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SHARUKH S. KHAJOTIA 
The Effect' of Leucite Crystallization and Thermal History on Thermal Expansion 
Measurement of Dental Porcelains 
(Under the direction of J. RODWAY MACKERT, JR.) 

Objectives. Measurement of thermal expansion in glassy· materials is complicated by 

thermal history effects. The purpose of this research was to determine whether the 

occurrence of structural relaxation in glassy materials, such as dental porcelains, and 

changes in porcelain leucite content could interfere with the accurate measurement of 

the coefficient of thermal expansion during the thermal expansion measurement itself 

Methods. In a randomized design, thermal expansion specimens were fabricated 

using six commercial body porcelains and the leucite-containing Component No. 1 frit 

(Weinstein et al. patent, 1962), and subjected to one of the following heat treatments: 

a single heating run at 3 °C/min in a .conventional dilatometer followed by air 

quenching; three successive low-rate heating and cooling thermal expansion runs at ' 

3°C/min in a conventional dilatometer; or three successive high-rate heating and 

cooling th~rmal expansion runs at 600°C/min in a laser dil~tometer. The remaining 

specimens were left untreated and served as controls. Potential changes in porcelain 

leucite content were monitored via quantitative X-ray diffraction. Thermal expansion 

data for each run over a- temperature range of 25-500°C and the_ leucite content of all 

specimens were subjected to repeated measures analysis of variance. 

Results. The thermal expansion coefficient measured on first slow heating was 

significantly lower than the values for succeeding low-rate heating and cooling runs in 



au· materials (p < 0.001). The high-rate thermal expansion coefficient obtained on 

first heating was not significantly different from the values ·· of succeeding heat and 

cool runs in all materials (p > 0.05). No significant. effect of dilatometer thermal 

treatments on leucite content (p > 0.05) was shown for all materials studied using 

both dilatometers. 

Significance. The. crystallization of additional amounts of leucite during thermal 

expansion runs can be ruled out as a possible interference in the determination of the 

thermal expansion coefficient of dental porcelain. Conventional dilatometer 

measurements exhibited structural relaxat1oh during the first heating run, as evidenced 

by the significant difference between the first heating and subsequent runs, while the 

laser dilatometer measurements were not affected by this thermal history effect. 

Therefore, high-rate dilatometry provides a more accurate thermal expansion 

measurement that is free of interference from structural relaxation and additional 

leucite crystallizatio0; 

INDEX WORDS: Ceramics, Leucite, Structural Relaxation,, Thermal Expansion 
Measurement, Lasers 
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INTRODUCTION 

Ae Statement of the Problem 

A crucial requirem~nt ·or any apparatus performing a given measurement is that 

the apparatus not induce changes in the quantity it is measuring. The 

measurement of thermal expansion necessitates heating a specimen over the 

temperature range about which t~ermal expansion information is desire<I:, making 

it essential to insure that this heat treatment does not alter the porcelain in some 

way that would change its thermal· characteristics. The elevated temperatures and 

rates of heating and cooling associated with a thermal expansion measurement 

provide a heat treatment that could result in the crystallization of additional 

amounts of the crystalline mineral leucite during the measurement itself. Since it 

has been demonstrated that the coefficient of thermal expansion of dental 

porcelain is dependent upon its leucite content, it is hypothesized that additional 

leucite formation during the thermal expansion analysis · could act as a 

confounding factor and alter the thermal expansion coefficient of the material. 

1 



2 

Another process that could confound the thermal expansion measurement of 

porcelain is the structural relaxation of the glass. This relaxation occurs during 

the first slow heating rate measurement when using conventional dilatometric 

methods. 

The overall goal ,of this dissertation, therefore, was to determine whether the 

exposure of dental feldspathic porcelains to the time-temperature profiles of l_ow

and high heating rate thermal expansion measurements could result in structural 

relaxation and additional leucite crystallization, which could possibly interfere 

with the accurate determination of the coefficient of thermal expansion of dental 

porcelain. 

B. Review of Related Literature 

1. Feldspathic porcelain 

A dental feldspathic porcelain is a vitreous ceramic ( a compound of metallic 

and· nonmetallic el~ments) · that ,is composed of a glass matrix and one or more 

crystalline phases (Mackert and Anusavice, 1996). Feldspathic porcelains 

derive their name from potassiumfeldspar (K20·Ah03•6Si02), a mineral that 

undergoes incongruent melting to form crystals of leucite (K.20·Ah03°4Si02) 

in a liquid phase that is _richer in -silica than . the · feldspar composition .. 

Incongruent melting, also termed peritectic trans/ ormation, is the process by 

which a solid compound melts to form a liquid plus a different solid phase 
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(Kingery ~t al., 1976; _Smith and Brown, 1988). · The glass phase formed 

softens and flows at firing temperatures, allowing the porcelain powder 

particles to coalesce by a process called liquid-phase sintering, a diffusion 

process driven by a decrease in energy following a reduction in surface area of , 

the particles. Manufacturers of dental porcelain take advantage of the 

incongruent melting of feldspar to form leucite. Leucite is a very important 

constituent phase in feldspathic porcelain that is used to create high-expansion 

porcelain that is therm~lly compatible with dental casting alloys, by raising the 

bulk thermal expansion of t4~ porcelain. Another reason for the use of 

feldspar is that it produces a glass that retains 'its form on firing, without 

rounding, a property that is desirable during the fabrication of a porcelain 

restoration. 

F eldspathic porcelains are materials that are characteristically hard, 

chemically inert and demonstrate almost no clinical wear. Chemical inertness 

is an important characteristic for dental applications because it ensures that the 

ceramic surface does not release potentially harmful elements into the oral 

environment. Hardness and the ability to resist wear are important factors 

because they reduce the risk for surface roughening of the restoration and 

subsequent adhesion of bacteria, and help to mi~mize wear of the ceramic 

itself Ceramics are esthetic · materials capable of matching the appearance of 

natural· teeth and · are · bioc~inpatible. with· the oral environment. Dental 

porcelains are also excellent thermal and electrical insulators, and are capable 
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of withstanding high colllpressive stresses, a characteristic that is used 

favorably in the fabrication and strengthening of ceramic dental restorations. 

Susceptibility of porcelain to brittle fracture, and its inherent low tensile 

and shear strengths and low ductility, make feldspathic P<?rcelain too weak to 

be usecl · reliably without an underlying metal cqre or coping. The coexistence 

of flaws and tensile stresses · greatly increases suspeptibility to brittle fracture, 

limiting the longevity of dental restorations. Dental porcelains also 

demonstrate two intrinsic limitations that can significantly impair the fit and 

marginal adaptation of the restoration-shrinkage on heating and thermal 

shock failure. 

The approximate elemental compositions (Nally and Meyer, 1970; 

Yamada and Grenoble, 1977) and constituent phases (Mackert et al., 1986b; 

Barriero et al., 1989) in dental porcelains have been experimentally 

determined, even though the exact compositions have been kept secret by 

manufacturers for proprietary reasons (Craig, 1997). Commercial dental 

feldspathic porcelain is a vitreous ceramic based on a silica (Si02) network, 

_ and includes either potassium feldspar' ( orthoclase or microcline; 

K2O·AhO3•6SiO2) or sodium feldspar (albite; Na2O·AhO3•6SiO2) or both. 

Silica is a high-melting material having a three-dimensional network of 

covalent bonds between silica tetrahedra. This composition results in a stable 

configuratiop. to which the material'~ high melting temperature and low 

coefficient of thermal expansion can be attributed (Kingery et al., 1976). 
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Low-fusing glasses, called fluxes, are added to silica to lower ~he sintering 

temperature of the porcelain. This lower temperature is desirable because of 

the constraints imposed by the alloy on which the porcelain is fused. The 

melting ranges of dental alloys designed for fusing to porcelain are the result 

of a compromise between a high melting range desirable for sag resistance 

during porcelain firing and a lower melting range desirable for ease of 

fabrication. The temperature range for such a compromise lies between 

1100°C and 1450°C. The corresponding thermal expansion coefficients for 

such alloys would fall in the vicinity of 12 - 15 X 10-6/°C. Since the coefficient 

of thermal expansion of a metal strongly depends on its melting temperature 

(Touloukian et al., 1978), it would be difficult to change the coefficient of 

thermal expansion of the metal through alloying because of the temperature 

constraints mentioned above. Instead, it is easier to lower the porcelain 

sintering temperature by the addition of low-melting fluxes. Manufacturers 

add alkali metal ions (such as sodium, potassium or calcium) to low-melting 

fluxes to interrupt the strong covalent bonds between silica tetrahedra. As a 

result of the addition o~ these alkali ions, which are called glass modifiers, the 

oxygen atoms at the comers of the tetr-ahedra form bond·s with the alkali ions, 

resulting in an interruption of the oxygen-silicon bonds (Mackert and 

Anusavice, 1996; Craig, i 997). This interruption of the oxygen-silicon bonds 

results in the partial disintegration of the three dimensional silica network into 

many linear chains of silica tetrahedra. These linear chains are able to move 
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more easily than the rigid three-dimensional silica network at lower 

temperatures, resulting in a glass that has a low.er softening temperature, a 

higher thenrial expansion coefficient, and more fluidity (less viscosity). Too 

high a glass modifier concentration, however, can reduce the chemical 

durability of the porcelain or cause the glass to devitrify (crystallize) at normal 

porcelain firing temperatures. A high concentration of glass modifiers can 

also increase the tendency of the porcelain to slump when making repairs or 

additions, necessitating the achievement of a fine balance between suitable 

melting temperatures and accephtble chemical durability. 

Manufacturers incorporate glass modifiers to produce dental porcelains 

having different firing temperatures, from which they can be classified. The 

following is a typical classification of these materials: 

High fusing porcelain 

Medium fu'sing porcelain 

Low fusing porcelain 

Ultra-low fusing porcelain 

> 1300°C 

l 101-1300°C 

850-1100°C 

< 850°C 

Porcelains used for the fabrication of fixed prosthodontic restorations are 

manufactured as either low- or ultra-low fusing so as to be compatible with 

dental alloys. The other two types of porcelain are used in the construction of 

artificial teeth for removable dental prostheses. 

