-irradiated and nanosecond laser-irradiated Al targets, at a laser
fluence of 0.86 J·cm−2, under 100 torr pressure of Ar and O2.

Elements Untreated
(atomic %)

In Argon
(atomic %)

In Oxygen
(atomic %)

Al 97 99.0 65
Ar - 1 -
O 3 - 35

During EDS analysis, the electron beam interacts with the sample (Al in present case)
and the characteristic X-rays are emitted, analyzed and give results for EDS analysis. Here
we can calculate the penetration depth of electrons in the Al surface by using the Kanaya–
Okayama model [49] (https://www.globalsino.com/EM/page4795.html accessed on 6
June 2021)

R =
0.0276 A En

0
ρZ0.89 (4)

where, for Al targets,

R—Penetration Depth
A—Atomic Weight (g/mol) = 26.98153
n—A constant an E0 > 5 keV so its value is 1.67
E0—Beam Energy (keV) = 10 keV
Z—Atomic number = 13
ρ—Density = 2.7 g/cm3.

Now, replacing all these values in Equation (4), we get the value of penetration
depth, which comes out to be 1.315 µm for an electron beam in to the Al target that is
surface-to-bulk penetration depth.

Laser beam penetration depth can be calculated from the following formula [50],

δp =
1

∝0
(5)

Here, penetration depth is represented by δp , and ∝0 is the absorption co-efficient of
0.248 µm (248 nm) laser beam in Al, which is about 1.4711 × 106/cm [51].

By using this value in Equation (5) we can find the penetration depth of KrF laser
beam into the Al target, which is about 0.6797 µm.

Here, we can see that the penetration depth of the electron beam during EDS analysis
is higher in Al as compared to the laser beam during the laser ablation experiment. The EDS
analysis results are given in Table 1. We have seen that changes in chemical composition
(comparison of three samples) are still observed.

After laser irradiation, the vaporization of target takes place, which causes the genera-
tion of high temperature and high-pressure plasma [52]. This plasma during expansion
introduces pressure and compressive waves in giga pascal (GPa) range, which causes
propagation of shock waves on and into (bulk) the irradiated target surface, due to which
the material gets plastically deformed due to enhancement in peak pressure. When it
becomes higher than dynamic yield stress/strain, the generation of compressive stresses
and material’s resistance to fatigue corrosion and cracking get enhanced (confirmed from
the EDS and XRD analyses, too) [21]. This causes the generation of surface structures on
the surface and also variation in the chemical composition on the surface as well as into the
bulk material. That is why we obtained variation in chemical composition in EDS results,
due to presence of shock effected zones into the bulk material after laser irradiation.

Figure 7 shows XRD patterns of untreated and irradiated Al targets in Ar ambient,
exposed to 100 pulses for various laser fluences at pressure of 100 torr. The inset of Figure 7
presents the magnified view of Al (200) peak, which clearly reveals the variation in the
intensity of peak and peak position for both untreated and irradiated targets. During

https://www.globalsino.com/EM/page4795.html


Materials 2021, 14, 3671 12 of 22

irradiation of Al with laser, the target receives a large amount of energy, which increases the
surface temperature. This rise in temperature results in permanent distortion of lattice and
d-spacing variations due to the difference in thermal expansion coefficients and differences
in inter atomic distances [53].

Figure 7. XRD data of un-irradiated and irradiated Al exposed to 100 pulses of ns laser in Ar
environment at pressure of 100 torr, at various fluences of 0.86, 1, 1.13 and 1.27 J·cm−2. Inset
of Figure 7 reveals the enlarged view of Al (200) peak, showing variation in peak position and
peak intensity.

The surface temperature after KrF Excimer irradiation can be calculated by using the
following relation [54],

T = T0 + 2I0
(1 − R0)

K

(
α0tp

π

)̂
(1/2) (6)

Here, room temperature is denoted by T0, I0 is the laser beam intensity, surface reflec-
tivity is represented by R0 (0.926 for 248 nm laser beam in Al), K is the thermal conductivity
(79.5 W/mK), the absorption co-efficient is represented by α0 (1.4711 × 106/cm) and tp is
pulse duration of laser beam (1.8 × 10−8 s). By using these values in the above equation, we
can find the value of surface temperature that comes out to be 1.549 × 103 K for minimum
fluence value (0.86 J·cm−2) and 2.26 × 103 K for maximum fluence value of 1.27 J·cm−2.

The XRD spectrum of untreated Al shows the existence of (200), (111), (220) and (311)
plane orientations (Pattern No. 01-089-4037). During treatment in the Ar environment, new
phases are not observed. However, variation in the peak intensity, crystallinity, residual
strains and residual stresses are observed for Al (200). The crystallinity was calculated
from the peak broadening of diffraction plane Al (200) using Scherrer’s formula [55].

Crystallite size (D) = 0.9λ⁄(β cosθ) (7)

where D is crystallite size, λ is X-ray’s wavelength (1.5406 Å), β is full width at half
maximum and θ is Bragg’s angle of diffraction.
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Residual strain values are evaluated by using relation given below [56].

Strain(ε) = (d − do)/do (8)

where d is the observed and do is the standard spacing between the crystalline planes.
The induced stresses σ are defined as

σ = εE (9)

where E is the Young modulus, equal to 69 GPa for Al [57].
Figure 8a–c depicts the variation in crystallite size, peak intensity, Full Width at Half

Maximum FWHM, residual strain as well as residual stress for Al (200) after ablation in Ar
ambient, for 100 laser pulses and various laser fluences at pressure of 100 torr. Untreated
Al shows crystallite size of 209 nm for Al (200) reflection plane. Figure 8a represents the
variation in crystallite sizewith increase in laser fluence, whereas the variation in crystallite
size and FWHM with the enhancement in laser fluence is shown in Figure 8b. Both peak
intensity and crystallite size increase with the increase in laser fluence. On the other hand,
reduction in FWHM of Al (200) diffraction plane is perceived with an increase in laser
fluence up to 1.27 J·cm−2.

