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Abstract  

The unique performance offerings of Ni-Ti alloys which involve the shape memory effect, super 

elasticity and biocompatibility have led to widespread acceptance of these alloys as valuable engineering 

materials. Deposition thin film from graphite target on nitinol  by using radio frequency sputtering as 

physical vapor deposition method . Determination  the improvement in hardness, wear rate, roughness, 

corrosion rate and cell viability before and after deposition. Three values of  radio frequency sputtering 

as (200W, 400W, 600W) are used. The deposited film is considered as diamond like carbon DLC 

depending on peaks of Raman spectroscopy. DLC had good characteristics as antibacterial property, low 

friction coefficient, high wear resistance and good corrosion resistance. High power led to high Vickers 

hardness as 657 with low specific wear rate as 7.34*10-8g/cm. High corrosion resistance achieved after 

400W as 0.001mm/y and high cell viability as 93.11%. The optimized results from genetic algorithm with 

fuzzy inference system pointed as power 222W, Vickers hardness as 666,corrosion current density 

0.138,and cell viability as 88.8.  

Keywords: Nitinol alloy, Sputtering, Radio frequency, Deposition, Target, Graphite  

1. Introduction: 

Surface engineering proposes remarkable methods to change the surface and near-surface region of 

a material so as to enhance its properties in terms of surface sensitivity[1]. The advanced techniques are 

chemical vapor deposition CVD, physical vapor deposition PVD, spraying, and surface modification by 

surface melting, heat treatment, and ion implantation [2]. 

Physical Vapor Deposition is a thin film deposition procedure whereby the coating is grown 

on the substrate atom by atoms. PVD encompasses the material to atomize and vaporize from a 

solid source, also known as target. It is the most important applications of vacuum systems to 

produce thin films [3], [4].  

The sputtering is a method of  PVD. The advantages of  it are: using unlimited materials as source 

and film as (metals, semiconductors, insulators, alloys, compounds),environmentally friendly processing, 

high degree of film adhesion and uniformity of thickness over large areas. The entire surface of target is 

the source of deposition [5],[6]. 

Carbon is the  fundamental element in all recognized living systems and without it life could not 

exist. It is the fourth abundant chemical element in the universe by mass after hydrogen, helium and 

oxygen. There are many phases of carbon deposited by using physical vapour deposition and chemical 

vapour deposition [7]. 

The optimization is the process of calculating the best design or representation. This procedure can 

be applied in all fields of engineering , medicine, chemical and physical applications[8]. The basis of the 
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genetic algorithm is the Darwinian theory of nature selection. The genetic algorithm is considered as an 

evolutionary algorithm [9]. 

2.Materisals and Methods: 

The equiatomic alloy of Ni-Ti was made from ( 50%Ni- 50%Ti ) by atomic percent in powder 

metallurgy. All specimens heating with rate 10℃/𝑚𝑖𝑛 to 950°C and soaking for  7 hours with slow 

cooling to room temperature  to form nitinol alloy in tube furnace with Ar gas. They were mechanically 

polished on every side to a mirror finish, ultrasonically cleaned, and dried. Radio frequency (RF) 

sputtering was done by a machine which was made in Germany (Bestec company).The target for 

sputtering was provided from Changsha Xinkang Advanced Materials Co. Ltd.  The diameter of graphite 

target is 4.8 cm (48mm) and its thickness is 0.5cm (5mm) with a purity rate of  98.9999%. The base 

pressure was 2 ∗ 10−5 mbar. After emptying the chamber from air, the flow of (Ar) gas with 22 sccm 

(standard cubic centimeters per minute, unit of mass flow rate)and the pressure during depositions is 

3*10−3 mbar. The distancing span that separated the carbon target and  nitinol substrate was 11.5 cm. 

The substrate was heated gradually to reach a balance temperature of 120℃. The thickness monitor was 

used to control the thickness of thin film as 150nm. Three powers used as (200W, 400W, 600W). 

