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Abstract9 

Comparing with laser irradiation only, the laser ablation combined with chemical modification 10 

process is a widely used technique to obtain bio-inspired super-hydrophobic surface. However, the as-11 

prepared surfaces may be polluted by toxic substance during chemical modification such as fluoroalkyl 12 

silane and stearic acid. The side effect of polluted functional surface on organisms and environment 13 

limited its application value. In this paper, a green and environmental-friendly super-hydrophobic 14 

surface was quickly fabricated on nitinol substrates through hybrid of nanosecond laser ablation and 15 

carbon ion implantation. The time that turning from super-hydrophilicity to super-hydrophobicity was 16 

only 16 hours exhibiting high efficiency compared with pure laser processing. Surface morphology 17 

and chemical component were systematically investigated to reveal the formation mechanism of 18 

super-hydrophobicity in such short time. The mechanical abrasion tests implied that the mechanical 19 

properties of surface microstructure could be heightened after carbon ion implantation, showing the 20 

superior structure stability. It is noted that chemical modified super-hydrophobicity could be hardly 21 

destroyed under high temperature, and the thermal stability of this ion implanted super-hydrophobic 22 

surface was on a par with it. This hybrid method of laser irradiation and carbon ion implantation paves 23 

a green way for rapid fabrication super-hydrophobic surface on nitinol, which would have great 24 

application value in biomedicine and industry. 25 
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28 

1. Introduction 29 

Learning from nature is a significant fountainhead of emerging technology and advanced materials 30 

[1]. Some natural plants and animals have developed specific functional surface to acclimatize 31 

themselves to extreme environments. Lotus leaves prevent the dust from adsorbing on them exhibiting 32 

self-cleaning character [2-3] and the desert beetles rely on their shell harvesting water surviving in 33 

arid environment [4]. Previous literatures have reported that super-hydrophobic phenomenon, where 34 

the surface water contact angel is greater than 150°, exhibits unique properties, including self-cleaning, 35 

corrosion inhibition, anti-bacteria, oil/water separation and drag reduction [5-13]. However, these 36 

kinds of special performances would lose efficacy under extreme environment (high temperature or 37 

friction) due to the poor stability, which limits the practical application very much. Hence, a great deal 38 

of theoretical research about improving the stability of hydrophobic surface has been carried out to 39 

develop its potential application [14]. 40 

Due to the huge potentials in practice, multifarious of techniques have been explored to successfully 41 

fabricate bio-inspired super-hydrophobic surface, including chemical vapor deposition, self-assembly, 42 

chemical etching, electrospinning, sol-gel, anodic oxidation, and spin coating [15-21]. However, the 43 

mentioned approaches involving easy-falling of fabricated micro-nano structure, complicated 44 

fabricating process and high cost severely limit their application. Conversely, laser texturing method 45 

has been reported as a high-efficiency, convenient and green approach to produce super-hydrophobic 46 

surfaces [22]. Besides, the controllable surface photography can be obtained via setup laser processing 47 

parameters [23-25].  Therefore, laser processing method was employed in this study. The research 48 

about hydrophobic surface has been carried on many kinds of materials, including metals, ceramics, 49 

and high-molecular polymer. Among above mentioned materials, titanium alloy, as a newly developed 50 

materials has drawn huge attentions due to its special performance such as wear resistance [26], super-51 

elasticity [27], shape memory effect (SME) [28] and biocompatibility [29-30]. It has wide applications 52 

in medicine, biology, aerospace, and Micro Electric Mechanical System (MEMS) [31]. Thereby, 53 
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wettability modification of titanium alloy has become one of hot research topics. Though the 54 

phenomenon of nickel ion release into vivo exists in the NiTi alloys, it causes no harm to human health 55 

because the amount of released nickel ion is extraordinary few. Hence, NiTi alloys are still the perfect 56 

materials for fabricating implant medical device in medicine such as dental prostheses and cardiac 57 

valves. They are also employed for manufacturing orthopedic devices. Nevertheless, the performance 58 

of medical implants will be adversely affected by the presence of bacterial biofilms which can give 59 

rise to infection [32]. The absorption of this kind human pathogenic biofilms on the medical implant 60 

surface is one of the primary causes of the failure of surgery operation, resulting in the necessity of 61 

removing the implants even being associated with systemic infection, which causes the amputation or 62 

death [33]. The research about removing the biofilms from indwelling devices is of great significance 63 