After irradiation with laser variation in intensity of peak is correlated to the variations
in size of crystallites, residual strain and residual stress on target surface. Variation in strain,
stress and lattice distortions are attributable to changes in d-spacing, which are attributable
to the temperature and cooling conditions, thermal expansion coefficient, variations in
inter atomic distances, boundary and interstitial diffusion among the surface layers [58].
Observed enhancement in intensity of peak is attributable to reduction in peak broadening
and increase in crystallite size of Al (200). After irradiation with laser, shift of diffraction
planes to the unstrained positions [59], lattice imperfections and crystal defects causes
the increase in intensity of Al (200) peak [60,61]. Development of thermal shocks on the
surface of target during irradiation also plays a momentous role in the growth of crystals.
Lattice defects created by the implanted ions into the lattice and laser-induced thermal
shocks can cause residual stress variation. Thermal shocks induced by end of laser pulses
generally cause tensile residual stresses, whereas ion implantation results in compressive
residual stresses [62]. Compressive residual stress observed for laser fluence of 0.86 J·cm−2

is due to small crystallite size, which offers more boundary area and slows down the slip
motion and results in enhanced strength of material by offering the compressive residual
stress (enhanced strength can be verified from hardness results). During the irradiation
process, sufficient energy is brought to target surface. This increases surface temperature of
the target, which causes lattice distortion and reduced crystallite size in return causes the
generation of compressive residual stresses on the irradiated target [63]. When the target
material is exposed to the laser beam, a thin surface layer of the target material vaporizes
and expands perpendicular to the target surface and generates a huge pressure in range of
GPa over the surface [64,65]. Jelani et al. [66] in his research reported generation of pressure
in GPa range for zirconium irradiated with KrF Excimer laser, which causes the generation
of compressive residual stresses.
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Figure 8. (a) The variation in peak intensity, for Al (200) orientation plane, with variation of laser fluence from 0.86 to
1.27 J·cm−2, under Ar ambient for 100 laser pulses at pressure of 100 torr; (b) the variation in crystallite size, FWHM; and
(c) relation between residual strain and residual stress with variation of laser fluence.

The relation between residual strain and residual stress with variation of laser fluence
is shown in Figure 8c. Increase in the fluence value from 0.86 to 1 J·cm−2 causes relaxation in
the compressive residual stress. Further increase in fluence up to 1.27 J·cm−2 transforms this
compressive residual stress to a tensile one. Increase in crystallite size due to laser induced
thermal shock with increase in laser fluence is responsible for the relaxation in compressive
residual stresses and their transformation to the tensile residual stresses [45]. Relaxation
of compressive stresses and their transformation to tensile stresses with increase in laser
fluence can also be confirmed from the peak shift towards lower angular position (inset
of Figure 8). These results are well correlated with surface features shown in Figure 2a–d.
The formation of cones and enhancement in size and density of cavities with the increase
in laser fluence is evident for the relaxation and transformation of compressive stresses to
tensile ones.

Figure 9 shows XRD patterns of untreated and laser-irradiated Al targets in O2 envi-
ronment, exposed to 100 laser pulses, at pressure of 100 torr, at various laser fluences.
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Figure 9. XRD data of un-irradiated and irradiated Al exposed to 100 pulses of ns laser under O2 environment at pressure
of 100 torr, at various fluences of 0.86, 1, 1.13 and 1.27 J·cm−2. Inset of Figure 9 shows the enlarged view of Al (200) peak
showing variation in peak position and peak intensity.

The XRD spectrum demonstrates the conversion of Al (200) phase to Al2O3 (202)
(Pattern No. 00-001-1296). Newly emerging peaks of Al2O3 (222), Al2O3 (533), AlO
(200) and AlO (331) [67] are also revealed. The inset of Figure 9 presents the magnified
view of Al2O3 (202) peak, which depicts the variation in the intensity of peak and peak
position for both untreated and irradiated targets. The crystallite size of irradiated targets
is also calculated for Al2O3 (202). Young’s modulus for Al2O3 (at room temperature) is
408.99 GPa [68].

Figure 10a–c depicts the variation in intensity of peak, FWHM, crystallite size, residual
strain and residual stress for Al2O3 (202) after ablation in O2 ambient, for various laser
fluences and 100 pulses of KrF Excimer laser at pressure of 100 torr. Figure 10a represents,
with the increase in laser fluence, the variation in peak intensity, while the variation in
crystallite size and FWHM with the variation in laser fluence is shown in Figure 10b. Both
peak intensity and crystallite size increase, whereas a decrease in the value of FWHM is
observed for increase in fluence values of 0.86 to 1.27 J·cm−2.
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Figure 10. (a) The variation in peak intensity for Al2O3 (202) orientation plane with variation of laser fluence from 0.86 to
1.27 J·cm−2, under O2 ambient for 100 laser pulses at pressure of 100 torr. (b) The variation in crystallite size, FWHM and
(c) relation between residual strain and residual stress with variation of laser fluence.