The Raman Teksan model P50C0R10 using a green light of 532 nm of Nd:YAG (neodymium yttrium 

aluminium garnet) laser used for specimens after deposition. Atomic force micrograph (AFM) used in 

observing the surface roughness as well as the topography of the specimens. The micro hardness of the 

specimens was measured at an applied force of 200g  with a duration time of 10 sec. The adhesive wear 

test and friction coefficient calculated by using pin on disc method. The value of load is 15N with a 

rotation speed of 250rpm and wear track radius as 5mm.The manner is repeated until reached to 60min. 

specific wear rate is calculated as the following[10]:  

Specific wear rate =
∆𝑤

𝑆
  (𝑔/cm)                                                ----Eq.(1) 

 Where: 

∆𝑤 = 𝑤𝑒𝑖𝑔ℎ𝑡  𝑙𝑜𝑠𝑠 (𝑔)      

S=sliding distance (471m) 

S=sliding velocity (m/sec)*time (sec)                                     ----Eq.(2) 

Sliding velocity =
𝜋𝐷𝑁

60∗1000
                                                         -----Eq.(3) 

Where : 

D=wear track diameter selected (10mm) 

N=speed of rotation disk (250rpm) 

Electrochemical test is used for all specimens in ringer solution. The temperature of solution fixed 

at 37℃ and the pH of ringer solution is 7.4. Each 100 ml of body fluid ringer includes:  sodium chloride 

0.860 g, potassium chloride 0.03 g and calcium chloride 2H2O 0.33g. Tafel extrapolation  method has 

been employed in measuring the corrosion rate. There were three electrodes in in this cell: the working 

electrode represented the specimen, whereas the counter and reference electrodes represented  the 

platinum and  saturated calomel electrodes, respectively.  The value of corrosion rate can be determined 

from the data of this test according to [ASTM  G102] as follows [11],[12]:  
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𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 = 𝐾 × 𝑖𝑐𝑜𝑟𝑟 ×
𝐸𝑊

𝐷
                                 -----Eq.(4) 

Where:  

Corrosion rate = (mm/year) 

K = 3.27×10-3 mm g/𝜇𝐴 𝑐𝑚 𝑦𝑒𝑎𝑟  

D= material density (g/cm3) 

icorr= corrosion current density(𝜇A/cm2) 

 icorr = 
𝐼𝑐𝑜𝑟𝑟

𝐴
                                                                         -----Eq.(5) 

Where: 

 icorr  =  the corrosion current density in μA/cm2 

 Icorr =  the total current density in μA 

A =  the exposed surface area in cm2 

EW= equivalent weight  

EW=1/Q                                                                                ----- Eq. (6) 

Q=∑
𝑛𝑖𝑓𝑖

𝑤𝑖

𝑛
𝑖=1                                                                                ----Eq. (7) 

Where: 

fi=mass fraction of the ith element within alloy 

ni=valance of  ith element of alloy 

wi = atomic weight of the ith the element within alloy  

The MTT which means [Dimethyl-thiazol-diphenyl-tetrazolium-bromide] test  is based on 

cytotoxicity assay. The cytotoxicity of research reagents was measured by detect cells that remain viable 

and were capable of proliferation, through determining the amount of MTT-formazan produced by 

reducing MTT-dye by live cells. Then, the MTT-based cytotoxicity assay protocol was completed for 

assessing the impact of metals on cell line.  Normal cells of Madian Darpy Canine Kidney(MDCK) were 

used in this test. The absorbance was determined using an Elisa reader at a wavelength of 570 nm. After 

all tests of nitinol specimens before and after deposition ,the optimization method applied in MATLAB 

(matrix laboratory) version 7. To find optimized results for RF sputtering used the combination of genetic 

algorithm and fuzzy inference system.  

3.Results and Discussion: 

3.1 Raman spectroscopy:  

a- 200W:  

The first peak of this deposited  film at 200W lower than 200cm-1. The low frequency region between 

(100-300)cm-1 relates to radial breathing modes(RBM). This peak is not limited to carbon nanotubes but 

appears in other phases [13]. The Important range of carbon phases in Raman spectroscopy was between 

(1300-3000)cm-1 as shown in Figure (1-a).The D and G peak represented at 1364cm-1 and 1558cm-1. This 
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deposited film after RF sputtering was diamond like carbon DLC. It was example of wide  distribution of 

the bond angles with an admixture of sp2 and sp3 crossing as in [14]. 

b- 400W:   

The spectrum of a carbon deposited with RF sputtering reveals in Figure (1-b). The  D-band represented 

at 1354cm-1 and G band  showed at 1569cm-1. The G band matches to the uniform E2g C–C stretching 

fashion in graphite-like materials, while the D band refers to bond angle disturbance in the graphite-like 

micro domains influenced by sp3 bonds [15]. 

c- 600W: 

The Raman spectra of deposited film represents in Figure(1-c). Two peaks of G band and D band were 

very clear in this spectrum. The  height of peak rely on the parameters of the deposition and time of it. The 

high peak of G band referred to decrease in disordered of amorphous carbon. D and G peaks were found at 

1350cm-1 and 1558cm-1  respectively. The G band describes the graphitic like layers of sp2 micro domains 

bond stretching of any couple of sp2 for each chains and rings [16]. The D band describes the bond angle 

disturbance  in the sp2 graphite like micro domains stimulated by the connecting with sp3 carbon atom 

(breathing fashions of sp2 atoms in ring) as in [16]. 