[34]. Super-hydrophobic surface has great application value in this filed due to its anti-bacteria64 

performance. The super-hydrophobic surface can be generally obtained via processing hierarchical 65 

structure and modifying low surface energy chemical materials. However, the modification process 66 

may cause harm to human body due to the perniciousness of chemical materials, which brings about 67 

the urgent needs of green and health method (without chemical modification process) to prepare super-68 

hydrophobic surface [35]. Elena et al., fabricated the two-tier micro and nanoscale quasi-periodic self-69 

organized structures with the large grain-dac] [gfn]p ^]Ylmj]k Z]dgo 0. �e Yf\ Zmd_]k YZgml 0.. fe70 

using femtosecond laser ablation. The hierarchical structure enhanced the ability of hydrophobicity 71 

and the ablated surface showed super-hydrophobic performance with the WCA of 166±4 ° even 72 

without any other chemical modification. They investigated the interaction of S. aureus and P. 73 

aeruginosa with the super-hydrophobic surface at the solid liquid interface and the result revealed that 74 

the fabricated surface exhibited a highly selective retention ability for the two pathogenic bacteria. 75 

Any kind of adsorbed bacterial cells maintained the situation in which the attached value was under 76 

the estimated detection limit [36]. Specifically, the titanium is also an ideal material as power-intensive 77 

energy components and titanium-based composites including heat pumps, heat exchanger of aircraft 78 

and aerospace due to its light weight, high mechanical strength and corrosion-resistant performance. 79 

The super-hydrophobic surface has been widely used in the cooling system of spacecraft [37]. It is 80 

significant to ensure the super-hydrophobicity survive under the attack of high temperature. The 81 
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Jumping Droplet Thermal Diode (JDTD) [38], as a recently invented technology is a desirable 82 

spacecraft thermal control [39]. A super-hydrophobic wick is the important components of JDTD 83 

where the working fluid dislodged the heat and evaporates. Jacob et al. [40] modified the surface 84 

morphology by femtosecond laser on titanium substrates and lower its surface energy through 85 

immersion into fluorinated silane, vapor deposition of fluorinated silane, and grafting of PDFA, 86 

respectively. They carried out the thermal cycle testing on three different super-hydrophobic surfaces 87 

and all of them survived through the temperature range of -30 & to 70 &. Titanium with functional 88 

surface is also widely used in industry [41], micro-electronics [42] and construction [43]. However, 89 

this functional surface is out of use once surface is destroyed. Therefore, improving the abrasion 90 

stability of hydrophobicity surface is of common interest. Xiao et al. fabricated robust hydrophobic 91 

surface through liquid-phase laser ablation with the WCA of 148.4±0.6 ° and WSA of 4.5±0.5 °, 92 

respectively. They found that the hydrophobic surface fabricated by liquid-phase laser ablation showed 93 

better abrasion stability and hydrophobicity after being worn by hand-polishing 600 times on 1200 94 

grid sandpaper. 95 

Ion implantation is a widely used surface modification method. Xia et al. [44], implanted carbon 96 

ions into titanium surface by plasma immersion ion implantation and deposition (PIII&D) technology, 97 

which enhanced the mechanical property. However, there is an absence of relevant report about 98 

investigating the relationship between carbon ion implantation modification and surface wettability. 99 

In this paper, a novel facial method, injecting carbon ion on nanosecond laser ablated surface was 100 

proposed to rapidly fabricate hierarchical super-hydrophobic surface without any other chemical 101 

modification. The surface wettability transforming from super-hydrophilicity to super-hydrophobicity 102 

only needs 16 hours. This method presents vital advantages regarding low-cost, convenient and 103 

efficient comparing with other fabricating hierarchical super-hydrophobic surface methods, such as 104 

fabricating hierarchical superimposed nano-microstructure by femtosecond and assembly from 105 

colloidal system [45]. It is worth emphasizing that no harmful substances participate the preparation 106 

process, and therefore it has great application in medicine. The stability of super-hydrophobic surface 107 

has drawn extensive concern based on which, the effects of carbon ion implantation on thermal 108 

stability and abrasion stability were investigated in this study. Furthermore, the mechanism of thermal 109 
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stability and abrasion stability of modified surface was also discussed to make a better understanding 110 

of the stability of hydrophobic surface, which will raise the promising prospects of applications for 111 

nitinol material.112 

2 Experiment method 113 

2.1 Materials and chemicals 114 

Aph]jae]flk o]j] h]j^gje]\ gf falafgd Yddgq oal` l`] kar] g^ �0. ee � / ee &[`]ea[Yd115 

components: Ni 50% and Ti 50%), provided by Yipinchuancheng (Beijing) Technology Co. Ltd. The 116 

ethanol (AR, 95%) were purchased from Alfa Aesar. The acetone (AR, (99.5 %) were provided by 117 

