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A B S T R A C T  
 

 

In recent years, implants are used as prostheses to replace and protect bone. Titanium, as an implantable 

material, needs to improve corrosion and wear properties for better performance. Therefore, in the 

current study nitride coatings were applied with the aim of improving corrosion and wear properties. 
Cathodic arc evaporation physical vapor deposition (CAE-PVD) technique was used to deposit 

nanolayered CrN/CrAlN coatings on commercially pure titanium and Ti6Al4V substrates for biomaterial 

applications. X-ray diffraction (XRD) was used to characterize the crystal structure of the coating, and 
scanning electron microscopy (SEM) and field emission scanning electron microscopy (FESEM) were 

utilized to observe the surface morphology and cross-section of the coating. The coating adhesion was 

measured according to VDI 3198 standard using a Rockwell-C indenter. The corrosion behavior was 
evaluated by potentiodynamic polarization and spectroscope electrochemical impedance in Ringer's 

solution. The results showed that the nanolayered coating changed the corrosion potential from -0.368 

V to -0.054 V for the titanium sample and from -0.405 V to -0.028 V for the Ti6Al4V specimen. 
Additionally, the corrosion current density was reduced to about eighth-one  and a third for the titanium 

and Ti6Al4V coated samples, respectively. The capacitator circle diameters increased due to the 

deposition of CrN/CrAlN coating, demonstrating enhanced corrosion behavior of the coated samples 
compared to uncoated specimens, as the coating acted as a barrier against corrosive liquids accessing the 

substrate. 

doi: 10.5829/ije.2024.37.01a.12 
 

 
1. INTRODUCTION1 
 
As an implant material, titanium has been widely used in 

various medical applications due to its excellent 

biocompatibility properties, including the spontaneous 

formation of a stable and dense oxide layer on its surface. 

Additionally, titanium and its alloys have favorable 

mechanical, physical, and biological properties for 

implantation (1, 2). The desired characteristics of 

titanium and its alloys include a relatively suitable elastic 

modulus, good formability and machineability, excellent 

biocompatibility, and superior corrosion resistance 

compared to stainless steel and cobalt base-alloys (3). 

Therefore, damaged tissues can be replaced by titanium 

and its alloys in various situations (1). 

However, pure titanium and Ti6Al4V alloy have 

some drawbacks such as low wear resistance, the 
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possibility of passive layer interaction with H2O (4), 

weak shear strength, and difficult production technique. 

Moreover, the surface oxide layer creates high friction 

and intensified wear rate for these materials. When the 

protective coating breaks down, the titanium substrate 

gets exposed to the surrounding environment, and if the 

protective layer is not repaired, the titanium is strongly 

exposed to shear stresses which can result in the 

formation of cold sores between it and the surrounding 

joints. Alternative separation and reformation of the 

oxide layer on the titanium surface consume the implant 

material. By continuing this phenomenon, the surface 

roughness increases, hard and coarse particles are 

created, causing abrasive wear at the implant surface (5). 

The worn particles can cause blood clots and swelling of 

the surrounding regions, leading to implant replacement 

and serious patient suffering (6, 7). Additionally, the 
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higher elastic modulus of this material compared to that 

of bone can cause the stress shielding phenomenon (8). 

Moreover, using Ti6Al4V alloy as a long-term implant 

can create problems due to potential releases of vanadium 

and aluminum ions which may cause cellular toxicity and 

tissue noxious reactions (6, 7). Therefore, improving the 

corrosion resistance of titanium implants is essential to 

increase their biocompatibility and prolong their life (9, 

10). 

Surface modification is a method to enhance the 

chemical, mechanical, and biomedical properties of 

titanium composition. It can be achieved by chemical or 

mechanical methods (11, 12), such as shot penning (13, 

14), sol gel (15), chemical vapor deposition (16), plasma-

assisted chemical vapor deposition (17), thermal 

sputtering (18), electrochemical plating (19, 20), and 

physical vapor deposition (21-23). Among the above-

mentioned techniques, cathodic arc evaporation, due to 

the creation of uniform properties such as continuous, 

dense, and homogeneous coating, high adhesion to the 

substrate, material structure protection, and the 

possibility of multilayer coating deposition, can be used 

to form nitride coatings. Nitride coatings have several 

desirable properties, including high chemical stability, 

favorite hardness and adhesion, excellent resistance to 

corrosion and wear, as well as good hammering (24). 

