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Foreword





Dr. John McLean’s practice of aesthetic dentistry goes back many years. In 1963 he initiated a programme of research with the Warren Spring Government Laboratory in England with the object of developing stronger dental porcelains without sacrificing aesthetics. This programme led to the development of the Aluminous Porcelains which have largely supplanted regular dental porcelain for the construction of jacket crowns.


Dr. McLean is one of a handful of individuals endowed with exceptional clinical talent and the scientific ability to produce an aesthetic restoration from the basic raw ingredients.


This series of monographs is a new endeavour to present, in detail, the finer points of ceramic art in dentistry. It is our intention at Louisiana State University School of Dentistry to use this work as the basis for a continuing education programme in dental ceramics which we hope will encourage younger men to specialise in this rapidly expanding field.





Edmund Jeansonne


Dean


November 1974






Preface





This series of monographs on “The Science and Art of Dental Ceramics” has been written principally for the serious student or researcher in dental ceramics. They may also assist the dental technician in a better understanding of his craft and will explain why failures may occur during the firing of dental ceramic work.


Each monograph attempts to penetrate, in some depth, the present state of the art, and some of the material is not available in current textbooks or research papers in the dental field. The research student might find the gathering together of the newer research in dental porcelain of some assistance if he is preparing a thesis. It is for this reason that the Monographs were originally published by Louisiana State University as two separate books.


The increasing demand for information on dental ceramics has continued since the publication of the Monographs in 1974 and the Quintessence Publishing Company considered it an opportune moment to revise the text and publish it in one volume.


The scientific section has been updated particularly with regard to the latest developments in the metal-ceramic field. Two major symposia have been held in the United States of America in 1977 on dental porcelain and alternatives to gold alloys. The proceedings were published by the University of Southern California and the National Institute of Health.


Reference is made to these symposia in the text and the clinical section of the book has been enhanced by the inclusion of colour photographs which do so much for the beauty of porcelain work.


The first two monographs are concerned with the nature of dental ceramics and glasses and how these brittle materials may be strengthened or prevented from fracturing. Further monographs deal with the problems of colour, occlusion in dental porcelain, and the preparation of teeth for ceramic crown and bridgework. The building of ceramics with a brush and methods of obtaining colour and translucency are also dealt with in detail. The importance of obtaining this natural enamel effect cannot be over-emphasized since much of the ceramic work today lacks the natural depth of translucency of human teeth. Without depth of translucency, ceramic crowns will never become submerged in the mouth and be undetectable from their human counterparts.


The increasing use of metal-ceramics has brought with it the problems of maintaining the health of the periodontium. In addition, the problems of dealing with highly reflective opaque backgrounds on metal surfaces is one that has yet to be completely mastered. The maintenance of original tooth contour, together with the provision of correct colour values, is an area which is given great prominence in this series of monographs; this work forming part of the continuing education programme at Louisiana State University.


No attempt has been made in this volume to cover all aspects of fixed prosthodontics and the reader is advised to consult other works in  this field. For a basic understanding of crown and bridgework the text by Shillingburg, Hobo and Whitsett “Fundamentals of Fixed Prosthodontics” is recommended. Other works that provide additional instruction are Johnston, Phillips and Dykema’s “Modern Practice in Crown and Bridge Prosthodontics” and Tylman’s “Theory and Practice of Crown and Bridge Prosthodontics”.


The design and construction of metal ceramic bridgework and developing occlusion in dental porcelain will be covered in the second volume of “The Science and Art of Dental Ceramics” entitled “Laboratory Procedures in Dental Ceramics”. In this volume a critical look is taken of obtaining maximum light tranmission through the anterior crown. Many students are being instructed only in the metal-ceramic techniques and therefore tend to accept the aesthetics of these materials without question. This has resulted in many commercial laboratories eliminating the porcelain jacket crown from their armamentarium. The “metal-ceramic smile” is more common than we perhaps would care to admit.


The cast metal-ceramic restoration is of enormous value in dentistry and is deservedly the most widely used porcelain restoration. However, a plea is made in these monographs for more selectivity in the use of porcelain materials. To adopt one system or brand of porcelain and use it indiscriminately and without appreciation of its aesthetic or mechanical limitations can result in unsightly dentistry. There is a place for all our materials – the full porcelain veneer crown, the bonded alumina crown, and the metal ceramic crown. Each should be used where its properties can be developed to maximum advantage.


It should be noted that throughout the text, the new Système International d’Unités (SI) is used. The SI derives all the quantities needed in all technologies from only six basic and arbitrarily defined units. This contrasts with the metric systems currently used, in which additional quantities (for instance, ‘calorie’ and ‘horsepower’) are arbitrarily and, indeed, differently defined in different metric countries. Relationships between units are thus greatly simplified in the SI, the introduction of which offers existing metric countries a unique opportunity to harmonize their measuring practices. It is likely that most countries will eventually adopt this international system of measurement and, for convenience, a conversion table is inserted at the end of each volume.


The Harvard System of references has been chosen quite deliberately since it requires the insertion in the text of the name of the author quoted as a reference. The reader is then able to identify the person quickly and realise who had developed the original thought.
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Introduction





Ceramics are the earliest group of inorganic materials to be structurally modified by man, and his early history is principally traced through these materials. The origin of glazing techniques is probably the most interesting advance that was later to be so significant from a dental standpoint. Glazed porcelain is our only restorative material from which bacterial plaque can be easily removed, and increasing attention is now being paid to research into the significance of plaque formation on dental restorations.