Jiangtian Chemical Technology Co. Ltd. Before the laser ablation process, all the samples were 118 

mechanically polished by a high-speed polishing machine until obtaining mirror surface, following 119 

with the cleaning processes in acetone (AR, (99.5%), ethanol (AR, 95%) and distilled water each 120 

for 10 min using the ultrasonic cleaning tank. Finally, all the rinsed samples were dried under high-121 

purity nitrogen gas. 122 

2.2 Laser patterning 123 

The prepared samples were irradiated by Ytterbium nanosecond pulsed fiber laser system (IPG 124 

photonics from Germany) at atmospheric environment with processing parameter exhibited in Table 125 

/, =k k`gof af Ba_, /&Y'* _ja\ ea[jgkljm[lmj] oal` l`] kar] g^ 6. �e � 6. �e oYk ^YZja[Yl]\ mf\]j l`]126 

irradiation of laser beam and the scanning period of laser beam is defined as the distance between the 127 

middle lines of two adjacent grooves.128 

Table 1. Laser processing parameters. 129 

Laser parameter Symbol (unit) Values 

Wavelength Q $BA% 1064 

Pulse duration P $BE% 50 

Repetition rate f (kHz) 20 

Spot diameter O $RA% 50 

Average power P (W) 15 

Scanning speed V (mm·sN1) 300 

130 

2.3 Carbon ion implantation 131 
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Ion implantation of carbon element was carried out on a MT3-R2 ion implanter and the accelerating 132 

voltage was set at 40 kV in a high vacuum condition (< 10-3 Pa) at room temperature. The variable 133 

content of carbon ions was set as 1× 1017 ions/cm2. The laser processed samples were divided into two 134 

group according to whether carbon ion was injected or not. L: The samples were purely irradiated by 135 

nanosecond laser without any other treatment; LI: The samples were ablated by nanosecond laser 136 

followed by carbon ion implantation immediately. 137 

3 Testing Method 138 

3.1 Surface characterization 139 

To investigate the effects of laser ablation and carbon ion implantation on surface wettability, water 140 

contact angles (WCAs) and water sliding angles (WSAs) of two kinds of samples were measured on 141 

a water contact angle goniometer (AST, VCA optima). Besides, surface microstructures of the treated 142 

samples were observed through scanning electron microscope (SEM: FEI, Quanta 250 FEG) and Leica 143 

microscope. 3D profiles and surface roughness were evaluated by a white confocal light microscope 144 

(CountourGT, Bruker). X-ray photoelectron spectroscopy (XPS: Thermo Fisher Scientific, Escalab 145 

250Xi) was used to analyze the surface chemical compositions. 146 

3.2 Thermal stability experiment 147 

To investigate the thermal stability of fabricated surface, L and LI samples were heated in a heating 148 

furnace under aerobic environment. Heating-process was carried out under the temperature ranging 149 

from 50 & to 950 & with a climbing step of 50 &. The samples were kept in the heating furnace 150 

for 30 min at each target temperature. After the heat treatment, the samples were cooled vacuum 151 

environment, followed by blown under high-purity nitrogen gas. 152 

3.3 Abrasion stability experiment 153 

The abrasion stability of L and LI samples were assessed by sandpaper abrasion test. A weight of 154 

200g and a 1500 grid sandpaper with the size of 30 cm both in length and width were main testing 155 

apparatus. During abrasion test, the modified surface contacted with the sandpaper with a 200 g weight 156 

pressing on sample. An abrasion cycle was obtained when moving the sample 25 cm in one direction, 157 

then moving back in the opposite direction at a constant rate of 20 mm/s. The worn samples were 158 

cleaned in deionized water and dried under high-purity nitrogen gas after each of the abrasion cycle. 159 
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4 Results and discussion 160 

4.1 Analysis of surface morphology 161 

4.1.1 Effect of laser irradiation on surface morphology162 

163 

Figure 1. Variation of surface morphology induced by laser ablation process. 164 

3D profiles and surface topography were shown in Fig. 1. According to the processing path in Fig. 1 165 

(a), laser ablated surface was bestrewed with grid pattern with the basin-shaped pits, ridges and 166 

protrusions as shown in Fig. 1 (c), which were visible under magnification 3D profiles of Fig. 1 (d). 167 

The line-by-daf] dYk]j k[Yffaf_ oal` h]jag\ g^ 6. �e &Ydegkl ]imYd lg l`] oidth of laser irradiated 168 

_jggn]k g^ 53 �e' oYk [Yjja]\ gml Ydgf_ l`] n]jla[Yd \aj][lagfk* o`a[` d]Y\k lg l`] ^gjeYlagf g^169 

periodic rosette protrusions (area b in Fig. 1 (c)). The laser ablated material experienced melting, 170 

splashing and condensing, as a result, particles irregularly deposited on the inside wall and the brim 171 

of grooves in Fig. 1 (c). 172 

To further investigate the mechanism of laser ablation on sample surface, the enlarged 3D profiles 173 

of the basic unit were analyzed in Figs. 1 (d). According to enlarged 3D profiles, the altitude of the 174 
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laser-induced surface varied significantly containing three kinds of morphologies: basin-shaped pits 175 

with the altitude of -4 �e* ja\_]k oal` l`] Ydlalm\] g^ 3 �e Yf\ hjgljmkagfk oal` l`] Ydlalm\] g^ // �e,176 