Studies have shown that nitride coatings deposited on 

titanium and its alloys using cathodic arc evaporation can 

improve their corrosion resistance. Olia et al. (25) 

deposited CrN/CrAlN and TiN/TiAlN coatings on 

stainless steel using the cathodic arc evaporation method, 

and corrosion tests in 3.5% NaCl solution showed that 

Ecoor of coated samples shifted to more positive 

potential. Khan et al. (26) also coated stainless steel using 

TiN, CrN, AlTiN, and AlCrN and evaluated their 

electrochemical behaviors. The coated samples had 

better corrosion resistance, with the CrN coating showing 

the best corrosion resistance. Additionally, different 

nitride coatings were deposited on steel substrates using 

cathodic arc evaporation, and the corrosion behavior was 

evaluated in 0.1M Na2SO4 and 0.1M NaCl environments 

(27). The Ti-based coatings exhibited the best corrosion 

resistance and surface properties. 

Several studies have been performed within the field 

of CrAlN coatings research (16, 28). The distinctive 

aspect of this study, in comparison to previous research, 

involves the utilization of two distinct substrates, 

including pure Ti and Ti6Al4V, and the subsequent 

evaluation of their respective corrosion characteristics in 

relation to one another. To enhance the performance of 

titanium as an implantable material, it is imperative to 

address the concerns regarding its corrosion and wear 

properties. Hence, in the present investigation, nitride 

coatings were employed with the objective of enhancing 

the corrosion resistance and wear characteristics. 

Therefore, the aim of this investigation is to study and 

assess the corrosion behavior of CrN/CrAlN coating 

deposited using cathodic arc evaporation on titanium and 

Ti6Al4V substrates in the Ringer solution. 
 

 

2. MATERIALS AND METHODS 
 

2. 1. Surface Preparation and Coating Parameters       
To achieve a high-quality and desired surface for coating, 

pure commercial titanium and Ti6Al4V alloy samples 

were prepared in sheet form and polished using 120 to 

3000 grit sandpapers. Following this, the samples were 

washed in an acetone solution using an ultrasound device 

for ten minutes. Finally, CrN/CrAlN nano-coatings were 

deposited on the titanium and Ti6Al4V substrate using 

the cathodic arc evaporation method. The coating 

parameters are briefly summarized in Table 1. 

 

2. 2. Coating Characterization              The X-ray 

diffraction device (1730 PW Philips and PANalytical) 

was used to identify the structures and types of coating 

phases formed. The angle diffraction was selected in the 

range of 10-80 degrees with a step size of 0.05 degrees. 

To observe the cross-section of the coating, the titanium 

sample was first cut with a guillotine and then prepared 

for photography after the mount treatment, sanding, and 

polishing. A gold coating was applied to make the mount 

conductive. The surface morphology and cross-section of 

the coating were observed using scanning electron 

microscopy (840A-JSM, Jeol) and field emission 

scanning electron microscopy (Czech, TESCAN, 

MIRA3, FESEM), and the energy distribution spectrum 

was obtained by SAMX, France. The surface roughness 

was measured using a roughness meter (Roughness 

Tester PCE RT 2200). The adhesion test was carried out 

by applying 150 N force for 25 seconds using a 

Rockwell-C indenter and VDI3198 standard. The 

impression created by the indenter was observed via 

optical microscopy. According to the VDI3198 standard, 

coatings having adhesion conditions HF1 to HF3 are 

acceptable, whereas HF4 to HF6 states could be rejected. 

The classification of coating adhesion based on the 

VDI3198 standard is illustrated in Figure 1. 
 

 

TABLE 1. The coating process parameters used in the present 

work 
Working pressure (torr) 5 × 10−3 

Target electrical current (A) 100 

Substrate-target distance (cm) 15 

Deposition time (min) 90 

Rotational speed of specimens (rpm) 5 

Substrate bias voltage (V) −100 

Duty cycle (%) 50 

Deposition temperature (ºC) 200 
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Figure 1. The classification of coating adhesion according 

to the VDI3198 standard 

 
 
2. 3. Corrosion Test            The electrochemical 

impedance spectroscopy (EIS) and potentiodynamic 

polarization (PDP) tests using a potentiostat instrument 

(µAutolab, III/FRA2, made in the Netherlands) were 

conducted to evaluate the corrosion behavior of uncoated 

and CrN/CrAlN coated pure Ti and Ti6Al4V alloy 

substrates in a physiologic Ringer's solution (pH 7.4). 

