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Aim of this study was to assess, by means of structural analyses (reflection light microscopy, adhesion and Vickers microhardness tests), the adherence between a noble base metal (Au 45%, Pd 39%, Ag 6%, Ga 1.5% and In 8.5%), treated - by following a specific protocol - by a vegetable-based product (TTSV.GEL) required to re-crystallize and eliminate surface oxides, and a glass-ceramic (Creation).
Introduction 

	The choice of metal alloys for dental use has always been influenced by factors which are inherent to their use in an aggressive environment such as the oral cavity. Preference was given to gold-content alloys[1,2] since gold is a very stable and poorly etchable material. The technical requirements linked to the production of dental prostheses have forced the manufacturers of metal alloys to combine gold with other materials such as platinum, in some cases replaced by the less expensive palladium, silver, indium, iridium, gallium and even iron and copper in varying percentages. Such alloying elements give the alloy certain features, such as colour, hardness, a higher melting point, and also contribute to the formation of the crystallization nuclei required for the development of a stable and compact crystal reticulum. There is, unfortunately, also another side of the coin. Some of the metals used, e.g. silver, gallium but above all copper and iron, which are typically found in low-quality alloys, undergo strong oxidation during the process of melting, cooling down and brazing. The formation of oxides takes place both at the surface and in depth, somehow limiting the correct formation of the crystal reticulum and giving rise to quite some problems during the various processing stages of a prosthetic device, e.g. finishing, precision grinding, brazing, metal-ceramic bonding[3-7], thus negatively affecting the aesthetics. According to the results of a study carried out on behalf of the Italian National Research Council and published in September 1996, oxides are the condition for the onset of corrosion processes, since they release potentially toxic ions and induce electrogalvanic phenomena responsible for corrosion.Going back to the problem of the metal-ceramic bond, in the past the international scientific literature proposed several works which tried to focus on the chemical and physical characteristics of the metal-ceramic interface[8,13]. Only a few of them, though, provided precise indications on the mechanisms of adhesion and, above all, on the methods to be used to obtain significant results[14]. 
	As reported by the "American Society for Testing and Materials (ASTM)", adhesion[15,16] can be defined as the "state in which two materials are kept together at their interface by forces which can be of a chemical, electrostatic or Van der Waals nature". In the literature, the specific bonding energies typically range from around 1E-21 Joules for bonds of the Van der Waals type to values of 1E-18 Joules for covalent and ionic bonds. Adhesion is classified into Theoretical Adhesion (AT) and Practical Adhesion (AT). Practical Adhesion is the one actually measured while Theoretical Adhesion is the highest permissible value which is a function of the nature of the materials and of the type of bond which has been established. The relationship which links AP to AT is simply the following: 

AP = AT - SI ± ESM
where SI is the internal stress and ESM is the specific error of the measuring technique. In general, all methods used to measure adhesion will have AP << AT. In observing the above relationship one can appreciate that the unavoidable presence of stress at the interface level and the method used for measuring purposes make the determination of an adhesion value much more complicated.The structures which are present at the interface between the substrate and the deposit can essentially be of three types. One or the other structure may be present depending on the materials and the deposition techniques used.One also speaks of pseudo-diffusion or Van der Waals bond when the separation between substrate and deposit occurs at a distance of just a few atoms. At such small distance one cannot really speak of the formation of a true diffusion layer or of a chemical bond between the two materials. One obtains, at most, the formation of a very limited layer in which defects and stresses are confined. Generally speaking, in the presence of such a structure at the interface one can find very low adhesion values.If a true chemical bond were formed, through the creation of an intermediate compound called "interlayer", the adhesion process could draw substantial benefits (except for those cases in which the intermediate layer is of a brittle nature). All the strain due to the rupture of the crystal reticulum and the different thermal expansion coefficients could become visible in the interlayer.
	The creation of an interlayer in which the substrate and the deposit gradually interact is desirable for those materials that will have to undergo high temperature treatments where the difference in thermal expansion coefficients could induce considerable levels of stress. Indeed, the thickness of the interlayer should be sufficient to control the stress. On the contrary, wherever there is a possibility that detrimental interlayers are formed, one should think of a diffusion barrier. Mechanical anchorage occurs when the film-forming process does not allow creating a chemical bond or a diffusion layer. To facilitate the formation of this type of bond, one usually activates the substrate surface by roughening it. This increases the deposit anchorage area and therefore improves adhesion.In the fracture process of a glass-ceramic deposit on a metal substrate two separate stages can be clearly identified, both of them characterized by precise stress values: 