The earliest glazing technique was a Sumerian invention made famous about 4000 B.C. as Egyptian blue faience. This glaze was not, like later ones, a melted premix of glass-forming materials but was made by a type of cementation process. Potash was drawn by capillarity to react with the surface of a preformed body of siliceous particles to form a glassy coat of copper-coloured eutectic silicate. The process is still in use today in Iran.


From this early work stemmed all the developments in ceramic technology, and the remarkable fact is that the early ceramists were exploiting almost all the properties of solids that are the concern of the modern solid-state physicists. With the exception of electrical and magnetic effects the ceramist was, sometimes inadvertently, using such properties as moisture-dependent plasticity and thixotrophy in his shaping techniques. Decorative textures were derived from vitrification and devitrification, the nucleation of various crystalline


phases, and local variations of viscosity, surface tension and expansivity. Colours depended on various states of oxidation, on abnormal ionic states, on excitons and on structural imperfections in crystals. The understanding of these processes came later when crystal structures could be analysed by means of X-ray diffraction. Their complexity is such that even today much of our decorative ceramic technique remains an art rather than a science. Equally the building of a porcelain jacket crown requires artistic skill; however, with an understanding of the science of ceramics, the technician is better placed to improve his art.


The European development of porcelain came about in the 18th century, and the originator of the first porcelain paste used for denture work was a French apothecary, Alexis Duchâteau. His early dentures were ill-fitting because of the uncontrolled firing shrinkage, and after several fruitless experiments, he sought the help of a dentist, Dubois de Chemant, who had all the qualities of the tireless clinician. In 1788, de Chemant published his book on artificial teeth and the subsequent action brought against him by Parisian dentists who accused him of stealing Duchâteau’s invention led to his emigration to England.


John Woodforde in his book “The Strange Story of False Teeth” describes how de Chemant set up in London in 1792 and continued to manufacture dentures of porcelain paste supplied by the famous Wedgwood porcelain factory.


The first single porcelain teeth were launched in 1808 by an Italian dentist, Guiseppangelo Fonzi, who worked in Paris, but they never met with great approval because of their brittleness and opacity. It was not until the 1850’s that Samuel Stockton of Philadelphia, his nephew S. S. White, and Claudius Ash, in England, placed the porcelain tooth on a successful commercial basis. Then with the advent of vulcanite rubber at this time, dentures for the masses became a reality.


The dental profession did not really master the art of ceramics until the end of the nineteenth century when fixed restorations were realised. Dr. Charles H. Land of Detroit was a pioneer in this field and he filed the first patent in 1889 for the construction of the porcelain jacket crown. An ever-growing list of clinicians followed in his footsteps, and the refinement of the shoulder preparation in 1903 has beeh attributed to Dr. E. B. Spaulding. Dr. W. A. Capon of Philadelphia and Dr. Hugh Avery of San Francisco, did much to enhance the porcelain inlay technique and indeed some of the concepts advanced at that time still find a place in text-books today.


The old trick of baking a porcelain jacket crown to fit a nail was reported in 1908 and Dr. A. E. Schneider was impressing audiences as he hammered the crown into a block of wood. Schneider, at that time, also made the observation that the crown shoulder should be at a right angle to the force of occlusion. With the publication of Dr. Albert Le Gro’s book on “Ceramics in Dentistry” in 1925, the use of porcelain had become firmly established. About this time in Europe, the high fusing porcelains were developed to a high degree of aesthetics and Jan Adriaansen of Amsterdam pioneered the technique of building up porcelain with a brush. He also developed “Prisma” high fusing porcelain with Harrison’s, the glaze manufacturers at Stoke-upon-Trent in England, many of these crowns being in use today.


During this period, several attempts were made to use metal reinforcement in the porcelain. Iridioplatinum was used in various forms by Doctor Swann, Felcher, Hovestad, Johnson, Lakermance, Gonod and Granger, and their pioneering of the reinforced porcelain bridge led to the development of the current metal-ceramic materials.


It was not until 1962, when M. Weinstein, S. Katz and A. B. Weinstein filed their first patent in the U.S.A. on the use of gold alloys for porcelain bonding that the universal use of metal-ceramics became a real possibility. Other methods of reinforcing porcelain were also being explored at this time, and the first viable technique for making alumina reinforced crowns was developed in 1963 by McLean and Hughes in England. This work has been taken a stage further by McLean and Sced in 1976 in the development of a stronger platinum bonded alumina crown. Attachment of aluminous porcelain to the platinum being achieved by surface coating of the metal with a thin layer of tin. This new system of porcelain attachment using electroplating techniques does not require base metals to be incorporated in the alloy as in the previous metal-ceramic systems.


Other major advances were made in firing dental ceramics and Vines, Semmelman, Lee and Fonvielle developed the use of vacuum firing techniques at the Dentists’ Supply Company in the U.S.A. This method opened up a whole new field in aesthetic dentistry.


With the introduction of all these new porcelains and techniques, the current interest in dental ceramics is growing even faster. Dental porcelain has now reached a stage of development where it seems highly unlikely to be replaced by plastics within the foreseeable future. Materials science is expanding quickly and new methods of strengthening glasses, including techniques such as nucleation, ion-exchange and dispersion strengthening of glasses have yet to be fully exploited in dentistry.