The samples were set up according to the conventional 

three-electrode cell configuration. The EIS tests were 

operated with a signal amplitude of 10 mV and a 

frequency ranging from 100000 to 0.01 Hz when the 

open circuit potential (OCP) was stable, which occurred 

after 2 hours. The EIS test data were analyzed using 

NOVA software (version 2.1.3). The PDP test was 

performed at a scan rate of 1 mV/s, starting from −250 

mV below the OCP. The PDP curves were analyzed 

using the Tafel extrapolation technique. The SEM was 

applied to study the corrosion surface morphologies 

characteristics of specimens. 

 

 

3. RESULTS AND DISCUSSIONS 
 
3. 1. Microstructure of the Coating             Figure 2 

displays the X-ray diffraction patterns of the Ti substrate 

and Ti coated with CrN/CrAlN. The latter pattern 

includes CrN and AlN with a face center cubic (FCC) 

structure, as well as the Cr2N and substrate with a 

hexagonal structure. For CrN and AlN phases of this 

coating, diffraction peaks associated with (111), (200), 

and (220) planes occur at 37.6, 43.7, and 63.5 angles. On 

the other hand, diffraction peaks of the titanium are at 35, 

38.4, and 40.1 angles in relation to (100), (002), and (101) 

planes. According to the observed pattern, the coating's 

referred orientation is (200), consistent with previous 

researchers’ reports (29, 30). 

 

3. 2. Suface Morphology and Coating Thickness      
Figure 3 ehibits the SEM images of the CrN/CrAlN 

coating urface. Macroparticles can be observed on the  
 

 
Figure 2. XRD pattern of CrN/CrAlN coating 

 

 

 
Figure 3. SEM images of CrN/CrAlN surface coating with 

different magnifications a) ×500, b) ×1000 

 

 

surface. The presence of macroparticles is normal in the 

cathodic arc evaporation process and causes a partial 

increase in the roughness of the coated samples compared 

with the uncoated samples. The factors affecting the 

number and size of microparticles include the rate of 

evaporation of the target material, the deposition rate, and 

accumulation of the coating on the metal substrate (31). 

Figure 4 illustrates the FESEM images of the cross-

section of the coating. The images display a continuous 

and dense coating microstructure. Additionally, the lack 

of a separation line between the substrate and coating 

reveals a high adhesion of the coating to the substrate. 

Moreover, the CrN and CrAlN nanolayers were 

compactly adhered together, without any visible cracks 

or holes in their interface resulting in improved corrosion 

resistance. The created coating possesses a nanostructure 

with a fully homogeneous, 2-micron thickness, and 



130                                     N. Fereshteh-Saniee et al. / IJE TRANSACTIONS A: Basics  Vol. 37 No. 01, (January 2024)   127-135 
 

compact layers of CrN and CrAlN. Figure 5 shows the 

energy distribution spectroscopy (EDS) of the coated 

samples. The analysis was performed from the surface to 

the depth of the sample and includes Cr, Al, N, and Ti 

elements. 

 

3. 3. Surface Roughness and Adhesion           The 

coating adhesion was evaluated via Rockwell-C test in 

the present investigation. The condition of the coating 

surrounding the impression of the indenter was observed 

using an optical microscope. Figure 6 displays the images 

obtained from the adhesion tests for titanium and 

Ti6Al4V samples coated with CrN/CrAlN. No cracks or 

disintegration exist around the impression of the indenter, 

indicating a high level of coating adhesion in the HF1 

group. Table 2 summarizes the surface roughness data for 

coated and uncoated samples. The coated samples have a 

higher roughness than the uncoated samples due to the 

nature of the cathodic arc evaporation process, explained 

in section 2.3. 
 

