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A B S T R A C T  

 

In this article, corrosion behavior of the single-layered TiN, single-layered CrN and multi-layered 

TiN/CrN coatings have been fabricated on 420C stainless steel (SS) by Cathodic Arc Evaporation (CAE) 
method in Ringer's solution was studied. The electrochemical appraisal was done by the Potentiodynamic 

Polarization (PDP) and Electrochemical Impedance Spectroscopy (EIS) tests. Results of PDP test 

revealed that all coated specimens have an increment in the polarization resistance (Rp) values (ranges 
from 438.2 to 593.6Ω.cm2) compared to bare SS (268.1Ω.cm2). Corrosion rate values for bare 420C SS 

and CrN, TiN and multi-layered TiN/CrN coatings were measured 0.086, 0.042, 0.050 and 0.068mpy, 

respectively. Furthermore, EIS results were showed that the single-layer CrN coating well depicted by 
an equivalent circuit with three time constants and has larger impedance and maximum logarithmic 

variation of C2. Finally, the corrosion performance results confirmed that single-layered CrN coating is 

an appropriate choice for deposition on 420C SS with the aim of application in general surgical 
instruments. 

doi: 10.5829/ije.2020.33.02b.18 
 

 
1. INTRODUCTION1 
 
420C SS due to perfect formability and low cost is a 

common material in surgical instruments application. 

However, corrosion resistance of this alloy is relatively 

poor. One of the most effective ways to prevent corrosion 

damage is surface modification by deposition of coatings. 

Choosing an appropriate coating for general surgical 

instruments with the goal of increasing their lifetimes is 

an important challenge [1, 2]. Protective coatings can 

fabricate a barrier between the substrate and corrosive 

electrolyte. As such, the electrical current was stopping 

and thus corrosion will be prevented [3–5]. CAE is a 

popular PVD method that has high coating rate. This 

method can fabricate a high density and high adhesion to 

substrate at relatively low temperatures without affecting 

the bare substrate [5–8]. TiN and CrN are two popular 

used coatings in medical applications. These coatings 

physiologically inert, non-toxic, non-carcinogenic and 
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can use in implantable devices [9, 10]. TiN and CrN 

coatings possess favorable characteristics with regard to 

load bearing, friction coefficient, wear resistance, 

chemical stability, electrical properties, and 

biocompatibility [11–14]. Many researchers were proved 

that TiN and CrN coatings can improve the corrosion 

resistance of the substrates if micro-structural defects of 

these coatings like pinholes and porosity were controlled 

[15–17]. Presence of defects such as pinholes, pores, 

voids, cracks and macro-particles due to localized 

corrosion, can accelerate the corrosion rate of the 

substrate and limits the applications of CAE coatings [18, 

19]. However there are little researches for determination 

the corrosion performance of Ti and Cr based multi-layer 

coatings in physiological conditions. Therefore, the main 

goal of present research is studding the effect of multi-

layer coatings deposited by the CAE technique on 

corrosion behavior of 420C SS in the Ringer's solution 

for application in general surgical instruments. 
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2. MATERIALS AND MATHODS 

 

In present article 420C SS alloy with 3mm in thickness 

was used as substrate. Table 1 summarized the chemical 

composition comparison of this alloy with surgical grade 

420C SS based on F899–02 standard. Results were 

extracted by means of Glow Discharge Optical Emission 

Spectrometer (GDOES) method. 

Surface hardening of metallic samples at 1037°C, 

quenching in warm oil and tempering at 150°C for 20min 

was done. Then sanding, mirror polishing and surface 

passivation of specimen was performed with electro-

polishing method. Finally, samples were ultrasonically 

cleaned in acetone and ethanol solutions for 30min. A 

three targets CAE PVD system (YN Saleh model) was 

used to deposit TiN/CrN multi-layer in a single step. 

Then samples were fixed in the holders and subjected to 

etching and preheating in Ar glow discharge plasma for 

15min. The overall working pressure in deposition 

process fixed at 1×10-3 torr. Ti and Cr high purity metallic 

targets (99.99%) with the diameter of 10cm were used. 