Increase in the intensity of peak with the increase in fluence is attributable to reduc-
tion in broadening of the diffraction peak and increase in crystallite size of Al2O3 (202).
During laser irradiation at elevated temperature, crystals grow due to defects and lattice
imperfections, which causes the increase in intensity of Al2O3 (202) peak [60,69]. Due to
enhanced heat generation, with increase in laser fluence, solute oxygen atoms segregate on
the surface of target and diffuses across the boundary of grains [70] (oxygen diffusion is
confirmed by EDS analysis). Motion of diffraction planes to unstrained position may also
cause crystal growth [60,69].

Figure 10c shows the relation between residual strain and stress with increasing laser
fluence. For minimum laser fluence, compressive residual stress is obtained which relax
and alter to tensile residual stress for fluence value of 1.0 J·cm−2. Increase in fluence value
from 1.0 to 1.27 J·cm−2 results in an increase in tensile residual stress. Increase in fluence
causes the peaks to move to lower angular positions, which confirm the relaxation and
transformation of compressive residual stress to tensile residual stress. These results are
well correlated with surface features shown in Figure 4a–d, where, in Figure 4a, the compact
surface shows the presence of compressive stresses and presence of various cavities in
Figure 4d, representing the presence of maximum tensile stresses.
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The comparison of our present work with our previously reported work related to
femtosecond laser ablation of Al in vacuum and O2 [34], reveals that more new phases of
Al2O3 and AlO are formed with nanosecond ablation as compared to femtosecond laser
ablation in O2 ambient. It might be related with the factor that the thermal processes
become dominant during nanosecond laser irradiation, causing enhanced oxygen diffusion
in the Al matrix that is also confirmed from EDS analysis (35% atomic oxygen diffusion).
From the literature it is confirmed that Al2O3 is most significant phase [25].

Figure 11 shows Raman spectrographs of Excimer Laser-irradiated Al targets under
O2 ambient for minimum value of fluence (0.86 J·cm−2).

Figure 11. Raman spectrograph of laser-irradiated Al exposed to 100 pulses of ns laser at fluence value of 0.86 J·cm−2, under
O2 environment at 100 torr pressure.

Formation of oxides on the metallic surface after laser irradiation gives rise to Raman
modes. The Raman peaks observed at wave numbers 433, 635 and 742 cm −1 represent
polycrystalline γ-A1203 (confirmed from XRD too). The observed peak at 335 cm −1 may
show the bending vibrations of AlO4 and AlO6 groups. The band’s multiplicity shows
the deformation splitting and vibrational coupling. Peaks identified at 445 and 487 cm−1

correspond to isolated octahedral AlO6 groups, whereas the observed peak at 567 cm−1

present the condensed AlO6 group [71,72].
Nano-indentation analysis was used to analyze the hardness of surface after irradiation

with KrF Excimer lasers in Ar ambient for different laser fluences (0.86, 1, 1.13, 1.27 J·cm−2),
as shown in Figure 12a. The nanohardness was measured from five different points on the
ablated spot and their average values are presented. The measurement error (standard
deviation) was about ±0.03 for each measurement. Elementary principle of hardness
investigation is basically to measure the resistance of a material to plastic deformations.
Untreated Al target shows a hardness value of 0.19 GPA. After irradiation at 0.86 J·cm−2 in
Ar ambient, it shows hardness of 0.81 GPa, which is 4.26 times more than the hardness of
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the un-irradiated target. Continuous decrease in hardness up to 0.32 GPa is observed for
increase in fluence. This is still 1.68 times higher than the hardness of untreated substrate.

Figure 12. The variation in nanohardness of laser-irradiated Al exposed to 100 pulses of ns laser, at different fluences
ranging from 0.86 to 1.27 J·cm−2, (a) under Ar, (b) under O2 environment at 100 torr pressure. The measurement error
(standard deviation) was about ±0.03 for each measurement.

An enhancement in the hardness of Al surface for fluence value of 0.86 J·cm−2 can be
related to the variation in dislocation density and change in crystallite size. Crystallite size
of 158 nm is observed for fluence value of 0.86 J·cm−2, which is less than the crystallite size
measured for untreated Al (2 0 0). Grain refinement causes the enhancement in dislocation
density and in return hinders the further dislocation motions and causes the enhancement
in the surface hardness [73]. The reduction in the grain size causes the enhancement in the
grain boundary density, which hinders the dislocation motions and causes the enhanced
surface hardness. Enhancement in surface hardness of irradiated Al target can also be
related to the generation of shock waves produced due to expansion of high-pressure
plasma by end of laser pulse. Interaction of laser beam with the target surface causes
to vaporize it to high pressure and high temperature plasma, instantaneously [21]. This
laser-ablated plasma from the target surface expands and exerts pressure on the target
surface, and inducing compressive waves in Al target in turn causes propagation of shock
waves on the sample surface. When shock wave peak pressure becomes greater than
dynamic yield stress, then the material surface becomes plastically deformed.

This phenomenon can induce compressive stresses in the surface part, and hence,
enhances the material’s resistance to surface failures like its fretting fatigue, fatigue and
corrosion stress cracking [21]. Decrease in hardness with further enhancement in laser
fluence from 0.86 to 1.27 J·cm−2 can be attributable to the tensile residual stresses (related to
the peak shifting to lower angular positions, Figure 7), causing the enhancement in cavity
size (Figure 2) and grain growth (Figure 8b), which in turn causes reduces hardness [73].