The location of  D band, G band and ID/IG express in table (1). The differences in time of deposition 

and energy applied in RF sputtering  effected on the structure of film deposition . The ratio of  ID/IG after 

200 W and 600W was the same and lower than the ratio after 400 W as shown in Figure (2). 

 a 
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Figure (1): Raman spectra of deposited film on nitinol after RF Sputtering 

:9a)200W, (b)400W, (c) 600W 

Table (1): The data of deposition time , positions of bands and ID/IG 

Power (W) 
RF Sputtering 

200 400 600 

Time of deposition (min) 170 150 120 

G-Band position (cm-1) 1558 1569 1558 

D-Band-position (cm-1 ) 1364 1354 1350 

ID/IG 0.739 0.911 0.73 

b 

c 
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Figure (2): ID/IG of deposited film on  nitinol after RF sputtering 

3.2 Atomic Force Micrograph AFM:The scanned area by AFM for specimens after RF sputtering in 

(3𝜇𝑚 *3𝜇𝑚).The first specimen is examined as shown in Figure (3) which represents the roughness of  

bare as Ra=0.129µm. The morphology and topography of the specimens after RF sputtering reveals in 

Figure(3). They had roughness as (0.228µm, 0.224µm, 0.222𝜇m)after (200W, 400W, 600W). The 

decreasing in the roughness with increasing power due to high power lead to high heat to nucleation and 

growth the DLC as in [17].  
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Figure (3): AFM  in 2D and 3D after RF : (a)bare, (b)200W, (c)400W, (d)600W 

3.3 Vickers Hardness: 

The  micro Vickers hardness of the bare specimen was 315. The coating hardness affected by some 

competing factors, such as microstructure, surface roughness, grain size, residual stress[18].Vickers 

hardness of specimens after RF sputtering increased with increasing the power as in Figure (4). The  

maximum hardness after 600 W is 657. The hardness is strongly dependent on the morphology of coating 

, for compact deposition in high power induced highest hardness as in [17; 19].  
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Figure (4): Vickers Hardness of deposited film on  nitinol after RF sputtering 

3.4 Wear Test :  

The wear rate is a characteristic property for all materials specially biomaterials. The nitinol alloy 

which represents the bare specimen had the greatest wear rate by comparing with others after deposition 

which led to bad resistance to wear. The wear rate of deposited film after RF sputtering decreased as shown 

in Figure (5). The minimum value of wear rate was 2.3×10-8 g/cm after 200W.The wear rate increased 

with increasing the hardness of specimens as in [20].DLC films were known to exhibit low friction in 

various sliding condition ,which found to be attributed to a sliding induced graphitization. The 

graphitization resulted in the generation of nano scale tribofilms having sp2 type chemical bonding as in 

[21]. The specimen after power 600 W had the highest hardness, highest wear rate and highest coefficient 

of friction among others after RF sputtering and this result was compatible to [17]. Lowest surface 

roughness induced a higher friction coefficient as in  [20]. 

 

Figure (5): Wear rate of deposited film on nitinol after RF 
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sputtering of graphite 

 

Figure (6 ): Friction coefficient of deposited film on nitinol after RF sputtering of 

graphite 

3.5 Corrosion Test : 

 The nitinol alloy has resistance to corrosion because the nature of  Ni and Ti. Tafel extrapolation 

of the bare and specimens after RF sputtering are represented in Figure(7). Figure (8) reveals the corrosion 

rate of specimens after RF sputtering.  The corrosion rate of the bare specimen was 0.04 mm/y They had 

small corrosion rate as 0.0138m/y,0.001mm/y and 0.0152mm/y at 200W,400Wand 600 W respectively. 