3. 4. Electrochemical Behavior           The corrosion 

behavior of the titanium and Ti6Al4V substrates before 

and after being coated with nanolayer CrN/CrAlN  

 

 

 
Figure 4. FESEM images of the cross section of CrN/CrAlN 

coating with different magnifications 

 
Figure 5. EDS line analysis of titanium sample with 

CrN/CrAlN coating 

 

 

 
Figure 6. Optical microscope images of the indenter 

impression on coating ×100 magnification, (a) commercial 

pure titanium, and (b) Ti6Al4V 

 

 

TABLE 2. Surface roughness values of uncoated and 

CrN/CrAlN coated titanium and Ti6Al4V samples 

Sample Ra (µm) Rz (µm) Rmax (mm) 

Titanium 0.169 0.893 0.02 

CrN/CrAlN coated titanium 0.221 1.220 0.04 

Ti6Al4V 0.125 1.186 0.03 

CrN/CrAlN coated Ti6Al4V 0.158 1.374 0.04 

 

 

coatings was evaluated by EIS and PDP tests in the 

physiological Ringer's solution. Figure 7 illustrates the 

EIS test results in the form of Nyquist and Bode plots for 

uncoated and CrN/CrAlN coated titanium and Ti6Al4V 

substrates samples.  
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Figure 7. (a) Nyquist and (b) Bode plots of uncoated and 

CrN/CrAlN coated pure Ti and Ti6Al4V alloy substrates 

after 2 hours of exposure to physiological Ringer's solution 

 

 

The Nyquist plots of all uncoated and coated 

substrates (Figure 7 (a)) showed an uncompleted 

semicircle-like shape, while those for CrN/CrAlN 

coatings were larger in diameter. As can be observed in 

Bode plots of specimens (Figure 7 (b)), the uncoated 

titanium and Ti6Al4V indicated only one time constant, 

which is related to the capacitive behavior of the 

electrical double layer (Cdl) and the charge transfer 

resistance (Rct) of the surface oxide layer. However, 

there were two-time constants in Bode plots of the 

CrN/CrAlN coated samples, representing the capacitive 

behavior of the coatings and the electrical double layers. 

Moreover, at high-frequency regions, the frequency 

independency of the absolute impedance values 

suggested pure resistance behavior of specimens. The 

experimental impedance data of the uncoated and 

CrN/CrAlN coated titanium and Ti6Al4V substrates 

were fitted utilizing the equivalent circuit models 

displayed in Figure 8 (a) and (b), respectively. In these 

models, Rs, Rct, and Rcoat are respectively ascribed to  
 

 
Figure 8. Equivalent circuits used to fit the EIS data of (a) 

uncoated and (b) CrN/CrAlN coated pure Ti and Ti6Al4V 

alloy substrates 

 

 

Ringer's solution resistance, charge transfer resistance (at 

the interface of substrate/Ringer's solution), and coating 

resistance (at the interface of coating/Ringer's solution). 

Moreover, CPEdl and CPEcoat are assigned to the 

constant phase elements of the electrical double layer and 

the coating capacitance, respectively. Generally, the CPE 

is employed in the circuit to compensate for the deviation 

of Cdl and Ccoat from ideal capacitive behavior due to 

the surface inhomogeneity (32, 33). The equivalent 

circuits fitted parameters are reported in Table 3. 

According to Table 3, it was found that the Rct values of 

CrN/CrAlN coated titanium and Ti6Al4V substrates 

(2.27 and 2.09 MΩ.cm2, respectively) were higher than 

that of the uncoated samples (0.20 and 0.66 MΩ.cm2 for 

titanium and Ti6Al4V substrates, respectively) which 

indicated improved anticorrosion properties of titanium 

and Ti6Al4V after being modified with nanolayer 

CrN/CrAlN coatings. Furthermore, when comparing 

CrN/CrAlN coated titanium and Ti6Al4V specimens 

with each other, the former presented higher Rct and 

lower Rcoat values. The PDP curves of uncoated and 

CrN/CrAlN coated titanium and Ti6Al4V substrates are 

indicated in Figure 9. For both titanium and Ti6Al4V 

substrates specimens, because of the formation of a 

surface passive oxide layer, the passive behavior was 

observed. The Ecorr, corrosion current density (icorr), 

anodic and cathodic slopes (βa and βc, respectively), and 

polarisation resistance (Rp) values of specimens derived 

from the PDP curves utilizing the Tafel extrapolation 

technique are summarized in Table 4. The Rp values of 

specimens were calculated using the Stern-Geary 

equation (34). While the Ecorr reflects the tendency of  
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TABLE 3. Simulated EIS parameters for uncoated and CrN/CrAIN coated titanium and Ti6AI4V substartes in physicological Ringer’s 

solution  

Sample Rs (Ω.cm2) CPEdl (µF/cm2) ndl Rct (MΩ.cm2) CPEcoat (MΩ.cm2) ncoat Rcoat (KΩ.cm2) 