Water is another important glass · modifier, even though it is not an 

intentional addition to dental ceramics (Mackert and Anusavice, 1996). The 
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hydronium ion, H30+, cai:i replace alkali metal ions in a porcelain containing 

glass modifiers. The result is a phe·nomenon called .slow crack growth that 

occurs when ceramic restorations are e~posed over a long period of time to 

tensile stresses in the moist oral environment. The long-term failure of dental 

ceramics following several years of service can qccasionally be attributed to 

this phenomenon, although other factors to be discussed later can also cause 

. failure of the restoration immediately after fabrication or during service. 

The feldspars used in dental porcelain are colorless or gray-pink, · and 

relatively pure. Pigments and opacifiers must be added by the manufacturer to 

create the hues of natural teeth or match the appearance of tooth-colored 

dental restorative materials that may be present on adjacent teeth. Since 

natural teeth diff~r widely in hue, value and chroma, dental ceramics are 

manufactured in a large variety of colors and shades. Coloring pigments 

(color frits) are fabricated by fusing different metallic oxides together with 

glass and feldspar, and grinding the mixture to a powder. The pigment 

powders are then ground with the colorless powdered frit to produce 

porcelain h~ving the desired color. Iron or nickel oxides are used to produce 

brown, copper or chromium oxides for green, titanium oxide for yellowish 

brown, manganese oxide for lavender; and cobalt oxide to produce blue. 

Opacity can be achieved by the addition of one or more of the following 

oxides: cerium oxide, zirconium oxide, titanium oxide, or tin oxide, to the ftit. 

Opaque porcelains contain greater amounts of opacifiers to mask the 
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appearance of the underlying metal coping. The greater opacity of opaque 

porcelain helps minimize the opaque l~yer thickness_ necessary to mask the 

metal. Manufacturers may introduce other metallic oxides into the frit too, 

such as boric oxide and alumina-both of which behave as glass modifiers-to 

lower the softening temperature and decrease the viscosity (Mackert and 

Anusavice, 1996). Some of the newer ultra-low fusing porcelains also contain 

large amounts ofNa2O and hydroxyl groups to lower the fusing temperatures 

to as low as 660°C (Craig, 1997). 

2., Porcelain-Fused-to-Metal Restorations 

A crown, fixed partial denture, or other prosthesis that is made by fusing 

porcelain to a metal substrate is known as a porcelain-fused-to-metal (PFM) 

restoration (Mackert· and Anu_savice, 1~96). PFM restorations are also 

referred to as porcelain-bonded-to-metal, porcelain-to-metal or ceramometal 

restorations, and per~aps more appropriately, as metal-ceramic restorations. 

Dental PFM restorations have been used in dentistry for over 3 5 years and are 

currently the most commonly. placed fixed prosthodontic restorations in the 

United States. 

The development of PFM restorations has been the result of several 

advances in the formulation of feldspathic porcelains and dental casting alloys: 

Dental PFM porcelains are formulated to be sufficiently low fusing, as 

explained before, and have a coefficient of linear thermal expansion (a.) that is 
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closely matched to that of the alloys· used for casting of the metal substrate, in 

order to bond to the alloys. Therefore, porcelains and alloys utilized in the 

fabrication of PFM restorations have a number of stringent physical and · 

thermal requirements. 

Feldspar-based unmodifi~d glasses with melting ranges suitable for fusing · 

t~ PFM alloys have coe~cients of linear thermal expansion of 7 - 10 x 10-6 /°C 

(Vergano et al., 1967), which are almost half those of the alloys to which they 

are fused· (typically 13 -· 16 x· 10·6/°C; Fairhurst et al., 1980; Dorsch, 1982). 

This large mismatch in coefficient~ usually results in thermally incompatible 

porcelain-metal combinations due to the development of transient and residual 

stresses in the porcelain on rapid cooling of the restoration from high firing 

temperatures (typically 1000°C) down_ to room temperature (25°C). When 

combined with the tensile stresses induced within the restoration by occlusal 

, forces, these residual and transient stresses can lead to cracking ( the formation 

of fissures or microcracks) and crazing ( the formation of one or more minute 

cracks as a· result of thermally induced, stresses) in the porcelain after 

fabrication or during service of the PFM restoration (Anusavice et al., 1988; 

Anusavice and Gray, 1989). The occurrence of cracking or crazing 
/ 

necessitates re-fabrication of the restoration and c~nsequently increases the 

cost of treatment for the patient. Although it is difficult to estimate the 

contribution of porcelain cracking failure to the total cost of PFM 

restorations, it is a substantial problem in their fabrication. There are no data 
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necessitates re-fabrication of the restoration and consequently increases the 

cost of treatment for the patient. Although it is difficult to estimate the 

contribution of porcelain cracking failure to the total cost of PFM 

restorations, it is a .substantial problem in their fabrication. There are no data 

on the frequency of cracking during fabrication, mainly because laboratory 

technicians may regard such failures as resulting from their own mistakes 

(Mackert et al., 1995). 

In 1962, Weinstein et al. developed the first thermally compatible dental 

PFM system which minimized the difference between porcelain and alloy 

thermal expansion coefficients by the formation of leucite crystals in the glass 

matrix. Since that important breakthrough, commercial PFM porcel~ns either 

contain or produce the crystalline mineral leucite (Burk and Burnett, 1978), . 

which renders the a. of dental porcelains high enough (typically 13 -

14 x 10-6/°C) for them to be closely matched in thermal expansion 

characteristics to the PFM alloys. The •benefit of having a metal with an a. 

value· slightly higher than that ~f porcelain is that the porcelain is placed under 

tangential compressive stresses on cooling (Weinstein et al., 1962), resulting 

in· inhibition of crack propagation through the porcelain with a subsequent 

enhancement in strength (Mackert, 1988). 

It is generally acknowledged that the difference between the a. values (.!\a.) 

of the metal and porcelain components of a PFM restoration must be less than 

0.5 x 10·6/°C for the system to be thermally compatible, meaning that failure 
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of the porcelain-metal bond would not occur except under conditions of 

extreme stress concentration or with high intr~ral forces (Mackert and 

Anusavice, 1996). Whereas most investigators, beginning with Weinstein et 

al. (1962), are of the opinion that Aa should be iess than 0.5 x 10"6/°C, 

Nielsen and Tuccillo (1972) determined experimentally that by limiting Aa to 

a value-ofn6·more than 0.125 X 10-61°C the porcelain-metal bond did not fail 

because thermal shear stresses in porcelain were mamtained at manageable 

levels. However, that study did not clearly identify the upper temperature of 

the range over which this difference in a was calculated. Instead, a plot of · 

interfacial stress vs. temperature for different Aa values up to a temperature of 

1700°F (927°C) was shown. Only if it is assumed that the investigators 

(Nielsen and Tuccillo, 1972) calculated Aa between 25°C and 927°C can the 

lower Aa value (0.125 x 10-6/<>C) be accepted as a safer limit, because most 

PFM porcelains have to be fired to approximately that temperature. 

It is worth noting that even when the expansion coefficients of the 

porcelain-alloy combination are initially closely matched, the opportunity still 

exists for a mismatch to occur if the thermal expansion coefficient of one of 

the components were to change during the various firing processes involved in 

the fabrication of a PFM restoration. The thermal expansion characteristics of 

a material largely depend on its elemental composition (Weinstein et al., 

1962), compositional changes that appear at elevated temperatures, and the 

time-temperature history of the porcelain-alloy system (Nielsen and Tuccillo, 
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1972; Fairhurst et al., 1980, 1981, 1989; Prasad .et al., 1988). Although 

mismatch of thermal coefficients is a critical factor in determining the thermal 

compatibility of PFM systems, other factors such as system geometry, 

porcelain-metal thickness, ratio of elastic moduli of the materials, interracial 

stresses, changes in porcelain leucite content, and increased proportional limit 

and elastic modulus of the alloy also play important roles in determining 

thermal compatibility (Bertolotti, 1980; Fairhurst et al., 1980, 1981; Walton 

and O'Brien, 1985; Prasad et al., 1988; Mackert and Anusavice, 1996). 

Metal-ceramic restorations .are unsurpassed in the replacement of lost 

tooth structure because they offer a unique combination of the esthetic 

qualities of porcelain with the strength and toughness of metal. Since 

porcelain is brittle in nature and has low tensile and shear strengths, 

feldspathic porcelain is fused to a metal substrate to overcome its inherent 

limitations. Whereas most metal-ceramic restorations utilize cast metal 

copings, several non-cast approaches for the fabrication of copings--such as 

sintering, machining, swaging and burnishing-have been developed in recent 

years (Mackert and Anusavice, 1996). A typical PFM restoration is 

schematically illustrated, in cross-section, in Figure 1. The thickness of the 

metal coping and opaque porcelain is usually 0.3 - 0.5 mm each, while that of 

. . -

the body porcelain is about 1. 0 mm. In an attempt to match the esthetic 

appearance of natural teeth, the restoration is fabricated using several layers of 

porcelain fired one above the other. An opaque porcelain layer is first fired on 
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Schematic illustration of a cross-sectioned porcelain-fused-to-metal 

crown on a tooth (Drawn by !J. J. Hinely, Jr., MS, CMI). 
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top of the metal substrate, followed by a series of body porcelain layers ( and 

incisal porcelain in anterior restorations), with a final layer of glaze using 

either an add-on glaze or a self-glazing porcelain. 

