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Abstract 
This paper presents a new and safe method of fabricating super-hydrophobic surface on NiTi Shape Memory Alloy (SMA), which 

aims to further improve the corrosion resistance performance and biocompatibility of NiTi SMA. The super-hydrophobic surfaces with 
Water Contact Angle (WCA) of 155.4˚ ± 0.9˚ and Water Sliding Angle (WSA) of 4.4˚ ± 1.1˚ were obtained by the hybrid of laser irradiation 
and polydimethylsiloxane (PDMS) modification. The forming mechanism was systematically revealed via Scanning Electron Microscopy 
(SEM) and X-ray Photoelectron Spectroscopy (XPS). The anti-corrosion of samples was investigated in Simulated Body Fluid (SBF) via the 
potentiodynamic polarization (PDP) and Electrochemical Impedance Spectroscopy (EIS) tests. PDMS super-hydrophobic coatings showed 
superior anti-corrosion performance. The Ni ions release experiment was also conducted and the corresponding result demonstrated that the 
super-hydrophobic samples effectively inhibited the release of Ni ions both in electrolyte and SBF. Besides, biocompatibility was further 
analyzed, indicating that the prepared super-hydrophobic surfaces present a huge potential advantage in biocompatibility. 
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1  Introduction 

Nitinol Shape Memory Alloy (NiTi SMA), pos-
sessing special performance such as wear resistance, 
super-elasticity, Shape Memory Effect (SME) and bio-
compatibility has drawn wide attention in recent years[1]. 
As a new potential material, NiTi SMA is increasingly 
employed in medical applications[2], for instance medi-
cal equipment. However, as the near equiatomic material, 
the corrosion of NiTi SMA will inevitably appear due to 
the long-term usage, resulting in Ni ions release into the 
physiological environment[3]. It has been reported that 
Ni ions at a high level in the human body can induce the 
occurrence of adverse reactions such as toxicity, ana-
phylaxis, chronic inflammation and so on[4], which se-
verely restricts the development of NiTi SMA as medical 
equipment. Hence, enhancing the corrosion resistance 
and biocompatibility of NiTi SMA plays a vital role in its 
application in medicine and has attracted plenty of at-
tention in recent years. 

Various surface modification techniques have been 
proposed to prevent the material from corrosion. A pro-
tective coating is commonly applied on NiTi SMA for 
anti-corrosion, such as calcium phosphate-based coat-
ings, carbon-based coatings, TiN or TiO2 coatings and 
various composite coatings[5,6]. Tohidi et al. created hy-
droxyapatite (HAp) coatings on NiTi via pulsed elec-
trodeposition under magnetic field. The corrosion beha-
vior and bioactivity of HAp coatings were evaluated 
through electrochemical potentiodynamic polarization 
tests in Ringer’s solution and immersion tests in Simu-
lated Body Fluid (SBF). They have demonstrated that the 
HAp coatings with superior anti-corrosion and bioactive 
could be obtained via optimizing process parameters in 
the electrodeposition[7]. Kurtoglu et al. treated NiTi SMA 
in flowing ammonia at 700 ˚C to fabricate a protective 
TiN coating on NiTi SMAs. The coating could obviously 
mitigate the Ni ion release from NiTi SMAs after im-
mersion in artificial saliva[8]. However, the former me-
thod of deposition coatings is high cost and inapplicable 
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for mass production, and the latter method of surface 
modification can alter the internal performance of NiTi 
SMA at high temperature. Therefore, more alternative 
strategies showing cost-effective and simple are eagerly 
exploited to enhance the corrosion resistance and bio-
compatibility of NiTi SMA in human body liquid and 
promote the large-scale usage of it.  

Inspired by bionics, fabricating super-hydrophobic 
surface on materials has been regarded as an admirable 
technology of excellent anti-corrosion performance[9,10]. 
Previous literatures have demonstrated that the real 
contact area between super-hydrophobic interface and 
corrosive medium is extremely small on account of 
plenty of air pockets trapping underneath the la-
ser-induced micro-nano structures[11,12]. According to 
previous researches, structuring rough surfaces with 
micro-nano structures and lowering surface energy have 
been summarized as the two methods to successfully 
fabricate super-hydrophobic surfaces[13,14]. Varied me-
thods to structure requisite micro-nano structures have 
been proposed, including electrodeposition, 
self-assembly, chemical etching, electrospinning, sol-gel, 
anodizing, and spin coating[15–20]. The aforesaid 
processing approaches show poor practicability with 
respect to environmental pollution or high cost. Con-
versely, laser surface patterning is identified as an effi-
cient and convenient method of constructing micro-nano 
structures[21,22]. Additionally, the controllable surface 
morphology can be acquired by altering laser processing 
parameters. Compared with aforesaid processing rough 
surface approaches, the laser-induced micro-nano 
structures showed superior mechanical stability[23]. Sig-
nificantly, super-hydrophobic surfaces can be fabricated 
purely based on laser ablation[24,25]. However, this kind 
of super-hydrophobic surfaces is limited in industrial 
mass production due to the dependency of surrounding 
environment and the uncertainty of natural aging time 
for different kinds of materials. Besides, it can be easily 
damaged under high temperature or interaction with 
corrosive liquid[26,27]. Coating a chemical layer with low 
surface energy on the laser-induced surfaces has been 
regarded as the commonly used method to improve the 
processing efficiency and the stability of su-
per-hydrophobic surfaces[28]. The surfaces exhibit 
splendid low-affinity to water via coating a layer of low 

