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Abstract- In this paper, corrosion behavior of single and multilayer (TiN, CrN and TiN/CrN) 

deposited coatings on Ni-Cr dental alloy in artificial saliva using cathodic arc evaporation-

physical vapor deposition (CAE-PVD) technique were investigated. The corrosion behavior 

of uncoated and coated Ni-Cr prosthetic dental alloy has been investigated electrochemically 

in addition to the other way represented by the quantity measurement of corrosion products 

which is resulted from the Ni-Cr dental alloys. Fusayama artificial saliva has been utilized as 

media for measuring all electrochemical behaviors. The surfaces of samples have been 

analyzed using X-ray diffraction (XRD), energy dispersion spectroscopy (EDS), and 

scanning electron microscopy (SEM). The results indicated that the coating procedure that 

has applied to Ni-Cr dental alloy may change wettability by decreasing the hydrophilicity of 

the surface. The results indicated that the strongest hydrophobic character is exhibited by CrN 

coating. Potentiodynamic polarization and Nyquist plots showed that CrN coating had an 

exceptionally high polarization resistance compared to Ni-Cr dental alloy, TiN and TiN/CrN 

coatings. 
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1. INTRODUCTION  

Nickel-chromium dental alloys were first developed as a substitute to the precious alloys 

such as gold for crowns and bridges, where fine frameworks constructions are needed [1-3]. 

The prostheses are, put in close vicinity to the gingival and, as a result, sub-gingival is often 

extended, where processes of corrosion might result in higher side effects [3, 4]. Similarly, 

the selection can be usually made relying on clinical indications and, if the material selection 

is insufficient, there could be biological, mechanical, or even chemical problems resulting in 

failures with unwanted results over time for the health of the patient [3, 5]. In case of 

aesthetic purposes, a ceramic veneer fired onto an alloy might be the result of using dental 

alloys in fixed prostheses [6]. Actually, being allergic to Ni compounds is a disadvantage of 

the Ni-Cr alloys seen in a significant number of people, where 5-10 times more often, in the 

case of women rather than men [7]. It is of great importance to understand health benefit–

risks of Ni–Cr via their clinical performance as well as dental alloys' biocompatibility. This 

could be achieved when understanding and evaluating their corrosion behavior in the oral 

environment [8]. A good clinical performance could be out of lots of Ni–Cr restorations over 

time, corrosion products and components of those base metal alloys have been characterized 

for having the possibility to cause tissue reactions or hyper-sensitivity [8-10]. 

Dental alloys corrosion causes esthetic, functional, and even biological draw-backs [11]. 

In bio-materials engineering, the coatings applied a need for demonstrating a resistance to 

corrosion reactions in addition to that a high resistance to wear, biocompatibility, hardness, 

and ductility since it is in touch with the human body [12-14]. However, there are a lot of 

beneficial properties useful for biomaterials; taking in consideration that good 

biocompatibility is included, for the coatings deposited by physical vapor deposition (PVD) 

methods. The biocompatibility is regarded as a requirement determining the capability of 

their use, taking into consideration that a short-term contact for devices with the body does 

not matter [14, 15]. Cathodic arc evaporation is the most common deposition techniques used 

owing to the premium features of the coatings represented by homogeneity, high density, 

high hardness, offering, as a result, high properties if compared to the coatings made by other 

techniques [14, 16]. Recently, a TiN coating has been used in a successful manner so that the 

body from metal ions that could cause allergic reactions can be shielded [17]. Titanium 

nitride is characterized as having certain bio-compatible features and a collection of high 

ductility and hardness. This can help using it for medical purposes such as dental prosthesis 

as well as orthopedic [18-20]. 

A good candidate for corrosion resistant coatings is a ceramic thin film. Chromium- based 

hard films such as CrN, are good examples of anti-wear coatings, which have similar 

importance as titanium- based hard films [21]. Alternating deposition of two layers of 

materials can form nano-layered structures taking into account that the layers should have 

different properties; each layer's thickness is maintained in the nano-meter range, such 
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coatings demonstrate a good resistance to oxidation and corrosion, high mechanical qualities, 

in a way that can be better than a single layer coating [13, 14, 22]. The object of the work is 

to describe the corrosion behaviour and changes in the micro-structure after the corrosion 

destruction of nickel-chromium alloys can be utilized for prosthodontics with and without 

coated materials. 