During the fabrication of _ a PFM · restoration, each layer of porcelain 

powder particles is _ densely packed ( condensed) prior to firing to achieve 

low~r firing shrinkage and reduced porosity in the fired product. Various 

methods of condensation exist, but more importantly, all of them use the same 

principle--drawing the particles together by the surface tension of water-to 

achieve -condensation. The condensed porcelain mass is then fired in a 

porcelain furnace to permit the sintering of porcelain powder particles. Even 

though the thermochemical reactions between the porcelain components_ are 

mainly completed during the original manufacturing process, some chemical 

reactions may occur on prolonged firing or on multiple firings. Of particular 

'importance are the observed changes in leucite content of dental porcelain, 

which will be discussed later. 

Most modern porcelain furnaces take advantage of a vacuum firing 

technique to reduce the number ·and size of porosities in the fired product. In 

vacuum firing, the air pressure inside a porcelain furnace is first reduced to 

one-tenth of an atmosphere by -means of a vacuum pump. This pressure 

reduction also reduces the pressure of the air around the particles. As the 

furnace temperature rises, the powder particles undergo sintering, and closed 

porosities are formed within the porcelain mass. The vacuum is released at a 
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temperature just below the upper firing temperature, returning the interior of 

the furnace back to normal atmospheric pressure. Since the pressure is 

increased by a factor of ten, the porosity sizes decrease by a factor of ten and 

the number of pores present are accordingly reduced. 

The cooling of a porcelain restoration to 1'.'00m temperature after firing is a 

complex matter involving considerable controversy (Mackert and Anusavice, 

1996). Most laboratories subject restorations t~ rapid cooling after firing 

even though the fracture of glass resulting from thermal shock is a well known 

drawback (Prasad et al., 1988). Other investigators (Craig, 1997) recommend 

that the fired mass be slow cooled to prevent cracking or crazing of the 

porcelain in the outer layers. · However, slow cooling of a dental porcelain has 

been shown to cause the precipitation of substantial additional amounts of 

leucite (8 - 56 vol%; Mackert and Evans, 1991b). The crystallization of 

additional leucite may affect the thermal compatibility of a dental porcelain by 

changing its thermal behavior, and therefore warrants further investigation, as . . 

will be discussed later .. A review of the literature reveals that there is no 

. consensus on which is the best cooling method following· firing. 

3., Leucite 

Leucite (K2O· AhO3•4SiO2) is a relatively rare mineral that occurs naturally in 

certain volcanic deposits, most notably in the lavas of Mount Vesuvius 

(Hurlbut and Klein, 1977). From room temperature up to 600-625°C, leucite 
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exists in a tetragonal crystal structure. Above this temperature range, leucite 

exists in a cubic crystal structure.· Tetragonal and cubic leucite are also 

referred to as "low" leucite and "high" leucite, respectively. In dental 

porcelains, leucite is synthetically precipitated, as mentioned previously, by the 

incongruent melting .of feldspar between 1150°C and 1530°C. The leucite 

content of feldspathic dental porcelains is probably the most significant factor 

influencing their thermal expansion, as shown in fired porcelains (Mackert et 

al., 1986a) and in unfired porcel~ins (Piche et al., 1994). The i~uence of 

leucite on the thermal exp~nsiofi behavior of dental porcelain can be attributed 

to two unusual properties of this mineral. First, both the low- and high

temperature forms of leucite have very high thermal expansion coefficients 

(20 - 25 x 10-6 /°C), and the bulk thermal expansion of porcelain is elevated by 

the influence of the leucite thermal expansion. Second, as leucite is cooled 

from high temperatures, it undergoes a reversible, temperature-dependent, 

phase transformation from the high temperature (cubic) form to the low 

temperature (tetragonal) form at around 600-625°C (Wyckoff, 1963; Mackert 

et al., 1986b ). The leucite transformation requires no diffusion of atoms, only 

the translation of atoms over small distances in the_ crystal structure. Hence, 

this type of transformation is termed displacive or martensitic ( the latter term 

refers to the mineral martensite, which undergoes this type of temperature

dependent, diffusionless transformation). The significance of this 

transformation is that it results in a large, discontinuous volume change upon 
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cooling from porcelain firing temperatures to room temperature (Mackert et 

al., 1986a). The importance of the cubic-to-tetragonal transformation and 

intrinsic high thermal expansion coefficient of leucite was demonstrated by 

Denry et al. (1996) who proved that stabilization of cubic leucite m 

feldspathic dental porcelain was detrimental to the flexural strength of 

porcelain. Presence of the cubic form also reduced crack deflection ability in 

porcelain only because stabilized cubic leucite lacked a cubic-to-tetragonal 

transformation on stabilization and had a lower bulk a. value. 

Investigators have shown that various thermal treatments such as multiple 

firings (Mackert and Evans,. 1991a, 1992), isothermal heat treatments 

( simulating post-soldering and other laboratory procedures; Mackert and 

Evans,' 1_99~a; Mackert et al., 1995)_ and slow cooling (Mackert and Evans, 

1991 b) result in the crystallization of additional leucite in several commercial 

dental PFM porcelains. Several possible mechanisms have been theorized to 

explain the thermal instability of dental porcelains caused by these thermally

induced changes (Mackert, 1988). Some of these mechanisms are: 

• changes in leucite volume fraction of porcelain by dissolution of leucite 

into the glass matrix, crystallization of additional leucite or conversion of 

leucite to sanidine (K20·Ah03•6Si02, a homogeneous, disordered form of 

potassium feldspar) 

• coupling or decoupling of leucite from the glass matrix due to 

microcracking around leucite particles, and 
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• porcelain volume. changes due to structural relaxation of the glass matrix. 

Leucite has also peen.-used as a reinforcing material to strengthen PFM 

porcelains and commercial all-ceramic and glass-ceramic dental materials like 

!PS-Empress® and Optec®. In 1986, Morena et al. reported that the fracture 

toughness of leucite-containing PFM porcelains was higher than that of glassy 

porcelains not containing leucite. Dong et al. (1992) demonstrated that the 

flexural strength of the all-ceramic materials studied increased after heat

pressing and after firing. However, Mackert ~nd _Russell (1996) showed that 

there is no change in leucite content after heat-pressing, and therefore the 

increase in strength ~eported by Dong et al. (1992) after heat~pressing cannot 

be attributed to an increase in leucite content. Mackert and Russell ( 1996) 
J 

were also of the opinion that the increase in flexural strengt~ following firing 

shown· by Dong et al. (1992) was consistent with an increase in leucite 

content. This observation gives credence to the possible strengthening effect 

of leucite via an improved _ dispersion of leucite particles in the glassy matrix, 

as proposed by Dong et al. in 1992. Denry et al. (1996). later demonstrated 

that the development of tangential compressive stresses around leucite crystals 

is responsible for a significant amount of strengthening in feldspathic dental 

porcelain. Denry et al. ( 1996) proved that the ,stabilization of cubic leucite 

produced smaller residual tangential compressive stresses around cubic leucite 

crystals than around. tetragonal leucite, due to a lack of cubic-to-tetragonal 
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transformation on stabilization and a lower. intrinsic a value, which proved 

detrimental to its ability to deflect cracks and thereby reduced the flexural 

strength of the porcelain. 

4.. Thermal History of Dental Porcelain 

Dental porcelain is a complex composite of leucite and oxides in a glass 

matrix, as described previously. The thermal expansion behavior of porcelain 

differs from the behavior of a homogeneous glass in that the expansion of 

porcelain is non-linear. This difference is due to the displacive leucite 

transformation, as discussed above (Fairhurst et al., 1989). In homogeneous 

glasses, the glass transition temperature is routinely defined as the intersection 

of the two linear portions of the thermal expansion (&/Lo) vs. temperature 

curve (shown in Figure 2),. i.(!., the linear solid region and the linear liquid 

region. However, these features are not distinctly seen on thermal expansion 

curves for porcelain. Also, in conventional dilatometry, plastic deformation 

occt1:rs before the thermal expansion of. the liquid state is exhibited in glass and 

porcelain. For these· reasons, the first derivative of the &/Lo curve-a., the 

linear coefficient of thermal expansion-is used instead for the determination 

of the glass transition region. The glass transition temperature range can be 

easily identified on an a vs. temperature curve as a rapid increase in a. with 

respect to temperature as the glass transforms to the liquid state. 
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During . the fabrication of a typical PFM restoration, the restoration is 

· removed from the furnace directly into room air. This air quench results in the 
. . 

rapid cooling of the porcelain from a molten state ( through its glass transition 

temperature range) down to room temperature with cooling rates in_ the range 

·of 600°C/min. During such rapid cooling, . the molecules do not have 

sufficient time to undergo re-ordering to form the most dense configuration. 

As a result, excess volume is trapped in the glass matrix, and the glass has a 

lower density, and, hence, a higher specific volume (Kingery et al., 1976; 

Touloukian et al., 1978). Wh~n the porcelain is re-heated at a slow rate, this 

trapped excess volume undergoes structural relaxation (Kingery et al., 1976; 

Fairhurst et al., 1980; Mackert, 1988). If the expansion of the porcelain is 

measured during such re-heating, the porcelain expands normally until it is 

close to the glass transition temperature, at which point sufficient thermal 

energy is available for the molecules to rearrange themselves into a more 

dense structure having a smaller volume. This densification process competes 

with the porcelain thermal expansion, resulting in an overall effective 

expansion that is lower than would be the case if the porcelain were annealed 

prior to measurement (Kingery et al., 1976; Mackert, 1988). Annealing a 

glass to a temperature close to, but less than, the glass transition temperature 

also causes relief of trapped excess volume, as shown in glass-to-metal seals 

(Rekhson and Mazurin, 1977; Rekhson, 1979a, _ 1979b). In that situation, 

structural relaxation occurs faster than _stress relaxation during an annealing 
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treatment, due to stabilization of the glass-· component of the seal. If the 

porcelain is slowly cooled down to room temperature after re-heating close to 

the glass transition temperature, it occupies a smaller volume than it did after 

the initial firing. Such a:situation creates tangential tensile stresses, which will 

· cause the porcelain to crack · if the stresses are large enough, resulting in 

failure of the restoration (Mackert, 1988). On the other hand, if a glass is 

rapidly quenched through its glass transition range and is then heated at a high 

thermal rate, its low volume structure will ·remain, even until temperatures just 

above its glass transition range (Touloukian et al., 1978). 

