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Abstract

:

The study discusses the results of investigations conducted on carbon coatings applied on a prosthodontic alloy Ni-Cr. Carbon coatings with the thickness of about 1000 nm were deposited by means of the RF PACVD method with a titanium interlayer applied by magnetron spray dispersion. The coatings underwent microscopic examinations, as well as structural tests with the use of Raman spectrometry, investigations of mechanical properties, adhesion and corrosion tests; also, the bacterial adhesion to the sample surface was determined. It can be inferred from the performed studies that the obtained carbon coatings exhibit mechanical properties which allow them to be used for prosthodontic elements. The coatings’ adhesion to the metallic substrate made of Ni-Cr alloy equaled about 150 mN. The examined coatings clearly improve the corrosion resistance and reduce the number of bacteria adhering to the sample surfaces. Taking all this into account, it can be stated that carbon coatings can be potentially applied to protect metal prosthetic restorations.
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1. Introduction


Metals and their alloys constitute a significant percent of all the materials used in stomatology. They are applied both in prosthetics and orthodontics. Practically all elements of orthodontic apparati, such as fasteners and wires, are made of metals. This results from their properties. Metals are characterized by a proper rigidity and elasticity; they are also relatively easy to form by means of different methods. They are, however, most broadly used in prosthetics, for elements of permanent and mobile prostheses (splints, bridges, crowns, etc.). Such an extensive application of metals and their alloys results from the fact that, at present, there are no alternative materials which would exhibit comparable properties (especially the strength, elasticity and durability).



The oral cavity environment demonstrates corrosive properties in respect of metals. This is connected with the presence of a large amount of chloride ions, proteins and enzymes, as well as acidic metabolites of the dental plaque bacteria, and also bacteria-induced cathodic depolarization phenomena on the surface of the alloys. All this makes it impossible for any passivating basic metal alloy to resist biological corrosion. The side effects of the use of metals include body reactions such as allergic or cytotoxic reactions, or discomfort in the patient’s oral cavity [1,2,3,4,5,6]. Their source can be corrosion products, metal ions released in the corrosion process, which penetrate into surrounding tissue, as well as galvanic currents [7,8,9,10]. Another challenge posed by the oral cavity environment is the presence of bacteria and fungi. Prosthetic restorations often cover a significant part of the muco-bone basis, and so, the retention of the food remains, as well as the bacteria accumulation on the submucosal surface of the prosthesis and the formation of a biofilm on it, can cause not only biological corrosion of the metals but also inflammation of those areas of the mucous membrane. The microorganisms present in the oral cavity can cause corrosive destruction (MIC—microbially influenced/inducted corrosion) of metal prosthetic elements, implants, etc. [11,12]. This phenomenon refers even to titanium and its alloys, which are commonly treated as very well resistant to corrosion [13]. Therefore, an important issue is not only improvement of corrosion resistance but also minimization of the possibility of a biofilm formation.



Despite their many flaws, metals continue to be used, as, presently, there are no other materials which would possess comparable properties. The occurrence of an organism reaction very often refers to non-precious metal alloys (cobalt-chromium and nickel-chromium). These alloys do not demonstrate sufficient corrosion resistance in the oral cavity environment. However, due to economic reasons, they are commonly used in stomatology as a cheap alternative for the expensive precious metal alloys. A similar behavior is demonstrated by zinc, copper and silver as components of amalgams. Due to a significantly lower corrosion resistance of these metals, the latter cause a much stronger biological response of the body compared to the precious metal alloys. In order to improve their corrosion resistance, various types of surface modifications are applied, which make it possible to increase the biological tolerance of these alloys. The usual method involves coating with different layers, such as oxides, carbides or metal nitrides [14,15,16,17,18]. These coatings make it possible to improve the corrosion resistance and biocompatibility, and they reduce the bacterial adhesion [19,20,21]. They can significantly limit the release of metal ions into the surrounding environment [22]. Among the many available methods of coating synthesis, medical applications often involve covering the surfaces with layers deposited from the gaseous phase [15,23,24,25,26,27]. One of the most interesting techniques is the application of carbon layers [26,27]. Carbon is an element which characterizes in good corrosion resistance and biocompatibility. These properties largely depend on the form of the carbon—whether it has a diamond or graphite structure. Studies conducted by many authors show that such coatings have many advantageous properties, allowing their potential use in dental prosthetics [28,29]. Therefore, covering metal elements with layers containing this element should provide them with good properties in the oral cavity environment.