 

2. EXPERIMENTAL PROCEDURES 

2.1. Substrate preparation  

In this study, samples (1.5 mm thickness and 25 mm diameter) were produced from Kera 

®NH Ni-Cr dental alloys (Germany) according to manufacturers’ indications. Samples were 

checked using a wax caliper instrument for correcting the dimension for each sample. 

Chemical composition of these alloys include (Ni 58.48%, Cr 26.85%, Mo 12.72, Si 1.72% 

and other <0.1%). The wax patterns were spruced centrally and vertically inside the rubber 

ring. A phosphate-bonded investment (Z4, C&B Neirync and vogt Germany) has been 

selected for investment, the burnout step was carried out according to manufacturer's 

instruction for temperature and timing, and, then, the mold was to be cast with nickel-

chromium alloys investigated with the use of a dental casting machine manually. The 

specimens, after being cooled down to a room temperature, were divested, to be then sand-

blasted with Al2O3 (250 μm) under a 4-bar pressure and finished with instruments, usually 

rotative, and  burs appropriate for the alloys processed. All specimens were cleaned 

ultrasonically with distilled water to remove any debris and residues of aluminum oxide 

powder, according to the manufacturer's instruction (Kera ®NH), washed twice with distilled 

water and dried [1]. With a series of silicon carbide papers (60, 80,120, 180, 240, 400, 600, 

800, 1200, 1500, and 2000 grit), the specimens are to be prepared for the coating process, in 

terms of being wet grinded. Secondly, it needs to be polished with a diamond past. After that, 

those samples were ultra-sonically washed in acetone, to be finally cleaned with distilled 

water. 

 

2.2. Coating deposition 

In this study, three coatings denoted as the TiN monolayer, CrN monolayer, and TiN/CrN 

nanolayer were deposited onto the nickel-chromium substrates by cathartic arc evaporation 

method as a division of PVD technique, according to the following parameters: target (at%) 

Ti (99.95%) Cr (99.95%); working pressure 0.67 Pa, base pressure 6.7×10-3 Pa, substrate 

temperature 200 ºC, substrate bias voltage -100 V,  holder rotation 4 rpm, distance between  

samples and target 15 cm, deposition time 120 min. Coatings were deposited by cathodic arc 

evaporation device (DS&CA601, saleh, Iran), the TiN/CrN and TiN, CrN coatings were 

deposited on nickel-chromium specimens after cleaning by means of Ar ion bombardment at 
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a low energy stage, and then high energy titanium and chromium ions bombardment [23-25]. 

The thickness of the coating has been demonstrated as 1.8±0.2 μm on the substrates [26, 27]. 

A TiN/CrN nanolayer was formed under the same conditions. TiN/CrN nano-layers, 

consisting of alternating nanometer-scale TiN and CrN layers, were deposited technique with 

round planar (Cr) and (Ti) targets, and characterized using XRD, SEM and EDS analysis. 

TiN and CrN with the B1 structure are formed simultaneously; the specimens rotating stage 

was stopped periodically to expose samples to (Ti target) and (Cr target), respectively, for 

predetermined time periods to deposit alternate (TiN) and (CrN) film of equal thickness. 

TiN/CrN based coating is a multilayer, with~100nm interfaces and each pair of TiN and CrN 

layer together is approximately 85 nm. 

 

2.3. Coating characterization  

Surface morphology and coating composition have been studied using the following 

devices and following steps. The phase composition of the coatings has been examined by X-

ray diffraction (PANalytical, and Philips PW1730), analysis with the Cu-Kα radiation source. 

Then, X'Pert High Score software was used for analyzing the X-ray pattern of the coatings. 