It is very probable that the dental profession will be using glasses or ceramics well into the next century for the replacement of lost tooth enamel. Even assuming that the problem of caries is conquered, we must be ever mindful of the effects of natural abrasion on tooth structure and it is likely that this problem could become of major concern to a longer-living populace demanding retention of its teeth.
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Monograph I





The Nature of Dental Ceramics





The word “ceramic” is derived from the Greek “keramikos” which means “earthen”. A ceramic is therefore an earthy material, usually of a silicate nature and may be defined as a combination of one or more metals with a non-metallic element, usually oxygen (Gilman, 1967). The larger oxygen atoms serve as a matrix, with the smaller metal atoms (or semi-metal atoms such as silicon) tucked into the spaces between the oxygens (Fig. 1-1).


The atomic bonds in a ceramic crystal have both a covalent and ionic character. These strong bonds are responsible for the great stability of ceramics and impart very useful properties, such as hardness, high modulus of elasticity and resistance to heat and chemical attack. On the other hand, the nature of this bonding creates difficulties for the dental ceramist since all ceramic materials are brittle.


Crystalline Ceramics


Regular dental porcelain, being of a glassy nature, is largely non-crystalline, and exhibits only a short range order in atomic arrangement. It is therefore more appropriate to consider this material in the second part of this chapter, “The Nature of Glasses”.


The only true crystalline ceramic used at present in restorative dentistry is Alumina (Al2O3) which is the hardest and probably the strongest oxide known. The hardness and strength of alumina makes it difficult to cleave because of the “interlocking” nature of the structure. Binns (1970) considers that when a plane intersects a crystal, the force holding the two halves of the crystal together depends upon the number of chemical bonds cut and the strength of the individual bonds. The number of bonds is dependent upon the packing of the solid and is given by the number of gram-atoms per unit volume. The bond strength is less easy to assess, but probably the most important feature is the extent to which bonding is covalent. Ionic potential is defined as charge/ionic radius and Pauling (1945) has reported values. The greater the ionic potential of a cation the greater its polarizing power on the anion. According to Fajans (Weyl and Marboe, 1962) the more the anion is polarized by the cation the greater is the degree of covalency of the bond. Thus the degree of covalency, and hence the bond strength, increases with the valency. In the series of oxides Na2O, MgO, Al2O3, SiO2, where the ionic potential of the cation increases, the bonding becomes increasingly covalent. In the case of Na2O the bonding is almost completely ionic, whereas SiO2 would have about 50 percent covalent bonding. If the number of gram-atoms is multiplied by the valency of the metal, a quantity is obtained which, for some of the harder materials, compares reasonably well with the hardness. This is a simplified explanation which applies only to perfect single crystals; in practice, the conclusions are modified by dislocations, slip, grain boundary effects, and flaws.
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Fig. 1-1a Diagram of a silicate unit with each SiO tetrahedra sharing an oxygen atom.
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Fig. 1-1b Three dimensional drawing of a silicate unit in which the silicon atom Si is surrounded by four oxygen atoms.
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Fig. 1-1c Three dimensional drawing of linked silicate units which form the continuous network in glass.








Extraction of Alumina


Alumina is the oxide of aluminium (Al2O3), commonly extracted from the mineral bauxite, which is mainly a hydrated aluminium oxide. According to normal practice, the ore is crushed and ground to – 10 mesh and is digested in a concentrated solution of caustic soda. The aluminium-bearing liquor recovered from this process is clarified, and the alumina is precipitated in the form of alumina trihydrate crystals which are then washed and dried without removal of the chemically combined water. The alumina trihydrate is converted to alumina by calcination, usually in a rotary kiln at a temperature of 600°C which drives off the chemically combined water in the hydrate to form gamma-alumina. Further calcination at 1250°C converts it to alpha-alumina (gamma-alumina is predominently required by American metal producers while European users mainly require the alpha-form). For ceramic applications the alpha-form is employed and is generally ball milled and commercially supplied as a fine powder, usually below 10 to 20 microns in size.
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Fig. 1-2 Sintered high alumina profiles used in restorative dentistry.








Fabrication of Alumina Components


Sintered alumina is used in restorative dentistry in the form of prefabricated profiles or reinforcements for the construction of crowns, bridges, or individual pontics (McLean and Hughes, 1965).


These reinforcements are made by mixing the fine calcined alumina powder with a binder such as methyl cellulose and a release agent. The plastic alumina mass is then extruded through tungsten carbide nozzles to the desired shape or form; for dental purposes rods, tubes or sheets are most commonly used (Fig. 1-2).


The moulded profiles are then placed on refractory trays and fired in a standard industrial tunnel kiln. Very slow oven drying is used to prevent warping and the alumina is finally sintered or recrystallised at temperatures of up to 1650°C. The resulting product is a hard, impermeable ceramic of very high strength and chemical resistance.


Sintering of Alumina


Many theories exist as to the exact processes which occur during the firing cycle of alumina, although none are entirely certain; the terms  sintered, fused and recrystallised are widely used to describe the alumina end-product.
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Fig. 1-3 Photomicrograph showing the surface of sintered alumina (95 percent Al2O3). Relief polished. Normaski interference contrast. Mag x 850. Courtesy of D. B. Binns. British Ceramic Research Association.








Burke (1958) defined the term “recrystallisation” as changes in microstructure that occur in crystalline or largely crystalline bodies when atoms move to positions of greater stability. By contrast metallurgists use the term recrystallisation in a much more restricted sense: the nucleation and subsequent growth of a new generation of strain-free grains into the deformed matrix of a cold-worked material.