1.      onset of the fracture with the required energy;
2.      propagation of the fracture with the required energy.
The onset of a fracture depends on the presence and concentration of defects at interface level. Such defects, in turn, depend on the nature of the materials, on the deposition process and on the presence of impurities. The propagation of a fracture essentially depends on the structure and nature of the materials at the interface. If the rupture and the detachment of the ceramic deposit from the substrate takes place at interface level, we will refer to it as adhesive fracture while if the breakage occurs within the deposit we will refer to it as cohesive fracture. Eliminating impurities and pollutants at the interface is an operation of primary importance to improve adhesion. In the deposition processes where deposits are formed at high temperatures, cleaning of the substrate plays a very important role though it is not so critical as in the low temperature deposition processes.There is a wide selection of tests to measure adhesion, yet none of them can be regarded as the best in absolute terms.
  
	 Each test has a specific field of application. One can state, however, that a good method to measure adherence should generally show the following characteristics: 

1.      be non-destructive
2.      provide quantitative results
3.      be easy to perform and interpret
4.      be reproducible over time
5.      provide a measure of adherence which can be directly related to the application for which a particular system is meant
6.      be cost-effective.
In those industrial applications where certification and compliance with the standards are required for the whole manufacturing process, as in the biochemical industry, a non-destructive quality control method should be identified. Such a method should be carried out at the manufacturing lines, it should be reliable, automated, integrated with other inspection tools and, if possible, cost-effective. Such a method would allow constantly monitoring production and would provide the feedback to set and prepare the process with greater efficiency and timeliness. Concerning the determination of the adherence of ceramic deposits in the biomedical sphere, there is no non-destructive test which meets the above requirements. Conformity must therefore be verified on each production lot according to statistical estimates and by sampling, testing and thus destroying part of the production at each test.Aim of this study was to assess, by means of structural analyses (reflection light microscopy, adhesion and Vickers microhardness tests), the adherence between a noble base metal (Au 45%, Pd 39%, Ag 6%, Ga 1.5% and In 8.5%), treated by following a very strict protocol, by a vegetable-based product (TTSV.GEL) required to re-crystallize and eliminate both internal and surface oxides, and glass-ceramics (Creation).
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Materials and methods 

	Sixteen equally-sized, parallelepiped-shaped blocks were prepared (25 mm length, 10 mm width and 1.5 mm height) with Gold Alloy E Orodent CE 0546 having the following chemical composition: 45% gold, 39% palladium, 6% silver, 1.5% gallium and 8.5% indium of the total weight. The metals were melted in a FASE 1600P melter with dual operation system, vacuum and pressurized. After cooling down the melting at room temperature, the refractory coating needed to pre-form the specimen was removed.  
	The heat treatment that followed melting was carried out in a KDF MASTER SPRINT 120 furnace at a temperature of 950°C for 10 minutes in atmosphere. It was used to apply TTSV.GEL, a vegetable-based product, according to its protocol in order to obtain re-crystallization and eliminate both internal and surface oxides.The ceramic-coating protocol for the CREATION ceramics was applied by strictly following the manufacturer’s instructions, for each of the sixteen blocks which had been pre-treated by roughening their outer surfaces. 
	 The assessment of the adhesion bond between the base metal and the glass-ceramic was performed by means of three tensile tests, three shear tests and, finally, three flexure tests (Fig. 1) using a mechanical/hydraulic machine (SHENCK TREBEL model Zwick 1448).A computer fitted to the machine made it possible to extrapolate the link between stress and deformation. The tests performed made it possible to determine the peak detachment force value for glass-ceramics.
	Once such peak force was calculated on all specimens, the strength of the glass layer expressed in Mega Pascals (Mpa) was determined as the ratio between the peak force and the area on which this force was applied. The mechanical tests thus performed made it possible to assess the mean stress values and the corresponding standard deviation.
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	Fig. 1: Example of the specimens used for the mechanical tests. The blue areas represent the counter specimens while the grey areas represent the ceramic-coated specimens. 