The minimum rate of corrosion was represented by specimen deposited at 400W. The packing of film 

deposited by RF sputtering leads to decreasing the corrosion  rate  to low value than the bare of nitinol. 
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(c )400RF 

 

(d)600RF 

Figure (7): The corrosion test for: (a)bare, (b)200RF, (c)400RF, (d)600RF 

 

Figure (8): Corrosion rate of deposited film on nitinol after RF sputtering 

3.6 MTT(Dimethyl-thiazol-diphenyl-tetrazolium-bromide )Test: 

This test to calculate the percentage  of cell viability  and known the toxicity of the deposited film 

and the substrate. The bare specimen of nitinol without deposition had the viability percentage of cell as  

94.0837% as presented in Figure(9). At low power 200W and high power 600W the percentage of cell 

viability were 74.70334% and 74.35275% respectively which meant there was percent of toxicity but for 

400W the percentage of cell viability was 93.10949%  approached the bare specimen. The circumstances 

of the film deposition at low and high power with different time deposition at the same temperature led to 

similar toxicity. The plasma formed in RF sputtering effects on nature of film deposition. The appearance 

of cells after 24 hours as incubation time shown in Figure (10) under microscope. 
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Figure (9): The effect of nitinol after RF sputtering on MDCK cell line (after incubation 

for 24 hours) versus control group 
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(c) 

 

(d) 

 

(e) 

Figure(10): The appearance of MDCK cells after 24 hours of incubation: (a) 200 RF, (b) 

400RF, (c) 600RF, (d) bare, (e) control 

4. Genetic Algorithm with Fuzzy Inference System: 

To find optimized results for RF sputtering the combination of genetic algorithm and fuzzy 

inference system as shown in Figure (11).  
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Figure(11): Genetic algorithm with fuzzy inference system[22] 

The values of power for RF sputtering were entered as stated and depended on state of machine for 

sputtering from 200 W to 600W.  The calculated values of  Vickers hardness entered from the minimum 

value 362 to maximum value as 660.  The friction coefficient limited between 0.3 and 0.47.  The corrosion 

current density changed from 0.12 to 1.076. The cell viability as the other properties changed from 75% to 

94%.  Figure (12) represents the schematic of input values for properties in the program. 

 

Figure (12) :  Schematic of the  input function and output 
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After application all steps of genetic algorithm and fuzzy inference system the drawing for degree 

of membership and each properties were observed in Figures (13).  

  

  

Figure (13): Input values after training: (a)friction coefficient, (b) corrosion current density 

(c)Vickers hardness, (d) MTT 
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Figure (14) represents example of active roles in genetic with fuzzy inference system. 

 

Figure (14): Active rules of FIS(fuzzy inference system) 

After application  the program , the results  as follow in table (2): 

Table (2): Results from program of RF sputtering 

Number of nodes:  1297 

Number of linear parameters 3125 

Number of nonlinear parameters 40 

Total number of parameters 3165 

Number of training data pairs 3 

Number of checking data pairs 0 

Number of fuzzy rules 625 

The optimum value of  power 222W 

The optimum value of current density of corrosion 0.138µA/cm2 

The optimum value of  Friction coefficient 0.2333 

The optimum value of MTT 88.8% 

The optimum value hardness     666 
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Figure (15) : Fuzzy inference system error of RF sputtering 

 

Figure (16): The actual output of RF sputtering 
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Figure (17): The error between actual and desired output of RF sputtering 

 

Figure (18): The regression plot of RF sputtering 

The comparison the experimental and optimized values listed in table(3). Some of the optimum 

values corresponding with the specimen after 200W as the corrosion rate with 0.0138mm/y with corrosion 

density 0.996µm/cm2 lower than the substrate but higher than the optimized value. The hardness of actual 

specimen after 200W was 362 lower than the optimized value but higher than the hardness of nitinol alloy. 

The friction coefficient of this specimen represented as friction coefficient 0.37 higher than the optimized  
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value but the wear rate of it lower than the wear rate of the nitinol alloy alone. From the comparison between 

actual values and optimized values could be considered the specimen of 200W was the best.  

Table (3): The comparison the experimental and optimized values for RF 

sputtering 

Symbol of specimen Experimental Optimized 

Energy(W) 200 222 

hardness 362 666 

Current density 0.996 0.138 

Cell viability  % 74.703 88.8 

Friction coefficient 0.37 0.233 

5. Conclusions :  

1.Deposited films of diamond like carbon DLC after RF sputtering  had better properties than the 

nitinol alloy. 

2. Increasing the hardness with increasing the power of RF sputtering.  

3.Decreasing the roughness with increasing the power at constant other conditions of process.  

4.The values of corrosion rate after deposition decreased to minimum value as 0.001mm/y after 400W.  

5.DLC behaved as tribofilm and reduced wear rate to low values after RF sputtering. 

6.The maximum value of cell viability raised after 400W with minimum corrosion rate.  

7.The optimized value of power with high hardness, low wear rate, high corrosion resistance, low toxicity 

which means high cell viability was 222W. These results approached to 200W. 
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