Obviously, the protrusion had the highest altitude, followed by the ridge, and the pits had the smallest 177 

altitude. This is due to the different overlap of laser scanning strategy. Previous reports have proved 178 

that grooves will generated on laser abated area and the ridge will form on the brim of the grooves due 179 

to the accumulation of exceeded materials. In Fig. 1 (d), the basin-shape pits experienced twice laser 180 

scanning and none accumulation of ejected material, while the ridges experienced once laser scanning 181 

and twice accumulation of ejected material. However, the protrusions experienced four times 182 

accumulation and never underwent any laser scanning. Therefore, the altitudes of pits, ridges and 183 

protrusions were significantly distinct. 184 

4.1.2 Effect of carbon ion implantation on surface morphology 185 

186 

Figure 2. SEM images of (a) grid element and (c) particles on L samples surface; SEM images of (b) 187 

grid element and (d) particles on LI samples surface188 

In Figs. 2 (a) and (b), regular grid patterns with micron-scale ridges, rosette protrusions and pits189 

formed on both of L and LI wafer surfaces. And all of these microstructures were decorated with 190 

ajj]_mdYj ea[jg \jghd]l k`Yh]\ hYjla[d]k, D]f[]* al af\a[Yl]\ l`Yl [YjZgf agf aehdYflYlagf [Yfzl [`Yf_]191 

the surface morphology on micron scale. Further observation from Fig. 2 (d), the surface morphology 192 

on nano-scale of LI samples changed obviously and a large amount of nanoscale bulges ranged from 193 

100nm to 300nm (the lotus-leaf-like hierarchical structures) can be seen on mi[jgf hYjla[d]kz kmj^Y[]k,194 

However, Fig. 2 (c) exhibited the flat surface. Therefore, it makes sense that surface roughness 195 

obviously increased after carbon ion implantation as shown in Table 2. 196 

Table 2. Surface roughness of L and LI samples. 197 
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Sample L LI 

Roughness 8.360 9.312 

198 

4.2 Analysis of surface wettability 199 

Figs. 3 (a) and (b) revealed the revolution of surface wettability with time in atmospheric 200 

environment for L and LI samples, respectively. Before laser processing, the pure NiTi alloy showed 201 

intrinsic hydrophilicity with WCA value of 68.2±2.3 °. According to Fig. 3 (a), immediately after laser 202 

processing, the samples showed high hydrophilicity with WCAs of 0 °. This phenomenon well 203 

maintained within four days. Ten days later, the WCAs rose to 50 ° by inches. Then, a sharp increase 204 

appeared with WCAs ranging from 130 ° to 140 °. After 20 days, surface wettability reached the steady 205 

stage fluctuating around 145°. During the whole measurement process, all water droplets were stuck 206 

onto the laser treated surface firmly even the wafers were turned upside down. As far as LI samples, 207 

the time transforming from hydrophilicity to super-hydrophobicity was only 16 hours in Fig. 3 (b). 208 

After the hybrid of laser processing and carbon ion implantation, the WCAs witnessed a steady 209 

increase from 0 ° to more than 150 ° within 14 hours. WSAs remained 180 ° in the first 12 hours and 210 

then sharply doped to 3.2 ° within four hours. Exhilaratingly, the WCAs exceeded 150 ° and the WSAs 211 

went down below 10 °, which can be regarded as a typical super-hydrophobic surface after being 212 

exposed in clean ambient air for 16 hours. 213 

214 

Figure 3. The revolution of WCAs for (a) L and (b) LI samples with time in ambient air.  215 
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According to Fig. 3, carbon ion implantation process distinctly accelerated the transformation 216 

process from hydrophilicity to hydrophobicity or even super-hydrophobicity. As far as L samples, the 217 

transformation process took 20 days. However, LI wafers only spent 16 hours. Besides, surface 218 

hydrophobicity of LI samples was obviously enhanced presenting typical super-hydrophobic surface. 219 

According to Wenzel theory [46], hydrophilic surface would become more hydrophilicity and 220 

hydrophobic surface would become more hydrophobic with the increase of surface roughness. The 221 

wettability of LI samples conformed to the Wenzel model because the increase of surface roughness 222 

resulted in the increase of WCAs value. Fig. 4 further exhibited the mechanism of this phenomenon. 223 