It appears that during the firing of alumina, the following steps occur. Firstly, a welding occurs at points of contact between adjacent oxide particles, giving rise to a lensing effect as normally occurs in sintering processes, i.e. partial fusion. Migration of atoms then leads to growth of the lens areas, movement of grain boundaries and reduction in porosity. During sintering, the shift in grain boundaries results in the formation of a closely interlocking crystalline structure of considerable strength (Fig. 1-3). This improved packing of the oxide particles results in shrinkage of the ceramic body and compensatory mould design is required similar to the oversize tooth moulds used in a tooth factory.


The driving force for the shrinkage in alumina ceramics is surface tension. The surface tension of free surfaces (pores etc.) in a porous ceramic body will always try to make the piece shrink to reduce surface energy. It has been suggested by Nabarro (1948) and Herring (1950) that the lattice vacancies formed at the surface of a pore can be discharged at grain boundaries as well as at the free surface of the piece, and this might explain the relative independence of sintering rates upon specimen size. Sintered alumina will exhibit this phenomenon and it can be shown that pores near the grain boundaries have disappeared, whereas pores near the centre of the grains remain (Fig. 1-4). The latter pores account for the opacity of alumina where only 2 to 10 percent light transmission is obtainable on 1 mm thick discs (McLean, 1966). This opacity will therefore make alumina suitable for use only in the anchorage areas of artificial teeth or crowns.


Translucent Alumina


More recently methods of firing high purity aluminas containing up to 0.2 percent MgO have been devised in which a spinel is formed at the grain boundaries, slowing down grain growth and allowing the diffusion of porosity along grain boundaries. These aluminas (G.E.C. Lucalox) are probably fired in hydrogen or oxygen atmosphere at high temperature (1800°C) which increases rate of diffusion of porosity. The resultant materials are almost pore-free which in turn produces a highly translucent body, through which it is possible to read newsprint. It is conceivable that these materials might have possibilities in a veneer crown technique where the alumina is used as the main reinforcing shell.
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Fig. 1-4 Photomicrograph of pores trapped in the centre of sintered alumina crystals (99.5 percent Al2O3). Thermal etch. Normaski interference contrast. Mag × 775. Courtesy of D. B. Binns. British Ceramic Research Association.








Effect of Debasing Alumina


The function of a debasing or fluxing agent, added to high purity alumina, is to lower the sintering temperature. It may do this either by forming a liquid phase, or by going into solid solution in the alumina lattice and increasing the diffusion rate.


Debasing agents must be selected so that they do not appreciably affect the mechanical properties of the fired specimens; for example, by causing excessive grain growth which weakens the ceramic body.


A wide range of compositions has been used in the past, but the chief oxides used are CaO, MgO, SiO2, TiO2, MnO2. The function of the first three is almost entirely that of forming a glass phase to bond the structure together. The last two, although also taking part in glass formation, are generally added to increase atomic diffusion in the alumina itself. The proportions of the different oxides used has varied over quite a wide range, but it is probably most common for the SiO2 content to be at least half of the added oxide content and for the CaO content to be larger than that of MgO. Useful ways of adding these oxides are as wollastonite (Ca Si O3) and talc (Mg3Si4O10(OH)2).


A high purity alumina of 97 to 99 percent requires a firing temperature of 1600°C to 1650°C, for a mixture which has been debased to 85 percent purity of alumina, the balance being at least half SiO2; sintering occurs at 1500°C, whilst a mixture comprising 75 percent alumina may be fired at 1300°C to 1350°C. This enables cheaper and simpler furnaces to be used for the firing process. A typical composition for an 85 percent alumina refractory mixture would be as follows:


     


    












	 
	 
	Weight
percent



	



	Alumina
	Al2O3

	87.70




	Silica
	SiO2

	7.10




	Calcium Oxide
	CaO
	1.61




	Magnesium Oxide
	MgO
	1.32




	Chromium Sesquioxide
	Cr2O3

	1.13




	Ferric Oxide
	Fe2O3

	0.25




	Titanium Dioxide
	TiO2

	0.13




	Sodium Oxide
	Na2O
	0.40




	Potassium Oxide
	K2O
	0.36






Colouring Alumina


The colour of sintered alumina is white or cream. However, in order to use this material in restorative dentistry, a range of suitable background colours is necessary when enamel veneers are applied. Dental alumina is therefore coloured with high temperature resistant pigments. These pigments may consist of up to 2 percent of manganese-alumina pink, vanadium-zircon blue, or praesodymium-zircon yellow (McLean, 1966).


Dental Alumina


Composition. Alumina ceramics used in dentistry are of high purity and generally consist of at least 95 percent Al2O3. Minor quantities of debasing agents are added to aid sintering, and pigments of the type just mentioned are added to produce a natural dentine colour. Sintered alumina ceramics of high purity are conveniently referred to as high alumina.


Physical Properties


The physical properties and characteristics of a dental high alumina are illustrated in Table 1-1. These high purity aluminas have excellent resistance to abrasion and chemical attack and are suitable for use up to a working temperature of 1500°C. The significance of this is that at normal firing temperatures used in dental furnaces (900°C to 1150°C) the alumina is completely stable and will not creep or flow. For purposes of comparison the mechanical properties of dental porcelain have been included in Table 1-1 and it may be seen that high alumina is markedly stronger in all essential properties. The high tensile strength is perhaps of greatest significance since tensile failure of dental ceramics is the commonest cause of fracture. Although the strength of high alumina is quite remarkable for a ceramic material, it still does not match its theoretical strength.


The prime causes of weakening in crystalline ceramics has been well summarized by Gilman (1967).




	Local separation, or voids, may occur between crystals, with the result that atoms can wander through the spaces, gases can permeate the material, and the crystals can slide past one another.