After irradiation in O2 ambient, variation in hardness for different laser fluences (0.86,
1, 1.13, 1.27 J·cm−2) is revealed in Figure 12b. For minimum value of fluence, maximum
hardness value is achieved, i.e., about 1.83 GPa. That is 9.63 times more than the hardness
of untreated substrate and 2.25 times more than the hardness of substrate treated in
Ar environment for same laser fluence of 0.86 J·cm−2. With an increase in the value of
fluence up to 1.27 J·cm−2, hardness decreases up to 0.37 GPa. That is 1.94 times more
than the hardness of untreated target and 1.15 times the hardness of targets treated in Ar
environment for same fluence of 1.27 J·cm−2.
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Here, we have observed that the hardness value of irradiated targets in O2 ambient is
higher than the untreated one for all fluence values. This can be attributable to the formation
of various phases of AlO, among which the hardest is Al2O3 phase (confirmed from XRD
and Raman analysis) on the irradiated targets. The enhancement in the hardness of Al
surface is related to O diffusion to the interstitial sites and lattices, causing enhanced lattice
distortions and decrease in size of crystallites and causing enhanced surface hardness [73].
On the other hand, the reduced hardness can be related to crystal growth due to diffusion
of O across the grain boundaries and tensile residual stresses causing enhancement in the
cavity density and cavity size (Figure 4). From Figure 10, it is observed that the hardness
variation directly depends on the crystallite size, O diffusion and presence of residual
stresses [35].

4. Conclusions

The effect of non-reactive (Ar) and reactive (O2) environments on the pulsed laser ab-
lation of Al has been investigated. Micro/nano structuring of KrF Excimer laser-irradiated
Al was correlated with laser-produced structural and mechanical changes. In the case of
ablation in Ar ambient, the ablated area shows the formation of distinct ripples, small-sized
droplets and fibrous structures, whereas after ablation in O2 environment diffused ripples
along with re-deposited spiral structures and surface wrinkles are exhibited. AFM analysis
shows that the surface roughness value to irradiated targets is higher than the untreated
samples. AFM analysis also shows the development of protrusions and bumps for both
non-reactive and reactive environments caused by segregation of surface defects, micro-
explosions caused by pressure waves or due to relation of compressive residual stresses
after diffusion of gasses. From EDS analysis, a small amount of Ar (~1 atomic %) in the
case of Ar (non-reactive) environment and a comparatively large amount of atomic oxygen
(~35 atomic %) diffusion in the case of O2 (reactive) environments is observed. This O
diffusion is also confirmed from the XRD results, which show the broadening of peaks due
to O ions diffusion and formation of new peaks. X-ray diffraction analysis of the samples
treated in Ar environment exhibits that no new phases are formed, while new phases of
oxides (Al2O3, AlO) are produced in the case of O2 treatment. Raman analysis shows the
presence of γ-A1203 in AlO4 and AlO6 vibration groups in O2 ambient, which supports the
XRD and EDS results.

In this study, a strong correlation is observed between the surface structuring, chemical
composition, residual stress variation and variation in surface hardness of Al after ablation
in both ambient (Ar, O2). During laser–material interaction, in presence of background
gas, special confinement and shielding effect slow down the expansion of the plasma
plume, in which several thermal phenomenon generated by laser heating through the
gas–solid interface, in the case of non-reactive environment (Ar), results in variation in
micro-strains and stresses, which causes the development of a variety of surface features
and variation in surface hardness. In the case of reactive environment (O2), improved
reactivity and interplay among the plasma species of ambient environment and laser energy
deposition causes the formation of Al2O3 (alumina) with high mechanical strength, which
makes it useful in the field of process and aerospace industry as well as in engineering.
Nanohardness measurement shows that hardness variation depends upon the variation in
crystallite size. It is also observed from this analysis that enhancement in hardness in O2
(reactive) ambient is higher as compared to Ar (non-reactive) ambient.

Author Contributions: Conceptualization, U.-i.-K., N.A., S.B. and N.B.; methodology, U.-i.-K., N.A.
and S.B.; formal analysis, U.-i.-K. and N.A.; investigation, U.-i.-K., N.A., A.M.A. and N.B.; resources,
N.A., S.B. and A.M.A.; data curation, U.-i.-K., N.A., A.M.A. and N.B.; writing—original draft
preparation, U.-i.-K., N.A. and N.B.; writing—review and editing, S.B. and A.M.A.; visualization,
U.-i.-K. and N.A.; supervision, S.B.; project administration, S.B.; funding acquisition, A.M.A. All
authors have read and agreed to the published version of the manuscript.

Funding: The authors would like to thank the Deanship of Scientific Research at King Khalid Univer-
sity for funding this work through the Research Group Program under grant number RGP2/174/42.



Materials 2021, 14, 3671 20 of 22

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All the data is available within the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kalsoom, U.-I. Ablation Mechanism in Metals by Employing Nanosecond and Femtosecond Lasers; Department of Physics, GC University

Lahore: Lahore, Pakistan, 2014.
2. Piqué, A.; Auyeung, R.; Kim, H.; Charipar, A.N.; Mathews, S.A. Laser 3D micro-manufacturing. J. Phys. D Appl. Phys. 2016, 49,

223001. [CrossRef]
3. Ali, N.; Bashir, S.; Kalsoom, U.-I.; Begumm, N.; Ahmad, S.W. Surface, structural and mechanical properties of zirconium ablated

by KrF excimer laser radiation. Quantum Electron. 2016, 46, 1015–1022.
4. Zhao, Y.; Liu, H.; Yu, T.; Hong, M. Fabrication of high hardness microarray diamond tools by femtosecond laser ablation. Opt.