The diffraction angle measurement was between 20 and 80°, using a 0.05° step size plus a 1 

s/step integration time. For determining the coating thickness, the cross-sectional 

microstructures of the coatings were studied with field emission scanning electron 

microscopy (MIRA3,TESCAN, FESEM, Czech) with an accelerating voltage of 15.0 kV 

equipped with energy dispersion spectroscopy (EDS, SAMX, Farance). A practical way to 

measure the surface energy is contact angle measurements, which determines the 

hydrophobicity or hydrophilicity of the surface (wettability of the surface) [28]. Also, 

samples surface characterization before and after immersion in modified Fusayama artificial 

saliva was done using SEM (JEOL JSM- 840A, Japan). Atomic force microscope (Nano 

compact AFM, PHYWE) has been selected for testing coated specimens (with image size 50 

µm and time/Line 1s). 

In this study, distilled water was used for the measurement of contact angle [29] which 

fills the syringe that was connected to the machine in syringe holder and the sample was 

positioned on a flat movable tray. The syringe was released carefully to allow for dropping 

the fluid on the sample, after 15 seconds, the contact angle was measured from both sides to 

obtain the average contact angle. 

 

2.4. Electrochemical testing 

Corrosion behaviors of Ni-Cr prosthetic dental alloy was investigated by electrochemical 

methods and by measurement of quantity of corrosion products released from the Ni-Cr 

dental alloys [25]. The tissues found in the mouth are subjected to continuous alterations in 
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the environment since the chemical composition of food and drink is different [30]. Table 1 

display the chemical composition of the modified Fusayama artificial saliva [8, 31]. All of the 

components listed can be dissolved in distilled water. The pH at that time is 4 [32]; the value 

was modified as desired with the use of lactic acid solution [8]. After performing each 

experiment, the solution was altered with a fresh one. After pH values were adjusted to their 

desired levels using lactic acid, they were measured using a pH meter (ZAG CHEMIE 

PTR79). The corrosive media were maintained at 25±2 °C [24]. The electrochemical process 

of the samples were carried out using a 3-electrode flat cell, µAutolab Type III/FRA2 system 

controlled by computer. Ni-Cr alloys specimens, an Ag/AgCl in 3.0 M KCl, and platinum 

wire have been utilized as working electrodes, counter and reference electrodes. Those 

electrodes were made of the coated and uncoated samples and placed in a special holder. 

There is an acceleration test called potentiodynamic polarization method for evaluating dental 

alloys in no time, and providing data with regard to the alloys corrosion behavior for those in 

charge. The potentiodynamic polarization tests were started after 60-minute stabilization of 

the specimens in the open-circuit conditions, in order to reach a quasi-stable potential. The 

measurements have been fulfilled at a 1 mV/s scan rate over a potential ranging from -400 

mV up to +800 mv. 

 

Table 1. Chemical composition of modified Fusayama artificial saliva [8,31] 

 

3. RESULTS AND DISCUSSIONS 

3.1. Microstructural evaluations 

As can be seen, the Fig. 1 shows the patterns XRD concerning TiN, CrN monolayer, and 

CrN/TiN multilayer coatings compared to that its uncoated alloy. The diffraction patterns in 

this figure show a typical face centered cubic (FCC) polycrystalline structure like B1 type 

with mixed orientations of (111), (200), (220), and (311) planes for the coatings. The XRD 

pattern of the titanium nitride coating demonstrates a solid (111) preferred orientation. But 

preferred orientation for the other patterns is (200) plane. Figs. 2 and 3 illustrate surface 

coating and cross-section for TiN, CrN, and TiN/CrN coatings that shows the range of 

1.8±0.2 μm is the thickness of the coatings. For all coatings it is obvious that the deposition 

defects are present (Fig. 2). Probably, some white macro-particles, called droplets, can be 

observed. They were made by ejecting melted spots of the metallic targets onto the substrate 

owing to the fact that the plasma temperature is high. This was also supported by researches 

[33, 34]. The size of macro-particles is different in the coatings. As shown in the Fig. 2, the 

KSCN Urea Na2S.9H2O NaH2PO4.H2O CaCl2.2H2O KCl NaCl  

0.3 1.0 0.005 0.690 0.795 0.4 0.4 g.L-1 
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size of the macro-particle in the TiN coating is a bigger than other coatings. Moreover, there 

is another surface defects observed, such as porosity, in all (single layer and nanolayer) 

situations; they could be produced by the layer growth and nucleation that takes place as soon 

as the incoming molecules or atoms are drawn more strongly to the substrate than to each 

other and, as a result, perform the whole layer before forming a new one, it has been reported 

by other researchers [34].  

