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A B S T R A C T   

Through adopting a technique of femtosecond laser micro/nano-structuring, we successfully modify the surface 
of aluminium alloy material into the long-term stable anti-corrosive properties, exhibiting the measured 
corrosion rate two orders of magnitude smaller than that of the bare sample. The underlying mechanisms are 
attributed to both the surface micro/nano-structure formation with the thick stable oxide layers and the sig
nificant phase change from crystalline to amorphous by the laser-induced stress and compressive strain, which 
consequently reduce the free energy and chemical activity of the structured surface. Such investigations may 
open a new eco-friendly way to produce anti-corrosive metal surfaces for deep seawater applications.   

1. Introduction 

Aluminium alloys are widely used metals in engineering fields due to 
their superior mechanical, chemical and physical properties [1,2]. Their 
lightweight nature, low density (only 2.7 g/cm3) and intrinsic corrosion 
resistance offer an unique importance in various deep seawater appli
cations such as naval architectures and ocean equipment manufacturing 
[3]. However, the abundant highly corrosive chloride and potassium 
ions in seawater can still corrode the inherent oxide layers on metal 
surfaces. It leads to penetrating failures, thereby limiting Al alloy’s 
usage in marine applications [4]. As a result, the anti-corrosion research 
on Al alloy surfaces to avoid corrosive ions interaction is both life-saving 
and cost-effective [5,6]. Currently, the most often used surface engi
neering techniques include electroplating [7], galvanizing [8], anod
izing [9], chemical deposition [10], carburizing [11], and thermal 
spraying [12]. However, all of them have several drawbacks, such as 
inefficient use of material, time, and energy, lack of precision and 
flexibility, and most critically, are ecologically unfriendly. Recently, 
laser processing techniques have been getting wide acceptance to 
improve the anticorrosion properties of metal surfaces from various 
corrosive environments [7–9]. In general, the previous studies tried to 
repel water and aggressive corrosive ions by making use of surface 
superhydrophobic (SHP) properties of micro/nano- structures with a 
combination of the chemical layer deposition [10–14]. However, the 

corrosion attack for the long-term immersing inside the corrosive me
dium like the seawater cannot be efficiently prevented, especially when 
the superhydrophobic properties began to disappear partially or 
completely with the lapse of time [8,15]. Therefore, how to achieve 
sustainable corrosion protection for the laser fabricated surface without 
any additional chemical layer treatments still remains a big challenge. 

To the best of our knowledge, it is here for the first time to demon
strate the long-term seawater anti-corrosion behaviors for Al alloys 
through the crystalline-amorphous phase change induced by the 
femtosecond laser pulses. More interestingly, this result can help to 
overcome the anticorrosion instability issues when the surface super
hydrophobicity disappears. The importance of the laser-induced highly 
stable oxide barrier layers was also investigated for protecting the sub
strate from corrosion attack. A comparison of our work with some recent 
reports based on the laser-induced corrosion protection is shown in 
Table S1. During our experiments, a sample of Al alloys (#6061) was 
firstly microstructured by femtosecond laser pulses with various scan
ning speeds. Subsequently, both the electrochemical impedance spec
troscopy and potentiodynamic polarization measurements were carried 
out to explore the corrosion protection properties of the samples in the 
seawater. The obtained corrosion resistance is significantly increased to 
the order of MΩ and the corrosion current is dramatically decreased to as 
small as 3.0 nA cm− 2. Even after two months of continuous immersion in 
the seawater, the laser fabricated surfaces exhibited an excellent 
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corrosion resistance with less corrosion current of 10.0 nA cm− 2. For the 
purpose of investigating anti-corrosion mechanisms, we performed X- 
ray diffraction (XRD) and transmission electron microscopy (TEM) an
alyses of the samples, which reveals the significant material phase 
change from the crystalline to partial amorphous with the thick stable 
oxide layer formation. Therefore, the femtosecond laser-induced robust 
corrosion protective surfaces can be allowed for deep-sea applications. 

2. Experimental section 

2.1. Fabrication of anti-corrosive micro/nano-structures by femtosecond 
laser pulses 

In this study, we employed a Ti:Sapphire laser amplifier system 
(Spitfire Ace, Spectra-Physics) as a light source, which delivers femto
second laser pulses at the repetition rate of 1 kHz, with the central 
wavelength of 800 nm and the pulse duration of 40 fs. The hierarchical 
micro/nano-structures were fabricated on the sample material con
taining the following chemical compositions (in weight %): Al- 79.87%, 
C- 7.55%, O- 4.98%, N- 3.35%, Se- 1.37%, F- 1.02%, Mg- 0.64%, Fe- 
0.33%, Si- 0.22% and Na- 0.67%. The maximum pulse energy from the 
laser system can reach 6 mJ, and it was attenuated using the combina
tion of a half-wave plate and a polarizer. The appropriate laser energy 