Laser Technol. 2021, 140, 107014. [CrossRef]
5. Trzcinski, K.; Gazda, M.; Karczewski, J.; Cenian, A.; Grigorian, G.M.; Sawczak, M. Pulsed Laser Deposition of Bismuth Vanadate

Thin Films—The Eect of Oxygen Pressure on the Morphology, Composition, and Photoelectrochemical Performance. Materials
2020, 13, 1360. [CrossRef] [PubMed]

6. Zhao, J.; Shrotriy, P.; Wang, Y.; Han, Y.; Dong, Y.; Yang, S. A rapid one-step nanosecond laser process for fabrication of super-
hydrophilic aluminum surface. Opt. Laser Technol. 2019, 117, 134–141. [CrossRef]

7. Guo, J.; Ma, X.; Si, X.; Yang, Z.; Zhao, J. Effect of Nanosecond Laser Treatment Parameters on Surface Wettability Behaviour of
Pure Aluminium. IOP Conf. Ser. Mater. Sci. Eng. 2019, 538, 012021. [CrossRef]

8. Kuznetsov, G.V.; Orlov, E.G.; Batishchev, K.; Ilenok, S.S. Unification of the textures formed on aluminum after laser treatment.
Appl. Surf. Sci. 2019, 469, 974–982. [CrossRef]

9. Primus, T.; Brajer, J.; Kozmín, P.; Syrovátka, Š. An Experimental Investigation of Controlled Changes in Wettability of Laser-Treated
Surfaces after Various Post Treatment Methods. Materials 2021, 14, 2228. [CrossRef]

10. Nayak, B.; Gupta, M. Ultra fast laser textured silicon solar cells. Mater. Res. Soc. Symp. Proc. 2009, 1123, 7–9.
11. Li, J.; Xiong, D.; Wu, H.; Huang, Z.; Dai, J.; Tyagi, R. Tribological Properties of Laser Surface Texturing and Molybdenizing

Duplex-Treated Ni-Base Alloy. Tribol. Trans. 2010, 53, 195–202. [CrossRef]
12. Salimon, I.A.; Mailis, S.; Salimon, A.I.; Skupnevskiy, E.; Lipovskikh, S.A.; Shakhova, I.; Novikov, A.; Yagafarov, T.F.; Korsunsky,

A.M. Salimon FIB-SEM Investigation of Laser-Induced Periodic Surface Structures and Conical Surface Microstructures on D16T
(AA2024-T4) Alloy. Metals 2020, 10, 144. [CrossRef]

13. Bashir, S.; Farid, N.; Mahmood, K.; Rafique, M.S. Influence of ambient gas and its pressure on the laser-induced breakdown
spectroscpy and surafce morpholgy of laser ablted Cd. Appl. Phys. A 2012, 107, 203–212. [CrossRef]

14. Chen, Z.; Bogaerts, A. Effect of ambient pressure on laser ablation and plume expansion dynamics: A numerical simulation. J.
Appl. Phys. 2006, 99, 63304–633013. [CrossRef]

15. Saborowski, E.; Steinert, A.D.P.; Lindner, T.; Scharf, I.; Schubert, A.; Lampke, T. Effect of Metal Surface Topography on the
Interlaminar Shear and Tensile Strength of Aluminum/Polyamide 6 Polymer-Metal-Hybrids. Materials 2019, 12, 2963. [CrossRef]

16. Jagdheesh, R.; Diaz, M.; Marimuthu, S.; Ocaña, J. Hybrid laser and vacuum process for rapid ultrahydrophobic Ti-6Al-4 V surface
formation. Appl. Surf. Sci. 2019, 471, 759–766. [CrossRef]

17. Balchev, I.; Minkovski, N.; Marinova, T.; Shipochka, M.; Sabotinov, N. Composition and structure characterization of aluminum
after laser ablation. Mater. Sci. Eng. B 2006, 135, 108–112. [CrossRef]

18. Ali, N.; Bashir, S.; Kalsoom, U.-I.; Rafique, M.S.; Begum, N.; Husinsky, W. Nanostructuring of zirconium by femtosecond laser
irradiation in the ambient environment of air and ethanol. Optik 2017, 134, 149–160. [CrossRef]

19. Chi, Y.; Yu, H.; Chen, C. Laser surface alloying on aluminum and its alloys: A review. Opt. Laser Eng. 2018, 100, 23–37. [CrossRef]
20. Huang, X.L.K.J.; Xie, C.S.; Yue, T.M. Microstructure and wear behaviour of laser-induced thermite reaction Al2O3 ceramic

coatings on pure Aluminum and AA7075 Aluminum alloy. J. Wuhan Univ. Technol. Mater. 2008, 23, 89–94. [CrossRef]
21. Mostafa, A.; Hameed, M.F.; Obayya, S.S. Effect of laser shock peening on the hardness of AL-7075 alloy. J. King Saud Univ. Sci.

2019, 31, 472–478. [CrossRef]
22. Ali, N.; Bashir, S.; Kalsoom, U.-I.; Begum, N.; Hussain, T. Study of variation in surface morphology, chemical composition,

crystallinity and hardness of laser irradiated silver in dry and wet environments. Opt. Laser Technol. 2017, 92, 173–181. [CrossRef]
23. Petrovi, C.S.; Peru, S.D.; Pelicon, P.; Kova, C.J.; Mitri, C.M. Laser-induced surface alloying in nanosized Ni/Ti multilayer

structures. Appl. Surf. Sci. 2013, 264, 273–279. [CrossRef]
24. Agarwal, D.A. Laser surface engineering of steel for hard refractory ceramic composite coating. Int. J. Refract. Met. Hard Mater.

1999, 17, 283–293. [CrossRef]
25. Yilbas, B.; Arif, A.; Karatas, C.; Raza, K. Laser treatment of aluminum surface: Analysis of thermal stress field in the irradiated

region. J. Mater. Process. Technol. 2009, 209, 77–88. [CrossRef]
26. Kononenko, V.V.; Komlenok, M.; Pimenov, S.M.; I Konov, V. Photoinduced laser etching of a diamond surface. Quantum Electron.