 

 

Fig. 1. XRD patterns of TiN, CrN monolayer, and TiN/CrN nanolayer coatings 

 

Table 2. Descriptive statistic and ANOVA test for uncoated and coated groups of surface 

roughness test (nm) by AFM 

 

 

The composition of TiN coatings is confirmed by EDS measurements. The ratio of 

titanium to nitrogen was 38.47±1.6: 61.53±1.13 (Fig. 4a). However, CrN coatings being 

composed is confirmed by EDS measurements with a  chromium to nitrogen ratio of 

43.23±0.88: 56.77±5.09 (Fig. 4b), and components of TiN/CrN nanolayer coating, reaches 

about 54.61 ±0.67 at.% of titanium, 35.63 ±1.3 at.% of nitrogen, and 9.76 ±0.67 at.% of 

chromium (Fig. 4c). 

The difference in the surface morphology and the surface roughness from each sample 

was observed. In this study, three-dimensional AFM images of the surfaces of all coated 

groups have shown topographic irregularities of all groups. The results of using AFM showed 

that there is a significant difference in the roughness surface of the samples with different 

Studied groups 

surface  roughness  
Mean SD 

ANOVA test 

(P-value) 

Substrate 9.441 0.909 P=0.00 

Highly sign. 

(P<0.01) 
TiN 280.512 60.932 

CrN 161.147 14.397 

TiN/CrN 245.285 75.211 
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types of coating materials. As seen from top to bottom, the surface roughness of TiN, CrN 

surface and TiN/CrN as determined by atomic force microscopy are clearly shown in Fig.5. 

The results of using AFM showed that there is a significant difference in the roughness 

surface of the samples with different types of coating materials (Table 2). 

The contact angle image of single and multilayer coatings is clearly shown in Fig. 6. 

Generally, the surface is considered hydrophilic when the contact angle is less than 90°, and 

when greater than 90°, the surface is hydrophobic. When a drop contacts the surface of a 

solid, an interaction between the liquid atoms, the solid and the surrounding air occurs. This 

interaction resulted from the attractive force between the three materials atoms (air, liquid, 

and solid).  

 

 

 

 

Fig. 2. The surface morphology SEM image for (a) Ni-Cr substrate, (b) TiN monolayer, (c) 

CrN monolayer, and (d) TiN/CrN multilayer coatings 
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Fig. 3. Cross-sectional view of the coated samples: (a) TiN-monolayer, (b) CrN-monolayer, 

and (c and d) TiN/CrN multilayer coatings 

 

Table 3. Descriptive statistic and ANOVA test for uncoated and coated groups of contact 

angle measurement 

 

 

The contact angle image of TiN, CrN, and TiN/CrN nanostructured coatings is clearly shown 

in Table 3, the surface of CrN sample has a strong hydrophobic character, and TiN sample is 

hydrophilic but the samples of TiN/CrN group between them (TiN and CrN groups). 

Hydrophilic surfaces are preferred over hydrophobic surfaces the surfaces hydrophilic reduce 

the bacteria’s ability to colonize on the prosthetic element and thus a further development and 

formation of a bacterial biofilm [29, 35]. Wettability also has a great importance for the 

retaining of the prosthesis in the oral cavity of the patient and increases the ceramics adhesion 

to the alloy [29]. 

Studied groups 

(Contact angle) 
Mean SD 

ANOVA test 

(P-value) 

Substrate 80.75 1.500 
P=0.00 

Highly sign. 