was then focused on the sample surface with a spherical lens (focal 
distance f = 200 mm) at normal incidence. The grid scanning of the 
samples was carried out via a computer-controlled 3D translational 
stage to generate the structures within an area of 13 mm × 13 mm. The 
focal laser beam spot on the sample surface was calculated around 50 μm 
in diameter. To get a stand-alone effect of the laser scanning speed, the 
whole study was carried out with a constant laser energy fluence of F =
15.3 J/ cm2 and the spacing of 100 µm between two adjacent micro
grooves (step size).The laser scanning speed was varied as V = 0.4 mm/ 
s, 0.6 mm/s, 0.8 mm/s and 1.0 mm/s. A schematic of femtosecond laser 
fabrication is shown in Fig. 1(a). After the laser processing, the fabri
cated samples were ultrasonicated for 1 hr with the deionized water and 
dried with the compressed air. These samples were superhydrophilic in 
nature, the transformation of their surface into the superhydrophobic 
was carried out by a simple annealing process at 200 ◦C for 2 hr in an air 
environment [16]. In all the experiments, both the surface character
izations and electrochemical measurements were performed on such 
post-processed samples. 

2.2. Surface characterization and electrochemical measurements 

Surface morphologies of the prepared samples were observed with a 
scanning electron microscope (SEM) (ProX-5, Phenom, Netherlands), 

Fig. 1. (a) Schematic of the direct femtosecond laser fabrication and structured surface morphology ; (b)Illustrated corrosion of the bare sample surface and the anti- 
corrosion of the laser structured sample, because the latter case having a combined effect of the superhydrophobic, material amorphization and charge layer dis
tribution at the metal oxide- electrolyte interface. 
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and the high-resolution SEM pictures were obtained under the acceler
ation voltage of 15 kV. All the energy-dispersive X-ray spectroscopy 
(EDS) spectra were also collected by mapping the electron beam at the 
same acceleration voltage. The characterization of surface wettability 
for the fabricated surfaces was performed by a contact angle measure
ment instrument (JC2000D3, POWEREACH, China) with a 5 µl seawater 
droplet. The droplets were dispensed at five different positions on the 
sample to get the average contact angle (CA) and sliding angle (SA) 
values. 

The electrochemical measurements were performed using a Biologic 
VMP-3 workstation (VMP-3, BioLogic, France) to study the anti- 
corrosion properties of as-prepared samples. To make our corrosion 
experiments similar to the practical environment, we adopted the real 
seawater from the Dalian coast of the Yellow Sea, China for the elec
trolyte. The seawater is collected from a depth of no more than 5.0 m, 
whose chemical contents can be seen from the global analysis forecast 
BIO 001 028, Copernicus database (given in Table S2) [17]. All the 
measurements were carried out at room temperature with a three- 
electrode setup, and the as-prepared samples (having a laser-processed 
portion of 1.69 cm2) are used as a working electrode for an exposed 
area of only 0.78 cm2. We employed the Pt mesh as a counter electrode 
and silver/silver chloride (Ag/AgCl) as a reference electrode (within a 
fitted compartment surrounded by the saturated KCl solution with a 
potential of 0.197 V with respect to the standard hydrogen electrode 
(SHE) at 24 ± 1 ◦C). After 3 h of open circuit potential (OCP) test, the 
electrochemical impedance spectroscopy measurements were per
formed to compare the impedance behavior of the samples from an 
initial frequency of 200 kHz to a final frequency of 100 MHz, through an 
alternating current sine wave with the amplitude of 10 mV. The 

polarization curves were obtained with a potential range of − 100 mV to 
+600 mV vs. OCP by using a scan rate of 10 mV.min− 1. The corrosion 
current density (Icorr) for all the studied samples was obtained by 
extrapolating the anodic and cathodic Tafel slopes. The experiments 
were repeated at least three times to confirm the reproducibility of all 
the electrochemical measurement results. 

3. Results and discussion 

3.1. Morphological characterization of femtosecond laser structured 
surfaces 

The surface morphology of the laser fabricated structures on the Al 
alloy sample was studied in detail. Here we only took the results from 
the laser scanning speed of V = 0.4 mm/s as an example (the observa
tions for other scanning speeds such as V = 0.6 mm/s, 0.8 mm/s, and 1.0 
mm/s are shown in Fig. S1), as shown in Fig. 2(a)–(c). The periodic 
microgroove covered with the recast layer of the ablation materials 
appears to build the complex hierarchical structures and act as the 
efficient air pockets. The microhardness measurement revealed that the 
surface layer of the laser fabricated sample has a value of 45.9 HV, which 
is hardened by around 1.8 times relative to the bare sample. Moreover, 
the presence of nanoscale fringes and particles shown in Fig. 2(c) can 
help to reduce the possible solid–liquid interaction area by trapping 
atmospheric air inside. Its role in preventing the surface underneath 
from the further corrosion is discussed later. 