 


	In order to assess the tensile, shear and flexure strength of the glass layer fired on the base metal, it was necessary to use counter specimens. Such counter specimens, made of AISI 316 L stainless steel (austenitic low-carbon steel) were superficially treated by sandblasting with alumina (grain size 200 m m at a pressure of 2 bars/29 psi). Sandblasting was applied in order to create the superficial microretentions required to glue the ceramic-coated specimens to the counter specimens.Before gluing, the specimens were washed in an ultrasound bath with acetone. They were subsequently washed in an ultrasound bath with bidistilled water. 
	The final operation, represented by the complete removal of all bidistilled water, was again obtained by means of an ultrasound bath with ethyl alcohol. Gluing of the specimens with the prepared counter specimens was carried out by applying a thin layer of single-component low-viscosity epoxy glue (araldite AV 119° by Ciba-Geigy), subsequently cured at 120° for 40 minutes in a standard oven at atmospheric pressure.The analyses, carried out by means of a LEICA DM RM/E reflection light microscope, were required to assess in detail the crystallographic appearance of the interface between the glass layer and the base metal. 
	Two out of the sixteen ceramic-coated samples were used to prepare the metallographic specimens of which, in a second working stage, four photographs were taken at 1000 magnification. Obtaining and subsequently analyzing the interface between the base metal and the glass-ceramic was made possible by aggregating the previously selected specimens (by means of an epoxy resin cured at a temperature of 180°C for 15 minutes) and mirror-polishing them with abrasive paper and diamond pastes.Both the analysis carried out with the reflection light microscopy and the adherence tests performed were supported by Vickers microhardness tests (HV) performed with a LEICO microhardness meter. 
	The load used in all tests was 2,942 N and five impressions were taken in order to obtain adequately significant mean values from the tests.  The HV analysis was carried out using the metallographic specimens previously prepared for the structural analysis and each of the five impressions was obtained at a distance which was such as to avoid any artifacts arising from the previous measurements. The HV assessment considered four aspects: an analysis of the base metal hardness, an analysis of the metal-ceramic adhesion, an assessment of the intermediate glass layer hardness and, finally, of the glass-ceramic hardness. However, the HV test performed at the interface between the base metal and the glass-ceramic, which involved the appearance of adhesion, was subsequently used for mechanical tests.
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Results 

	The structural analysis, carried out by reflection light microscopy, made it possible to identify the crystallographic appearance of the interface between the glass layer and the base metal. The specimens prepared for light microscopy did not undergo any etching which could have represented a source of possible artifacts both in the base metal and in the ceramic layer.
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	Fig. 2: Structural appearance of the A and B specimens at 1000x.