The aim of this study was to evaluate the quality of carbon layers deposited on prosthodontic Ni-Cr alloy in RF PACVD reactor equipped with a magnetron using titanium interlayer.




2. Materials and Methods


The possibilities of using protective coatings on metal surfaces are determined both by their biological and mechanical properties. On the one hand, protective coatings should reduce the metal alloy corrosion as well as the release of harmful corrosion products and metal ions from the alloys, being harmless themselves as well, and on the other hand, they should exhibit sufficiently good mechanical strength and adhesion, in order to remain on the surface of prosthetic restorations for at least a few years. That is why the present study mainly focuses on investigating those properties of carbon coatings.



Cylindrical samples made of Ni-Cr alloy, 8 mm in diameter and 7 mm in height, were prepared. The chemical composition of the alloy, determined using a fluorescent X-ray analysis method on a SIEMENS SRS 300 X-ray spectrometer, is shown in Table 1 surfaces of the specimens were subjected to grinding followed by mechanical polishing (Ra = 0.31 μm).



The samples were coated, by means of the magnetron sputtering method, with an interlayer of titanium, about 200 nm thick, and next, with the use of the RF PACVD method, with a carbon layer, about 1000 nm (1 μm) thick. The reaction chamber was pumped down to a pressure of 2 × 10−3 Pa. Deposition process provided 10 min etching in Ar plasma with self-bias—720 V. Process parameters are the following: power [W] for RF PACVD amounted to 50–150, power [W] for DC MS amounted to 2400–2700, methane flow [sccm] for RF PACVD and DC MS amounted to 0–30, argon flow [sccm] for RF PACVD amounted to 0–12, argon flow [sccm] for DC MS amounted to 9. The deposition time of Ti interlayer was 12 min, whereas the final DLC coating was synthesized for 30 min. More details regarding the deposition technology of gradient Ti-C coatings can be found elsewhere [30].



The samples prepared in this way were then subjected to the following tests:




	
Observation of the surface and the cross-section of the sample by means of an electron scanning microscope HITACHI S-3000N.



	
Determination of the chemical composition of the coating with surface element distribution by the EDS method, by means of the NORAN INSTRUMENTS system cooperating with an electron scanning microscope HITACHI S-3000N.



	
Chemical structure of the synthesized coatings was determined using inVia confocal micro-Raman spectrometer (Renishaw), working with 532 nm wavelength and power of 2.5 mW.



	
Mechanical properties. Hardness were determined using Berkovich indenter trihedral pyramid shape with an angle equaling 65.3° and the investigation was performed according to ISO Standards [31] on a MTS NANO INSTRUMENTS G-200 nanoindeter. The results were registered and analyzed using the TestWorksPro 4 Software. The measurement was performed with the CSM (continuous stiffness measurement) [32,33] method.



	
Adhesion to substrate. Examinations were carried out by the scratch test method using a sapphire cone-shaped penetrator [34]. Rounding radius of the tip was 1 μm. A 2 mm scratch was made by gradually increasing penetrator load of 0 to 200 mN.



	
Corrosion tests—conducted in a chemical environment of deoxidized artificial saliva in the form of a Fusayama–Meyer solution with the composition shown in Table 2 at 37 °C in the ST1 thermostatic chamber (POL-EKO), the measurements were carried out on the PGSTAT 30 galvanostat (Autolab) with GPES and FRA control software v. 4.9.



	
Corrosion tests in artificial saliva with microscopic examinations of the corrosion areas. The tests were carried out on five samples from each group.