surface energy materials, including fatty acids (e.g., 
stearic acid, myristic acid, lauric acid, etc.), fluoroakyl-
silane (FAS), octadecylamine, and so on[29,30]. Lu et al. 
created microstructures with various scales on the 316L 
stainless steel surfaces using different nanosecond laser 
(ns-laser) parameters. Based on the further modification 
of FAS the super-hydrophobic surfaces with a high 
Water Contact Angle (WCA) of 160˚ ± 5˚ and a small 
Water Sliding Angle (WSA) of 3˚ ± 0.5˚ were obtained. 
The electrochemical tests revealed that the corrosion 
resistance of the biomimetic super-hydrophobic surfaces 
was effectively enhanced. Additionally, the la-
ser-textured super-hydrophobic surfaces showed excel-
lent self-cleaning performance[31]. The typical su-
per-hydrophobic surface with a high WCA of 158.2˚ was 
successfully fabricated in the Liu’s group via laser ir-
radiation followed by chemical etched and stearic acid 
modification on AZ31 magnesium alloy surfaces. Be-
sides, the super-hydrophobic surfaces possessed good 
anti-corrosion, outstanding chemical and thermal stabil-
ity[32]. For the medical device, the modification process 
may cause harm to human body due to the pernicious-
ness of toxic chemical materials. Hence it is urgent to 
obtain a green and health method to fabricate su-
per-hydrophobic surfaces to meet the demand of security 
in medicine. Notably, the chemical modification process 
of polydimethylsiloxane (PDMS) is regarded as a green 
and health surface modification method[33].  

In this paper, a new method of fabricating secure 
super-hydrophobic surface was presented by the hybrid 
of nanosecond laser (ns-laser) irradiation and PDMS 
modification. The transformation mechanism of sur-
face wettability was systematically investigated via the 
analysis of surface morphology and chemical compo-
sition. The aim of this study was to explore the corro-
sion resistance and biocompatibility of NiTi SMA 
coated with PDMS super-hydrophobic coatings. The 
electrochemical experiments were carried out to esti-
mate the corrosion resistance of as-prepared samples in 
SBF. Meanwhile, the concentration of released Ni ions 
from as-prepared samples was measured by Inductively 
Coupled Plasma-Mass Spectrometry (ICP-MS) after 
immersion tests. Moreover, the cell viability was ana-
lyzed by investigating the release amount of Ni ions 
from  samples  after  sterile  immersion. The  overview        
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Fig. 1  The overview of this study. 
 
of this study  is  shown  in  Fig. 1.  The  corresponding 
experimental results indicated that the su-
per-hydrophobic coatings exhibited high performance of 
anti-corrosion, the inhibition of ions release and bio-
compatibility. This new approach for surface modifica-
tion of NiTi is simple, efficient, cost-effective as well as 
low thermal effect, which can promote the promising 
prospect in industrial production. 

2  Experiment and method 

2.1  Materials preparation  
The experiments were carried out on NiTi SMAs 

with a size of 10 mm × 10 mm × 0.8 mm. NiTi SMAs 
were provided by Kejing Material Technology Co., Ltd, 
Hefei, China. To ensure the uniformity of surface, all the 
prepared samples were mechanically polished on a 
high-speed polishing machine until obtaining mirror 

surfaces. Then, all the polished samples were ultrason-
ically cleaned by acetone (Analytical Reagent, AR: > 
99.5%), ethanol (AR: 95%) and deionized water for 15 
min one after another in an ultrasonic cleaning tank to 
remove the impurity and oil stain on the surfaces. Finally, 
all the cleaned samples experienced vacuum drying 
process in a drying oven at 80 ˚C for 30 min. The 
chemicals: The acetone (AR: > 99.5%), ethanol (AR: 
95%), deionized water, SBF (SBF, Phygene) and Phos-
phate Buffer Solution (PBS) were provided by Jiangtian 
Chemical Technology Co. Ltd. The PDMS polymer 
cross-linking agent (Dow Corning from USA, Sylgard 
184) was purchased from Alfa Aesar. 
 
2.2  Fabrication of micro-pillar arrays  

As shown in Fig. 2, the polished samples were ir-
radiated by a ns-laser processing system (Han’s Laser, 
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China), which is consisted of an Ytterbium fiber laser 
source (IPG-YLP-20, Germany), laser beam expander, 
XY-scan mirror and focusing lens. Nanosecond pulsed 
laser beam were generated by an Ytterbium fiber laser 
source and propagated along the path of light. The laser 
beam expander was utilized to decrease the divergence 
angle and expand beam diameter. The laser beam was 
focused onto the sample surfaces using the focusing lens 
with the focal length of 182 mm. The processing para-
meters of the ns-laser were regulated and controlled by 
HL marking software: wavelength (λ) 1064 nm, average 
power (P) 18 W, pulse duration (τ) 50 ns, repetition rate 
(f) 20 kHz, spot diameter (ϕ) 50 μm, and scanning speed 

(v) 500 mms−1. The samples were fixed on the working 

platform, and were ablated in two vertical directions, 
resulting in the ordered micro-pillar arrays. As in each 
direction, the laser beam moved in line-by-line scan-
ning pattern. The distance of centers between two ad-
jacent laser beams’ scanning paths was set at 80 μm. 
The laser ablation process was performed at atmos-
pheric environment with a temperature of 23˚C ± 3 ˚C. 
 