The importance of thermal history (i.e., cooling rate after firing, and 

number of firings) in the thermal expansion of glassy materials such as PFM 

porcelains has been amply demonstrated by several investigators. Kingery et 

al. (1976) stated that the thermal expansion of glass depended largely on prior 

heat treatment and cooling rate. Their statement was based on the 

considerable difference in thermal expansion coe~cients ·measured depending 

on whether the glass had been cooled slowly or rapidly, or had been annealed. 

Kingery et al. (1976) also stated that the collapse of trapped excess volume 

was most clearly demonstrated during the .. --conventional dilatometric 

measurement of the coefficient of linear thermal expansion of a glass. In 

1980, Fairhurst et al. established that the a measurement obtained on first 

heating was not reproducible and therefore was unreliable, and were of the· 

opinion that a should be measured on cooling or following a second heating 
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run. Dorsch (1982) demonstrated the dependency of thermal expansion of 

dental porcelains on cooling rate by showing an increase in a values following 

protracted slow cooling. He also proved that the a values of the body 

porcelains investigated increased with increasing numbers of firing cycles. In 

1989, investigators (Fairhurst et al.; Twiggs et al.) were able to show that the 

glass transition range~ of dental porcelains shifted to higher temperatures with 

increasing heating and cooling rates, thus possibly having a significant 

deleterious effect on the thermal expansion coefficient match of porcelain with 

alloy. It is now well known that thermal expansion measurements made on 

cooling or following a second heating are confounded by slow cooling, which 

has been shown to cause the precipitation of substantial amounts of additional 

leucite (8 - 56 vol%; Mackert and Evans, 1991b). Precipitation of additional 

leucite may result in an a measurement that is higher than the true value of a. 

(i.e., the value of a without the effect of any confounding factors on it). 

Bell et al. (1985) advocate maintaining a thermal history record of the 

porcelain and alloy. Such information could be an important consideration 

when making a decision to strip the porcelain from a crown to redo a shade or 

make other corrections after the metal has been exposed _to a degassing bake, 

an opaque layer bake, a body and incisal bake, and then a final glaze bake. 

Although the thermal history of some porcelains may permit multiple firings 

before demonstrating adverse effects, it is recommended that the final glaze be 



achieved after as few firings as possible, usually in the range of three to four 

firings (Bell et al., 1985). 

The knowledge that the expansion and contraction behavior of porcelain 

can be altered by changing its thermal history is of significant importance artd 

may be used to advantage in the fabrication of PFM restorations. This 

knowledge may help prevent a marginally compatible alloy-porcelain 

combination from becoming incompatible through improper firing practices 

and may help a marginally incompatible -porcelain-metal combination to 

become compatible by using a favorable firing schedule (Prasad et al., 1988). 

5. Measurement of Dental Porcelain Thermal Expansion 

Conventional dilatometry is an important tool in porcelain-fused-to-metal 

research and has been widely used to study th~ thermal compatibility of 

porcelains with various alloys and to monitor factors that induce changes in 

their thermal expansion. Commercially available dilatometers are limited to 

controlled heating rates of less than 30°C/min and to temperatures below the 

glass transition range of the porcelains undergoing thermal expansion 

measurement. Therefore, the coefficients of thermal expansion of different 

commercial dental porcelains have only been characterized at low heating and 

cooling rates below their glass transition range (Fairhurst et al., 1980, 1989; 

Dorsch, 1982; Piche et al., 1994). There are two reasons why it would be 

advantageous to measure the thermal expans_ion coeffic_ients of dental 
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porcelains at higher heating rates. The first reason is that at high heating rates 

there is insufficient time for additional amounts of leucite to crystallize 

(Mackert and Evans, 1991b). The second reason for the use of higher heating 

rates in thermal expansion measurement is that there is not sufficient time for 

the relaxation of trapped excess volume to occur. As discussed in the 

previous section, when a glassy material, such as a PFM porcelain, is rapidly 

cooled from furnace temperature to room temp~rature after firing, there, is 

insufficient time for the molecules in the glassy porcelain matrix to rearrange 

themselves into the most den.se configuration possible. If the thermal 

expansion of a PFM porcelain is measured using a conventional dilatometer, 

the molecules are able to achieve theit most dense configuration during the 

slow temperature rise of the first heating .run (Kingery et al., 1976; 

Touloukian et al., 1978). This structural relaxation process in~erferes with the 

thermal expansion measurement. To avoid this artifact during the thermal 

expansion measurement, · investigators at this laboratory developed an 

experimental laser dilatometer (Twiggs et al., 1989, 1997) that is capable of 

measuring the thermal expansion of porcelains beyond their glass transition 

temperatures at rapid heating and cooling rates of 600°C/min. Only one study 

(Twiggs et al., 1989) has investigated the thermal expansion of a single PFM 

porcelain-Crystar (Unitek/3M, Monrovia, CA, USA)--at high thermal rates 

of approximately 600°C/min, which 3:re comparable to rates used by dental 

laboratories in the fabrication of PFM restorations. 
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C. Purpose 

Measurement of thermal expansion necessitates heating a specimen over the 

temperature range about which thermal expansion information is required, making 

it imperative to insure that this heat treatment does not alter the porcelain in some 

way that would change its thermal characteristics. The purpose ·of the research 

reported in t~s dissertation was to examine ~;wQ factors-crystallization of 

additional leucite, and structural relaxation----that could potentially interfere with 

the accurate measurement of the coefficients of thermal expansion of glassy 

materials such as dental porcelains during the thermal expansion measurement 

itself. 

By permit~ing the correction of the two potential confounding factors, the 

information gained about the thermal expansion behavior of dental porcelains 

would be of immense help in the fabrication of improved PFM restorations. This 

knowledge would also enhance understanding of the thermal compatibility of 

dental porcelains with PFM alloys, and ultimately help in reducing the incidence of 

failure of PfM restorations due to thermally induced changes. In the long-term, · 

the benefits of gaining such an understanding would be a decrease in the cost of 

fabrication of PFM restorations, and therefore, also in the cost of oral restorative 

treatment. . The following specific aims are directed toward the reaiization of this 

overall goal. 
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Do Specific Aims 

1. To determine whether the exposure of dental porcelain to a single low-rate 

thermal expansion measurement (heating run only) could result in 

additional leucite crystallization, potentially interfering with the accurate 

determination of a. 

The hypothesis to be tested in this specific aim is that the exposure of singly fired 

dental porcelain to the time-temperature profile of a single low-rate thermal 

expansion measurement, i.e. a single heating run at 3°C/min followed by rapid 

cooling, could result. in additional leucite being crystallized, which could interfere 

with the accurate determination of ex.. 

2. To determine the effect Qf multiple thermal treatments, in the fo~ of three 

low-rate thermal expansion measurements (heating and cooling runs), on 

precipitation of additional le~cite _in dental porcelain, resulting in the 

possible over-estimation of a. 

The hypothesis to be tested in this specific aim is that additional leucite could be 

crystallized in singly fired dental ~orcelain following exp~sure to three heating and 

cooling runs at 3°C/min (simulating a low-rate thermal expansion measurement), 

which could possibly result in a.ti over-estimation of ex.. The rationale for this 

presumption is that multiple firing and slow cooling of some porcelains have been 

shown to cause a change in their mean leucite weight fractions. 
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3e To determine whether exposure of dental porcelain to three high-rate 

thermal expansion measurements (heating and cooling runs) could cause 

additional leucite to crystallize, thereby creating potential interference in the 

exact determination of dental porcelain a.. _ 

The hypothesis to be tested · in this ~pecific ~ is that exposure of singly fired 

dental porcelain to the time-temperature profile of three heating and cooling runs 

at 600°C/min (simulating .a high-rate thermal expansion measurement) will not 

result .in interference with the exact determination of a, due to the absence of 

additional leucite crystallization:1 The rationale for this presumption is that at high 

thermal rates there isn't sufficient time for additional amounts of leucite to 

crystallize nor is there sufficient time for the relaxation of trapped excess volume 

to occur. 



MATERIALS AND METHODS 

Ae Specific Aim 1 

"To determine whether the exposure of dental porcelain to a singl~ low-rate 

thermal expansion measurement (heating run only) could result in 

additional Ieucite crystallization, potentially interfering with the accurate 

determination of a.." 

1. Preparation of Leu cite Standards 

Standards containing 0, 25, 50, 75, and 100 wt% leucite were prepared for 

quantitative X-ray diffraction analysis (Klug and Alexander, 1974). An 

internal standard, anhydrous alumina, was used to correct for potential 

absorption differences between leucite and the glass matrix. Natural leucite 

crystals (Ward's Natural Science Establishment, Rochester, NY, USA) 

weighing approximately 3 g were crushed in a percussion mortar and ground 

to a fine po_w~er with ari agate mortar and pestle. A strong magnet was 

passed over the powder to remove Jron contamination from the tool-steel 

percussion mortar. Approximately 3 g of a glass powder prepared according 

29 
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to the "Component· No. 3", glass-only composition of the Weinstein et al. 

patent (1962) was ground to a fine powder with an agate mortar and pestle. 

Twenty standards-four of each leucite concentration-were prepared by 

blending weighed portions of leucite and glass to yield the desired leucite 

weight fractions. The internal standard, anhydrous AhO3 (Lot# 732677, 

Fisher Scientific, Fair Lawn, NJ, USA), was added in the amount of 25% by 

weight of the total mass of leucite. plus glass. The standards were prepared in 

random sequence to avoid systematic bias due to preparation variables. 