	
Bacterial adhesion on the surface of the samples. To that end, the samples were sterilized in a steam autoclave at the temperature of 135 °C. The samples prepared in this way were then placed in a liquid culture of Escherichia coli bacteria (strain K12) and incubated at the temperature of 37 °C. Each sample was placed in a separate container with a solution, in which about 2 × 103 bacteria were present. After 24 h of being kept in the incubator, they were removed from the bacteria cultures and subjected to preparation procedures aiming at strengthening the bacteria which had colonized the sample surfaces [35]. Next, the samples were sprayed with a thin layer of gold by means of a sputter JEE-4X Jeol. The number of bacteria was estimated under an electron scanning microscope HITACHI S-3000N on six samples covered with a DLC coating and six samples without a coating. Every sample underwent five measurements in randomly selected areas (150 × 100 μm), which gave a total of 30 measurements.









3. Results


Figure 1 presents the surface of a sample with a carbon coating and an EDS spectrogram made on that surface, whereas Figure 2 shows a microscopic image of the cross-section of the sample together with the surface distributions of carbon, titanium, nickel and chromium.



Microscopic observations showed that carbon layers on prosthodontic Ni-Cr alloy are solid and tight, without surface defects. X-ray microanalysis showed that only carbon exists in the examined layers, there are no other impurities. Therefore, this layer may be considered as a pure carbon layer.



Figure 3 presents typical Raman spectra of manufactured carbon coatings with their deconvolution employing four-peak fitting method. Namely, D1, D2, G1 and G2 Gaussians, according to the literature [36]. The obtained de-convolution results resemble those, typical for diamond-like carbon coatings (DLC), widely presented in the literature [37].



Figure 4 presents hardness the carbon coatings in the function of the depth of the forced-in penetrator. The hardness of layers amounted to 20–22 GPa. The hardness of the alloy amounted approximately 3 GPa.



Adhesion in the examined layers amounted to 150 mN. These values can be considered as entirely satisfactory. During exploitation of elements covered with carbon layers, layer should not be separated from a substrate.



Figure 5 shows exemplary current-potential characteristics of samples with a carbon layer (1) and a sample without a coating (2). It is clear from the presented characteristics that the potential at which the process of intensive corrosive pulping of the passive layers begins is visibly shifted towards the anodic side for samples with carbon layers, compared with those without coatings. The linear density characteristics of the current intensity j from the polarization potential E were used to determine the breakthrough potentials of the passive layers Eb. The mean breakthrough potential values have been given in Table 3.



Figure 6 shows microscopic images of the corrosion areas after the tests.



After the corrosion examinations, corrosion pits appeared on the surface of the samples, 50–100 μm in size. An effect of the intensive corrosive processes is also removal of the carbon layer from the area near the formed pit, which is visible in Figure 6b.



Figure 7 shows exemplary micro-images of the surface of the examined samples with adhering bacteria. Table 4 presents the number of bacteria adhering to the surfaces of the particular groups of samples.



The results were subjected to a statistical analysis, which used the one-way analysis of variance test (ANOVA) without repetitions (p < 0.05). For the evaluation of the normality of the distribution of the examined variables, the W Shapiro–Wilk test was applied, while, for the evaluation of the variance homogeneity—the Levene test. The performed statistical analysis demonstrated that the differences in the number of adhering bacteria on the surfaces of the samples with and without a carbon layer were statistically significant.




4. Discussion


Providing the coatings applied on prosthetic elements with the proper protective properties first of all requires the appropriate density (no cracks, scratches, pores, etc.), which will ensure anticorrosive properties. Fulfilling this condition will provide protection from the formation of corrosion products and their release into the oral cavity, as well as from ions transferred to it from the metallic substrate. The microscopic observations showed that the examined carbon coatings on prosthetic alloy Ni-Cr are monolithic and hermetic (Figure 1 and Figure 2), without surficial defects. Here, there are also no cracks, pores or delaminations. Therefore, it is possible to assume that they can provide the proper density, thus constituting a barrier separating the environment of the oral cavity of the patient from the alloy from which the prosthetic elements are made. The X-ray microanalysis demonstrated that, in the examined coatings, only carbon is present (Figure 1b), without any other additives. Therefore, we can state that this is a pure carbon coating. Unfortunately, based on the performed chemical composition tests, it is impossible to clearly establish the type of the coating. However, the Raman spectrometry made it possible to state that, in the examined coating, both nanocrystalline diamond and nanocrystalline graphite are present. On the cross-sections of the samples (Figure 1), one can clearly see a titanium interlayer located between the carbon layer and the substrate.