In spite of fixing the beam spot size during the laser irradiation, the 
significant variations in both width and height of the microgrooves can 
take place with different scanning speeds, as shown in Fig. 2(e). While 

Fig. 2. (a) SEM images of the fabricated surface at the laser scanning speed of V = 0.4 mm/s; (b) Formation of air pockets in the micro-grooves; (c) Thick laser 
ablated recast material with complex micro/nano-structures; (d) Measured geometrical profiles the micro-groove lines; (e) Measured relationships between the width 
(w), height (h) and opening angle (α) of the grooves for the situations of different laser scanning speeds. 
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changing the laser scanning speed from V = 1.0 mm/s to 0.4 mm/s, the 
microgroove height gradually increases because of the high ablation rate 
(being quantified as a ratio of the ablated microgroove depth to its 
width), whereas the groove width is kept almost constant. In general, the 
opening angle (α) of the fabricated grooves is reduced to result in a high 
aspect ratio, preventing the liquid penetration to the deeper grooves 
[18,19]. 

It was found that an increment in surface roughness can improve the 
superhydrophobic property of the laser fabricated surfaces at different 
scanning speeds, in which other experimental parameters were well 
maintained. The percentage of pulse overlapping (or the number of 
pulse accumulation) on the sample surface is determined by the laser 
scanning speed, which has the values of 99.2%, 98.8%, 98.4%, and 
98.0% for V = 0.4 mm/s, 0.6 mm/s, 0.8 mm/s, and 1.0 mm/s, respec
tively. It was improved that the ablation rate increases with lower laser 
scanning speeds or higher overlapping factors, leading to the deeper 
microgrooves and the larger surface roughness (shown in Fig. S2(a)). 

The superhydrophobic property of the laser fabricated sample was 
eventually achieved by lowering the surface energy through annealing 
process at 200 ◦C in air environment, because the micro or nano burrs of 
the structured surfaces can efficiently adsorb the airborne hydrocarbons, 
especially at high temperatures [20,21]. The experimentally measured 

superhydrophobic properties of the sample with different laser scanning 
speeds are shown in Fig. S2(b). Among all these cases, the obtained 
contact angle of CA = 154◦ ± 1.25◦ and sliding angle of SA = 4.5◦ ±

0.25◦ for the sample at V = 0.4 mm/s indicates it is more efficient SHP 
surface. Because of the atmospheric air trapping inside the micro
grooves, water droplets on such material surfaces are developed into the 
Caxie-Baxter state, which can effectively resist seawater penetration and 
complete surface wetting [22–24]. It helps to repel the aggressive cor
rosive ions in the seawater from the fabricated surface. The long-term 
anti-corrosion performance of these structured surfaces in the 
seawater is studied by electrochemical analysis. The fabricated surfaces 
before and after immersing in the seawater were subjected to the thor
ough surface analysis. 

3.2. Long-term Anti-corrosion performance in the seawater 

For the practical seawater application, it is necessary to characterize 
the long-term anti-corrosion performance stability of the laser struc
tured sample surfaces in the real seawater. Fig. 3(a) illustrates the 
corrosion potentials (Ecorr) and Icorr obtained from the cathodic polari
zation curve by Tafel extrapolation. According to Ohm’s law Icorr = E/ 
Rp, E is the electric potential difference between the anode and cathode 

Fig. 3. Examined anticorrosive nature of the bare and fabricated sample surfaces with different laser scanning speeds: (a) Cyclic polarization curves and (b) Nyquist 
plots immediately after the laser fabrication. (c) and (d) for the measurements after the seawater immersion for two months. 

Table 1 
Important parameters extracted from the cyclic polarization curves.  