Substrate temperature sets at 200°C. An AC power 

supply connected to substrate holders was used as bias 

output fixed at -100V. The total deposition time was 

90min and the overall thickness of coatings was 

estimated about 1.5µm. Finally, specimens were cut with 

wire-cut machine to dimension of 20×20mm2 for 

electrochemical tests.  

JEOL JDX-8030 XRD system with an accelerating 

voltage of 30kV, current 20mA and using the CuKα 

(λ=1.54Å) radiation was used to determine phase 

structure of the samples. FESEM (TESCAN, Mira3 

model) was used for analyzing the thickness and surface 

morphology of the coatings before and after corrosion 

tests. EG&G potentiostat/galvanostat (273A model) was 

used for electrochemical tests that coupled with 

Frequency Response Analyzer (FRA) (SI 1250 model) 

for EIS analysis. Electrochemical tests were performed in 

free air condition in Ringer's solution at room 

temperature (~25°C). Chemical composition of the 

Ringer's solution which is a popular solution in biological 

tests for surgical instruments is presented in Table 2. 

Osmolality of this solution was 309mOsmol/L. A three 

electrodes system included Saturated Calomel Electrode 

(SCE) as reference electrode, platinum mesh as auxiliary 

electrode and bare and coated 420C SS as working 

electrodes were used to conduct corrosion tests. 

 

 
TABLE 1. Chemical composition of used 420C SS in 

comparison with surgical grade 420C SS 

Element Composition (Wt. %) Materials 

Fe Ni(max) Cr Si(max) Mn(max) C  

bal. 1.00 12.5-14.5 1.00 1.00 0.42-0.5 Standard 

bal. 0.33 14.3 0.61 0.31 0.45 Substrate 

TABLE 2. Chemical composition of the used Ringer's solution 

Content Concentration (g/100 mL) mEq/L 

Sodium chloride 0.86 - 

Potassium chloride 0.030 - 

Calcium chloride 

anhydrous 
0.033 - 

Sodium - 147 

Potassium - 4 

Calcium - 4.5 

Chloride - 156 

 

 

With the aim of measuring the open circuit potential 

(OCP) for EIS and PDP tests, samples were immeged in 

Ringer's solution for 30min. 1cm2 of the surface of the 

specimens were exposed to corrosive solution. The PDP 

test was done at a scanning rate of 1mV/s in a range of  -

0.8V to +1.5V vs. SCE to determine the overall 

anodic/cathodic corrosion characteristics of the coated 

systems.  

Parameters related to PDP test were extracted with 

using Powersuit software by extrapolation of linear 

region in the TOEFL range ( ±200mV). The EIS test was 

conducted in the frequency range of 10mHz to 65kHz 

with a sine voltage amplitude of 10mV.  

Impedance data were obtained by an equivalent that 

derived graphs from the proposed equivalent circuits and 

with using Zview2 software. Equivalence of data were 

carried out with high precision so that parameter value of 

Chi-squared for all equivalents were less than 0.01.  

 

 

3. RESULTS AND DISCUSSION 
 
3. 1. Structural and Microscopic Analysis              
Figure 1 shows XRD patterns of bare and coated SS. The 

crystal planes of TiN phase is based on ICSD 00-006-

0642 consist of (1 1 1), (2 0 0), (2 2 0), (3 1 1) and (2 2 

2), and for CrN phase is based on ICSD 01-076-2494 

consist of (1 1 1), (2 0 0) and (3 1 1).  

It can be consequent that the multi-layer coating 

consists of TiN and CrN phases. Due to the low thickness 

of coating, sharpness of the peaks is weak. Cross-

sectional images of FESEM coated samples which 

confirmed the formation of dense and uniform coatings 

with 1.5µm in thickness are shown in Figure 2. There is 

distinct interface between TiN and CrN in multi-layered 

TiN/CrN coating. The dark layers are TiN and the bright 

layers are CrN. 

Figure 3 shows surface FESEM images of specimens. 

Surface of the coated samples is relatively dense and 

uniform; however, it has some macro-particles and 

pinholes. Present of significant macro-particles and 

various pinholes are due to nature of the CAE deposition 

https://en.wikipedia.org/wiki/Glow-discharge_optical_emission_spectroscopy
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Figure 1. XRD patterns of the specimens 

 

 
a                               b                      c 

 

 
Figure 2. Cross-sectional FESEM images of the coatings  

a) TiN, b) CrN, c) TiN/CrN 

 

 
a                                                b 

 
c                                               d 

 
Figure 3. Surface FESEM images of the samples. a) Bare 

SS, b) TiN, c) CrN, d) TiN/CrN 

deposition process. By comparison of the images, it was 

being proved that surface of CrN coating has less defects 

like macro-particles and pinholes; thus, was more 

uniformity.  