2007, 37, 1043–1046. [CrossRef]

http://doi.org/10.1088/0022-3727/49/22/223001
http://doi.org/10.1016/j.optlastec.2021.107014
http://doi.org/10.3390/ma13061360
http://www.ncbi.nlm.nih.gov/pubmed/32192186
http://doi.org/10.1016/j.optlastec.2019.04.015
http://doi.org/10.1088/1757-899X/538/1/012021
http://doi.org/10.1016/j.apsusc.2018.11.046
http://doi.org/10.3390/ma14092228
http://doi.org/10.1080/10402000903097478
http://doi.org/10.3390/met10010144
http://doi.org/10.1007/s00339-011-6730-4
http://doi.org/10.1063/1.2182078
http://doi.org/10.3390/ma12182963
http://doi.org/10.1016/j.apsusc.2018.12.047
http://doi.org/10.1016/j.mseb.2006.08.042
http://doi.org/10.1016/j.ijleo.2017.01.021
http://doi.org/10.1016/j.optlaseng.2017.07.006
http://doi.org/10.1007/s11595-006-1089-7
http://doi.org/10.1016/j.jksus.2017.07.012
http://doi.org/10.1016/j.optlastec.2017.01.002
http://doi.org/10.1016/j.apsusc.2012.10.012
http://doi.org/10.1016/S0263-4368(98)00063-8
http://doi.org/10.1016/j.jmatprotec.2008.01.047
http://doi.org/10.1070/QE2007v037n11ABEH013515


Materials 2021, 14, 3671 21 of 22

27. Lizarraga-Medina, E.G.; Castillo, G.R.; Jurado, J.A.; Caballero-Espitia, D.L.; Camacho-Lopez, S.; Contreras, O.; Santillan, R.;
Marquez, H.; Tiznado, H. Optical waveguides fabricated in atomic layer deposited Al2O3 by ultrafast laser ablation. Results Opt.
2021, 2, 100060. [CrossRef]

28. Al2O3 Aluminum oxide. Available online: https://www.pgo-online.com/intl/katalog/al2o3.html (accessed on 6 June 2021).
29. Iqbal, M.H.; Bashir, S.; Rafique, M.S.; Dawood, A.; Akram, M.; Mahmood, K.; Hayat, A.; Ahmad, R.; Hussain, T.; Mahmood, A.

Pulsed laser ablation of Germanium under vacuum and hydrogen environments at various fluences. Appl. Surf. Sci. 2015, 344,
146–158. [CrossRef]

30. Lu, Y.F.; Yu, J.J.; Choi, W.K. Theoretical analysis of laser-induced periodic structures at silicondioxide/silicon and silicon-
dioxide/aluminum interfaces. Appl. Phys. Lett. 1997, 71, 3439. [CrossRef]

31. Ang, L.K.; Lau, Y.Y.; Gilgenbach, R.M.; Spindler, H.L.; Lash, J.S.; Kovaleski, S.D. Surface instability of multipulse laser ablation on
a metallic target. J. Appl. Phys. 1998, 83, 4466–4471. [CrossRef]

32. Nassar, A.; Akarapu, R.; Copley, S.M.; A Todd, J. Investigations of laser-sustained plasma and its role in laser nitriding of titanium.
J. Phys. D Appl. Phys. 2012, 45, 185401. [CrossRef]

33. Bonse, J.; Kirner, S.V.; Rosenfeld, A.; Krüger, J. Laser-Induced Periodic Surface Structures a Scientific Evergreen. IEEE J. Sel. Top.
Quantum Electron. 2016, 23, 1–15. [CrossRef]

34. Ali, N.; Kalsoom, U.-I.; Bashir, S.; Begum, N.; Rafique, M.S.; Husinsky, W. Morphological, elemental and hardness analysis of
femtosecond laser irradiated Al targets. Opt. Laser Technol. 2018, 108, 107–115.

35. Ali, N.; Bashir, S.; Kalsoom, U.-I.; Rafique, M.S.; Begum, N.; Husinsky, W.; Ajami, A.; Natahala, C.S.R. Femtosecond laser induced
nanostructuring of zirconium in liquid confined environment. Chin. Phys. B 2017, 26, 15204. [CrossRef]

36. Oliveira, V.; Ausset, S.; Vilar, R. Surface micro/nanostructuring of titanium under stationary and non-stationary femtosecond
laser irradiation. App. Surf. Sci. 2009, 255, 7556–7560. [CrossRef]

37. Chrisey, D.B.; Hubler, G.K. Pulsed Laser Deposition of Thin Films; John Wiley & Sons, Inc.: New York, NY, USA, 2006.
38. Skantzakis, E.; Zobra, V.; Papazoglou, D.G.; Fotakis, C. Ultravoilet laser microstructuring of silicon and the effect of laser pulse

duration on the surface morphology. Appl. Surf. Sci. 2006, 252, 4462–4466. [CrossRef]
39. Clauer, A.H.; Fairand, B.P.; Wilcox, B.A. Pulsed laser induced deformation in an Fe-3 Wt Pct Si alloy. Met. Mater. Trans. A 1977, 8,

119–125. [CrossRef]
40. Arnold, D. Phenomenological description of spiral waves arising under radiant heating of metals. Sov. Phys. 1992, 101, 1395–1403.
41. Farid, N.; Bashir, S.; Mahmood, K. Effect of ambient gas conditions on laser-induced copper plasma and surface morphology.