Samples Icorr 

(nAcm− 2) 
Rp 

(kΩcm− 2) 
CR 

(mm/y)*10− 3 CIE % 

Before laser fabrication Al-bare 1155.0 25.2 15.1 - 

Immediately 
after the laser fabrication 

1.0 mm/s 64.0 570 0.699 94.45 
0.8 mm/s 48.0 590 0.531 95.84 
0.6 mm/s 15.0 2250 0.209 98.70 
0.4 mm/s 3.0 13,800 0.041 99.74 

After two months of the seawater immersing 
1.0 mm/s 72.0 540 0.78 93.76 
0.4 mm/s 10.0 2321 0.139 99.13  
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in the corrosion reaction; Rp, being also the so-called polarization 
resistance, is a sum of the electrical resistance of the corrosive medium 
(Re) and the metal sample immersed (Rm). For the laser fabricated 
sample, Rm is modulated by the thick oxide layer on the material surface 
induced by the femtosecond laser irradiation. As shown in Table 1, the 
measured polarization resistance increases significantly to a maximum 
value of Rp = 13.8 MΩ cm− 2 for the laser-fabricated samples at V = 0.4 
mm/s, which results in the lowest corrosion current of Icorr = 3.0 ×
10− 9nA cm− 2 in the seawater for 180 min. Fig. 3(b) depicts the Nyquist 
diagrams for the bare and laser-fabricated samples, where the larger 
diameter of the semi-circle for the materials with the superhydrophobic 
property indicates the higher corrosion resistance for the fabricated 
surfaces. 

The corrosion rate (CR) for all the samples studied here are estimated 
as follows: 

CR(mm/yr) =
3.27 × 10− 3 × Icorr × M

ND
(1)  

where M is the relative molar mass of the material (g/equivalent), D for 
the density of the material, and N for the number of electrons. The 
corrosion inhibition efficiency (CIE%) of the sample is calculated by: 

CIE% =
Ic − I’

c

Ic
× 100 (2)  

where Ic and I’
c are the corrosion current densities before and after the 

surface modification. The CIE% of any sample equals the percentage 
reduction of the current density from the bare sample. The important 
parameters extracted from the cyclic polarization curves, including Icorr, 
CR and CIE% are given in Table1. The measured corrosion potential of 
Ecorr, the anodic slope (βa), and the cathodic slope (βc) values for the bare 
and laser-fabricated superhydrophobic sample surfaces are given in 
Table S3. It shows that the laser fabricated surface with the scanning 
speed of V = 0.4 mm/s exhibits the better anti-corrosive property than 
other samples, associated with a corrosion rate of 0.041 × 10− 3 mm/ 
year and a reduced corrosion dynamic current rate by 99.74 % relative 
to the bare surface. 

Additionally, the detailed surface morphology analysis and electro
chemical measurements have been carried out to investigate the long- 
term anti-corrosion performance of the bare and structured samples. 
For that, we immersed the bare and the fabricated samples at the laser 
scanning speed of V = 1.0 mm/s and 0.4 mm/s into the real seawater for 
two months, and the measurements of their cyclic polarization and 
Nyquist curves are shown in Fig. 3(c) and (d). From the cyclic polari
zation curve, we can find that the anti-corrosive nature of the sample for 
V = 0.4 mm/s is better than those of V = 1.0 mm/s and bare samples. 
Similarly, in comparison to the results of V = 1.0 mm/s, the obtained CR 
and CIE % values for the condition of V = 0.4 mm/s are seen to reduce 
and improve, respectively (refer to Table.1). The corrosion inhibition 
nature of the seawater immersed surfaces (for the bare, 0.4 mm/s, and 
1.0 mm/s samples) is further evaluated using the Nyquist curves ob
tained from electrochemical impedance spectroscopy. The diameter of 
the Nyquist curve corresponding to the case of V = 0.4 mm/s is signif
icantly larger than those of other samples, which indicates the more 
durable corrosion resistance behaviour. 

An equivalent circuit shown in an inset of Fig. 3(d) was fitted to 
identify the individual contribution for the overall corrosion resistance 
of the samples, which includes the electrolyte solution resistance, the 
electrical resistance of the sample surface, and the electric double-layer 
capacitance (C) that is due to the neutral barrier layer formation at the 
material-electrolyte interface (shown in Fig. 1(b)) [15]. The measured 
electrical resistance of the bare and fabricated (at 1.0 mm/s and 0.4 
mm/s) samples are Rm = 10.27 kΩ, 54.09 kΩ, and 152.0 kΩ, respec
tively. Clearly, the corrosion resistance for the sample surface of V = 0.4 
mm/s is three times larger than that of V = 1.0 mm/s, and it is around 
fifteen times larger than that of the bare surface. This resistance 

enhancement might be due to the laser-induced Al and Mg oxide layers. 
Apart from such oxide layers, the double-layer capacitive resistance also 
provides additional corrosion protection. The underlying mechanisms in 
the formation of these stable oxide layers and the double-layer capaci
tance are discussed in the next section in detail. The values of C are 
measured as 33.8 µF, 112.0 µF, and 138.0 µF for the bare, 1.0 mm/s, and 
0.4 mm/s sample surfaces, respectively. The combined resistance of 
such double-layer capacitance and stable oxide layer yielded the better 
corrosion protection for the laser fabricated sample surfaces even after 
immersing in the seawater for two months. 