Each powder specimen w·as divided into two portions ( designated A and 

B) and each portion was separately packed into the well of a glass X-ray 

powder diffraction sample· holder. Diffraction patterns of the leucite peaks in 

the 20 range 29.6° to 32.3° and the alumina peaks in the 20 range 34.6° to 

35.5° (Model D/Max lB; Rigaku USA, Danvers, ·MA, USA) were recorded 

for each portion. This 20 range was chosen for the leucite peak patterns 

because of the presence of strong leucite peaks suitable for quantitative x-ray 

powder diffraction analysis and because of the absence of interfering peaks 

from alumina and other metallic oxide opacifiers and pigments normally 

present in dental porcelains. Copper Ka radiation and a curved graphite 

monochromator were employed. The patterns were recorded with a step size 

of 0.05° and a dwell time of 6 seconds per step. The mean of the integrated 

intensities for the A and B portions of a given standard specimen was taken as 

the measured value for that specimen. For each standard specimen, a 
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corrected intensity ratio, R, was calculated from the weight fraction of the 

alumina internal standard, xs, the mean integrated intensity of the leucite 

peaks, h, and the mean integrated intensity of the alumina peaks, ls, as 

follows (Azaroff, 1968): 

(1) 

The corrected intensity ratio values for ·each of the 20 standard specimens 

were plotted against the weight fraction of leucite, and a nearly linear plot was 

obtained (Figure 3).· Although the plot of corrected intensity ratio vs. leucite 

content is theoretically linear (Klug and Alexander, 1974), the actual plot has 

a slight, negative deviation · from linearity. Therefore, a second-order 

polynomial was fit through the data (Figure 3), and an excellent correlation 

was obtained (-? = 0.996). The regression value of the corrected intensity 

ratio, R, was obtained via the equation: 

(2) 

where/£ is the weight fraction of leucite in the standard, and a, b, and care 

the regression coefficients shown in Table I. Solving this regression equation 

for ./L yields a relation for determining the leucite weight fractions of the 
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Table I. Regression Coefficients for Equation 2 

Regression Value 
Coefficient 

a 0.20503 

b 0.79786 

C 0.02206 
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unknown specimens, given the corrected intensity ratios measured via 

quantitative X-ray diffraction: 

-b+,Jb2 -4a(c-R) 
IL= . 2a . (3) 

2. Experimental Design_ 

Six commercial body porcelains and the Component No. 1 ftit of the 

Weinstein et a/; patent (1962) were selected for study (Table II). A total of 

224 thermal expansion specimens were prepared, 32 specimens for each of the 

six commercial dental body porcelains and for the "Component No. l" frit of 

the Weinstein et al. patent (1962). Each specimen was fabricated by 

vibration-condensing a slurry of porcelain powder and distilled water into a 

rectangular split brass mold having inside dimensions of35.6 mm x 3.4 mm x 

1.6 mm. The porcelain bars were fired on non-sticking porcelain firing trays . 

(Dentecon, Inc., Los Angeles, CA, USA) in a computer-controlled, vertical

muffle dental porcelain furnace (Sunfire 10, The J. M. Ney Co., Bloomfield, 

J 
CT, USA) ,s per manufacturer's instructions (Table ill). The dimensions of 

each specimen were then reduced by grinding to 25.3 mm x 3.4 mm x 1.5 mm. 

The bars were randomly assigned to two groups of 16 specimens each. 

Specimens in one group were subjected to a heating run at 3°C/minute from 

room temperature to slightly above the softening temperature in a horizontal 



Table II. Porcelains Included in Study 

Brand Manufacturer Type, Lot # 

Biobond Dentsply International Inc., York, PA, USA Body porcelain, D313 

Ceramco _ Ceramco Inc., Burlington, NJ, USA Body porcelain, 94082222 

Ceramco n ·ceramco Inc., Burlington, NJ, USA Body porcelain, 1474 

Crystar Unitek/3M (Shofu Products), Monrovia, CA, USA Body porcelain, 227906 

Vita Vident, Baldwin Park, CA, USA Body porcelain, 238 

Wtll-Ceram lvoclar Wtlliajns, Amherst, NY, USA . Body porcelain, ()689 

Component No. 1 J. F. Jelenko & Co., Armonk, NY, USA Leucite-containing flit from Weinstein et al patent (1962) 

w 
Vl. 



Brand 

Biobond 

Ceramco 

Ceramco II 

Crystar 

Vita 

Will-Ceram 

Component No. 1 

Table III. Porcelain Firing Schedules 

Initial Vacuum Final · 
Temperature Release Temperature 

(OC) Temperature (OC) 
(OC) * 

590 950 950 

645 915 970 

645 925 980 

645 960 960 

730 960 960 

535 960 960 

645 1145 1145 

* in vacuum 27" Hg (680 Torr) 

Firing Rate 
(°C/min) 

56 

56 

56 

56 

33 

56 

56 

w 
0\ 



37 

double-pushrod L VDT difatometer (Model Research II, Theta Industries, Inc., 

Port Washington, NY, USA) and then were rapidly cooled by exposure to 

room temperature air. The second group was left untreated and served as the 

control group. 

The differential thermal expansion (AL/Lo ) curve of dental porcelains and 

other glassy materi~ls, an example of which is shown in Figure 2, usually 

exhibits an increase in slope above the glass transition temperature, and then 

undergoes a "rounding over'' of the curve as the porcelain begins to soften 

and deform under the small applied load of the pushrod. The temperature at 

which each porcelain specimen began to deform in this manner was 

determined by an algorithm in the dilatometer control software that was 

written in QuickBASIC 4.5 (Microsoft Corp., Redmond, WA, USA). For 

non-zero temperature rates, the algorithm was written so that data were 

collected at 3 °C intervals. At each new data point, the software calculated a 

moving aven~ge of the differential length ( vs. the platinum standard) over 

three data points. Once the temperature rose above a predetermined value 

( which was specified to avoid . detection of a local minimum in the differential 

length), the algorithm started testing for softening of the porcelain. If the 

difference between the average at that point and the maximum value of the 

average was greater than 4 µm, the program proceeded to the cooling profile 
. . . 

step or terminated· if the current profile step was the last (Mackert et al., 

_ 1996). The dilatometer computer software was also programmed to calculate 
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the change in length per initial length of each specimen (known as the 

~ . 

specimen's thermal expansion, (AL/Lo) and the coefficient of linear thermal 

expansion (a) over a temperature range (AT) of 25°C-5OO°C by using the 

following equation (Touloukian et al., 1978): 

1 AL a=--· (4) 
AT Lo 

Coefficient of thermal expansion data were analyzed for . all runs using 

repeated measures analysis of variance (SAS Institute, Cary, ~C, US.A). 

Each specimen was then individually ground in an agate mortar. A strong 

magnet was passed over· the powder to remove any possible iron 

contamination from the tool-steel percussion mortar. The ground specimen 

was blended with an internal·. standard of 25 wt% alumina by grinding the 

.powders together in the agate mortar. Each specimen was divided into two 

portions ( designated A and B) and each portion was separately packed into 

the well of a glass X-ray powder diffraction sample holder. X-ray diffraction 

patterns were recorded for each portion in the same manner as fo! the leucite 

standards described above in section A. I. The mean of the integrated 

intensities for the A and B portions of a given .specimen was taken as the 

measured value for that specimen. The ratio of the mean integrated intensity 

of the leucite peaks in the 20 range 29.6° to 32.3° and the mean integrated 

intensity of the alumina peaks in the 20 range 34.6° to 35.5° was computed 
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for each specimen according to equation 1. The leucite weight fraction of the 

specimen was then calculated· from the computed corrected intensity ratio 

using the calibration curve (Figure 3). 

· . The leucite weight fractions for each porcelain ~rand were subjected to· an 

Ftest to·check for equality of variances, and the appropriate two-sample t test 

( assuming either equal or unequal variances, based upon the results of the F 

test) was · applied to determine significant effects of the dilatometer thermal 

treatment on leucite content. 

B. Specific Aim 2 

"To determine the effect of multiple thermal treatments, in the form of three low

rate thermal expansion measurements (heating . and cooling runs), on 

precipitation of additional leucite in dental porcelain, resulting in the possible 

over-estimation of a.." 

1. Preparation of Leu cite Standards 

Four standard specimens, containing 0, 25, 50, 75; and 100 wt% leucite each, 

were prepared for quantitative X-ray diffraction analysis using the procedure 

described in the preparation of leucite standards in Section A. I. above. The 

standard specimens were then subjected to powder diffraction X-ray analysis 

using the same parameters described in Section A. I. A calibration curve was 

plotted, from which the leucite weight fractions . of the ·unknown specimens 
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could be· determined, given the corrected intensity ratios measured via 

quantitative X-ray diffraction. 

- 2. Experimental Design 

One hundred and twelve thermal expansion specimens were prepared-for use 

in a conventional dilatometer, sixteen specimens for each of the six 

commercial dental body porcelains listed in Table II and for the "Component 

No. l" frit of the Weinstein et al. patent (1962). Each specimen was 

fabricated by vibration-condensmg a slurry of porcelain powder and distilled 

water into a split brass mold having inside dimensions of 35.6 mm x 3.4 mm x 

1. 6 mm. The porcelain bars were fired on non-sticking porcelain firing trays 

(Dentecon, Inc., Los Angeles, CA, USA) in a computer-controlled, vertical

muffle _dental porcelain furnace (Sunfire 10, The J.M. Ney Co., Bloomfield, 

CT, USA) as per manufacturer's instructions for each brand of porcelain 

(Table III). The dimensions of each specimen were then reduced by grinding 

to 25.3 mm x 3.4 mm x 1.5 mm. 

The bars for' each porcelain brand were then randomly assigned to two 

g~oups of 8 specimens each. One group was subjected to three successive 

heating and cooling runs at 3 °C/minute between room temperature and 

slightly above the so.ftening temperature in a horizontal double-pushrod 

L VDT dilatometer (Model Research · II, Theta Industries, Inc., Port 
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Washington, NY, USA), simulating a conventional thermal expansion 

measurement. The second group was left untreated and served as· the control. 