	Weakness at boundaries may be caused if one crystal is out of line or twisted with respect to its neighbour; the bonds between them may be stretched or otherwise distorted.


	Ions with the same charge (positive or negative) may be in juxtaposition in the crystal lattice; the consequent electrostatic repulsion may produce stress in that region of the material and generate cracks.





It is clear that all high strength ceramics suffer more from crystal boundary defects than metals, and current research is concentrating on eliminating internal boundaries or minimising their effects.


The use of ceramics in fixed bridgework is limited by these inherent physical defects and in addition shrinkage control still remains one of the main problems with crystalline ceramics. The versatility of metals both in casting accuracy and the nature of the metallic bond leaves them unrivalled in restorative dentistry.


 


    



    
Table 1-1  Physical Properties and Characteristics of a Dental High Alumina and Dental Porcelain














	 
	High Alumina
	 
	Dental Porcelain



	



	Tensile Strength
	138N/mm2

	(20,000 p.s.i.)
	34.4 N/mm2


(5,000 p.s.i.)




	Compressive Strength
	2,180 N/mm2

	(316,000 p.s.i.)
	344 N/mm2
(50,000 p.s.i.)




	Modulus of Rupture
	379 N/mm2

	(55,000 p.s.i.)
	68.9 N/mm2
(10,000 p.s.i.)




	Hardness Moh Scale
	
	9
	




	Coefficient of Linear Expansion


Parts/million/°C
	
	
	




	20°C – 400°C
	
	6.6
	




	20°C – 600°C
	
	7.2
	




	20°C – 1,000°C
	
	8.2
	




	Porosity Fuchsine dye penetration
	
	Nil
	




	Water absorption
	
	Nil
	




	Specific gravity
	
	3.85
	




	Working temperature maximum °C
	
	1,500
	




	Colour
	 
	Ivory
	 









The Nature of Glasses


Dental porcelains are, in part, glassy materials and in order to understand their formulation, a knowledge of glass formation is essential. Glasses may be regarded as supercooled liquids or as non-crystalline solids. This lack of crystallinity distinguishes them from other solids, and their atomic structures and resultant properties depend, not only on composition, but also on thermal history. The glass-maker selects complex or impure solutions in order to modify the physical properties of the glass both in the molten and solid form. These properties would include viscosity, melting temperature, chemical durability, thermal expansion and resistance to devitrification. Frictional forces inhibiting the formation of new molecular configurations in the liquid glass should also be as high as possible. This can be achieved by rapid cooling or preferably, for dental purposes, by using materials that produce high viscosity in the melt, e.g. Aluminium oxide Al2O3.


Glass Formation


The principal anion present in all glasses is O2− ion which forms very stable bonds with small multivalent cations such as silicon, boron, germanium, or phosphorous, giving rise to structural units, such as the SiO4 tetrahedra illustrated in Fig. 1-1, which form a random network in glass. These ions are thus termed glass formers.


Zachariasen (1932) examined the characteristics of these glass-forming oxides and proposed his random network theory of glass structure. He considered that the interatomic forces in glasses and crystals must be essentially similar and that the atoms in glass oscillate about definite equilibrium positions. He deduced that the atoms must be linked in the form of a three-dimensional network in glass as in crystals, and because glasses do not give a sharp X-ray diffraction spectra they could not be periodic (in an ordered arrangement). Zachariasen considered that although the units of structure in the glass, (i.e. SiO4 tetrahedra) and in the crystals are practically identical, in the crystal these structural units are built up to give a regular lattice. By contrast, in the glass there is sufficient distortion of bond angles to permit the structural units to be arranged in a random network (Fig. 1-5). Zachariasen proposed certain conditions for glass formation:




	An oxygen atom must not be linked to more than two M atoms.


	The number of oxygen atoms surrounding M must be small.


	These oxygen polyhedra must share corners only and not edges or faces.
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Fig. 1-5a and b Two-dimensional representation of an oxide M2O3 in (a) the crystalline form (b) the glass form. Adapted from McMillan, P. W. Glass-Ceramics (1964) Academic Press.








For dental purposes, only two glass-forming oxides are used – silicon and boron oxide – and they form the principal network around which a dental glass can be built. Alumina, under certain circumstances, may be regarded as a glass-forming oxide when in combination with other oxides as will be explained.


Formulation of Dental Porcelain


Dental porcelains use the basic silicon-oxygen network as the glass-forming matrix but additional properties, such as low-fusing temperature, high viscosity, and resistance to devitrification, are built in by the addition of other oxides to the glass-forming lattice SiO4. These oxides generally consist of Potassium, Sodium, Calcium, Aluminium and Boric oxides.