The detailed analyses of surface morphology ascertain the durability 
of the laser-fabricated surface structures in the continuous corrosive 
medium interaction. As shown by SEM images in Fig. 4, the bare sample 
surface undergoes the gradual corrosion process due to the continuous 
seawater interaction, leading to the significant pitting corrosion after 
two months of immersion. In contrast, the sample surfaces fabricated at 
the scanning speed of V = 0.4 mm/s are utterly free from corrosion even 
after two months of the seawater immersion. However, a significant 
change of the surface contact angle from 154◦ ± 1.25◦ to 92.0◦ ± 1◦ was 
observed on the sample fabricated at V = 0.4 mm/s. This is because the 
superhydrophobic nature of such structured surfaces is destroyed by 
removing the deposited organic layer [15]. Figure S3 shows the pho
tographs of the samples fabricated with the scanning speed of V = 0.4 
mm/s, in which the laser-structured portions remain almost unaffected 
after the seawater immersion. At the same time, the peripheric untreated 
areas seem to gradually lose the lustrous nature of Al alloy because of the 
corrosion happening. It indicates that the high corrosion protection for 
the femtosecond laser fabricated sample with V = 0.4 mm/s is not easily 
deteriorated along with its surface wettability even after the long-time 
immersion. But the bare sample surface undergoes the severe destruc
tion with the clear evidence of pitting failures. Thus, the super
hydrophobic is not an only determining factor for the long-term anti- 
corrosion property of the material, which may arise from other reasons. 

3.3. Underlying mechanisms for the long-term Anti-corrosion 
performance 

To investigate the underlying mechanisms for the long-term anti- 
corrosion property, a detailed investigation of the laser-induced mate
rial change has been carried out through EDS, XRD, and TEM analyses. 
Figure S4 shows the measured weight concentration of Al, Mg, and O 
elements for the bare and fabricated samples before and after immersing 
in the seawater. It is seen that with slowing the laser scanning speed 
during the sample treatment, there is an increase for the amount of O 
element but a decrease for Al and Mg elements. A similar trend is also 
observed for the fabricated samples immersed in the seawater for two 
months. 

The formation of more metal oxides on the laser fabricated surfaces is 
indicated by the increased O content, associated with the reduced 
amount of Al3Mg2 compared to the bare sample. At the scanning speed 
of V = 0.4 mm/s, the number of femtosecond laser pulses interacting 
with the material is about twice that of V = 1.0 mm/s, resulting in the 
higher amount deposition of the oxidized recast layer. This is confirmed 
by comparing the EDS mapping of the chemical components at the cross- 
section of the structured sample with different scanning speeds (shown 
in Fig. 5 and Fig. S5). From the distribution mappings of Al, O, Mg and C 
elements, we can find that the components O and C spread almost uni
formly within the surface layer of both structured samples, which might 
indicate the absorption of some airborne hydrocarbons. The weight 
concentration presented in Table S4 compares the chemical components 
for the samples processed at two different scanning speeds of V = 1.0 
mm/s and V = 0.4 mm/s, where the ratio of O/Mg indicating the amount 
of Mg oxide layer formation appears to be larger in the latter case. The 
distribution of surface components also indicates that the formation of 
the protective Al-Mg oxide layer with the recast deposition up to tens of 
micrometers is stronger at the condition of V = 0.4 mm/s. It 
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consequently prevents the diffusion of corrosive ions into the under
neath substrate and greatly improves corrosion inhibition. Our results 
are consistent with the recent report by S. Adeosun et al., where the 
weight concentration of Mg on Al alloys shows a significant effect on 
corrosion properties, and the lower Mg content provided the better anti- 
corrosive nature [25]. 

To analyze the laser-induced oxides and compounds in more detail, 
both the bare and the laser fabricated samples were subjected to the 
high-resolution (0.05 deg/min) XRD analysis. Fig. 6 shows the XRD 
peaks detected from these two surfaces, with the distinct peaks corre
sponding to different phases of Al2O3, MgO, and Al3Mg2. It suggests that 
the femtosecond laser irradiation can induce the thick layer of high 
stable oxides on the sample surface. 

Interestingly, the femtosecond laser irradiation created the extreme 
physical conditions to accelerate the formation of thermodynamically 
stable α- Al2O3 on the sample surfaces. Due to its outstanding stability, α- 
Al2O3 is widely used as a protective coating material for metals. [26,27] 
Simultaneously, the presence of metastable phases such as γ-Al2O3 was 
also observed on the fabricated samples. Moreover, the previous studies 
also demonstrated that the high concentration of β-Al3Mg2 can help to 
increase the corrosive nature of Al-Mg alloys [25,28]. And Pierluigi 
Traverso et al. reported that the corrosion of Al-Mg alloys is like to 
decrease due to the formation of the Mg-Al oxide layer, which is more 
protective than Al hydroxides [29]. We observed that the high content of 
Al3Mg2 in the bare sample is decreased with smaller laser scanning 
speeds, as shown in Fig. 7(a), which provides the minimum value at V =
0.4 mm/s. The existence of Al, Al2O3, MgO, and Al3Mg2 on the laser 
fabricated samples was also confirmed through the electron diffraction 
pattern shown in the following section. 