 

3. 2. Corrosion Performance 
3. 2. 1. PDP Test                  After measuring of OCP, PDP 

test was performed to evaluate corrosion resistance 

properties of the bare and coated 420C SS. Figure 4 

represents the Tafel polarization plots for all examined 

samples after 30min immersion in Ringer's solution at 

room temperature.  
For all the samples, parameters which obtained from 

extrapolating of PDP curves in Tafel region by 

Powersuite software, were shown in Table 3. 

icorr is an important parameter in the corrosion rate 

measuring of the specimens. The slope of cathodic 

branches of the curves in coated specimens is very 

similar. Corrosion potential (Ecorr) of bare SS was equal 

to -78.3mV SCE and its curve showed by 120-200mV 

SCE toward more positive values in comparison to 

coated specimens. The main reason for nobler potential 

of the bare SS relative to the coated samples is due to 

formation of corrosion products like iron oxide on its 

surface at the first step of the reaction. However, icorr of 

the coated samples are slightly lower than bare SS. CrN 

had lowest icorr and corrosion rate in comparison with the 

coated samples. Further revision of the Tafel regions 

indicates that the slope of cathodic branch (βc) is variable 

between -203 and -300mV/dec. In the coated samples, 

 

 

 
Figure 4. Polarization curves of the samples 

 

 
TABLE 3. Parameters which obtained from analysis of Tafel 

region for all specimens 

Sample 

Ecorr 

(mV vs. 

SCE) 

icorr 

(µA/cm2) 

Corrosion 

Rate 

(mpy) 

Rp 

(Ω.cm2) 

Bare SS -78.3 0.17 0.086 268.1 

CrN -279.5 0.09 0.042 593.6 

TiN -192.9 0.10 0.050 438.2 

TiN/CrN -248.0 0.14 0.068 438.2 

1.5µm 

macroparticles 

Pin holes 
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reduction of oxygen in the surface show that cathodic 

process is dominant. The slope of anodic branch (βa) is 

variable between 164 and 339mV/dec. The lower 

quantities of βa observed in comparison with the βc prove 

that the corrosion processes are under cathodic (oxygen 

reduction) control [13, 20]. The reactions of water and 

oxygen in the salt environment are according to 

Reactions (1) and (2) [21]: 

2H2O+2e-→2OH-+H2↑ (1) 

O2+2H2+4e-→4OH- (2) 

It seems that, existence of defects such as macro-particles 

and pinholes, during corrosion process, are the restrictive 

factors which can control the corrosion behavior of the 

coating system at lower anodic potentials. Polarization 

resistance (Rp) which is measured by Equations (3) and 

(4) [22] is consist of icorr and Ecorr parameters. Therefore 

Rp can analyze the corrosion behavior of samples 

kinetically and thermodynamically. Increasing in Rp 

value is an important sign for improvement of the 

corrosion resistance. Bare SS has minimum value of Rp 

(268.1Ω.cm2) meanwhile single-layered CrN coated 

sample has maximum Rp value (593.6Ω.cm2). Rp value of 

multi-layered TiN/CrN and single-layered TiN is equal 

to 438.2Ω.cm2. 

It means that, fabricating of coatings has increased the 

corrosion resistance of bare SS. The CrN Single-layer has 

highest Rp and hence the highest corrosion resistance. 

Table 3, shows the parameters which obtained from Tafel 

analysis for bare SS and coated specimens. 

𝛽 =
𝛽𝑐 .  𝛽𝑎

2.3 (𝛽𝑐+𝛽𝑎)
  (3) 

𝑅𝑝 =
𝛽

𝑖𝑐𝑜𝑟𝑟 
  (4) 

The amount of pores in the surface is an important 

characteristic that affected corrosion behavior of the 

coated samples. This parameter is measured with 

Equation (5) [22]. In Equation (5), F represents the 

amount of pores, Rps is the polarization resistance of the 

bare SS, Rp is the polarization resistance of the coated 

sample, ΔE is the difference between corrosion potential 

of the coated samples and bare SS and βa is the slope of 

anodic branch of the bare SS. 