A great deal of nanoscale bulges ranging from 100 nm to 300 nm appeared on the surface of drop-like 224 

micro particles and the hierarchical micro/nano structure was obtained through the modification 225 

process of ion implantation. Therefore, the compound solid-air-liquid interface was formed when the 226 

liquid droplet get in touch with the hierarchical microstructure and the multi-scale air pocket were 227 

trapped underneath the droplet. The adhesion of droplet to solid surface obviously weakened because 228 

the contact area between liquid and solid decreased, as a result, the WSAs decreased [47].  229 

Carbon ion implantation combined with laser irradiation is a newly high-efficiency method to 230 

prepare super-hydrophobic surface. As we all know, both of the surface morphology and surface 231 

chemical composition play the important roles on surface wettability. To make certain the relationship 232 

between carbon ion implantation and surface wettability, it is necessary to investigate the influence of 233 

carbon ion implantation on surface chemical compositions further. 234 

235 

Figure 4. Schematic of droplet on the surfaces respectively with single microstructures and 236 

hierarchical microstructures. 237 
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4.3 Analysis of chemical composition 238 

4.3.1 Chemical composition analysis 239 

Fig. 5 demonstrated the XPS spectra of fresh L samples (a), 35-day air exposed L samples (b), fresh 240 

LI samples (c) and 16-hours exposed LI samples (d), respectively. According to the result, the texted 241 

surface contained four essential elements: The C 1s at 285.0 eV, Ti 2p at 475.0 eV, O 1s at 545.0 eV 242 

and Ni 2p at 888.0 eV. On account of extremely low content, other elements were ignored and we only 243 

exhibited the bonding energy ranging from 200 eV-900 eV in XPS spectra. By analyzing the XPS 244 

result, an inference can be obtained that the titanium and nickel primarily existed in the form of 245 

titanium oxide and nickel oxide, respectively. As shown in Fig. 5 (a), if the fresh L samples were clean 246 

enough and free of pollution, the carbon contents should be zero. However, the high-resolution of C 247 

1s spectra results demonstrated that carbonaceous matter was detected on fresh L samples surface. The 248 

redundant carbonaceous matter came from two main source: the adhesion of airborne organic matters 249 

during the period from fabricating process to XPS examination and the volatile oil in vacuum chamber 250 

of XPS instrument. As far as fresh LI samples, the carbon contents would increase in the same way. 251 

Besides, the injected carbon ion is another main source. According to Fig. 5, it can be found that the 252 

carbon contents witnessed the increase trend when the samples being exposed in ambient air. Previous 253 

literature has revealed that the transformation of surface wettability with time was owe to the 254 

adsorption of organic matter on surface.  255 
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256 

Figure 5. XPS spectra of (a) fresh L samples; (b) 35-day air exposed L samples; (c) fresh LI samples 257 

and (d) 24-hours exposed LI samples. 258 
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259 

Figure 6. The high-resolution of C 1s spectra on fresh L samples (a), 35-day exposed L samples (b), 260 

fresh LI samples (c), and 24-hours exposed LI samples (d).  261 

To reveal the transformation mechanism of surface wettability on L and LI samples, the 262 

corresponding high-resolution of C 1s spectra of the investigated samples was shown in Fig. 6. 263 

According to Figs. 6 (a) and (b), the C 1s peak was disassembled into three components. The peak 264 

located at 284.5 eV, 285.5 eV and 287.7 eV were regarded as the function group C-C(H), C-O and 265 

C=O respectively. As far as NiTi alloy, titanium oxide and nickel oxide were generated with a great 266 

deal of atoms in the form of Ti2+, Ni2+ and O2- after laser processing [48]. The metallic oxide showed 267 

hydrophilicity due to the undersaturated titanium, nickel and oxygen atoms serving as Lewis acid and 268 

base pairs [49]. The titanium and nickel atoms were electron-deficient with only four and six electrons 269 

in sp2- hybrid orbitals, respectively. These atoms captured the hydrogen bonds from water molecules 270 

to obtain a full octet electron [50] as shown in Fig. 7. Hence, the fresh laser ablated surface emerged 271 

high surface polarity with extremely non-equilibrium, resulting in the presence of super-hydrophilicity. 272 
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The high-resolution of C 1s spectra witnessed a sharp increase for C-C(H) functional group from 273 

42.10 ' to 72.01 ' after the L samples being exposed in ambient air for 35 days, indicating the 274 

chemisorption of organic matters such as formic and acetic acid in the air onto laser ablated surface. 275 

The relevant chemical reaction process was presented in Eq. (1) and the relevant reaction process was 276 

demonstrated in Fig. 8. 277 

                       Ni y KD ) N?KKD� N?KK y Ni + H2O                    (1) 278 

Ti y KD ) N?KKD� N?KK y Ti + H2O 279 

280 

Figure 7. Schematic illustration of hydroxylation process of laser ablated surface. 281 