Another significant point to concern is the electrostatic reaction at 
the sample-electrolyte interface where the corrosion takes place. Due to 
the long-term immersion of the laser fabricated materials in the 
seawater, the positively charged surface of metals/ oxides electrostati
cally attracts aggressive ions such as Cl− , Na+, K+ and OH– from the 
electrolyte. Among them, the hydroxide (OH–) anions show the higher 
adsorption energy and saturation coverage than others [30–32]. The 
immediate reaction of hydroxide ions with the surface tends to form a 
neutral barrier layer at the interface, which develops a double-layer 
capacitance and depletes the anion distribution in the vicinity of 

sample surfaces. Eventually, such a chemisorbed molecular layer in
troduces a strong barrier for the corrosive ion diffusion into the sub
strate. It suppresses the charge transfer between the possible anodic and 
cathodic sites confirmed through the electrochemical measurements. 
The measured corrosion current flow between the sample fabricated at 
V = 0.4 mm/s and the electrolyte is as small as 10 nA/cm2. It resulted in 
an excellent long-term anti-corrosion performance after immersing in 
the seawater for 60 days, with a corrosion rate of 0.139 × 10− 3 mm/yr 
and CIE of 99.74%. Thus, the formation of Al2O3 and MgO layers 
decreased the adsorption of corrosive cations from electrolytes and 
inhibited the cathodic and anodic reactions presented in Fig. 1(b), which 
helps to improve the anti-corrosion performance of the laser fabricated 
surface. 

More importantly, the phase change from the crystallinity (long- 
range periodic arrangement of crystal lattice) to the partial amorph
ization in the fabricated samples was observed by XRD and TEM ana
lyses, which can help to divulge the significant long-term anti-corrosive 
nature of Al alloy samples upon the femtosecond laser irradiation. As 
seen from the detected XRD peaks in Fig. 6, a broad peak appearing 
within a range of 23.45◦ − 34.50◦ indicates the material phase trans
formation from the crystalline to the amorphous [33]. The detailed in
formation about the peak broadening and the intensity change of the 
major Al planes (111), (200), (220) and (311) are shown in Fig. S6, 
and they are well fitted by Lorentzian curves. For all the fabricated 
samples, the measured XRD peaks would like to show some distinct 
features, such as the significant broadening, a shift in the peak position, 
and the intensity change. In the case of each sample, the calculated full- 
width-half-maximum (FWHM) values for four different crystalline 
planes are shown in Fig. 7(b). The broadening of XRD peaks becomes 
pronounced with slower laser scanning speeds. For example, an inset in 
Fig. 7(b) shows the measured XRD peaks corresponding to Al (111) 
plane of the bare sample, and the sample fabricated at V = 0.4 mm/s. It 
is seen that the peak position of the fabricated sample (at V = 0.4 mm/s) 
shifts from 2θ = 38.54◦ to 38.57◦ with the FWHM broadening of 0.162◦

to 0.206◦, respectively, with respect to the bare sample. Fig. 7(c) shows 
the evolution of the crystallite sizes of Al for different crystalline planes, 
i.e. (111), (200), (220), and (311) with varying laser scanning speeds. 
Such peak position shift and broadening indicate that the femtosecond 
laser irradiation can modify the crystallite dimensions in different 

Fig. 4. Evolution of the surface morphology for different samples with the time duration of seawater immersion. (a-c) The bare sample, wherein the insets show the 
clear evidence of pitting due to aggressive corrosive ions; (d-f) for the laser fabricated sample with the scanning speed of V = 0.4 mm/s. 
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crystalline planes. Fig. 7(d) shows that the lattice parameters and crys
tallinity of the fabricated samples are decreased with reducing the laser 
scanning speed. The maximum change of the lattice constant appears to 
take place for the fabricated samples with V = 0.4 mm/s. Under such 
circumstances, a great number of laser pulse irradiations can make the 
surface mechanical micro-deformation accumulated, which subse
quently decreases the crystallinity from 99.56% (bare sample) to 
92.36%. 