(P<0.01) 

TiN 42.50 1.291 

CrN 76.50 1.732 

TiN/CrN 55.75 1.893 
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Fig. 4. EDS analysis (points) for samples with coating materials: (a) TiN-monolayer, (b) 

CrN-monolayer, and (c) TiN/CrN multilayer coatings 

 

 

 

 

a 
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Fig. 5. AFM images of uncoated and coated specimens: (a) Ni-Cr substrate, (b) TiN, (c) CrN, 

and (d) TiN/CrN multilayer coatings 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Contact angle image of uncoated and coated specimens: (a) Ni-Cr substrate, (b) TiN, 

(c) CrN, and (d) TiN/CrN coatings 
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3.2. Electrochemical measurements  

Restorative procedures are in need of nickel-chromium alloys, in a way that the 

restoration has to be put in a close proximity of the gingival and usually extends sub-gingival, 

and the metal release via the processes of corrosion, which might result in certain side effects 

[36-38]. The electro-chemical interaction between the environment and the restoration alloy 

occurs when placing an alloy in an oral cavity. Such an interaction may result in being seen 

as soluble ions being released, most probably metallic, formation of corrosion outputs on the 

sample surface. Relying on the alloy surface being altered and/or the nature of an ion release 

of the metal; therefore, biological consequences could turn up such as allergic reactions [38]. 

Fig. 7 presents SEM images of the substrate, TiN, CrN, and TiN/CrN samples before and 

after the electrochemical test. These images depict that there are no serious troubles seen 

within the TiN, CrN, and TiN/CrN nanolayer coating when compared to uncoated surface. 

The potentiodynamic polarization curves of uncoated and coated nickel-chromium alloy 

in modified Fusayama artificial saliva are clearly shown in Fig. 8. An identical shape is 

depicted all the plots, with a distinct Tafel behavior, the linear variation of potential seen as a 

function of log of current density may be observed in all situations. Similar potentiodynamic 

polarization curves were noticed in solutions such as Ringer's and Hank's for CrN and 

CrCN/CrN coatings deposited by CAE [39]. Also, the potentiodynamic polarization plots 

depict that passive behavior of CrN and TiN/CrN nanolayer coatings improved than the Ni-

Cr dental alloy and TiN coating. Moreover, the potentiodynamic polarization curves shows 

that CrN and TiN/CrN nanolayer coatings have an exceptional polarization resistance which 

is considered much higher if compared to Ni-Cr dental alloy and TiN coating. In other words, 

a better passive film must have been formed on its surfaces. The variations of corrosion 

current densities as well as corrosion potential of all samples in modified Fusayama artificial 

saliva are presented in Table 4. With the help of Tafel extrapolation of the linear part for the 

cathodic branch back to the corrosion potential, corrosion current density (icorr) was 

calculated with an accuracy of more than 95% [40]. As can be seen, TiN/CrN nanolayer 

coating shows the least corrosion current density compared with other samples. 

 

Table 4. Variation of corrosion potential and the corrosion current density of uncoated and 

coated Ni-Cr prosthetic dental alloy in modified Fusayama artificial saliva 

 

 Substrate TiN CrN TiN/CrN 

Ecorr/ VAg/AgCl -0.125 -0.247 -0.151 -0.152 

icorr/ µA. cm-2 0.07 0.05 0.02 0.01 

   

Fig. 9 depicts the Nyquist plots of uncoated and coated specimens in modified Fusayama 

artificial saliva. All Nyquist plots depict imperfect semicircles. As the largest semi-circle 



Anal. Bioanal. Electrochem., Vol. 11, No. 3, 2019, 304-320                                                 315 

 

belongs to CrN coating, it has the highest total resistance. In order to emulate the measured 

EIS information, the equivalent electrical circuit (EEC) illustrated in Fig. 10 (with two time 

constants) was used [41]. Such EEC was provided best fitting for the EIS data as shown in 