The carboxylates in the air including formic and acetic acid were chemisorbed onto laser processed 282 

surface via dehydration reaction with attached hydroxyls. As a result, the chain R containing nonpolar 283 

groups C-C(H) was chemisorbed onto the surface layer in forms of nickel salt and titanium salt, which 284 

acutely lowered the surface energy. This depolarization procedure was sluggish accounting for the 285 

piecemeal transformation from hydrophilicity to hydrophobicity. 286 

287 

Figure 8. Schematic illustration of chemisorption process. 288 
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289 

290 

Figure 9. Adsorption mechanism of L (a) and LI (b) samples. 291 

Figs. 6 (c) and (d) clearly demonstrated that C 1s spectra of carbon ion implanted surface consisted 292 

of four main components: C=O at 287.6 eV, C-O at 285.6 eV, C-C(H) at 284.6 eV and TiC at 283.2 293 

eV. Compared with L samples surface, it is obvious that TiC was generated after carbon ion 294 

implantation. When the carbon ion implanted samples were exposed into ambient air for more than 16 295 

hours, the nonpolar group C-C(H) presented a prominent increase from 57.28 ' to 85.76 '. In the 296 

same way, the LI samples experienced hydration and chemisorbing carboxylates procedure during the 297 

transition from super-hydrophilicity to super-hydrophobicity as shown in Fig. 8. Compared with L 298 

samples, the super-hydrophobicity derived from two main causes: more attached nonpolar group C-299 

C(H) and TiC possessing the low surface free energy of 44.49 mJ·m�2 -55.12 mJ·m�2 at room 300 

temperature [51]. Besides, the transform time was sharply reduced in terms of LI samples, owing to 301 

the appearance of lotus-leaf-like hierarchical structures as shown in Fig. 4 (b). Just like vesicular 302 

structure resulting in adsorptive property of activated carbon [52], the vesicular structure formed after 303 

carbon ion implantation also presented superior adsorption performance. According to the adsorption 304 
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electrostatic principle [53], this kind surface was electriferous due to the adsorption of charge from air. 305 

Tip discharge principle has revealed that, in terms of sharp object, a great deal of charge easily 306 

assembled on the cusp, resulting in the generation of electrostatic force [54]. Fig. 9 further revealed 307 

the mechanism of this phenomenon. Nanoscale bulges generated on micron particle surfaces could 308 

gather with a great deal of charge, which enhancing the adhering of carboxylates in the air in terms of 309 

velocity and quantity. Besides, the area exposed to the air increased, which can accommodate more 310 

nonpolar chain. 311 

4.3.2 Chemical composition analysis about nanoscale bulge 312 

313 

Figure 10. (a) EDS spectra of selected area on L samples surface; (b) EDS spectra of selected area 314 

on LI samples surface. 315 

The EDS spectra of selected area on L and LI samples are shown in Fig.10. The carbon contents of 316 

selected regions were 8.51% on L surface and 22.75% on LI surface, respectively, indicating that a 317 

great deal of carbon gathered on nano-scale bulges. As shown in Fig. 10 (b), the nanoscale bulges of 318 

LI sample mainly contained carbon, oxygen, nickel and titanium with a relative concentration of 319 

22.75%, 23.33%, 34.74%, and 19.18%, respectively. The atomic ratio of carbon to titanium was close 320 

to 1:1. Hence, it can be concluded that the main chemical composition of nanoscale bulges on LI 321 

sample after carbon ion implanting process was TiC, which had strong mechanical properties. 322 

4.4 Analysis of abrasion stability 323 

4.4.1 Evolution of surface morphology under abrasion treatment 324 
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325 

Figure 11. Surface morphology on L sample under (a) none abrasion cycle, (b) 7 times abrasion 326 

cycles and (c) 15 times abrasion cycles; Surface morphology on LI sample under (d) 0 time abrasion 327 

cycle, (e) 7 times abrasion cycles and (f) 15 times abrasion cycles 328 

Fig. 11 showed the evolutions of surface morphology of L and LI samples under different abrasion 329 

cycles. El [Yf Z] k]]f l`Yl jgk]ll] hjgljmkagfk Yf\ khaf\ja^l k`Yh] ja\_]k gf Zgl` g^ H Yf\ HE kYehd]kz330 

surfaces had been destroyed, and the surface morphology became flatter with the increase of abrasion. 331 

Meanwhile, the grooves became narrower and shallower. Compared with L samples, surface 332 

morphology of LI sample showed a tiny degeneration, presenting better mechanical abrasion 333 

resistance. This was because that titanium carbide formed on the surface of titanium alloy surface after 334 

carbon ion implantation, which obviously enhanced surface mechanical strength. 335 

4.4.2 Evolution of surface chemical composition under abrasion treatment. 336 
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337 