According to Ref [38], the aforementioned changes in XRD peaks can 
be mainly attributed to the residual microstrain (ε) due to the crystal 
lattice dislocations and modulations in the crystallite size (L). In our 
case, the intense femtosecond laser irradiation can induce an inhomo
geneous crystallite dislocation, leading to a strong distortion in the 
crystal lattice. An inhomogeneous strain arises (a combination of the 
compressed and the tensile strain) in the material, where the crystallites 
are strained differently and then shift the x-ray diffraction at different 
degrees. In the case of the strained crystallite, the interplanar spacing (d) 
will be changed, that is, it can be reduced by the compressed strain or 
increased by the tensile strain. It was observed that the broadened XRD 
peak for the fabricated samples shifted towards the higher angle (see the 
inset of Fig. 7(b)), which indicates that more compressed stress rather 
than tensile stress is generated by the laser processing, thus reducing the 
possibility of the crack formation or corrosion. 

Consequently, because of the strong femtosecond laser interaction, 
changes in L and ε values are simultaneously contributing to the XRD 

Fig. 5. Micro-analysis of the chemical components for the sample processed with the higher scanning speed of V = 0.4 mm/s by EDS mapping.  

Fig. 6. Meaured XRD peaks for the laser fabricated sample surfaces with 
different scanning speeds. The highlighted areas at the lower values of 2θ 
indicate the amorphization of the samples. 
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peaks broadening. As explained in the supplementary information 
(Williamson-Hall (W-H) analysis on the XRD peak broadening), the total 
XRD peak broadening is a convolution of the individual broadening ef
fects such as the residual microstrain and the crystallite size change (i.e,
βtotal = βL + βε). A distinctive identification of the above two effects can 
be achieved by W-H analysis, which is expressed as follows [34,35]: 

βtotalcosθ = 4ε sinθ+
Kλ
L

(3) 

Fig. 8 (a) shows the W-H plot for the studied samples, where the 
slope of the fitted line gives the magnitude of microstrain, and the Y- 

intercept values provide the crystallite size information (presented in 
Table S5). It illustrates that the magnitudes of microstrain in the fabri
cated samples are varied for different crystalline directions. The ob
tained mean microstrain value of ε = 479 × 10− 6 for the fabricated 
sample at V = 0.4 mm/s is higher than those of other samples (i.e., ε =
403 × 10− 6, 275 × 10− 6, 274 × 10− 6 and 186 × 10− 6 for the fabricated 
samples at V = 0.6 mm/s, 0.8 mm/s, 1.0 mm/s, and the bare sample, 
respectively). It shows that a mechanical micro-deformation of the 
crystal is yielded by the femtosecond laser irradiation, leading to the 
decreased grain sizes, crystallite sizes, and crystallinity in the fabricated 
samples. As a matter of fact, such kind of laser-induced deformation can 

Fig. 7. Characterization of the bare and fabricated sample surfaces with different scanning speeds (V = 0.4 mm/s,0.6 mm/s 0.8 mm/s and 1.0 mm/s) using the XRD 
measurements. (a) Identified mineral contents of Al3Mg2, MgO and Al2O3, on the bare and laser fabricated samples; (b) peak broadening of various Al phases 
measured from FWHM (inset image shows the Lorentzian fitted peaks of Al (111) plane for both the bare and the laser fabricated samples at V = 0.4 mm/s), (c) 
variation of the grain size for the crystalline planes with different scanning speeds. (d) Amount of crystallinity change in the lattice constant with various laser 
scanning speeds. 

Fig. 8. Plots represents (a) W-H plots of βcosθ versus 4sinθ to calculate the crystallite size and lattice strain for bare and laser structured surfaces at various laser 
scanning speed and (b) shows the variation of crystalline dislocation density developed through femtosecond laser-induced strain. 
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be further understood by the dislocation density (δ), which is defined as 
a length of dislocation lines per unit volume of the crystal and can be 
evaluated using the following equation [36,37]: 

δ =
1

D2 (4)  

where D is the average crystallite size mentioned in Fig. 7(c). The 
crystallite size of the fabricated samples is reduced by femtosecond 
laser-induced compressed strain to result in significant dislocation in the 
crystalline periodicity. Fig. 8(b) shows the calculated dislocation density 
of crystallites for different samples, and the obtained higher value at the 
condition of V = 0.4 mm/s implies the improvement of the material 
hardness [38]. Such an increased dislocation density inside the samples 
consequently turned the material phase from the crystalline into the 
partial amorphization. 