The dilatometer computer software used in Specific Aim 1 was utilized 

here to control the dilatometer and to calculate the thermal expansion (L1L/Lo.) 

and coefficient ofJinear thermal ·exp~nsion (a) over a temperature range 

(L1T) of25°C-500°C using the following equation (Touloukian et al., 1978): 

1 AL 
a:==----

AT Lo 
(4) 

Coefficient of thermal expansion data were analyzed for all runs usmg 

repeated measures analysis of variance (SAS Institute, Cary, NC, USA). 

The leucite content of each specimen was measured via quantitative X-ray 

diffraction analysis using the procedure and parameters described in Section 

A.2. The leucite weight fractions for each brand of porcelain were subjected 

to repeated measures analysis of variance (SAS Institute, Cary, NC, USA) to 

determine significant effects of the low-rate thermal expansion measurement 

on leucite content. 

C Specific Aim 3 

"To determine whether exposure of dental porcelain to three high~rate thermal 

expansion measurements (heating and cooling runs) could cause additional 
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leucite to crystallize, thereby creating potential interference in the exact 

determination of dental porcelain a.," 

1. Preparation of Leu cite Standards 

Twenty standards, four each of 0, 25, 50, 75, and 100 wt% leucite, were 

prepared for quantitative X-ray diffraction analysis (Klug and Alexander, 

1974) using the procedure described in the preparation of leucite standards in 

Section A.1. above. The standard specimens were subjected to powder X-ray 

diffraction analysis, applying the same parameters described in Section A. l. A 

calibration curve was plotted, from which the leucite weight fractions of the 

unknown specimens could be determined, given the corrected intensity ratios 

measured via quantitative X-ray diffraction. 

2. Laser Dilatometer Specimen Design and Analysis using 3-Dimensional Finite 

Element Analysis 

The specimen design originally used in the experimental laser dilatometer was 

a solid cylinder with parallel ends having the necessary dimensions ( diameter 

3 mm, height 14 mm) to fit inside an evacuated Vycor™ tube in the 

dilatometer's radi~nt furnace (Twigg~ et al.,_ 1989). Analysis of calibration 

data using solid cylinder specimens showed the existence of thermal gradients 

along the length of the specimen, with temperatures at both ends of the 

specimen being 10-15°C lower than those at the center. This_ specimen design 

was later replaced with a thin-walled, hollow cylinder so as to presumably 
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achieve a more physically stable design having a lower thermal gradient. 

However, no thermal analysis had been performed by the investigators 

(Twiggs et al., 1989) to substantiate that hypothesis. Therefore, a structural 

analysis was performed to compare the different specimen geometries for use 

in the experimental dilatometer and determine which geometry was more 

appropriate, based on the temperature distribution and thermally-induced 

displacements produced on heating the specimen close to the glass transition 
\ 

temperature. 

Finite element analysis is a computer-based procedure for the accurate 

· determination of structural and thermal stresses and strains in complex 

structures (Spyrakos, 1994). Finite element analysis software (ALGOR, 

· Algor, Inc., Pittsburgh, PA, USA) was employed to model specimens with 

two different geometri~s for use in.the experimental dilatometer, a thin-walled 

hollow cylinder _and a solid cylinder, using the known material properties of a 

model porcelain (DeHoff et al., 1995). Each model was constructed using 

three-dimensional (3-D) 8-node structural elements that are available in the 

ALGOR element library. Rotational symmetry was assumed for both 

cylinders and it was therefore necessary to model· only a 60° segment of each 

geometry. The hollow cylinder model was constructed with 455 nodes and 

288 elements, while the solid cylinder model required 273 nodes and 192 

elements. 'The- external, internal, top, bottom and inner elemental surfaces 

were assigned different material properties that closely simulated the heating 
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conditions found in the dilatometer radiant furnace. All nodes were initialized 

. to a temperature of 25°C and nodal constraints were appl~ed as appropriate to 

impose conditions of symmetry. 

The temperature at each node after ·conductive and radiative heating from 

25°C to 600°C was calculated using a nonlinear heat transfer analysis 

program. The temperature at all nodes lying at the same distance from the 

bottom nodes was exactly the same, while the temperature at nodes at 

different distances from the bottom nodes differed, as is expected in a thermal 

gradient. The nodal temperature values obtained at corresponding nodes at 

different heights on the front surfaces of both models were statistically 

analyzed for variance and output as 3-D graphical plots (shown in Figure 4). 

The results of the heat transfer analysis showed that the nodal temperature 

distribution in both models followed a thermal gradient having a high 

temperature of approximately 560°C at the· center of the specimen with 

significant decreases in temperature towards both ends. Although the results 

indicated that there were statistically significant differences in the nodal 

temperatures between the two models, in effect there was only a mean 

temperature difference of around 6°C between the corresponding nodes on 

both models (Figure 5). Based on the finite element analysis results, the thin

walled hollow cylinder model was chosen for use in the laser dilatometer 

instead of the solid cylinder design for reasons of better physical stability, 
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heating to 600°C using 3-D Finite Element Analysis. 
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narrower temperature distribution and greater ease of fabrication of the 

specimens. 

3. Experimental Design 

One hundred and twelve thermal expansion specimens were prepared, 16 

specimens for each of the six commercial dental body porcelains and for the 

"Component No. l" frit of the Weinstein et al. patent (1962) listed in Table II. 

Each specimen was fabricated by vibration-condensing a slurry of porcelain 
. . 

powder. and _-distilled water irito a hollow, thin~walled cylindrical mold 13 .5 

mm in height and 10. 5 mm· in outer diameter. The porcelain cylinders were 

fired on non-sticking porcelain firing trays (Dentecon, Inc., Los Angeles, CA, 

· USA) in a computer-controlled, vertical-muffle · dental porcelain furnace 

(Sunfire 10, The J.M. Ney Co., Bloomfield, CT, USA) as per manufacturer's 

instructions for each ·brand of porcelain, as shown in Table III. The height of 

each specimen was then reduced by grinding to 14.0 mm, to obtain cylinders 

with parallel ends (i.d. 8.0 mm, o.d. 10.0 mm). Each specimen was coated 

with a high temperature silicone spray paint (Denplex 1200°, "X'' 

Laboratories, Inc., Wheeling, IL, USA) and placed in a burnout oven at 300°C 

for 3 0 minutes. The burnout process evaporated all the vaporizable residue 

from the spray paint so that the insides of the Vycor™ tube in the laser 

dilatometer were not excessively coated with the residue when the specimen 
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was subjected to the high temperatures required for the thermal expansion 

measurement. 

The cylinders were randomly assigned to two groups of eight specimens 

each. One group was subjected to three successive heating and cooling runs 

at 600°C/minute between room temperature and slightly above the softening 

temperature of the porcelain in a high heating-rate laser dilatometer, 

simulating a high-rate thermal expansion measu~ement. The second group 

was left untreated and served as the control group. 

The laser dilatometer was constructed based on a double-pass 

configuration interferometer designed by Dyson (1963). To obtain a thermal 

expansion measurement, the specimen was placed on a rhodium-coated 

optically-flat silica reference mirror, and a small triangular active mirror was 

placed on top of the specimen. The active mirror exerted a very slight 

pressure of approximately 3. 4 kPa on the specimen, as compared with the 

relatively high push-rod pressures of 6 to 40 MPa created in a conventional 

dilatometer. The lower pressure exerted on the laser dilatometer specimens 

meant that the specimens could be heated to temperatures in or above the 

glass transition temperature range before deformation occurred because of the 

specimen's weight or due to the surface tension of porcelain (Twiggs· et al., 

1989). The specimen was placed in a partially-evacuated Vycor TM tube so 

that refraction of the beams by gradients in air density was prevented. An 

interference pattern was obtained using a collimated laser beam from a He-Ne 
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laser source of wavelength 63 2 run. The optics of the experimental 

dilatometer have been described in great detail by Twiggs et al. (1989). 

The specimen was heated in a computer-controlled, water-cooled radiant 

furnace (Model E4, Research, Inc., Minneapolis, lv.lN, USA). Since the 

furnace had a very low thermal mass, it was capable of heating specimens at 

controlled rates close to l 000°C/min and cooling specimens at rates of up to 

600°C/min. The furnace had an array of four elliptical reflectors that focused 

visible and near-infrared radiation from high temperature, tungsten-filament 

tubular quartz lamps onto the specimen. The outside of the Vycor™ tube 

helped attenuate the infrared radiation (wavelength> 4 µm) 'reaching the 

specimen. Specimen temperature was measured by· an infrared pyrometer 

(Model 7-13C10, lrcon, Inc., _Skokie, IL, USA) through an infrared 

transparent window in the side of the Vycor™ tube. To match the emissivity 

function of the specimen material being heated, the pyrometer output was 

corrected by plotting a calibration curve of the temperatures recorded by the· 

pyrometer vs. that of a chromel.:.alumel thermocouple (Type K, 0.13 mm 

diameter; Omega Engineering, Stamford, CT, USA) embedded inside th~ 

walls of a hollow, thin-walled, cylindrical calibration specimen. This 

calibration procedure reduced the pyrometer error to less than 2°C. _ 

Interference fringe patterns obtained on heating and cooling the porcelain 

specimens were originally detected with a pair of photodiodes that performed 

fringe edge detection and determination of direction of fringe movement 
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(Twiggs et al., 1989). However, at heating and cooling rates of 600°C/min, 

the rate of fringe movement (10-35 fringes/s) was too great to be observed 

visually, and degradation in the fringe pattern during a measurement could not 

be detected. To overcome the. difficulties in obtaining an accurate fringe 

count, the photodetector pair was replaced with a line scan camera with 2048 

pixels (Model LC1901, EG&G Reticon, Inc., Salem, MA, USA) and a PC 

interface card (Model 21 0Q/2200, Girard Electronics, Hudson, WI, USA). 

The camera permitted observation of an 8 bit gray scale pattern with a scan 

rate of 1 ms. The computer system used (66 ~ x486 processor) had to be 

upgraded to a 100 MHz x586 ptocessor (Pentium, Intel Corp., USA) to allow 

the fringe pattern to be observed at 100 Hz (Twiggs et al., 1997). 