Phys. Scrip. 2012, 85, 01570200. [CrossRef]
42. Duley, W.W. U.V. Lasers Effects and Applications in Material Science; Cambridge University Press: Cambridge, UK, 1996.
43. Georgiou, S.; Zafiropulos, V.; Anglos, D.; Balas, C.; Tornari, V.; Fotakis, C. Excimer laser restoration of painted artworks:

Procedures, mechanisms and effects. Appl. Surf. Sci. 1998, 127–129, 738–745. [CrossRef]
44. Sivakumar, M.; Vilar, R.; Oliveira, V. Surface Texture Development in KrF Excimer Laser Ablation of Dentin. Mater. Sci. Forum

2006, 514–516, 1068–1072. [CrossRef]
45. Nayak, B.K.; Gupta, M.C.; Kolasinski, K.W. Formation of nano-textured conical microstructures in titanium metal surface by

femtosecond laser irradiation. Appl. Phys. A 2008, 90, 399–402. [CrossRef]
46. Korte, F.; Koch, J.; Chichkov, B. Formation of microbumps and nanojets on gold targets by femtosecond laser pulses. Appl. Phys.

A 2004, 79, 879–881. [CrossRef]
47. Bashir, S.; Rafique, M.S.; Husinsky, W. Identification of non-thermal and thermal processes in femtosecond laser-ablated aluminum.

Radiat. Eff. Defects Solids 2013, 168, 902–911. [CrossRef]
48. Rafique, M.S.; Bashir, S.; Ajami, A.; Husnsky, W. Nonlinear absorption properties correlated with surface and structural changes

of ultrashort pulse laser irradiated CR-39. Appl. Phys. A 2010, 100, 1183–1189. [CrossRef]
49. Thomann, A.; Sicard, E.; Boulmer-Leborgne, C.; Vivien, C.; Hermann, J.; Andreazza-Vignolle, C.; Andreazza, P.; Meneau, C.

Surface nitriding of titanium and aluminium by laser-induced plasma. Surf. Coat. Technol. 1997, 97, 448–452. [CrossRef]
50. Kanayat, K. Penetration and energy-loss theory of electrons in solid targets. J. Phys. D Appl. Phys. 1972, 5, 43–57. [CrossRef]
51. Penetration Depth. Available online: https://en.wikipedia.org/wiki/Penetration_depth (accessed on 6 June 2021).
52. Refractive index.info. Available online: https://refractiveindex.info/?shelf=main&book=Al&page=Rakic (accessed on 6 June

2021).
53. Sauer, G.; Brehm, G.; Schneider, S.; Graener, H.; Seifert, G.; Nielsch, K.; Choi, J.; Göring, P.; Gösele, U.; Miclea, P.; et al. In situ

surface-enhanced Raman spectroscopy of monodisperse silver nanowire arrays. J. Appl. Phys. 2005, 97, 024308. [CrossRef]
54. Cullity, B.D. Elements of X-ray Diffraction; Addison-Wesley Publishing Company, Inc.: London, UK, 1978.
55. Kumar, M.; Mehra, R.; Choi, S.-Y. Effect of oxygen ambient on structural, optical and electrical properties of epitaxial Al-doped

ZnO thin films on r-plane sapphire by pulsed laser deposition. Curr. Appl. Phys. 2009, 9, 737–741. [CrossRef]
56. A MEMS Clearinghouse and Information Portal for the MEMS and Nanotechnology Community. Available online: https:

//www.memsnet.org/material/aluminumoxideal2o3bulk/ (accessed on 20 June 2021).
57. Ashraf, M.; Akhtar, S.; Khan, A.; Ali, Z.; Qayyum, A. Effect of annealing on structural and optoelectronic properties of

nanostructured ZnSe thin films. J. Alloys Compd. 2011, 509, 2414–2419. [CrossRef]
58. Ali, N.; Bashir, S.; Kalsoom, U.-I.; Akram, M.; Mahmood, K. Effect of dry and wet ambient environment on the pulsed laser

ablation of titanium. Appl. Surf. Sci. 2013, 270, 49–57. [CrossRef]

http://doi.org/10.1016/j.rio.2021.100060
https://www.pgo-online.com/intl/katalog/al2o3.html
http://doi.org/10.1016/j.apsusc.2015.03.117
http://doi.org/10.1063/1.120359
http://doi.org/10.1063/1.367208
http://doi.org/10.1088/0022-3727/45/18/185401
http://doi.org/10.1109/JSTQE.2016.2614183
http://doi.org/10.1088/1674-1056/26/1/015204
http://doi.org/10.1016/j.apsusc.2009.04.027
http://doi.org/10.1016/j.apsusc.2005.07.120
http://doi.org/10.1007/BF02677273
http://doi.org/10.1088/0031-8949/85/01/015702
http://doi.org/10.1016/S0169-4332(97)00734-4
http://doi.org/10.4028/www.scientific.net/MSF.514-516.1068
http://doi.org/10.1007/s00339-007-4349-2
http://doi.org/10.1007/s00339-004-2590-5
http://doi.org/10.1080/10420150.2013.784911
http://doi.org/10.1007/s00339-010-5741-x
http://doi.org/10.1016/S0257-8972(97)00199-0
http://doi.org/10.1088/0022-3727/5/1/308
https://en.wikipedia.org/wiki/Penetration_depth
https://refractiveindex.info/?shelf=main&book=Al&page=Rakic
http://doi.org/10.1063/1.1833580
http://doi.org/10.1016/j.cap.2008.07.002
https://www.memsnet.org/material/aluminumoxideal2o3bulk/
https://www.memsnet.org/material/aluminumoxideal2o3bulk/
http://doi.org/10.1016/j.jallcom.2010.11.032
http://doi.org/10.1016/j.apsusc.2012.12.049