The Role of Fluxes


Potassium, Sodium and Calcium oxide are used as glass modifiers, and act as fluxes by interrupting the integrity of the SiO4 network. The purpose of a flux is principally to lower the softening temperature of a glass by reducing the amount of cross-linking between the oxygen and glass-forming elements, e.g. silicon. For example, if soda (Na2O) is introduced into a silicate melt to produce sodium silicate glasses, structural changes occur as in Fig. 1-6. Instead of the bridging oxygen ions which formed the link between the two SiO4 tetrahedra, there are now two non-bridging oxygens, one of which has been contributed by the sodium oxide. A gap is therefore produced in the SiO4 network and the sodium ions are accommodated in the interstices or holes in the random network structure as shown in Fig. 1-7. The greater the number of Na+ ions added, the more Si–O–Si bridges are broken. The O:Si ratio in a glass is of the greatest importance and will affect both the viscosity of the glass and its thermal expansion. For example, in dental porcelain used for bonding to metal, it is usual practice to increase the soda content in order to raise the thermal expansion of the porcelain near to that of the gold alloys. Other alkali metal oxides, such as lithium or potassium oxides, take part in the glass structure in a similar manner. Lithium ions will be accommodated in smaller structural interstices and the sodium ions and the potassium ions in larger ones. Magnesium, calcium and barium oxides may also act as modifying oxides.
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Fig. 1-6 Reaction between sodium oxide and silica tetrahedra. The sodium oxide contributes one of the non-bridging oxygen ions which interrupt the continuity of the silica network. (For simplicity, only a two-dimensional representation of the SiO4 groups is given; in the actual glass structure these groups take the form of tetrahedra as illustrated in Fig. 1-1). Adapted from McMillan, P. W. Glass-Ceramics (1964) Academic Press.
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Fig. 1-7 Two-dimensional representation of the structure of sodium silicate glass. (The structure is shown in a simplified form since only three of the four oxygen ions surrounding each silicon ion are depicted.) Adapted from McMillan, P. W. Glass-Ceramics (1964) Academic Press.








The use of these alkali metal oxides must be very carefully controlled to preserve the original glass-forming network, otherwise problems of devitrification may occur. Potassium, sodium or. calcium oxides are introduced into a glass melt via their respective carbonates which revert to oxides on heating.


Intermediate Oxides


The addition of glass modifiers or fluxes to the basic glass-forming network SiO4 in dental porcelain will not only lower the softening point but also decreases the viscosity. Dental porcelains require a high resistance to slump or pyroplastic flow and it is therefore necessary to produce glasses with a high viscosity as well as low firing temperatures. This can be done by using intermediate oxides which although not usually capable of forming a glass can take part in the glass network.


The hardness and viscosity of a glass can be increased by the use of an intermediate oxide such as aluminium oxide (Al2O3). The role of Al2O3 in glass formation is complicated. It cannot be considered as a true glass former by itself because the dimensions of the ion excludes the possibility of AlO3 triangles being formed and the O:Al ratio precludes the formation of AlO4 tetrahedra. In crystals, the aluminium ion can be four or six coordinated with oxygen giving rise to tetrahedral AlO4 or octahedral AlO6 groups. The tetrahedral groups can replace SiO4 tetrahedra in silicate lattices to give the arrangement shown in Fig. 1-8. Since each aluminium ion has a charge of +3 as compared with a charge of +4 for each silicon ion, an additional unit positive charge must be present to ensure electroneutrality. When metallic oxides, such as sodium oxide, are present, one alkali metal ion per AlO4 tetrahedron would satisfy this requirement and the alkali metal ions could be accommodated in the interstices between tetrahedral groups. In this way, as each Al3+ ion replaces a Si4+ ion in the network, one Na+ ion is taken in to preserve neutrality. This type of structural arrangement is found for many aluminosilicates such as felspars and zeolites, where the crystals are built up of linked SiO4 and AlO4 groups (McMillan, 1964). Large univalent or divalent cations are present in these structures to the extent of one alkali ion or “half” an alkaline earth ion per AlO4 tetrahedron. A similar situation probably exists in a glass network where the electroneutrality requirement imposes the condition that each gram-molecule of aluminium oxide present in the glass requires the presence also of one gram-molecule of an alkali oxide or alkaline earth oxide. This rule is obeyed for many types of aluminosilicate glass (McMillan, 1964).


In the case of the aluminous porcelains, the enamel veneers are made from glasses containing a high combined alumina content of up to 20 percent or by further addition of aluminium oxide to a felspar frit. Aluminium oxide is usually added to the melt in the form of its hydroxide.
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Fig. 1-8 Aluminium in a silicate network. (The structure is shown in a simplified form; the true structure is three-dimensional, the AlO4 and SiO4 groups having tetrahedral configurations.) The alkali metal ion (M+) such as sodium maintains electroneutrality. Adapted from McMillan, P. W. Glass Ceramics (1964) Academic Press.








Boric Oxide Fluxes


Boric oxide (B2O3) is also a powerful flux but at the same time can act as a glass former. In vitreous B2O3 the boron, being three co-ordinated, forms a continuous three-dimensional network of BO3 triangles. Because the bonds extend in only three directions, as opposed to four in SiO4, the stability of the B2O3 structure is weaker, i.e. lower softening point, lower viscosity and higher expansion. If B2O3 is added to a glass it acts as a flux and the structure is a three-dimensional continuous network of SiO4 tetrahedra and BO3 triangles. The cation:O ratio changes affect B2O3 glasses in a different way from silica glasses. The addition of extra oxygen atoms can change the boron co-ordination from three to four, thus forming strong BO4 tetrahedra and producing a more stable glass. This explains the “Boron Anomaly” where at ratios of about 12 percent B2O3 the physical properties of the glass change quite markedly. Initial additions of B2O3 to alkali-silicate glasses, such as dental porcelain, form BO4 tetrahedra giving low expansion and good chemical resistance. Above the critical B2O3 value of 12 percent, no more BO4 tetrahedra are formed and the less stable form BO3 takes over. Boric oxide is therefore used in quantities below the critical 12 percent value and the BO4 network is predominant. A twin lattice is formed with SiO4 in which the BO4 tetrahedra still act as a flux by interrupting the SiO4 network, but at the same time a gross weakening of the glass is not produced by formation of the less stable BO3 triangles.