2.3  Chemical modification with PDMS polymer  

Lots of residual debris was produced on fabricated 
surface during the laser ablation process. Hence, before 
chemical modification process, the samples were 
washed in ultrasonic bath containing deionized water for 
5 min, and then dried by compacted nitrogen gas. PDMS 
was mixed with the curing agent at room temperature, 
and then ethyl acetate was rapidly poured into polymer 

mixture and stirred continuously until the solution be-
came transparent and homogeneous. The mass ratio of 
PDMS, curing agent and ethyl acetate in the modifier 
solution was 10:1:450. The obtained PDMS modifier 
was poured into the upper pot of the spray gun. Under 
the action of working pressure of 0.3 MPa, PDMS po-
lymer was sprayed on the fresh laser-induced NiTi SMA 
surfaces with a height of 25 cm. Then, samples were 
dried in an oven at 80 ˚C for half an hour. Finally, the 
typical super-hydrophobic surfaces were successfully 
processed on NiTi SMA samples. This fabrication 
process was shown in Fig. 3. The primary NiTi SMA 
samples without any processing treatment were abridged 
as NiTi-I. The laser-induced NiTi SMA samples were 
categorized into two groups according to whether the 
PDMS modifier solution was coated or not. NiTi-II:  
The samples were purely ablated by ns-laser but without 
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Fig. 2  Schematic diagram of integrated ns-laser system. 
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Fig. 3  Schematic diagram of durable super-hydrophobic surface fabrication process. 
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Table 1  Composition of modified SBF 

Component Na+ K+ Mg2+ Ca2+ Cl− HCO3
− HPO4

2− SO4
2− 

Ionic concentrations (mmolL−1) 142.0 5.0 1.5 2.5 103.0 10.0 1.0 0.5 

 
other treatment; NiTi-III: The samples were induced by 
ns-laser followed by PDMS modifier coating imme-
diately. 
 

2.4  Surface characterization 
WCAs and WSAs were detected using a WCA go-

niometer (AST, VCA optima) to evaluate the surface 
wettability of investigated samples. Besides, surface 
micro-structures of the treated samples were observed 
through Scanning Electron Microscope (SEM: FEI, 
Quanta 250 FEG) and Leica microscope. 3D profiles and 
surface roughness were evaluated by a white confocal 
light microscope (CountourGT, Bruker). X-ray Photoe-
lectron Spectroscopy (XPS: Thermo Fisher Scientific, 
Escalab 250Xi) was used to analyze the surface chemi-
cal compositions. 
 

2.5  Measurement and characterization 
The corrosion resistance of three kinds of samples 

was examined in SBF at room temperature and ambient 
air via electrochemical test. The composition of SBF is 
shown in Table 1. The electrochemical tests were con-
ducted via an electrochemical workstation (CHI660E, 
China). Potentiodynamic polarization (PDP), Open 
Circuit Potential (OCP) and Electrochemical Impedance 
Spectroscopy (EIS) tests were performed in a typical 
three-electrode cell configuration: The treated samples, 
a Pt plate (20 mm × 20 mm × 0.1 mm) and a Saturated 
Calomel Electrode (SCE) were used as working elec-
trode, counter electrode and reference electrode, re-
spectively. The working electrode with 1×1 cm2 surface 
area exposed to corrosion medium. The PDP tests were 
employed from −1.2 V to 0.4 V at a scanning rate of  

10 mVs−1. The samples were first immersed in SBF for 

30 min before OCP tests to ensure OCP value steady. 
Then, the EIS tests were performed from 100 kHz to  
10 mHz at the alternating current amplitude of 10 mV. 
ZSimPWin software was utilized to fit the EIS results. 
After electrochemical test, the inductively coupled 
plasma-mass spectrometry (ICP-MS: Agilent, 7800) was 
used to reveal the concentration of Ni ions in electrolyte. 

In the Ni ions release test, the as-prepared samples were 
immersed in SBF for 4 h with the same conditions (the 
volume of medium, the number of samples, temperature 
and so on). In order to study the stability and biocom-
patibility of the samples under simulated vivo conditions, 
the sterile immersion tests were conducted in PBS for  
2 h under with a temperature of 37 ˚C and a humidified 
atmosphere of 5% CO2 in an aseptic condition. Before 
the sterile immersion test, all samples were sterilized 
using 75% alcohol by volume and UV light in sequence. 
All measurements were conducted three times for results 
reproducibility and data reliability.  