Protective coatings should also characterize in other properties so that they can fulfil their role. Such properties include the wear resistance. The latter mostly depends on the coatings’ hardness. The higher the hardness, the higher the wear resistance. The examined coatings characterize in hardness of about 20 GPa, with the hardness of the substrate alloy of about 3 GPa. The values obtained by other authors are similar [22,38]. The obtained hardness values of the test samples make it possible to provide significant wear resistance. While the wear resistance was not tested, it can be inferred from the reports of other authors that carbon coatings of this type characterize in high wear resistance, which is much higher than that of the substrate alloy. This is an additional advantage behind their use for prosthetic elements. There are not many literature reports referring to carbon coatings on prosthetic elements, yet tests performed on other alloys being applied in e.g., orthopedics exhibit elevated resistance of this type [22,38,39,40]. It should be noted that many alloys used in orthopedics have a composition which is very similar to that of the alloys applied for prosthetic and orthodontic elements used in the oral cavity. The operation conditions of e.g., hip joint endoprostheses are significantly harder than those of dental prosthetic restorations.



In the case of protective coatings, it is very, or even the most, important to provide them with the proper adhesion to the substrate, as only this will make it possible to fully take advantage of their properties. Even the best coatings which do not possess sufficient adhesion to the substrate are incapable of properly fulfilling their role. This is so, as each spalling of the layer causes exposition of the substrate material and loss of tightness, with all its consequences. In the examined layers, the adhesion equaled about 150 mN. These values can be treated as satisfactory, and they are comparable with those obtained by other authors on Co-Cr alloys and titanium alloys [38,39], while being higher than those obtained by Ji Li on titanium alloy Ti6Al4V [23]. During the operation of elements coated with carbon layers, the latter should not become separated from the substrate. It seems that the very good adhesion is a result of the use of a titanium interlayer. Batory et al. and Wei Yang et al. have also achieved improvement in the adhesion of carbon layers by applying a titanium interlayer [37,38].



The corrosion resistance tests carried out by means of the potentiodynamic method showed that carbon coatings shift the potential Ekor towards the anodic side by about 0.3 V. For the coated samples, the breakthrough potential of the passive layers Eb is about 0.2 V more anodic compared to the Eb for samples without a coating. This corrosion has a pitting character, which results from both the anodic potentiodynamic characteristics curves and the morphology of the sample surfaces examined with the use of a scanning electron microscope. No samples exhibited the occurrence of crevice corrosion. Based on the microscopic images, it can be assumed that the surface solubilization processes begin and the most intensively occur in the vicinity of the intermetallic phase inclusions present in the alloy. Summing up, it can be stated that carbon layers have a beneficial effect by increasing the corrosion resistance of the alloy. This is in agreement with the reports by other authors, in which different alloys coated with carbon layers are studied and which demonstrate an improvement of the corrosion resistance in a body fluid environment [25,37,38,39,40].



The studies of many authors have proved that there is a possibility to modify the surface of materials in order to limit the bacteria’s ability to colonize them [41]. The measurements of the number of bacteria adhering to the alloy surface showed that there were much fewer of them on surfaces covered with a carbon coating. These differences are statistically significant. It can be stated that the carbon layer greatly reduced the number of bacteria adhering to the surface of the examined alloy. The obtained results are in agreement with those obtained by other authors [42,43,44,45] who have also demonstrated that carbon coatings on different alloys reduce the number of adhering bacteria.



It seems that these results are very advantageous from the point of view of the prophylactics in inflammatory complications connected with the introduction of prosthetic restorations into the oral cavity. The colonization of the surface of prosthetic restorations also leads to disadvantageous changes in the oral cavity. The surface of prostheses, directly after their introduction into the oral cavity, is colonized by bacteria, which form a biofilm—dental plaque. Undoubtedly, one of the pathogenic factors leading to the development of mucous membrane inflammation of the oral cavity is the dental plaque and the bacteria which form it. The harmful operation of bacteria and the products of their metabolism can lead to the development of mucous membrane inflammation of the oral cavity being in contact with the elements of the prosthesis. For example, an inflammatory reaction of the gums, which are in contact with the edges of prosthetic crowns, are observed.