Furthermore, the deep analyses of the crystal structure change for 
different samples are also carried out by a high-resolution TEM 
(HRTEM), and the results are presented in Fig. 9, with the corresponding 
surface area electron diffraction (SAED) patterns (upper-left insets). The 
results confirm a decrease in the crystallinity for the laser fabricated 
materials and the amorphous phase enhancement when reducing the 
laser scanning speed. As shown in Fig. 9(a), the lattice lines are evident 
for the bare sample whose corresponding electron diffraction pattern 
indicates a pure cubic crystalline phase belonging to the crystallographic 
space group of FD3‾m. However, for the fabricated samples at V = 1.0 
mm/s and 0.4 mm/s, the regular arrangement of lattice lines is 
disturbed, as shown in Fig. 9 (b) and (c), indicating the crystallite 
dislocation occurred after the femtosecond laser processing. Such 
distortion and amorphization can be considered from the influence of 
the non-uniform stress and strain induced by femtosecond laser pulse 
irradiation because after the femtosecond laser ablation process, a thin 
layer of material is promoted to melt by the residual pulse energy and 
abruptly cooldown without re-crystallization [39]. It is similar to the 
method of melt quenching (a widely used fabrication method of amor
phous metals) to transform the crystalline material into an amorphous 
state [40]. Therefore, either a diffused halo or a circular electron 
diffraction pattern can be evidenced from the fabricated samples as 
shown in the SAED images. The numbered circular electron diffraction 
rings in Fig. 9(b) confirm the presence of MgO, Al2O3, and Al on the 
fabricated sample surfaces. Concurrently the bright central halos in 
SAED patterns of Fig. 9(b) and 9(c) can identify the decrement in the 
material crystallinity even into the partial amorphous state. From the 
observation in HRTEM images, we can clearly see the disordered crystal 
lattice lines with the amorphous surroundings, which suggests the 
maximum material phase change for the sample fabricated at V = 0.4 
mm/s. 

As reported before [41], the amorphization of a polycrystalline metal 
alloy would like to decrease the microstructural features of the material, 
such as grain boundaries, defect sites, and chemical inhomogeneity, all 
of which are favorable nucleation sites of corrosions because they can 
act as anodic spots. Moreover, the laser induced dislocation densities 
decrease the free energy within the amorphized material, thus leading to 
the increased chemical stability of metal alloys to decrease the reactivity 
of the elements [42,43]. Hence, the partial amorphization of Al alloy 
sample by the femtosecond laser processing would like to introduce the 
considerable Rp and decrease the Icorr between the galvanic pairs, which 
greatly reduces the overall CR for these surfaces, specifically for the 
situation at V = 0.4 mm/s. 

4. Conclusion 

We have proposed a novel efficient strategy of femtosecond laser- 
induced phase change to improve the long-term anti-corrosion proper
ties of Al alloy surface. At first, the sample surfaces were struck by the 
infrared femtosecond laser pulses (1 kHz, 800 nm and 40 fs) at different 
scanning speeds to generate the micro/nano-structures. Subsequently, 
they are treated by the simple annealing process to achieve the super
hydrophobic phenomenon. The electrochemical measurements in the 
seawater environment revealed that the fabricated sample at the low 
laser scanning speed of V = 0.4 mm/s would like to exhibit the better- 
improved corrosion resistance (13.8 MΩ/cm2) when compared with 
other scanning speeds and the bare sample (25.2 kΩ/cm2). Most 
importantly when we immersed the fabricated samples in the seawater 
for two months, the obtained optimal long-term corrosion inhibition 
efficiency can reach as high as 99.13%. 

To explore the intrinsic mechanism involvement, we have examined 
the material changes from different aspects including the chemical 
composition and the crystalline lattice, and found the significance of 
oxides formation and the crystal-amorphous phase transformation on 
the pronounced anti-corrosion behaviors. In general, the observed anti- 
corrosive property of femtosecond laser-treated samples can be attrib
uted to the following points: (i) the superhydrophobic effect of the micro 
air cavities on the surface structures, (ii) thick and stable Al-Mg oxide 
layer formation and (iii) the amount of phase change from crystalline to 
amorphous. It is noticed that the latter two factors are mainly respon
sible for the long-term anti-corrosion observations. This study has pro
vided new insights into the femtosecond laser processing of Al alloy 
surfaces for the great improvement of anti-corrosion properties, which 
can be extendable for other metal surfaces and will have a promising 
future of development in practical applications. 

Fig. 9. Measured high-resolution TEM, SAED images (inset- left) of different samples. (a) For the bare sample with the clear lattice line orientation; (b)-(c) For the 
laser fabricated samples at V = 1.0 mm/s and 0.4 mm/s, respectively (the numbered circles in the inset are given as follows: 1 for 0.2434 nm MgO, 2for 0.240 nm 
Al2O3, 3for 0.2098 nm MgO, 4for 0.1702 nm Al2O3, 5for 0.093 nm Al, 6for 0.0808 nm Al2O3, 7for 0.0272 nm Al). Here the marked Cry areas and Amo represent the 
crystalline and amorphous regions, respectively. 
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