3  Results and discussion 

3.1  Surface wettability  
The static WCAs and WSAs of the fabricated 

samples were measured using sessile drop technique on 
the goniometer to evaluate surface wettability. Each 
measured value was averaged over three different loca-
tions. The results of Fig .4 showed that NiTi-I surfaces 
exhibited intrinsic hydrophilicity with a small WCA of 
68.2˚ ± 2.3˚ and high WSA of 90˚. After ns-laser irradi-
ation, NiTi-II surfaces showed super-hydrophilicity with 
the WCA below 10˚. Satisfactorily, after chemical mod-
ification with PDMS on fresh laser-induced surfaces, the 
super-hydrophobic surfaces were successfully fabricated 
indicating that the super-hydrophobic surfaces can be 
obtained by the combined action of laser irradiation and 
chemical modification of PDMS polymer. The typical 
super-hydrophobic surfaces showed a high WCA of 
155.4˚ ± 0.9˚. Besides, an 8 μL water droplet could 
immediately roll down from as-prepared su-
per-hydrophobic surfaces with a low till angle of 4.4˚ ± 
1.1˚, which was regarded as the value of WSA. These 
results confirmed that the super-hydrophobic surfaces 
had low water adhesion. 

Wenzel model was employed to reveal the trans-
formation mechanism of surface wettability from theo-
retical perspective. The corresponding contact angle 
calculation equation of solid surface is shown in Eq. (1): 

r fcos cos ,R                                 (1) 
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where θf is the intrinsic static WCA of a solid surface 
(that is, the WCA of the smooth surface); θr denotes the 
apparent WCA on a rough solid surface; R is the 
roughness factor, which is defined as the ratio between 
the actual surface area and projected area of a solid 
surface. Obviously, as far as a rough surface, R is greater 
than 1.  

Eq. (1) implies that the ascent of surface roughness 
results in the enhancement of surface wettability. That is 
to say, a hydrophilic surface will be more hydrophilic 
and a hydrophobic surface will be more hydrophobic 
with the increase of surface roughness[34]. According to 
Table 2, the surface roughness signally increased after 
laser irradiation, resulting in the super-hydrophilicity of 
NiTi-II. The results coincided with the Wenzel model. 
Previous literature has demonstrated that the su-
per-hydrophobic surface can be generally fabricated via 
the combined action of processing hierarchical structure 
and modifying low surface energy chemical materials[35]. 
In this study, the super-hydrophobic surfaces were suc-
cessfully fabricated after coating a layer of PDMS po-
lymer with low surface energy on laser irradiated surface. 
The corresponding mechanism was further investigated 
in sections 3.2 and 3.3. 
 
3.2  Surface morphology  

As shown in Fig. 5, surface morphology was ob-
viously changed after ns-laser irradiation under the 
aforesaid processing parameters. The number of laser 
pulses per spot (N) and the pulse overlap factor (Eof) can 
be calculated via Eqs. (2) and (3): 

,
4

N
l


                                (2) 

2

of

2
arccos 1 ,

l l
E l

  

                
                 (3) 

where ϕ is spot diameter for laser beam; l = v/f represents 
the pulse distance along laser scanning direction, v 

(mms−1) and f (kHz) are scanning speed and repetition 

rate for ns-laser pulse, respectively. Putting the 
processing parameter into the above-mentioned formula, 
it can be calculated that N was 2 and Eof was 39.10%.  

Figs. 5a – 5d showed the SEM images of  
laser-induced  NiTi   SMA   surfaces  under   different  
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Fig. 4  WCAs and WSAs of NiTi-I, NiTi-II and NiTi-III samples 
surfaces. 
 
Table 2  Surface roughness of NiTi-I, NiTi-II and NiTi-III sam-
ples 

Sample NiTi-I NiTi-II NiTi-III

Roughness Ra (μm) 0.0524 8.7372 8.6753

 
magnifications, respectively. According to Fig. 5a, the  
laser-induced NiTi SMA surface was filled with regular 
grid patterns or grooves. The generation of grooves was 
attributed to the line-by-line scanning of laser beam. The 
scanning cycle (d) is defined as the distance between the 
two adjacent laser beam scanning paths, which is equal 
to the distance between the middle lines of two adjacent 
grooves in Fig. 5a. The enlarged image of a grid texture 
was shown in Fig. 5b. It can be clearly seen that grid 
textures consisted of basin-shaped pits, ridges and pro-
trusions. Each protrusion was surrounded by grooves. 
As shown in Figs. 5c and 5d, the textured surface was 
covered in numerous droplets-shaped particles. The 
attendance of the particles was attributed to the high 
energy of laser processing resulting in the interfacial 
materials melting and splashing over the sample. The 
spraying materials with micro or nano size rolled and 
then re-solidified onto the sample surface. As a result, 
the particles irregularly deposited on the inside wall and 
the brim of grooves. The hierarchical rough structure 
facilitated the trap of large air pockets, which contri-
buted to the suspension of water droplets on NiTi-III 
surfaces. 
 