The laser dilatometer was controlled by software that was written in 

Visual Basic 3.0 (Microsoft Corp., Redmond, WA, USA). The software 

managed the calibration procedure, furnace and pyrometer control, and data 

collection and analysis. Since the optical pyrometer could only measure 

specimen temperatures above 300°C, the dilatometer software executed an 

open loop control algorithm to heat or cool the furnace up to approximately 

300°C. The fuma~e. control went into a closed loop feedback from that point 

on, until the temperature dropped below 300°C on cooling. 

An algorithm for the post-test processi~g of the fringe data using Fast 

Fourier Transform was included in the software to provide consistent fringe 

counting. The software algorithm permitted differential expansion sensitivity 
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of0.02 µm. By counting the fringes obtained from the interferometer, a direct 

measure of the differential expansion (AL) of the specimen was obtained. The 

laser dilatometer computer software calculated the thermal expansion (.AL/Lo) 

and the coefficient of linear thermal expansion ( a) over a temperature range 

(AT) of 25°C-500°C by using the following equation ,(Touloukian 'et al., 

1978): 

1 AL 
a=--

AT Lo 
/ (4) 

The a values for all runs were then analyzed using repeated measures analysis 

of variance (SAS Institute, Cary, NC, USA). 

The laser dilatometer specimens were subjected to quantitative X-ray 

diffraction analysis using the procedure and parameters described in Section 

A.2. . The leucite weight fraction data for each brand of porcelain were 

subjected to repeated measures analysis of variance (SAS Institute, Cary, NC, 

USA) to determine significant effects of the high-rate thermal expansion 

measurement on leucite content. 
. { 

4. Post hoc Statistical A:nalyses 

The· coefficient of thermal expansion data calculateq in Specific Aims 2 and 3 

were subje~ted to a post hoc Student-Newman-Keuls test to determine the 

effect of heating and cooling rate (in the form of low-rate and high-rate 
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dilatometry nms respectively) on the coefficient of linear thermal expansion of 

singly fired dental porcelains, at a significance level of 0.05. 

A post hoc power analysis of the individual t~o-sample t tests (1-tail) to 

detect a difference in the leucite weight fractions (control vs. heat treatment) 

from all three Specific Aims at a significance level of 0.05 was determined 

using the overall estimates of the standard deviation for each individual 

material studied. 

I 



RESULTS 

Ao Specific Aim 1 

"To determine whether the exposure of dental porcelain to a single low-rate 

thermal expansion measurement (heating run only) could result in 

additional leucite crystallization, potentially interfering with the accurate 

determination of a/' 

1. Thermal expansion 

The coefficient of thermal expansion values (in units of 10-6 /°C) of the six 

commercial body porcelains and the Weinstein et al. Component No. 1 (1962) 

after a single thermal expansion measurement are shown in Figure 6. The 

error bars represent the 95% confidence intervals of the mean for each 

material. The coefficient values for the commercial porcel~ins ranged from 

11.2 X 10·6/°C for Ceramco II to 12.5 X 10·6/°C for Crystar, while Component 

No. 1 had a thermal expansion coefficient of 15.5 x 10·6/°C. 
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2. Leucite weight fraction 

The two-sample t · tests comparing the mean leucite weight fractions of the 

control , and treatment groups did not show a significant effect of the 

dilatometer run thermal treatment on leucite content (p > 0.05) for the six 

porcelains and the Component No. I frit of the Weinstein et al. patent (1962). 

A summary of the leucite weight fraction measurements of the control and 

treatment groups for each porcelain is presented in Figure 7. The 95% 

confidence intervals of the mean for each material in Figure 7 are represented 

by error bars. 

B. Specific Aim 2 

"To determine the effect of multiple thermal treatments, in the form of three 

low-rate thermal · expansion measurements (heating and cooling runs), on 

precipitation of additional leucite .in. dental porcelain, resulting in the possible 

· over-estimation of a/!I 

1. Thermal expansion 

The repeated measures analysis of variance · showed that for the low-rate 

dilatometer measurements, the value of the thermal expansion coefficient (in units 

of 10-6 /°C) obtained on first heating was significantly lower than the values for 

succeeding heat and cool runs in all the porcelains studied (p < 0.001). Figure 8 

shows the mean low-rate thennal expansion value for individual heating and 
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low heating rate thermal expansion measurements. 
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Figure 8 (contd.). Coefficient of thermal expansion values of porcelains studied after 

low heating rate thermal expansion measuremenls. 

Mean values connected by a horizontal bar are not statistically different. 
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-cooling runs of all the materials investigated in this study. The 95% 

confidence intervals of the mean for each material are represented in Figure 8 

by el!or bars. Mean a. values in Figure 8 that are connected by a horizontal 

bar are not statistically different. A comparison of the a. between the three 

pairs of heat and cool low-rate_ runs for each specimen showed a significant 

difference for each pair of heating and cooling a. values (p < 0.02) for 

Ceramco, Ceramco II and Weinstein Component No: 1. 

le Leucite weight fraction 

No significant effect of low-rate dilatometer thermal treatment on leucite 

content (p > 0.05) was shown by the repeated measures analysts of variance 

. for the six porcelains and the Component No. 1 frit. A summary of the leucite 

weight fraction measurements of the control and treatmen_t· groups for each . 

porcelain using conventional dilatometry is presented in Figure 9. The 95% 

confidence intervals of the mean for each material are represented in Figure 9 

by error bars. 

C Specific Aim 3 

"To determine whether exposure of dental porcelain to three high-rate 

thermal expansion measurements (heating and cooling runs) could cause 
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additional leucite to crystall~e, thereby creating potential interference in the 

exact determination of dental porcelain a.." 

lo Thermal expansion 

Based on the results of the repeated measures analysis of variance for the 

high-rate dilatometer data, the value of a (in units of 1 ff6 /°C) obtained on first 

heating was not statistically different from values for succeeding heat and cool 

runs for all the porcelains studied (p > 0.05). the mean high-rate thermal 

expansion value ( 1 ff6 /°C) for individual heating and cooling runs of all the 

materials studied are shown in Figure 10. The 95% confidence intervals of the 

mean for each material are representeq by error b~rs in Figure 10. 

2.. Leucite weight fraction 

The repeated measures analysis of variance showed no significant effect of high

rate dilatometer thennal treatment on ·1eucite content (p > 0.05) for the six 

porcelains and the Component No. 1 frit. Figure 11 shows a summary of leucite 

weight fra.ction measurements of the control and· treatment groups for each 

porcelain using laser dilatometry. The error bars in Figure 11 represent the 95% 

confidence inteivals of the mean for each material. 
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3., Post hoc statistical analyses 

The post hoc comparison of the overall mean a. values of porcelains using the 

Student-Newman-Keuls test ·(p < 0.05) showed a statistically significant 

difference in a. values between singly fired den~al porcelain subjected to low

rate and high-rate dilatometry me:asurements, for porcelains Ceramco II, 

Crystar and Vita. The remainder of the materials studied showed no 

significant difference between the overall mean a. values obtained using low

rate and high-rate dilatometry. 

A summary of the post hoc power analysis performed is presented in Table 

IV. The differences in mean leucite weight fractions ( control vs. heat 

treatment) that are detectable at 80% power and a significance level of 0.05, 

are listed in Table IV for each of the materials tested. A difference of 0.02-

0.03 weight fraction (i.e., 2-3 wt%) leucite was detectable in all porcelains at 

80% power, except Component No.1. For Component No. I, a difference of 

0.043 (i.e., 4.3 wt%) was detectable. 
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Table IV. Summary of Power Analysis 

Detectable difference 
Brand in mean leucite weight 

fractions* 

-Biobond 0.029 

Ceramco 0.018 

Ceramcoll 0.024 

Crystar 0.018 

Vrta 0.024 

Will-Ceram 0.020 

Component No. 1 · 0.043 

* at 80% power, significance level= 0.05, and n = 8 for.all groups 
' ' 



DISCUSSION 

When the thermal expansion of a porcelain specimen 1s measured in a 

conventional dilatometer, the specimen is subjected to a heat treatment over the 

temperature range about which thermal expansion information is required, making 

it imperative to insure that this heat treatment does not alter the porcelain in some 

way that would change its thermal characteristics. The purpose of the research 

reported in this dissertation was to examine two factors--additional leucite 

. crystallization, and structural relaxation-that could potentially interfere with the 

accurate measurement of the coefficients of thermal expansion of glassy materials 

such as dental porcelains during the thermal expansion measurement itself. 

Leucite is a very important constituent phase in feldspathic dental porcelain. 

The coefficient of thermal expansion (a.) of dental porcelain is raised by the 

precipitation or addition of leucite in the glass matrix so that porcelain has an a. 

value that is closely matched to that of the underlying PFM alloy (Burk and 

Burnett, 1978). The leucite content of dental feldspathlc .porcelains is probably 

the most significant factor influencing their thermal expansion, as demonstrated by 
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the dependence of the coefficient of thermal expansion of dental porcelain on its 

leuc~te content (Mackert et al., 1986a; Piche et al., 1994). When thermal 

expansion measurements are made on. cooling, there is the potential that the 

measurements could be confounded by the precipitation of leucite during the slow 

cooling proce~s of the measurement. Slow co·oling of dental porcelain has been 

shown to cause the precipitation of substantial amounts of additional leucite (8 -

I 

56 vol %; Mackert and Evans, 199 lb) in feldspathic porcelains. Investigators 

have shown that subjecting dental PFM porcelains to other thermal treatments, 

such as multiple firings and isothermal heat treatments (Mackert and Evans, 

1991a, 1992; Mackert et al., 1995), can also result in the crystallization of 

additional amounts .of leucite. In this dissertation, it was hypothesized that the 

exposure of singly fired dental porcelain to the time-temperature profiles of a 

single low-rate heating run and multiple slow heating and cooling runs, in the 

form of one and three conventional dilatometric measurements respectively, at 

3 °C/min, could result in the precipitation of additional leucite in the porcelain 

, matrix. However, the results of this dissertation did not demonstrate a statistically 

significant increase in leucite content following exposure of the .porcelains studied 

to· either a single low-rate heating run (Specific Aim 1) or three low-rate thermal 

expansion measurements (Specific Aim 2). It was also hypothesized that no 

additional amounts of leucite would crystallize when singly fired dental porcelain 

was subjected to three high-rate thermal expansion measurements. The basis •for 

this premise was that the rapid heating and cooling rate employed (600°C/min) 
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would not provide sufficient time for such crystallization to occur in the 

porcelains tested. The results reported in _ Specific Aim 3 of this dissertation 

support this hypothesis, since the l~ucite content of the porcelains tested did not 

increase by statistically significant amounts following exposure of the porcelains 

to three high-rate thermal expansion measurements. 