Figure 12. XPS spectra of L sample under (a) 7 times abrasion cycles and (b) 15 times abrasion 338 

cycles; XPS spectra of LI sample under (c) 7 times abrasion cycles and (d) 15 times abrasion cycles. 339 

To explore the change of chemical composition with the increase of abrasion cycles, the 340 

corresponding chemical compositions of L and LI samples under 7 and 15 abrasion cycles were added 341 

in Fig. 12. Fig. 12 (a) and (b) demonstrated that the carbon content of L samples witnessed the 342 

continuous reducing: one was the decline from 59.21% to 39.64% after seven times abrasion and 343 

another decrease was from 39.64% to 28.72% after fifteen times abrasion. However, in terms of LI 344 

samples, the carbon decreased to 73.97% and 65.90% after seven and fifteen abrasion cycles, 345 

respectively. Compared with L samples, the downtrend on LI samples was relatively feebler, 346 

remaining higher content of carbon. Due to the reinforce effect of titanium carbide, fewer of the micro-347 

nano particles that absorbed nonpolar groups of C-C(H) were removed off the surface, resulting in the 348 

higher content of carbonel ement. 349 

4.4.2 Effect of abrasion treatment on surface wettability 350 
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The evolutions of WCAs on L and LI samples with different abrasion cycles were shown in Fig. 13 351 

and the surface wettability was immediately measured after the cooling process in vacuum 352 

environment. According to the data curve, the WCAs of these two kinds of samples witnessed the 353 

continuous decline with the increase of abrasion number and the descent rate of WCAs on all samples 354 

gradually became slow because the surface morphology turned into flatter with the increment of 355 

friction cycles. As shown in Fig. 13, during the whole abrasion text, WCAs of the L samples declined 356 

from 147.5±2.1 ° to 105.3±1.7 °, however, the LI samples presented a tiny decrease from 155.5±2.0 ° 357 

to 129.7±2.3 °. These phenomena demonstrated that LI sample possessed superior wetting stability 358 

than L sample. Due to the strengthening effect of titanium carbide, fewer of the micro-nano particles 359 

and the absorbed nonpolar groups of C-C(H) were removed off the surface, resulting in the higher of 360 

surface non-polarity. As a result, the surface wettability on LI samples presented the tiny decline of 361 

WCAs. Therefore, carbon ion implantation distinctly improved the abrasion stability by improving 362 

mechanical intensity of micro-nano structures and reducing the cutting off of absorbed nonpolar 363 

carbonaceous matter. 364 

365 

Figure 13. The revolution of WCAs on L and LI samples surface with  366 

different abrasion cycles. 367 

4.5 Analysis of thermal stability  368 

4.5.1 Evolution of surface morphology with different temperature 369 
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370 

Figure 14. Evolution of surface morphology on L and LI surfaces with different temperatures.  371 

372 

Figure 15. Revolution of nanoscale bulges on LI surface with different temperatures. 373 

None significant differences were observed in micro-scale morphology among L and LI samples374 

when heated at a certain temperature. Hence, Fig. 14 only presented one group images to show the 375 

evolution of surface morphology with different heating temperature. According to Fig. 14, surface 376 

morphology remained unchanged until 550 &. However, a flatter tendency appeared between 750 &377 

and 950 &  and the complex microstructure including grooves and droplet shape micro/nano-378 

particles disappeared gradually. When the temperature came to 950 & , the microstructure was 379 

replaced by stratified structure absolutely. Fig. 15 showed the evolution of nanoscale bulges on LI 380 

sample at the corresponding temperature and the nanoscale bulges also witnessed a disappear process 381 

with the heating temperature going up. When the temperature came to 950 &, the nano-particles 382 

disappeared completely.383 

4.5.2 Effect of thermal treatment on surface wettability 384 

In this section, to investigate the thermal stability of the investigated samples, the revolution of 385 

WCAs was evaluated in Fig. 16 and the surface wettability was immediately measured in vacuum 386 

environment after the cleaning and drying processes. It is obvious that all kinds of samples witnessed 387 

stabilization, dropping and increasing trend with the temperature going up from 50 & to 950 &. As 388 

shown in Fig. 16 (a), the WCAs of L samples waved around 147° with the negligible tiny variation 389 

under 250 &, then it dropped to 23.2° sharply and lost hydrophobic performance at 300 &. With the 390 
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temperature going up, WCAs increased but still showed hydrophilicity. Fig. 16 (b) illustrated the LI 391 

surface kept super-hydrophobicity until 350 & and then turned into hydrophobicity with the WCAs 392 

larger than 130 ° between 400 & and 450 &. When the temperature exceeded 500 &, the surface 393 

presented hydrophilicity because the WCAs was no more than 90° and the WSA kept 180° in the 394 

meantime. 395 

396 

Figure 16. The revolution of WCAs on (a) L surfaces, (b) LI surfaces with different temperature. 397 