3.3  Surface chemical composition  

In order  to  reveal  the  generation  mechanisms  of        
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Fig. 5  SEM images of NiTi-III surfaces with different scales. 

 
super-hydrophobic surfaces, XPS spectra were per-
formed to analyze the surface chemical compositions of 
the fabricated samples. Fig. 6 exhibited the chemical 
composition of NiTi-I, NiTi-II and NiTi-III surfaces. 
According to the XPS spectra in Figs. 6a and 6b, NiTi-I 
and NiTi-II surfaces both contained four elements: C at 
284.0 eV, O at 532.0 eV, Ti at 458.0 eV and Ni at 855.0 
eV. The influence of other elements with very low con-
tent was ignored and only the spectra with binding 
energy between 100 eV and 900 eV in the XPS survey 
plots were considered. However, besides the above four 
elements, the additional element Si at 102.0 eV ob-
viously appeared on NiTi-III surfaces in Fig. 6c, indi-
cating the attachment of silicon-based polymers material 
of PDMS polymer on laser processed rough surface. On 
the other hand, compared with NiTi-I, NiTi-III surfaces 
had lower content of Ni and Ti. This phenomenon was 
attributed to the present of PDMS polymer film resulting 
in decreasing the relative amount of Ni and Ti. 

In order to have an insight of the formation me-
chanism of the super-hydrophobic film, the high resolu-
tion of C 1s and O 1s peaks were carried out based on the 
analysis of CasaXPS software. The high-resolution 
spectra of O 1s of NiTi-I and NiTi-III surfaces were 
presented in Figs. 6d and 6e, respectively. As shown in 
Fig. 6d, the O 1s spectrum of the NiTi-I surfaces con-
tained three main functional groups. The peaks located 
at 531.2 eV, 532.6 eV and 529.8 eV, were regarded as the 
functional group C=O, C–O and oxides (nickel oxide 
and titanium oxide), respectively. It could be found that 
nickel and titanium primarily existed in the forms of 
nickel and titanium oxides, respectively. According to 
the O 1s spectrum of NiTi-III surfaces in Fig. 6f, the O 1s 
peak contained three additional functional groups. The 

peaks were located at 531.8 eV, 532.5 eV and 533.7 eV 
referred to O–Si–C, Si–O–Si and Si–OH moieties, re-
spectively[36]. The functional groups O–Si–C and 
Si–O–Si came from the PDMS polymer chains, which 
further verified that the PDMS had been successfully 
coated on fresh laser-induced surfaces after chemical 
modification process.  

Fig. 6g displayed the decompositions of C 1s 
spectrum of NiTi-I surfaces. Three strong peaks C=O, 
C–O and C–C(H) located at 287.5 eV, 285.6 eV and 
284.5 eV were measured. Obviously, the carbon content 
should be 0% on NiTi-I. However, NiTi-I surfaces 
showed a strong signal of C 1s. The carbon element of 
NiTi-I surfaces might derive from three main sources: 
The liquid residues of acetone and ethanol during 
cleaning processes, the absorption of organic matters in 
air and the adhesion of the volatile oil from the vacuum 
chamber of the XPS apparatus. In the same way, the 
presence of the carbon element on NiTi-II surfaces 
might be due to the same reasons. Besides, the decom-
position of pre-existing absorbed organic matters was 
another main source. As shown in Fig. 6h, the C 1s 
spectrum of NiTi-III surfaces contained five functional 
groups: C=O, C–O, C–C(H), C–Si–O and –CH3. The 
functional group C–Si–O at 283.5 eV and –CH3 at  
285.0 eV came from PDMS polymer film[37,38]. In gen-
eral, the function group of –CH3 possessing strong 
nonpolar lowered the surface energy extremely, resulting 
in the change of wettability from super-hydrophilicity to 
super-hydrophobicity after coating a layer of PDMS 
polymer on laser-induced surfaces. Therefore, it can be 
concluded that the combined action of low surface energy 
of PDMS and laser-induced rough structures contributed 
to the generation of super-hydrophobic surfaces.          
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Fig. 6  XPS spectra of (a) NiTi-I, (b) NiTi-II, and (c) NiTi-II samples; the high-resolution O 1s spectra of (d) NiTi-I, (e) NiTi-II, and (f) 
NiTi-III samples; the high-resolution C 1s spectra of (g) NiTi-I, and (h) NiTi-III samples. 
 

The generation of super-hydrophilicity after laser 
irradiation process might come from two main sources: 
(1) According to the XPS survey spectra in Fig. 6b, the 
oxygen content witnessed an apparent increase from 
42.18% to 54.12% after the irradiation of ns-laser, re-
garding the oxidation reaction of titanium and nickel 
occurred during the laser ablation process. Besides, the 
generated titanium oxide and nickel oxide contained a 
great deal of atoms in the form of Ti4+, Ni2+ and O2− after 
laser processing[26]. The undersaturated titanium, nickel 
and oxygen atoms serving as Lewis acid and base pairs 
resulted in the hydrophilicity of surface metallic 
oxides[39]. (2) Obviously, the titanium and nickel atoms 
were electron-deficient. In order to gain a full octet 
electron, these atoms combined the hydrogen bonds 
from water molecules[40] as shown in Fig. 7. As a result, 

the surface polarity significantly increased with ex-
tremely non-equilibrium, which further enhanced sur-
face hydrophilicity. 
 