Titanium 100.08 85.42 0.88 0.20 - - - 

CrN/CrAIN coated titanium 102.98 26.13 0.91 2.27 127.18 0.87 1.30 

Ti6AI4V 111.78 38.34 0.93 0.66 - - - 

CrN/CrAIN coated Ti6AI4V 102.87 28.44 0.92 2.09 105.02 0.81 2.03 

 

 
TABLE 4. The Ecorr and icorr values of uncoated and CrN/CrAIN coated titanium and Ti6AI4V substartes 

Sample Ecorr (mV) icorr (µA/cm2) βa βc Rp (KΩ.cm2) 

Titanium 100.08 85.42 0.88 0.20 - 

CrN/CrAIN coated titanium 102.98 26.13 0.91 2.27 127.18 

Ti6AI4V 111.78 38.34 0.93 0.66 - 

CrN/CrAIN coated Ti6AI4V 102.87 28.44 0.92 2.09 105.02 

 

 

 
Figure 9. The classification of coating adhesion according 

to the VDI3198 standard 

 

 

dissolution and stability, the icorr represents the 

corrosion rate. So, the lower the icorr and the more 

positive the Ecorr, the higher the corrosion resistance (29, 

31, 35). The Ecorr and icorr values of CrN/CrAlN coated 

samples were respectively nobler and lower than those of 

uncoated ones, showing a remarkable enhancement in 

corrosion resistance of titanium and Ti6Al4V substrates 

after being coated with nanolayer CrN/CrAlN coatings. 

Titanium is corroded under the formation of soluble 

titanium oxychloride complexes and the consumption of 

the passive oxide layer by Cl− corrosive ions (36). 

According to Liang et al. (37), the following anodic and 

cathodic reactions happen during the corrosion of 

titanium and Ti6Al4V in Ringer's solution: 

Anodic reactions: 

Ti + 4Cl− → TiCl4 + 4e− (1) 

TiCl4 + 2H2O → TiO2 + 4Cl− + 4H+ (2) 

Cathodic reaction:  

O2+2H2O+4e−→4OH− (3) 

The CrN/CrAlN coating can act as a barrier against 

corrosion, not allowing direct contact of the corrosive 

solution with the titanium substrate. The improved 

structural density due to the increased number of 

interfaces in multilayer coatings can significantly 

enhance the corrosion resistance of the substrate 

compared with single-layer ones (29, 38). Although the 

Ti6Al4V substrate possessed a more negative Ecorr 

value (−405 mV) than that of titanium (−368 mV), the 

icorr value of Ti6Al4V (0.0278 µA/cm2) was lower than 

the icorr value of titanium (0.0399 µA/cm2), suggesting 

better anticorrosion behavior of Ti6Al4V. The α + β two-

phase structure of Ti6Al4V with additional Al and V 

promotes its anodic passivation and increases its 

corrosion resistance compared with titanium (37). 

However, after being coated with CrN/CrAlN coatings, 

titanium exhibited more negative Ecorr (−54 mV) and 

lower icorr (0.0046 µA/cm2) values than Ti6Al4V (with 

Ecorr and icorr values of −28 mV and 0.0086 µA/cm2, 

respectively). Therefore, the corrosion resistance (Rp) of 

specimens was increased in the following order: 

uncoated titanium (64.842 KΩ.cm2) < uncoated Ti6Al4V 

(93.064 KΩ.cm2) < CrN/CrAlN coated Ti6Al4V 

(362.137 KΩ.cm2) < CrN/CrAlN coated titanium 

(581.472 KΩ.cm2). 