Fig. 9. In EEC, QP is the constant phase element of the passive film, Rp is the passive film 

resistance, Qdl is the constant phase element (CPE) of the double layer, Rct the charge-transfer 

resistance, and RS stands for the solution resistance. The variation of the passive film and 

charge-transfer resistance in addition to passive film and double layer capacitance of 

uncoated and coated Ni-Cr dental alloy in modified Fusayama artificial saliva are illustrated 

in Fig. 11. As can be seen, CrN coating reveals the highest passive film and the charge-

transfer resistance compared with other samples.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. SEM images for the surface alloys, before corrosion (left) and after corrosion (right): 

(a) substrate; (b) TiN coating; (c) CrN coating and (d) TiN/CrN coating 
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Thus, the calculated amount of polarization resistance (= Rp + Rct) for this coating is the 

highest, which indicates the lowest corrosion current density (corrosion rate). Also, it is 

observed that the value of double layer capacitance for CrN coating is lowest, which indicates 

the lowest dissolution rate of passive film and therefore the best passive behavior of this 

coating. 

 

 

Fig. 8. Potentiodynamic polarization curves of uncoated and coated Ni-Cr prosthetic dental 

alloy in modified Fusayama artificial saliva 

 

 

 

Fig. 9. Nyquist plots of uncoated and coated Ni-Cr prosthetic dental alloy in modified 

Fusayama artificial saliva 
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The results also agree with those obtained by [42] who found that the reduction of the 

corrosion current density and the increase of the corrosion potential indicate a significant 

enhancement of the corrosion  resistance by  the deposition of a titanium nitride coating.  

 

 

 

 

 

 

 

Fig. 10. Best equivalent electrical circuit (EEC) used for modeling the experimental 

impedance data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11. Variation of the (a) passive film resistance; (b) charge-transfer resistance and (c) 

passive film and double layer capacitance of Ni-Cr dental alloy and TiN monolayer, CrN 

monolayer, and TiN/CrN nanolayer coatings in modified Fusayama artificial saliva 

 

Also agree with [43] they reported that the as-deposited chromium nitride coating showed 

superior corrosion resistance in (NaCl solution). In addition, agree with [19] they 

demonstrated that the use of multicomponent, nanostructured and multilayered coatings is 

growing in importance and it is a key method for increasing the protective properties of 
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different industrial products, in addition their hardness, wear, and corrosion resistance under 

the influence of high temperatures and severe working conditions. Moreover, Bolton and Hu 

[44] studied the corrosion resistance of three biomedical PVD coatings (CrN, TiN, and DLC) 

at room- temperature. They found improved corrosion resistance for coated samples, but it 

has been noted that pit defects continued to expose the substrate to corrosion [44]. 

On the other hand, the results obtained in the present study have disagreed with those 

obtained by [45] as he found that pitting corrosion appeared on the surfaces of all samples. 

This may be explained by that they used another type of electrochemical solutions (Ringer’s 

solution), while Fusayama artificial saliva has been used in the present study. That is to say, 

the formation of pitting on CrN coated surfaces can be explicitly observed. It is also 

understood that local corrosions appeared on nitrided surfaces and they were less corrosion-

damaged. This may be explained by that they used another type of electrochemical solutions 

(ringer’s solution), while Fusayama artificial saliva has been used in the present study. 

 

4. CONCLUSION  

Corrosion behavior of dental alloy coated by monolayer TiN, CrN and nanolayer 

TiN/CrN deposited by physical vapor deposition technique were thoroughly investigated. A 

coating procedure has given different results among them as some of them gave 

hydrophilicity of the surface while some other hydrophobic of the surface and the strongest 

hydrophobic character is exhibited by CrN coating. The results of potentiodynamic 

polarization and Nyquist plots depict that the passive behavior of CrN and TiN/CrN 

nanolayer coatings improved than the Ni-Cr dental alloy and TiN coating. Also, the 

potentiodynamic polarization and Nyquist plots show that CrN monolayer coating has an 

exceptional polarization resistance which is considered much higher if compared to Ni-Cr 

dental alloy and TiN and TiN/CrN coatings. 
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