3.4  Electrochemical corrosion tests  

Previous literature has reported that su-
per-hydrophobic surfaces exhibit superior corrosion 
resistance. Fabricating superhydrophobic coating on 
metals and alloys is known as an effective method to 
promote corrosion resistance. In this paper, a new me-
thod was proposed for the fabrication of secure su-
per-hydrophobic surface by the hybrid of ns-laser ir-
radiation and PDMS modification to enhance the corro-
sion resistance of NiTi SMA. The electrochemical test 
has attracted great attention to the investigation of cor-
rosion resistance. PDP and EIS tests  were  employed  to  
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Fig. 7  Schematic illustration of hydroxylation process of NiTi-II 
surfaces. 
 
explore and compare the corrosion resistance of NiTi-I, 
NiTi-II and NiTi-III samples in SBF, respectively. 
 
3.4.1  PDP curves 

The PDP curves of aforesaid samples were meas-
ured in SBF as shown in Fig. 8a. The corrosion current 

density (Icorr, Acm−2) and corrosion potential (Ecorr, V) 

were calculated via extrapolating the linear portion of 
PDP curves to the intersection. The corrosion rate (CR) 
was calculated according to formulas as given below[41]: 

corrK ,
I

CR EW


                                (4) 

1 1 2 2

1 2

1
,EW

n f n f

W W


 


                               (5) 

where K is a constant, K = 3.27 × 10−3 mmg 
(μAcmyear)−1, ρ is the density of NiTi SMA in gcm−3, 

EW is the equivalent weight of NiTi SMA, n, f and W are 
the valence, mass fraction and atomic weight of the 
elements in NiTi SMA, respectively. Subscripts 1 and 2 
represent Ni element and Ti element, respectively.  

In the meanwhile, the corrosion inhibition effi-
ciency (η) of NiTi-I and NiTi-III samples was obtained 
using the following formula[20]: 

  corr corr

corr

% 100%,
I I

I


 
 


                     (6) 

 where Icorr and I'corr represent the corrosion current 
density of the surfaces with and without the inhibition 
layer, respectively. The corresponding calculated results 
were summarized in Table 3. In the corrosion thermo-
dynamics, the corrosion potential shows the difficult 
degrees of corrosion, the positive-going corrosion potential 

 
Fig. 8  PDP curves of NiTi-I, NiTi-II and NiTi-III samples in SBF. 
 
Table 3  Corrosion current density (Icorr), corrosion potential (Ecorr) 
and corrosion inhibition efficiency () of NiTi-I, NiTi-II and 
NiTi-III samples 

Sample Icorr (A·cm−2) Ecorr (V) CR (mm·year−1) η (%)

NiTi-I 8.644 × 10-5 −0.614 0.74 - 

NiTi-II 6.023 × 10-6 −0.512 0.052 93.0

NiTi-III 1.293 × 10-6 −0.424 0.011 98.5

 
expresses the better corrosion resistance. The corrosion 
rate and the corrosion inhibition efficiency are deter-
mined from the corrosion current density of samples, 
that is to say, a lower corrosion current density is re-
garded as superior anti-corrosive performance. There-
fore, the results indicated that NiTi-II surfaces presented 
better corrosion resistance behavior than NiTi-I surfaces. 
As expected, NiTi-III samples had the best an-
ti-corrosive property among the three kinds of samples, 
demonstrating that fabricating super-hydrophobic sur-
faces through coating a layer of low surface energy of 
PDMS on laser-induced surfaces could obviously en-
hance corrosion resistance. 
 
3.4.2  EIS test 

As a complementary electrochemical experiment, 
EIS test was carried out in SBF to further investigate the 
corrosive resistance of as-prepared samples. The OCP 
versus time of NiTi-I, NiTi-II and NiTi-III samples in 
SBF was illustrated in Fig. 9a. According to the OCP 
curves, it can be apparent that NiTi-III showed the 
highest OCP values than that of other samples. This 
phenomenon indicated that NiTi-III might possess the 
largest anti-corrosion potential in SBF than other samples.      
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Fig. 9  EIS results of NiTi-I, NiTi-II and NiTi-III samples in SBF. (a) OCP curves; (b) Nyquist plots and fitted curves; (c) bode plots of 
impedance modulus versus frequency and fitted curves; (d) bode plots of phase angle versus frequency and fitted curves. 
 
Obviously, the OCP curves stabilized towards a statio-
nary value after a period of immersion. The OCP varied 
with time, which might be attributed to the changes of 
the surface nature of working electrodes (oxidation or 
the formation of passivation layer). The OCP can be 
employed as an assessment for corrosion behavior.  

Fig. 9b demonstrated the corresponding Nyquist 
plots of three kinds of samples, and the illustration figure 
was the magnified view in the high frequency range. As 
is known to all, the diameter of the Nyquist loop is a 
significant parameter to estimate the polarization resis-
tance of the working electrode during electrochemical 
corrosion process. A bigger diameter of Nyquist loop 
refers to a higher corrosion resistance. Obviously, it 
could be found that NiTi-III possessed the widest Ny-
quist loop, followed by NiTi-II, and NiTi-I presented the 
smallest Nyquist loop, indicating that the anti-corrosion 
performance extremely enhanced due to the laser irrad-
iation and PDMS modification. Compared with NiTi-II, 
NiTi-III possessed a wide Nyquist loop due to the addi-

tional presence of super-hydrophobic coating. In addi-
tion, the Bode-impedance modulus |Z| versus frequency 
diagrams of the investigated samples were exhibited in 
Fig. 9c. Noticeably, NiTi-I had the lowest impedance 
modulus |Z| at the low frequency of 0.01 Hz, while Ni-
Ti-III possessed the biggest impedance modulus |Z|. 
Previous literature had verified that the larger value of 
impedance modulus |Z| at the low frequency in Bode 
diagrams implies the better corrosion resistance[42,43]. 
Hence, both the Nyquist plots and Bode diagrams con-
firmed the excellent corrosion resistance of NiTi-III. 