𝐹 =  
𝑅𝑝𝑠

𝑅𝑝
 . 10

(
𝛥𝐸

𝛽𝑎
)
  (5) 

Results are represented in Figure 5. According to 

Figure 5, it is clear that the CrN coating has lowest pore 

density percent value equal to 5.5%. These values are 

10.3% and 18.9% for TiN/CrN and TiN coatings, 

respectively. 

 
3. 2. 2. EIS Measurements             EIS involved 

measuring the DC resistance or assigning an equivalent 

capacitance at a single frequency. Changes in the 

capacitance related to the uptake of water so long as 

changes in the resistance of the coating were analyzed in 

term of penetration by ionic species from the 

environment. The measurement of the frequency-

dependent impedance leads to more accurate evaluation 

based on the deviation of the coating impedance from a 

capacitive response [14, 23].  
Figure 6 represents the EIS diagrams of bare and 

coated SS which immersed for 30min in Ringer's 

solution. In the CrN coated sample, formation of more 

consecutive semicircles with higher diameter is due to the 

surface activity and the formation of layers in contact 

with the electrolyte solution, which led to a reduction in 

the speed of electrochemical reactions and eventually 

increased corrosion resistance.  

The depression of the semicircle is related to 

heterogeneity of the electrode surface. Meanwhile, a 

diffusion process that aims to define a second semicircle 

at low frequencies was observed. 

For studding the resistance and capacitive 

components of the coatings, the impedance spectrum is 

modeled by an equivalent circuit using the Zview2 

software as shown in Figure 7. Based on Nyquist 

diagram, Bode and Bode phase diagram and cross-

sectional FESEM images, the EIS data can be well 

explained by equivalent circuit with two time constants 

for bare SS, TiN and TiN/CrN coated samples and with 

resistance of electrolyte test solution and CPE that is 

Constant Phase Element. In bare SS, TiN coating and 

TiN/CrN coating, CPE1 and R1 parameters are used in 

parallel to replace the dielectric properties of the oxide 

layer (for bare SS) and coatings (for TiN and TiN/CrN 

coating). CPE2 and R2 elements in parallel are attributed 

to characterize charge transfer in the coating/substrate 

interface. Whilst in CrN coating, CPE1 and R1 as well as 

CPE2 and R2 parameters are used in parallel to replace the 

dielectric properties of the coating. CPE3 and R3 

parameters are in parallel to describe electric inter-layer 

were seen only in CrN coated sample. In general, coated 

samples have a higher corrosion resistance compared to 

bare SS. CrN coated sample has the highest dual layer 
 

 

 
Figure 5. Comparison between pore densities of the coatings 

https://dictionary.abadis.ir/?LnType=fatoen&Word=%D8%BA%D8%A7%D9%84%D8%A8
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(a) 

 
 

(b) 

 
Figure 6. EIS diagrams for all samples. a) Nyquist, b) 

Bode and Bode phase 

 

 
(a) 

 
(b) 

 
Figure 7. Equivalent circuit of different coatings (a) Bare 

SS, TiN and TiN/CrN (b) CrN 

 

 

resistance (R2 parameter). While TiN/CrN and TiN 

coated specimens have the same resistance. In fact, the 

corrosion reactions have begun in the area of defects in 

coatings with micro-sized dimensions such as surface 

cracks and cavities. Also the speed of corrosion reactions 

caused by the presence of chlorine ions in the solution 

has increased. In Figure 6, the similarity of the behavior 

of TiN and TiN/CrN coated samples is clearly visible. 
C2 is known as coating capacity that is an important 

parameter for determining of the corrosion behavior. As 

the density of the coating increases, the penetration of the 

corrosive electrolyte decreases. Thus, according to the 

depression of obtained Nyquist graphs (in order to 

convert the constant phase element) and Equation (6), C2 

is calculated [23]: 

𝐶2 =
(𝑅2𝐶𝑃𝐸)

1
𝑛⁄

𝑅2
  (6) 

In which CPE is non-ideal capacity, R2 is the resistance 

and n is represents the capacity factor. Figure 8 is 

represent the logarithmic variation of C2. Ion exposures 

in coating/substrate interface of CrN and TiN/CrN 

samples are less than the others. As a result, these 

coatings exhibit higher corrosion resistance. 