As shown in Table IV, a difference of 0.02 - 0.03 weight fraction (i.e., 2 - 3 

wt%) leucite was detectable in all porcelains at 80% power, except Component 

No. 1. For Component No. 1, a difference of 0.043 (i.e., 4.3 wt%) was 

detectable at 80% power. When the difference detectable for Component No. 1 

(0.043 weight fraction leucit~) is expressed as a percentage of the overall mean 

(0.482 weight fraction leucite for the combined treatment and control groups from 

all three Specific Aims), it is seen to be comparable to the other porcelains 

(0.043/0.482 = 8.9% for Component No. 1, vs. values of 6.4% - 10.9% for the 

other porcelains). ,Thus, the aver~ge difference in the means between the control 
' . 

and treatment groups for 'component No. I fell within the range of average 

differences for all other porcelains excluding Component No. 1. 

Glasses that are quenched in air ,(i.e~, rapidly cooled) from high firing 

temperatures undergo ~nimal re-ordering to form a structure that has an excess 

volume trapped in it (Kingery et al., 1976; Touloµkian et-al., 1978). This is 

because of a lack of sufficient time for the most stable configuration to be 

reached. , If the quenched porcelain is re-heated at a slow rate, as in a 

conventional dilatometer measurement, it expands normally until it is close to .its 
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glass transition temperature, at which point suffident thermal energy is available 

for the molecules to rearrange themselves into a more dense structure. This 

densification process competes with the thermal expansion of the porcelain, 

resulting in an overall effective expansion that, is l9wet thari would be the case if 

the porcelain were annealed prior to measurement (Kingery et al., 1976; Mackert, 

1988). Kingery et al. (1976) opined that the collapse of trapped excess volume 

via structural relaxation is most clearly demonstrated during the conventional 

dilatometric thermal expansion measurement of a glass. The results of the low

rate thermal expansion measurements, in Specific Aim 2 above, substantiate that 

premise. The coefficient of thermal expansion values measured on first slow 

heating were significantly lower than the values for succeeding low-rate heat and 

cool runs in all of the materials investigated, as expected, providing evidence for 

the occurrence of structural relaxation during the first slow rate thermal expansion 

measurement. The ex. values (mean ± standard deviation) obtained for the six 

commercial dental porcelains on first slow heating, in Specific Aims 1 and 2, 

ranged between 11.2 ± 0.5 X 10·6/°C and 12.5 ± 0.4 X 10·6/°C. These values 

compared favorably with values reported for the same brands of porcelain 

(11.9 ± 0.6 to 13.7 ± 0.1 x 10·6/°C) by· other investigators (Fairhurst et al., 1980; 

Dorsch, 1982) over the temperature range 25 - 500°C after a single firing. 

However, the thermal expansion coefficient (12.2 ± 0.3 x 10·6/°C) for porcelain 

Ceramco 11, measured on the third slow heating run in Specific Aim 2, appeared 

to be slightly lower than the Cl value of 13 .4 ± 0 .1 X 10·6 /°C reported by Piche 
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et al. ( 1994) · for the same porcelain. This small difference could be because the 

measurement of a in that study was conducted on unfired porcelain specimens, 

whereas all the specimens in this dissertation were subje~ted to a single firing 

during fabrication. The thermal e~pansion coefficient (16.0 ± 0.2 x Iff6/°C) of 

the Component No. I (Weinstein et al., 1962) specimens on first slow heating 

was higher than the a values of the commercial PFM porcelains. This result is 

probably because Component No. I contains a higher leucite content (45 wt%) 

than commercial dental PFM porcelains (20-25 wt% leucite content). 

The importance of thermal history (i.e., cooling rate after firing, and· number 

of firings) in the thermal expansion of PFM porcelain~ is well documented. In 

1980, Fairhurst et al. demonstrated that thermal expansion measurements 

obtained on first heating were unreliable. The results in Specific Aim 2 provide 

irrefutable evidence that the thermal expansion coefficients measured on first 

heating are confounded by the structural relaxation of the material during the 

measurement itself, thereby making them questionable. Investigators (Fairhurst et 

al., 1980) have suggested that the measurement of a should be made on a cooling 

run or second heating run instead of on the first slow heating. However, a 

comparison of a among the three pairs of heat and cool low-:rate runs of each 

specimen (in Specific Aim 2) showed a significantly higher a value for cooling in 

each pair than for heating, for porcelains Ceramco, Ceramco II and Weinstein 

Component No. I. This behavior is consistent with the formation of a hysteresis 

loop in the heating and cooling curve of a glassy material, as described by 
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Rekhson (1993)_, wherein the thermal expansion coefficient of a glass is higher on 

cooling than when the glass was heated. This lag in expansion values can be 

attributed to the achievement of dynamic equilibrium conditions in the glass. 

The finding that the second and third heating runs in the conventional (low

rate) dilatometer are not statistically different is an important finding with regard 

to· the actual practice of dilatometer measurements on dental porcelains. In the 

eventuality of a malfunction or error in measurement during the first cooling or 

second heating run, it would be possible to re-run the same specimen without 

expecting a significant change in the measured thermal expansion value obtained 

on the second ·cooling or third heating run. 

The measurement of the coefficient of thermal expansion at high-rates has two

major advantages, a lack of sufficient time for additional amounts of leucite to 

crystallize, an_d insufficient time for the collapse of trapped excess volume to 

occur via structural relaxation. Since conventional dilatometer measurements are 

plagued by the occurrence of structural relaxation in the specimen during the 

measurement itself, investigators at this laboratory developed an experimental 

laser dilatometer (Twiggs et al., 1989, 1997) that is capable of measuring the 

thermal expansion of porcelains beyond their glass transition temperatures at rapid 

heating and cooling rates of 600°C/min. The results of the high-rate thermal 

expansion measurements in Specific Aim 3, made using the laser dilatometer, 

· show that the thermal expansion coeffi~ient obtained on first heating was not 

statistically different from values for succeeding heat and cool runs for all the 
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materials studied. These results are consistent with the hypothesis that, at high

rates, there is insufficient time for the relaxation of trapped excess volume to 

occur. Also, the high-rate a value of Crystar body porcelain reported in this 

study appears to be similar to the result obtained by Twiggs et al. in 1989, thereby 

corroborating the reproducibility and accuracy of the a measurements obtained 

with the laser dilatometer. It. is interesting to note that, the. dilatometer data. was 

reproducible even after replaceme_nt of the photodiode pair with a new lirie scan 

camera and improved software. 

-A comparison of the overall mean a values of porcelains Ceramco II, Crystar 

and Vita using the Student~Newman-Keuls test (p < 0.05) 4emonstrated that the 
. ' ,- ' 

expansion of dental porcelains subjected to slow- and rapid heating and cooling 

rates, in the form of low-rate and high-rate dilatometry measurements 

respectively, showed a statistically significant difference between heat treatments. 

the remainder of the porcelains studied, however, showed , no significant 

difference· between the overall mean a values obtained using low-rate and high

rate dilatometry. 

In conclusion, based on the results of this dissertation, the crystallization of 

additional leucite during the measurement of thermal expansion of dental PFM 

porcelain can be excluded as a possible confounding factor in the determination of 

the coefficient of thermal expansion· of dental porcelain. However, the second 

factor examined in this dissertation-structural relaxation during thermal 

expansion measurement-was shown to have an effect on conventional 
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dilatometric measurements of dental porcelain · during the first heating run. The 

elimination of structural relaxation in dental porcelain can be accomplished by 

measuring thermal expansi_on at heating and cooling rates as high as 600°C/min, 

since the laser dilatometer runs were not affected by this thermal history effect. 



SUMMARY 

Based on the methods imposed in this study, the following conclusions can be 

drawn: 

• The heat treatment afforded by a 3 °C/miri dilatometer run from room 

temperature to the porcelain softening temperature followed by rapid cooling 

is not sufficient to induce crystallization of measurable additional leucite in the 

No. 1 Component of the Weinstein et al. patent (1962) or in the six 

commercial porcelains examined in this study. 

• Heat treatment during up to three consecutive thermal expansion 

measurements in a conventional low-rate dilatometer at 3 °C/min between 

room temperature and the softening temperature of the porcelain is not 

sufficient to induce precipitation of additional amounts of Ieucite in the 

porcelains examined in this study. 

• The heat treatment afforded by up to three consecutive thennal expansion 

measurements in a high-:rate laser dilatometer at 600°C/min between room 
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temperature and the porcelain softening· temperature is also not sufficient to 

induce the crystallization of additional measurable amounts of leucite in the 

porcelains studied. 

• Crystallization of additional amounts of leucite during thermal expansion runs 

can therefore be ruled out as a possible interference in the determination of the 

coefficient of thermal expansion of dental porcelain. 

• Conventional dilatometer measurements exhibited evidence of structural 

relaxation during the first heating run, as evidenced . by the significant 

difference in the first heating and subsequent runs, while the laser dilatometer 

measurements were not affected by this thermal history effect. 
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