According to the phase angle versus frequency 
curves shown in Fig. 9d, NiTi-I included one time con-
stant at high frequency range owing to the formation of 
corrosion layer. In this case, the equivalent circuit in  
Fig. 10a was adopted and CPEdl was used to represent 
the electric double-layer capacitance of interface be-
tween the NiTi SMA substrates and electrolyte solution. 
As for NiTi-II and NiTi-III, two time constants were 
contained based on the EIS results shown in Fig. 9d: One 
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at high frequency and another at low frequency. As 
shown in Fig. 10b, the equivalent circuit was employed 
to fit the EIS results of NiTi-II and NiTi-III. The CPEf 
was performed as the double electric layer capacitance 
in the high frequency capacitive loop due to the ob-
struction of coatings. In the corrosion process, the 
second time constant related to CPEdl was generated at 
the low frequency stage on account of the constant in-
filtration of electrolyte solution into the coatings. In 
these fitted equivalent circuits, both CPEdl and CPEf are 
the Constant Phase Element (CPE) replacing pure ca-
pacitor, because there are no pure capacitors during the 
actual electrochemical corrosion process. The following 
equation was used to calculate the impedance of CPE: 

 
1

CPE 0 CPE CPE= j j ,
n

Z Y Z Z


                            (7) 

1

CPE 0 cos ,
2

n n
Z Y 

          
                     (8) 

1

CPE 0 sin ,
2

n n
Z Y 

          
                     (9) 

where ZCPE is the impedance of CPE, j 1   , impli-

cating that ZCPE is an imaginary number, CPEZ  and 

CPEZ  are the real and imaginary parts of the impedance, 

respectively, Y0 is the proportionality factor, ω denotes 

the angular frequency, and n is a dimensionless exponent 

within the range of 0 to 1[42]. 
The equivalent circuit model of NiTi-I samples was 

shown in Fig. 10a. In this equivalent circuit, Rs describes 
the electrolyte (SBF) resistance between the reference 
electrode and working electrode, CPEdl and Rct represent 
the constant phase element and the charge transfer re-
sistance between NiTi SMA substrate and electrolyte 
solution. As far as NiTi-II and NiTi-III, the better fitting 
results were obtained via the equivalent circuit displayed 
in Fig. 10b, where the electrolytic resistance is described 
by Rs, the resistance between the passive film or the 
PDMS coating and corrosion solution is represented by 

Rf, CPEf means the constant phase element and the 
corresponding value reflects the number of corrosion 
ions in contact with the film or coating[43]. CPEdl and Rct 
components represent the impedance of interface reac-
tion between the NiTi substrate and the surface coating. 
The corresponding simulation parameters of circuit 
elements were summarized in Table 4. It has been re-
ported that the values of CPEdl and Rct are closely related 
to corrosion resistance. Generally, the increase of charge 
transfer resistance reveals the better corrosion resistance 
of as-prepared samples. As shown in Table 4, the Rct 

value increased from 3.86 × 104 Ωcm2 (NiTi-I samples) 

to 2.35 × 105 Ωcm2 (NiTi-II samples) after laser irradi-

ation, demonstrating that the anti-corrosive property of 
NiTi SMA surfaces were improved after the ablation 

process. NiTi-III had the largest Rct of 3.83 × 107 Ωcm2, 

revealing that the ions such as Cl−, HCO3− and HPO42− 
in SBF serving as corrosive medium had enormous drag 
to permeate the super-hydrophobic coatings. Compared 
with NiTi-I, the CPEdl value of NiTi-II decreased by 
about four orders of magnitude with the value of 3.87 × 

10−5 Ω−1sncm−2. The corresponding value of NiTi-III 

had a marked down of five orders of magnitude.  Obviously, 
this result confirmed the fewer corrosive ions in SBF 
touching with inner NiTi SMA during electrochemical 
measurement compared with NiTi-II. Besides, the re-
lease concentration of Ni ions  from  aforesaid  samples 
 

 
Fig. 10  Equivalent circuit models matched to the EIS plots of (a) 
NiTi-I, (b) NiTi-II and NiTi-III samples. 

 
Table 4  The parameters abstracted from the Nyquist plots by fitting the equivalent circuit model 

Sample 
Rs 

Ω·cm2 
Rct 

Ω·cm2 

CPEdl Rf 
Ω·cm2 

CPEf 

Qdl n Qf n 

NiTi-I 33.1 3.86 × 104 0.149 0.72 – – – 

NiTi-II 33.3 2.35 × 105 3.87 × 10−5 0.84 2.16 × 103 1.56 × 10−5 0.94 

NiTi-III 34.3 3.83 × 107 9.54 × 10−6 0.84 3.36 × 104 4.43 × 10−6 0.73 
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Fig. 11  The concentration of Ni ions released from NiTi-I, NiTi-II 
and NiTi-III samples after immersion in SBF for 4 h. 
 
was obtained by ICP-MS after electrochemical corrosion 
process. The corresponding results and statements are 
shown in Fig. S1.  