	The four photographs shown in Fig. 2 (specimen A and specimen B) reveal the presence of differently-coloured areas within the glass deposit. The colour shades ranging from light grey, dark grey, cyan and brown represent those masses which have become stratified during the application of glass-ceramics and which are necessary to the operator in order to re-create those natural nuances typical of teeth. The base metal, represented in the pictures by a greyish white colour, clearly shows the surface roughness generated during etching as well as the complete absence of oxidate layers, indicating the positive effect of the natural product, TTSV.GEL, applied during the heat treatment after melting. An analysis of the photographs also shows the excellent interface between the metal base and the glass deposit.
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	Fig. 3::  HV microhardness tests summarising chart
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	HV impression in the intermediate ceramic layer (1000x)
	HV impression in the external ceramic layer (1000x)
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	HV impression at the interface between metal and ceramics (500x)
	HV impression at the interface between metal and ceramics (1000x)


The HV microhardness test results, summarised in the chart shown in Fig. 3, gave important information supporting the structural analysis. The HV hardness of the base metal is approximately one third lower than the HV hardness of the glass layer. Furthermore, the glass layer shows a minor difference of approximately 50 HV which indicates that the different colours that are present in the layer which is sintered onto the base metal are due to materials having different chemical and physical properties. Apart from proving useful in the identification of a different behaviour along the cross-section of the ceramic-coated specimen, the HV microhardness tests also helped investigate the type of bonding at the interface between the base metal and the ceramic. Fig. 4 shows photographs where two aspects are visible. One relates to the impression and the other one is linked to the analysis of crack propagation at the junction between metal and glass-ceramics. Concerning the appearance of the impressions in the ceramic layer, the photographic analysis does not show any significantly relevant elements. On the contrary, a detailed examination of the two photographs taken of the HV impressions at the interface between metal and glass-ceramics, one at 500 magnification and the other one at 1000 magnification, shows that the excellent adhesion between the two elements does not allow for the development or propagation of any cracks.
The results of the shear, tensile and flexure tests have been gathered and graphically shown in Fig. 5. For each group of tests the individual results used to calculate the mean values and the corresponding standard deviation were gathered, analyzed and plotted. 

	Fig. 4: HV impressions in the ceramic layers and at the interface between base metal and deposit. 
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	Fig. 5: Summarising chart of the three types of test performed on the glass-ceramic layer.


	The first important fact emerging from the adhesion test results was the excellent behaviour of glass-ceramics when exposed to tensile stress as compared, for example, to shear stress. Another interesting figure obtained from the results of the mechanical tests was the high standard deviation as compared to mean values. This particular aspect should make us think about the fact that even though the same technique, the same materials and the same furnace were used for the  
	preparation of the glass-ceramic, the specimens thus obtained have very different chemical and physical properties and this may of course explain the considerable discrepancy as compared to the mean values. The question of standard deviation from the mean values affects to a lesser extent the flexure test, which is no doubt a test commonly used to assess glass adherence but which does not provide the operator with accurate information as to how the ceramic layer adheres to the underlying metal.
	By visually observing the specimens after the breakages caused by the mechanical tests, important considerations were formulated to support the already existing ones. Even if exposed to tensile stress, the ceramic layer continues to adhere completely to the metal support except for some small islets where detachment occurs. On the contrary, in the case of shear stress, because of the type of specimen, the ceramic layer has completely come off the underlying metal. 
	The investigation carried out on the specimens exposed to flexure forces involved only the central portion where cracks formed after applying the load were observed in the ceramic layer. What was said about bending tests and how difficult it is to quantify the adherence of a ceramic layer if it undergoes flexure stress is also confirmed by visual analysis where the only significant fact is the presence of surface cracks.
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Conclusions 