Figure 10 shows the SEM surface morphologies of 

CrN/CrAlN coated titanium and Ti6Al4V substrates 

specimens after the corrosion test. Although some small  
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Figure 10. SEM surface morphologies of CrN/CrAlN coated 

specimens of (a) pure Ti and (b) Ti6Al4V alloy substrates 

after the corrosion test 

 

 

corrosion pits were formed and no crack was seen on both 

coated surfaces, it seems that the CrN/CrAlN coated 

titanium underwent less damage compared to the coated 

Ti6Al4V. This showed the lower corrosion susceptibility 

of coated titanium in physiological Ringer's solution, as 

earlier discussed. Pits are formed because the coatings 

defects including cavities and macroparticles provide a 

direct path for corrosive ions to contact with the substrate 

(31-33). It can be concluded that pitting was the main 

corrosion mechanism of the specimens. 

 
 
4. CONCLUSION 
 

In this study, arc evaporation method was used to deposit 

CrN/CrAlN nanolayer coating on titanium and Ti6Al4V 

substrates. The results from the corrosion behavior 

evaluation of the coated and uncoated samples in Ringer's 

solution demonstrated that the deposited coating changed 

the corrosion potential from -0.386 V to -0.054 V for 

titanium and from -0.405 V to -0.0287 V for Ti6Al4V. In 

addition, the current density was reduced to about one-

eighth and third for coated titanium and Ti6Al4V 

samples, respectively. Moreover, the increased 

capacitator circle diameters due to the deposition of 

CrN/CrAlN coating indicated improved corrosion 

behavior of the coated samples compared to the uncoated 

specimens. 
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Persian Abstract 

 چکیده 
به بهبود خواص   ازیعملکرد بهتر ن  ی، برانیکاشت  ماده  کیبه عنوان    وم،یتانیشود. تیو محافظت از استخوان استفاده م  ینیگزیجا  یها به عنوان پروتز براکاشتنی از    ریاخ  یهادر سال

بخار   یکیزیاعمال شدند. روش رسوب ف  بر زیرلایه تیتانیومی  شیو سا  یبا هدف بهبود خواص خوردگ  دیترین  یهادر مطالعه حاضر پوشش  ن،یدارد. بنابرا  شیو سا  یخوردگ

  مواد ویب یکاربردها یبرا Ti6Al4V آلیاژ و خالص تجاری  ومیتان یت هایزیرلایه  یبر رو CrN/CrAlN هینانولا یرسوب پوشش ها  ی( براCAE-PVD) یقوس کاتد ر یتبخ

نشر    یروبش  یالکترون  کروسکوپ ی( و مSEM)   یروبش  ی الکترون  کروسکوپ یم  زو ا  پوشش  یکردن ساختار بلور  مشخص  ی( براXRD)  کسی استفاده شد. از پراش پرتو ا

  Rockwell-C  فروروندهبا استفاده از    VDI 3198پوشش طبق استاندارد    یسطح و سطح مقطع پوشش استفاده شد. چسبندگ  یمشاهده مورفولوژ  ی( براFESEM)   یدانیم

نتا  ی ابیارز  نگریدر محلول ر  یسنجف یط  ییایمی و امپدانس الکتروش  کینامیودیپتانس  ونیزاسی پلار  توسط  یشد. رفتار خوردگ  یریگاندازه نانولا  جیشد.    هینشان داد که پوشش 

  ان یجر  یچگال  ن،یبراداد. علاوه  رییتغ   Ti6Al4Vنمونه    یبرا  -V  028 /0به    -V  405/0و از از    ومیتانینمونه ت  یبرا  -V  054 /0به    -V  368 /0را از    یخوردگ  ل یپتانس

 CrN/CrAlNرسوب پوشش    لیخازن به دل  رهی. قطر داافتیسوم کاهش    کیهشتم و    کیبه حدود    بیبه ترت   Ti6Al4Vو    ومیتانیپوشش داده شده ت  یها  نمونه  یبرا  یخوردگ

  نفوذ   در برابر ی به عنوان مانع  پوشش رای بدون پوشش است، ز یبا نمونه ها سه یپوشش داده شده در مقا یهانمونه  افتهی بهبود یاست، که نشان دهنده رفتار خوردگ افتهی شیافزا

 کند. یعمل م هیرلایخورنده به ز حلولم
 
 

 