The above results sufficiently demonstrated that the 
laser irradiation technique could effectively prevent 
corrosive ions penetrating into the substrates, enhancing 
the anti-corrosion of NiTi SMA. The main reason is that 
titanium oxide layers were produced on NiTi SMA sur-
faces during the laser irradiation process. The titanium 
oxide layer was regarded as the passive film to restrain 
the transport of corrosion ions and the dissolution of 
NiTi SMA[44]. Among three kinds of investigated sam-
ples, NiTi-III samples showed the most outstanding 
corrosion resistance. Because this kind surface pos-
sessed two-tier protective layers: fresh laser-induced 
titanium oxide layer and PDMS modified su-
per-hydrophobic layer. Apart from the protection of 
titanium oxide layer, the PDMS modified layer could 
extremely decrease the contact area between the sample 
surfaces and the corrosive medium, due to its splendid 
low-affinity to water. 
 
3.5  Ni ions release 

As shown in Fig. 11, the concentration of Ni ions 
released from NiTi-I, NiTi-II and NiTi-III samples were 
compared using ICP-MS after immersion in SBF for 4 h 
at room temperature and ambient air. It is apparent that 
the amount of Ni ions released from NiTi-III with PDMS 
layer was about 10 times and 1220 times smaller than 
those from NiTi-I and NiTi-II. The super-hydrophobic 
coating   was   effective  greatly  in   mitigating  Ni  ions  
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Fig. 12  The concentration of Ni ions released from NiTi-I, NiTi-II 
and NiTi-III samples after immersion in PBS for 2 h. 
 
release out of NiTi substrates. It can be deduced that the 
main reason for reduction of Ni ions release might be 
related with the decrease of the contact area between 
samples and corrosion ions. As far as NiTi-II, there was 
the highest amount of Ni ions release due to the largest 
solid-liquid contact area and the surface imperfection 
after laser ablation. Hence, the hybrid of ns-laser irradi-
ation and PDMS modification is a feasible method to 
reduce ions release from NiTi SMA substrates. 
 
3.6  Analysis of immersion extracts 

The immersion extracts were obtained after the 
investigated samples were immersed in PBS for 2 h in 
the aseptic conditions. Fig. 12 exhibited the nickel ion 
concentration results of the three kinds of immersion 
extracts. Obviously, NiTi-III released the fewest amount 
of Ni ions, followed by NiTi-I, and NiTi-II exhibited the 
maximum, indicating that the fabricated su-
per-hydrophobic surfaces effectively reduced the release 
of Ni ions. As a kind of metal ion with potentially tox-
icity, Ni ions can induce the malformation of cells and 
even apoptosis[4]. Previous researches have demon-
strated that the concentration of Ni ions in immersion 
extracts definitively impacts the cell viability: The lower 
nickel ion concentration results in the higher cell sur-
vival rate. On the contrary, the higher concentration 
leads to the lower cell survival rate[45]. Based on the 
theoretical support of previous literatures, it can be pre-
dicted that the fabricated super-hydrophobic surfaces 
could effectively mitigate Ni-induced cytotoxicity and 
improve the cytocompatibility of NiTi SMA with the 
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good cell viability, which was attributed to the  
super-hydrophobic coatings reducing the release amount 
of Ni ions.  

4  Conclusion 

A new and safe technique combing the ns-laser 
processing with PDMS modification was proposed to 
fabricate the super-hydrophobic surfaces on the NiTi 
SMA samples.  

(1) The surfaces of laser-induced samples showed 
super-hydrophilicity, the wettability of which became 
super-hydrophobic after chemical modification with 
PDMS modifier. The super-hydrophobic surfaces exhi-
bited high WCA of 155.4 ˚ ± 0.9˚ and small WSA of 4.4˚ 
± 1.1˚.  

(2) The results of SEM and XPS revealed the for-
mation mechanism of super-hydrophobic surfaces, ow-
ing to the combined action of the micro-nano texture and 
PDMS with low free energy.  

(3) The electrochemical corrosion test and immer-
sion test showed that the PDMS super-hydrophobic 
coatings exhibited superior corrosion resistance and it 
could serve as a protection layer for effectively inhibit-
ing Ni ions release.  

(4) The analysis results of cell viability displayed 
that the PDMS super-hydrophobic coatings could im-
prove the biocompatibility of NiTi SMA and promote 
the biomedical application of the coatings.  

It is believed that our work would serve as signifi-
cant reference on anti-corrosion methods selection in 
medical. The research including mechanical stability, 
cellular biocompatibility and blood compatibility will be 
studied in our future work. What’s more, the su-
per-hydrophobic surface will be fabricated on a medical 
device surface-scalpel via this safe processing method in 
this work. The potential application value in medical 
would be further delved. 
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