The total polarization resistance (Rp) is equal to sum 

of the all resistances that derived from EIS test. Rp can be 

considered as an index of corrosion resistance that is 

inversely fits with the corrosion rate [13]. Used 

parameters for fitting of impedance data are stated in 

Table 4. 

 
3. 2. 3. Surface FESEM Analysis                Figure 9 shows 

the surface morphology of the samples after corrosion 

tests in Ringer's solution. In surface of the bare SS, local 

passive film breaks down and thus allow to occurring the 

significant corrosion. This feature is called pitting 

corrosion that occurs when portions of the metal surface 

lose their passivity and dissolved rapidly. Presence of the 

Cl- ion in electrolyte as an oxidizing agent can strongly 

affect this type of corrosion [24, 25]. Surface of the bare 

SS is contain of deep pits, corrosion products and pits at 

phase interface which show that bare SS was corroded 

more than the other specimens in Ringer's solution. 
FESEM images of the coated samples confirm that 

selective corrosion takes place at growth defect areas. A 

macro-particle is compositionally metal rich and 

 

 

 
Figure 8. Logarithmic variation of C2 for all samples 

 

 
TABLE 4. Used parameters for fitting of impedance data in 

examined samples 

Sample 
R1 

(Ω.cm2) 

CPE1 R2 

(Ω.cm2) 

CPE2 R3 

(Ω.cm2) 

CPE3 Rp 

(Ω.cm2) 
n n n 

Bare SS 102.8 0.29 50018 0.91 - - 268.1 

CrN 28.4 0.58 27426 0.96 118025 0.76 593.6 

TiN 282.1 0.86 74027 0.85 - - 425.7 

TiN/CrN 129.3 0.80 72159 0.92 - - 438.2 
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nitrogen deficient. This defect is anodic with respect to 

both surrounding coating and can act as preferential sites 

for the diffusion of aggressive ions present in the 

electrolyte in contact with the CAE coated metal such as 

chlorides. This can lead to localized corrosion attack [14, 

26]. On the other hand, pinholes can accelerate 

penetration of the electrolyte underneath of the coating 

and lead to increase of the substrate corrosion. 

CrN coated sample has lowest corrosion rate and 

minimal damage due to less dispersion of defects on the 

surface. Results of corrosion tests and surface FESEM 

images were confirmed this opinion. Figure 9 (b) and (d) 

shows severe localized corrosion causing by macro-

particles in TiN coated and TiN/CrN coated samples. 

Whilst there are no cracking on the surface of single-

layered CrN coated sample. 

Present study showed that coated samples represent 

better corrosion behavior against aggressive chloride ions 

(Cl-) in comparison with bare SS. Corrosion products are 

specified in Figure 9.  

The surface FESEM images before and after 

corrosion tests confirm that the single-layer CrN coated 

sample has dense structure and fine smooth crystallites 

without any pores and cracks. These features lead to less 

penetrability against corrosive solution and thus stability 

of this sample. A scarcity of upright diffusion channels 

because of the non-columnar structure wherewithal the 

oxygen diffusion rate is considerably reduced. 

Although coatings process reduces the totality 

dissolution rate, the corrosion process of the coated SS is 

still under influence of relatively rapid local dissolution 

of the substrate at through-coating pinholes. This feature 

is most visible in TiN coated and TiN/CrN coated 

samples. 
Results of electrochemical tests show that the 

corrosion process in the TiN coated and TiN/CrN coated 

specimens has different stages. When the Ringer's 

solution reaches the pinholes, due to the difference in the 

binding energy and chemical composition between the 

coating matrix and droplet or substrate, galvanic 

corrosion cells are formed. With the development of 

localized corrosion, corrosion products such as oxide 

compounds and calcium compounds could fill the micro-

pores temporarily and consequently prevent further 

corrosion. Anyway, the natural features of the TiN coated 

and TiN/CrN coated samples lead corrosion demolition 

basically caused by the autocatalytic effect in the 

examined solution [11, 27]. 
Compact structure of the single-layer CrN coating can 

redistribute the current flow and eliminate current 

concentration at the small pinholes and prevent rapid 

galvanic attack at the pits. Moreover, corrosion rust fills 

the micro-corrosion holes more efficiently. Subsequently 

the long-term electrochemical stability of the CrN coated 

sample is happened. 