Materials 2021, 14, 3671 22 of 22

59. Latif, A.; Khaleeq-Ur-Rahman, M.; Rafique, M.; Bhatti, K. Surface morphologic and structural analysis of IR irradiated silver.
Phys. B Condens. Matter 2011, 406, 1713–1716. [CrossRef]

60. Latif, A.; Khaleeq-Ur-Rahman, M.; Bhatti, K.; Rafique, M.; Rizvi, Z. IR and UV irradiations on ion bombarded polycrystalline
silver. Phys. B Condens. Matter 2010, 405, 4250–4255. [CrossRef]

61. Gurarie, V.N.; Otsuka, P.H.; Jamieson, D.N.; Prawe, S. Crack-arresting compression layers produced by ion implantation. Nucl.
Instr. Methods Phys. Res. B 2006, 242, 421–423. [CrossRef]

62. Kalsoom, U.-I.; Ahmad, R.; Ali, N.; Khan, I.A.; Saleem, S.; Ikhlaq, U.; Khan, N. Effect of Power and Nitrogen Content on the
Deposition of CrN Films by Using Pulsed DC Magnetron Sputtering Plasma. Plasma Sci. Technol. 2013, 15, 666–672. [CrossRef]

63. Juodkazis, S.; Nishimura, K.; Tanaka, S.; Misawa, H.; Gamaly, E.G.; Luther-Davies, B.; Hallo, L.; Nicolai, P.; Tikhonchuk, V.T.
Laser-Induced Microexplosion Confined in the Bulk of a Sapphire Crystal: Evidence of Multimegabar Pressures. Phys. Rev. Lett.
2006, 96, 166101. [CrossRef]

64. Kradolfer, S.; Heutschi, K.; Koch, J.; Günther, D. Tracking mass removal of portable laser ablation sampling by its acoustic
response. Spectrochim. Acta Part B At. Spectrosc. 2021, 179, 106118. [CrossRef]

65. Jelani, M.; Bashir, S.; Khaleeq-ur-Rehman, M.; Ahmad, R.; Faizan-ul-Haq, Y.D.; Akram, M.; Afzal, N.; Chaudhry, M.U.; Mahmood,
K.; Hayat, A.; et al. Effect of laser fluence on surface, structural and mechanical properties of Zr after irradiation in the ambient
environment of oxygen. Eur. Phys. J. D 2013, 67, 159. [CrossRef]

66. Wilson, S.J.; McConnel, J.D.C. A kinetic study of the system γ-AlOOHAl2O3. Solid State Chem. 1980, 34, 315–322. [CrossRef]
67. Young’s Modulus-Tensile and Ueild Strength for Some Common Materials. Available online: https://www.engineeringtoolbox.

com/young-modulus-d_417.html (accessed on 20 June 2021).
68. Barragán-Vidal, A.; Garcia-Garcia, R.; Cruz-Manjarrez, H.; Aguilar-Franco, M.; Reyes-Gasga, J. X-ray diffraction study of the

structure modification of aluminum samples by ion irradiation. Radiat. Eff. Defects Solids 2009, 164, 8–14. [CrossRef]
69. Bashir, S.; Khurshid, S.; Akram, M.; Ali, N.; Kalsoom, U.-I.; Ahmad, S.; Yousaf, D. Pulsed laser ablation of Ni in vacuum and

N2atmosphere at various fluences. Quantum Electron. 2015, 45, 640–647. [CrossRef]
70. Tan, D.; Lin, G.; Liu, Y.; Teng, Y.; Zhuang, Y.; Zhu, B.; Zhao, Q.; Qiu, J. Synthesis of nanocrystalline cubic zirconia using

femtosecond laser ablation. J. Nanoparticle Res. 2011, 13, 1183–1190. [CrossRef]
71. Thomas, P.V.; Ramakrishnan, V.; Vaidyan, V.K. Oxidation studies of aluminium thin films by raman spectroscopy. Thin Solid Films

1989, 170, 35–40. [CrossRef]
72. Hong, M.; Choi, S. Observation of changes in the metallurgical characteristics of Ni-Cr alloys using Nd:YAG laser welding. J.

Dent. Biomech. 2014, 5, 1–9. [CrossRef] [PubMed]
73. Pacella, M.; Nekouie, V.; Badiee, A. Surface engineering of ultra-hard polycrystalline structures using a Nanosecond Yb fibre laser:

Effect of process parameters on microstructure, hardness and surface finish. J. Mater. Process. Technol. 2019, 266, 74. [CrossRef]

http://doi.org/10.1016/j.physb.2011.02.013
http://doi.org/10.1016/j.physb.2010.07.019
http://doi.org/10.1016/j.nimb.2005.08.064
http://doi.org/10.1088/1009-0630/15/7/12
http://doi.org/10.1103/PhysRevLett.96.166101
http://doi.org/10.1016/j.sab.2021.106118
http://doi.org/10.1140/epjd/e2013-30767-4
http://doi.org/10.1016/0022-4596(80)90429-6
https://www.engineeringtoolbox.com/young-modulus-d_417.html
https://www.engineeringtoolbox.com/young-modulus-d_417.html
http://doi.org/10.1080/10420150802191274
http://doi.org/10.1070/QE2015v045n07ABEH015570
http://doi.org/10.1007/s11051-010-0110-4
http://doi.org/10.1016/0040-6090(89)90619-6
http://doi.org/10.1177/1758736014547144
http://www.ncbi.nlm.nih.gov/pubmed/25342985
http://doi.org/10.1016/j.jmatprotec.2018.11.014

	Introduction 
	Experimental Setup 
	Results and Discussions 
	Conclusions 
	References