One of the important factors affecting the corrosion resistance and the number of adhering bacteria is surface roughness. In the present studies, smooth polished surfaces were used, which is in agreement with the dental practice, where the metal prosthesis surfaces undergo polishing, due to e.g., hygienic reasons.



Full characteristics of the obtained layers should also consider the release of the metal ions from the substrate into the body fluids. However, based on the corrosion tests, we can assume that an improvement in the corrosion resistance should limit the number of ions transported into the body fluid environment and thus the surrounding tissue. Such a supposition is confirmed by the studies of Ji Li et al., who have demonstrated that carbon layers on titanium alloys significantly reduce the release of harmful ions into the surrounding tissue [23]. In addition, J.S. Viswanathan, applying carbon layers in his research, has improved the corrosion resistance of alloy Ni-Ti and increased its biocompatibility [25]. Reducing the corrosion and thus also the number of released metal substrate ions can also, as in the case of e.g., Ti(CN) type coatings, contribute to the improvement in biocompatibility of coated metal elements [19,20,21,22].




5. Conclusions


It can be concluded from the performed studies that the mechanical properties of the obtained carbon coatings make them suitable for prosthetic elements. The applied method makes it possible to obtain continuous homogeneous coatings with no visible defects which could weaken their structure and worsen their properties. Both their hardness and wear resistance, confirmed in other studies, should ensure their proper functions. The coatings’ adhesion to the metal substrate made of alloy Ni-Cr is good enough to prevent their exposition during the operation in the oral cavity. Coatings significantly improve the corrosion resistance, which should reduce allergic and cytotoxic reactions of the body. It can be clearly seen that the applied carbon coatings reduce the adhesion of bacteria to the alloy surface, and thus also to the metal prosthetic elements. This property will improve the hygienic conditions in the oral cavity and can contribute to a significant limitation of the microbiological corrosion. Taking all this into account, we can state that carbon coatings can be potentially used for the protection of metal prosthetic restorations.
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Figure 1. Surface of a sample with a carbon coating (a) and an EDS spectrogram from the sample surface (b). 
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Figure 2. Microscopic image of a sample’s cross-section with the surface element distributions (a) microscopic image, (b) surface distribution of carbon, (c) surface distribution of titanium, (d) surface distribution of nickel, (e) surface distribution of chromium. 
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Figure 3. Raman spectra of examined samples. 
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Figure 4. Hardness in the function of the depth of the forced-in penetrator. 
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Figure 5. Exemplary current-potential characteristics; 1–Ni-Cr alloy sample with a carbon layer, 2–Ni-Cr alloy sample without a coating. 
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Figure 6. Image of the pits after corrosion tests, (a) sample without a coating, (b) sample with a coating. 
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Figure 7. Sample surfaces with adhering bacteria (a) Ni-Cr alloy sample without a coating. (b) Ni-Cr alloy sample with a carbon layer. 
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Table 1. Composition of Ni-Cr alloy.
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Element Percentage by Weight (wt.%)






	
Cr

	
Mo

	
Si

	
Fe

	
Co

	
Mn

	
Ni




	
24.79

	
8.89

	
1.57

	
1.33

	
0.17

	
0.13

	
rest
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Table 2. Chemical composition of artificial saliva solution.
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	KCl
	NaCl
	CaCl2·2H2O
	NaH2PO4·2H2O
	Na2S·9H2O
	Urea
	Triple Distilled Water





	0.4 g
	0.4 g
	0.906 g
	0.69 g
	0.005 g
	1 g
	1 dm3
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Table 3. Mean values of breakthrough potentials of the examined samples Eb.
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	Sample
	Mean Value
	Standard Deviation





	Ni-Cr with a coating
	0.619 V
	0.010



	Ni-Cr without a coating
	0.823 V
	0.003
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Table 4. The number of bacteria adhering to the surfaces (150 × 100 μm) of the particular groups of samples.
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	Sample
	Average Value
	Standard Deviation





	Ni-Cr with a coating
	84
	10



	Ni-Cr without a coating
	173
	12
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