Chemical Composition of Dental Porcelain


It is now possible to see how a modern aluminosilicate dental glass is formed (Fig. 1-9).




The stability of the glass is highly dependent on the silicon-oxygen lattice and the covalent bonds must not be reduced too much, otherwise problems of hydrolytic stability and devitrification may arise. The average dental porcelain will therefore contain a minimum content of about 60 percent SiO2. The balancing oxides or fluxes are carefully controlled to provide the requisite properties such as resistance to pyroplastic flow (slump), hardness, hydrolytic stability, low melting temperature, and resistance to devitrification.
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Fig. 1-9 Diagram of the formation of a glass used in making medium or low fusion porcelains.








A typical low fusion dental porcelain should really be referred to as dental glass and would have a composition as follows:


     















	Oxide
	Weight per cent
	



	



	SiO2

	69.36
	Glass formers




	B2O3

	7.53




	CaO
	1.85
	Glass modifiers




	K2O
	8.33




	Na2O
	4.81
	Intermediate




	Al2O3

	8.11






     


Such a fluxed glass would have a maturing temperature of 900°C to 930°C.


Devitrification and Thermal Expansion


“Vitrification” in ceramic terms is the development of a liquid phase, by reaction or melting which, on cooling, provides the glassy phase. The structure is termed “vitreous”.


When too many of the glass forming SiO4 tetrahedra are disrupted in dental porcelain, the glass may crystallise or “devitrify”. Devitrification is often associated with high expansion glasses since the usual way of increasing the thermal expansion of a glass is to introduce more alkalis, particularly soda (Na2O). High expansion glasses are used in the metal-ceramic techniques and the increase in sodium and potassium ions can cause too much disruption of the SiO4 tetrahedra. These porcelains are therefore more subject to problems of devitrification than regular porcelain and the manufacturers generally find themselves on the borderline of stable glass formation when manufacturing porcelains for bonding to metal.


Devitrification of high expansion porcelains may be seen when a cloudiness develops in the porcelain and this can be accentuated by repeated firings. Once a porcelain has devitrified, it becomes increasingly difficult to form a glaze surface.


By contrast the regular or aluminous porcelains are much less susceptible to devitrification due to their higher silica to alkali ratio. The aluminous porcelains contain much less soda (Na2O), and their thermal expansions are lower. In addition, their high combined alumina content tends to neutralise the effect of excessive quantities of Na+ ions which, as explained on page 32 are required to preserve electroneutrality in an aluminium silicate network.


Very low thermal expansion porcelains, giving high thermal shock resistance such as the “Vycor” type silica glasses, have never become popular. However, high resistance to thermal shock is a very desirable feature and the ceramic industry in general will continue to take great interest in zero or negative expansion ceramics.


Fritting


The term “frit” is used to describe the final glass product. The raw mineral powders (oxides or carbonates) are mixed together in a refractory crucible and heated to a temperature well above their ultimate maturing temperature when used in the dental laboratory. The oxides melt together to form a molten glass, gases are allowed to escape and the melt is then quenched in water. The red hot glass striking the cold water immediately breaks up into fragments and this is termed the “frit”. The process of blending, melting and quenching the glass components is termed “fritting”. A similar process is used in making felspathic porcelain. The natural felspar and glass fluxes are mixed together in powder form before the fritting process is commenced.


Alternative Additives to Dental Porcelain


Small quantities of alternative modifying agents can be added to the dental porcelain during fritting. Lithium oxide (Li2O) may be added as an additional fluxing agent. However, this oxide does tend to induce rather more pyroplastic flow than is often desirable in a dental porcelain. Lithium oxide may also increase the risk of devitrification, since it has a higher field strength than either sodium or potassium and therefore exerts the greatest ordering effect on surrounding oxygen ions. The conversion to a regular crystalline arrangement will therefore occur more readily in lithium silicates than in potassium or sodium silicates.


Magnesium oxide (MgO) may also be present, but usually in minute quantities. This oxide can replace CaO.


Phosphorous pentoxide (P2O5) is sometimes added to induce opalescence, and is also a glass-forming oxide.


A current medium fusion porcelain containing these additives is listed below.


 


    










	Oxide
	Weight per cent



	



	SiO2

	64.2




	B2O3

	2.8 




	K2O
	8.2 




	Na2O
	1.9 




	Al2O3

	19.0




	Li2O
	2.1 




	MgO
	0.5 




	P2O5

	0.7 



    


     


Maturing temperature 1060–1080°C.


Felspathic Porcelain


The principal elements in natural clays are oxygen, silicon and aluminium, forming the compounds known as aluminosilicates. The precursor of common clay is felspar, a mineral found in many parts of the world.


Natural felspars are mixtures of albite Na2Al2 Si6O16 and orthoclase or microcline K2Al2Si6 O16 with free crystalline quartz. These felspars are never pure and the ratio of soda (Na2O) to potash (K2O) may vary quite considerably. However, for dental purposes, a high potash content felspar is generally selected because of its increased resistance to pyroplastic flow. Potash felspars have an extremely high viscosity and this viscosity decreases only relatively slowly with rising temperature.


When felspar is melted at about 1250°C to 1300°C, the alkalis (Na2O and K2O) unite with the alumina and silica to form sodium or potassium aluminium silicates. A glassy phase is formed with a free crystalline silica phase.