The structural analysis tests carried out by means of reflection light microscopy, Vickers microhardness tests and mechanical adhesion tests certainly proved to be useful in covering all aspects associated with the study of the adherence of a ceramic layer which is sintered onto a metal support. A very interesting result was the appearance of the interface between glass-ceramics and the base metal obtained by applying the TTSV.GEL, a product of natural origin. The HV microhardness tests gave important results in support of the chemical and physical properties of both the base metal and glass-ceramics. They also made it possible to study the behaviour at the interface between the glass deposit and the metal support.
Generally speaking, the three mechanical adhesion tests that were set up and used proved to be useful in studying the effects of the load as a function of the deformation of the glass-ceramic layer. The flexure tests are the only ones which could not provide precise indications as to how a ceramic layer adheres to the base material. On the contrary, the tensile tests, and even more so the shear tests, proved to be essential in the study of the mechanical characteristics of glass-ceramics. A few comments are worth with reference to the tensile tests. Visual analysis of the specimens after the test clearly shows that there has been a detachment of the counter specimen even in the absence of ungluing of the ceramic layer (except for small areas). This can be explained by the fact that most probably the ceramic surface which had been prepared to receive the glue had not been adequately activated, thus resulting in a reduction in the binding capacity between glue and ceramics which is required to tear off the glass layer from the substrate. The overall results, even if satisfactory, were simply an end in themselves. A deeper approach, e.g. comparing different base materials, different glass-ceramics and different preparation techniques, could certainly provide more interesting results from the scientific point of view. Our laboratories are working precisely in this direction. 

 

BACK TO THE TOP
 

Acknowledgements 

Special thanks to Marina ROMOR for the photography, Sergio COLPO for his assistance in the mechanical and HV microhardness tests and Giuliano PARACCHINI for the mechanical development of counter specimens.
 

References
1. E Papazoglou et al., New high-palladium casting alloys: studies of the interface Vs porcelain, Int J Prosthodont 1996 Jul-Aug; 9(4): 315-22;

2. YG Jung et al., Damage modes in dental layer structures, J Dent Res 1999 Apr; 78(4): 887-97;

3. SF Rosenstiel et al., Strength of a dental glass-ceramic after surface coating, Dent Mater 1993 Jul; 9(4): 274-9;

4. JA Pask et al., Oxidation and ceramic coatings on 80Ni20Cr alloys, J Dent Res 1988 Sep; 67(9): 1164-71;

5. E Papazoglou et al., Porcelain adherence Vs force to failure for palladium-gallium: a critique of metal-ceramic bond testing, Dent Mater 1998 Mar; 14(2): 112-9;

6. EK Uusalo et al., Bonding of dental porcelain to ceramic-metal alloys, J Prosthet Dent 1987 Jan, 57(1): 26-9;

7. F Daftary et al., Effect of four pre-treatment techniques on porcelain-to-metal strength, J Prosthet Dent 1986 Nov, 56(5): 535-9;

8. DG Jochen et al., Effect of opaque porcelain application on strength of bound to palladium alloys, J Prosthet Dent 1990 Apr, 63(4): 414-8;

9. RP Lubovich et al., Bond strength studies of precious, semiprecious, and nonprecious ceramic-metal alloys with two porcelains, J Prosthet Dent 1977 Mar, 37(3): 288-99;

10. E Papazoglou et al., Effects of dental laboratory processing variables and in vitro medium on the porcelain adherence of high-palladium casting alloys, J Prosthet Dent 1998 May, 79(5): 514-9;

11. M Adach et al., Oxide adherence and porcelain bonding to titanium and Ti-6Al-4V, J Dent Res 1990; 69: 1230-1235;

12. I Murakami et al., Interactive effects of ecthing and pre-oxidation on porcelain adherence to non-precious alloys: a guided planar shear test study, J Dent Mater 1990; 6: 217-222;

13. M Persson et al., Metal-ceramics bond strenght, Acta Odontol Scand 1996 Jun; 54(3): 160-165;

14. L Paracchini et al., Mechanical characterisation of glass-ceramic layer on titanium alloys for dental prostheses, Fourth Euro Ceramics Vol. 8 pp 285-291 BIOCERAMICS, Edited by A. Ravaglioli© Gruppo Editoriale Faenza Editrice S.p.A. Printed in Italy.

15. ASTM D907-70, Philadelphia, PA, 1970;

16. Adhesion or Cohesive Strength of Flame-Sprayed Coatings, ASTM C 633 - 79, Philadelphia, PA, 1979.

 

BACK TO THE TOP