According to Fig. 16 (a) the turning point temperature of L samples was at 300 &, below which 398 

the surface morphology had not started turning flatter. Therefore, it can be inferred that the change of 399 

wettability below 300& owed to the change of surface chemistry. To revealed the turning mechanism, 400 

the chemical composition before and after heating treatment under 300 & was analyzed in Fig. 5 (b), 401 

Fig. 6 (b), Fig. 17 (a) and Fig. 17 (b), respectively. As far as L samples, the carbon content decreased 402 

to 18.16 '. Besides, the concentration of polar functional group C-C(H) witnessed a sharp decrease 403 

from 72.02 ' to 54.79 ' after heat treatment, indicating that absorbed organic compounds were 404 

partly removed under 300 &. As a result, the surface un-polarity decreased with the growth of surface 405 

energy and therefore transformed from hydrophobicity to hydrophilicity. 406 
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407 

Figure 17. XPS spectra on heated L samples (a) and LI samples (c); the high-resolution of C 1s 408 

spectra on heated L samples (b) and LI samples (d) under 300&.  409 

410 

Figure 18. The high-resolution of C 1s spectra on heated LI samples under (a) 400& and (b) 411 

500 &. 412 

413 
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Praiseworthily, the carbon ion implanted surfaces (LI sample) kept super-hydrophobicity until 350&414 

in Fig. 16 (b). Both XPS spectra and the high-resolution of C 1s spectra in Fig. 17 (c) and (d) revealed 415 

that the C-C(H) still remained the main concentration due to the tiny decrease from 85.76 ' (as 416 

shown in Fig. 6 (d)) to 73.12 ', indicating enough absorbed organic compounds on the heated surface 417 

ensuring the low surface energy. Besides, the nano-scale bulges on micro-scale particle surface at the 418 

high temperature of 350 &  still strengthened the surface hydrophobic property. When the 419 

temperature came to 400 &, surface wettability turned form super-hydrophobicity to hydrophobicity. 420 

The high-resolution of C 1s spectra in Fig. 18 (a) demonstrated that the concentration of nonpolar 421 

functional group C-C(H) decreased to 64.74 ' , which indicated the removing of the absorbed 422 

carbonaceous matter during the fading process of nanoscale bulges with the temperature going up. As 423 

a result, the surface polarity and energy increased. However, the non-polarity still occupied the 424 

dominance of surface, leading to formation of hydrophobic property under 400 &. On the contrary, 425 

it is regarded as that the fewer concentration of C-C(H) in Fig. 18 (b) was induced by the majority of 426 

C-C(H) abscission off the surface when the temperature came to 500 &, which resulted in the 427 

formation of polarity on surface. Hence, the surface wettability turned to hydrophilicity. When the 428 

temperature rose above 550 &, the nano-scale bulges obviously waned and the absorbed organic 429 

compounds were severely removed. Hence, the LI sample did not present super-hydrophobicity 430 

anymore. Above all, the thermal stability distinctly improved after carbon ion implantation. 431 

5. Conclusions 432 

In this work, the green and healthy super-hydrophobic surfaces have been fabricated on NiTi alloy 433 

surface by hybrid of nanosecond laser ablation and carbon ion implantation process. Compared with 434 

laser processing only, this fabricating method can effectively enhance hydrophobicity and shorten the 435 

transition time. As far as LI samples, the transformation from hydrophilicity to super-hydrophobicity 436 

only spent 16 hours, meanwhile, WCAs came to 156.2 ± 2.3°. However, the L samples took 35 days 437 

and the WCAs reached to 147.3 ± 2.3°. Above-mentioned advantageous effects benefited from carbon 438 

ion implantation were revealed in this paper. The surface morphology demonstrated many nano-scale 439 

bulges ranged from 100nm to 300nmvegetated on micron particle surfaces (the lotus-leaf-like 440 
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hierarchical structures) after carbon ion implantation. According to tip discharge principle, a great deal 441 

of charges gathered on the top of nano-scale bulges, which obviously enhanced surface adsorptive 442 

property. As a result, the absorbing process of organic compounds enhanced in terms of quantity and 443 

efficiency. This hybrid method of nanosecond laser irradiation and carbon ion implantation is low-444 

cost, offering a high-efficient way for quantity fabrication of lotus-like hierarchical surface. In addition, 445 

the elaborate experiments were carried out to explore abrasion stability and thermal stabilities of 446 

investigated samples, and the mechanism was also discussed to make a better understanding between 447 

modified hydrophobic surface and stability, which will raise the promising prospects of nitinol for 448 

application. 449 
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