 

a                                                  b 

  
c                                                d 

  
Figure 9. Surface FESEM micrographs for samples with 

degradation a) Bare SS, b) TiN, c) CrN,  d) TiN/CrN 

 

 

4. CONCLUSION 
 

In present study micro-structural and corrosion behavior 

of the single-layered TiN, single-layered CrN and multi-

layered TiN/CrN coating deposited by CAE method on 

420C SS substrates was investigated. The 

electrochemical appraisal in Ringer's solution was done 

by EIS and PDP methods. 

The following results are deduced from this research: 

- Coated samples have better corrosion manner against 

chloride ions (Cl-). It means that the fabrication of 

coating increase the corrosion potential to more 

positive potential quantities and consequently 

protects bare SS from further corrosion. 

- Based on PDP results, single-layered CrN had 

maximum Rp value (593.6Ω.cm2), minimum 

corrosion rate (0.042mpy), lowest pore density 

percent value (5.5%) and thus better corrosion 

performance compared to coated samples. 

- EIS data confirm that, TiN and TiN/CrN coatings can 

be well described by equivalent circuit with two times 

constants while CrN coating well depicted by 

equivalent circuit with three times constants. 

Logarithmic variation of C2 that shows the ion 

exposures to the coating/substrate interface for CrN 

coated sample less than the other specimens. 

- The FESEM images before and after corrosion tests 

confirmed that the single-layer CrN coated sample 

has a dense structure and fine smooth crystallites 

without any pores and cracks. These features lead to  

Dip pit with 

corrosion products 

Pitting at phase 

interface Corrosion 

 

Corrosion 

products 

Droplet 

Corrosion 

products 

Droplets 
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less penetrability against the corrosive solution and 

thus stability of this sample. 

- Finally, In terms of interfacial conductivity, corrosion 

resistance, electrochemical stability, simplicity of 

modification technology, non-toxicity and low 

material cost, the single-layer CrN coated SS could 

be a good candidate for application in general surgical 

instruments. 
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 چكيده

 

ایجاد شده بر روی فولاد  TiN/CrNای و چندلایه CrNو  TiNای لایههای تکدر این مقاله، رفتار خوردگی پوشش

های پلاریزاسیون  روش تبخیری قوس کاتدی در محلول رینگر مطالعه شد. بررسی الکتروشیمیایی با آزمون به  C420نزن  زنگ 

امپدانس الکتروشیمیایی انجام گرفت. نتایج آزمون پلاریزاسیون پتانسیودینامیک تأیید کرد که  سنجی پتانسیودینامیک و طیف

( در 2cmΩ.593.6-438.2ی  های پوشش داده شده، دارای افزایش در مقادیر مقاومت پلاریزاسیون )در محدودهی نمونههمه

نزن های فولاد زنگ قادیر نرخ خوردگی برای نمونه( بودند. م2cmΩ.268.1نزن بدون پوشش )ی فولاد زنگ مقایسه با نمونه

و  0.050، 0.042، 0.086به ترتیب برابر با  TiN/CrNای و چندلایه TiNو   CrNایلایههای تکبدون پوشش، پوشش

ای یهلاسنجی امپدانس الکتروشیمیایی نیز نشان داد که پوشش تکگیری شد. نتایج آزمون طیفمیلی اینچ در سال اندازه  0.068

CrN سازی شده و دارای مقادیر امپدانس بالاتر و در عین حال بالاترین میزان  به خوبی با مداری با سه ثابت زمانی معادل

 CrNای لایهها بود. در نهایت، نتایج عملکرد خوردگی تأیید کرد که پوشش تکنسبت به سایر نمونه (2Cتغییر لگاریتمی )

 باشد.با هدف کاربرد در ابزارهای جراحی عمومی می C420نزن روی فولاد زنگ  انتخاب مناسبی برای کاربرد بر 

doi: 10.5829/ije.2020.33.02b.18 
 

 

 
 