Felspar has been used to make dental porcelain for a number of decades due to the ease with which it can be fritted and coloured to produce high fusing dental porcelain (1250-1350°C). For a long time manufacturers used natural felspar mixed with quartz in the proportion of 85 percent felspar to 15 percent quartz as their standard dental porcelain. However, the demand for lower fusion temperatures in dental porcelain and the abandonment of expensive platinum wound furnaces for nickel-chrome muffles produced an increasing interest in fluxed glasses. Felspar was therefore modified by the addition of glass modifiers or glass formers of the fluxing type, such as B2O3.


As can be seen from the following chemical analysis of natural felspar most of the elements necessary for glass making are already present in this mineral.


 


    













	Felspar analysis


	


	Potash Spar



	SiO2

	66.80
	CaO
	0.45




	Na2O
	3.01
	MgO
	0.13




	K2O
	10.55
	Fe2O3

	0.30




	Al2O3

	17.58
	TiO2

	trace



	Loss on ignition 0.99


	 


	Soda spar



	SiO2

	71.90
	CaO
	1.14




	Na2O
	8.19
	MgO
	0.02




	K2O
	0.64
	Fe2O3

	0.13




	Al2O3

	15.67
	TiO2

	0.10



	Loss on ignition 1.47


    


     


A low or medium fusion dental porcelain or glass can therefore be made by the appropriate addition of balancing oxides. The mixed felspar-glass flux mixture can then be fritted at specific temperatures according to how much felspar is required in solution. The mixture could be fritted until a completely homogeneous glass is formed, i.e. all the felspar constituents are dissolved. This would produce a lower firing temperature porcelain. Alternatively part of the felspar could be left undissolved and remain as discrete particles in the glassy matrix. This probably accounts for the term “dental porcelain” but it is not really accurate since the material contains very little free crystalline phase with the possible exception of crystalline quartz.


The glasses used in the manufacture of Aluminous Porcelain described in Monograph II are sometimes made from the raw oxides as outlined in the previous section on the formulation of dental porcelain. This results in much closer batch control with less risk of devitrification problems arising.


Nepheline Syenite


The use of nepheline syenite has been tried as a replacement for felspar (Orlowski, 1944). It exhibits less variation in composition than natural felspar and is an igneous rock, a syenite, somewhat resembling granite in texture, hardness, and general appearance. The essential mineral of this syenite is nepheline, and other principal minerals are potash felspar, and soda felspar. There is little or no free quartz; the molar composition of a Canadian nepheline syenite is:













	Na2O
	0.75




	K2O
	0.25




	Al2O3

	1.1




	SiO2

	4.5






Nepheline syenite has never become popular for making dental porcelain and probably the major criticism levelled against it has been its greater pyroplasticity when compared with felspar.


Colouring and Opacifying Dental Porcelain


The basic dental porcelain frit will vary in colour depending upon whether the frit is a single phase or multi-phase glass (mixture of glasses).


In general, it may be stated that if the porcelain is manufactured as a single phase glass, in which all the oxide constituents are completely taken into solution, the resultant product should be as transparent as a good window glass. As described previously, in the case of fluxed felspathic porcelains some manufacturers may limit the degree of fusion and pyrochemical reaction in the frit to the extent that a proportion of the felspar remains undissolved in the glass flux. These felspar grains remain discreetly in the glass matrix, and because of the difference in refractive indices the final glass frit may appear opalescent or assume a grey-blue translucency similar to natural incisal enamel.


A further technique of developing translucent grey or opalescent characteristics is to use a mixture of two single phase glass frits of slightly different refractive indices. Such glasses can give translucencies similar to the mixed felspar porcelains.


Whatever the method of preparation of the glass used in dental porcelain the greatest colour problem encountered is the slightly greenish hue exhibited by all glasses. This can be seen when viewing plate glass along its edge.


In order to dampen down this effect and to produce life-like dentine and enamel colours the basic dental porcelain frit must be coloured.


Colour Pigments


The dental porcelain frit is usually coloured by the addition of a concentrated colour frit. These coloured glasses are prepared by fritting high temperature resistant pigments, generally metallic oxides, into the basic glass used in porcelain manufacture. The glass will then be highly colour saturated and when ground to a fine powder can be used to modify the uncoloured porcelain powder. Only small amounts of modifying colour frit are used and in addition opacifying agents would be added at the same time.


The colour pigments used in dental porcelain may consist of the following:


Pink – Chromium-tin or chrome-alumina. These pigments are stable up to a firing temperature of 1350°C and are particularly useful in eliminating the greenish hue in the glass and giving a warm tone to the porcelain.


    Yellow – Indium or praesodymium (lemon) are probably the most stable pigments for producing an ivory shade. Vanadium-zirconium or Tin oxide plus chromium can be used but are not so stable.


Blue – Cobalt salts are used to produce this colour and are particularly useful for producing some of the enamel shades.


Green – Chromium oxide is the main pigment for producing a greenish colour but it should be avoided in dental porcelain wherever possible since green is the characteristic colour of glass. In addition the main complaint from technicians is that some porcelains assume a greenish hue after baking and the inherent greeness of the basic dental porcelain can be accentuated by over-firing (over-vitrification).


Grey – Iron oxide (black) or Platinum grey are useful pigments for producing enamels or for addition to the greyer section of the dentine colours. Incorporation of grey colours can also give an effect ot translucency.


Opacifying Agents


The addition of concentrated colour frits to dental porcelain is insufficient to produce a life-like tooth effect since the translucency of the porcelain  is too high. In particular the dentine colours require greater opacity if they are to simulate natural dentine overlaid by enamel. The addition of opacifying agents is therefore a delicate procedure, particularly when determining shades for the metal-ceramic materials.
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