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INTRODUCTION



Metal ceramic restoration has been available in dentistry for more than three
decades.” > This type of restoration has gained popularity due to its predictable
performance and reasonable esthetics.’” Despite its success, the demand for improved
esthetics and the concerns regarding the biocompatibility of the metal have led to the
introduction of all-ceramic restorations.”” * In 1965, McLean was first introduced the
aluminous porcelain all-ceramic material as first all-ceramic restoration.” Since then, the
all-ceramic materials have been evolved for better mechanical and esthetic properties.”
Traditional all-ceramic materials are brittle with low tensile strength and fracture
toughness, potentiating cracks when subjected to stress.” Thus, the most common clinical
complication of all-ceramic crowns is fracture.® Several studies have been conducted to
improve the material properties of all-ceramic restorations for optimum clinical
outcome.” Thus, there are multiple interests of researchers to investigate all-ceramic
restoration materials in varying prospective. These include; esthetic and optical properties,
physical properties, firing temperatures, method of fabrications, and clinical outcome.’

The all-ceramic restoration materials can be generally classified by fabricating
techniques or material’s microstructural phases.® In general, all-ceramic restoration
materials can be fabricated by four main techniques including powder-liquid
condensation, slip casting, heat-pressed, and computer aided design and computer-aided
manufacturing (CAD-CAM) milling.” According to material microstructural phases, all-
ceramic restorations can be classified into predominantly glass-based, glassy-crystalline,

crystalline-based systems with glass fillers and polycrystalline.'” One of the most



commonly used all-ceramic materials is glassy-crystalline lithium disilicate (LD) material,
which was first introduced to dentistry by Ivoclar Vivadent in 1998. This all-ceramic
material was called Empress® 2. With the emerging of digital dentistry in computer
aided design and especially computer aided manufacturing milling fabrication technique,
a multicomponent glass-ceramic blocks such as IPS e.max® CAD LD glass-ceramics
were utilized for the benefits of milling, increase cutting efficiency, and maximize the life

of the milling tools.'" '?

IPS e.max® CAD is available in different translucency levels
(e.g. low and high translucency). Recently, this material has been used extensively in
dental offices due to the ease of use and the high esthetic outcome. However, there is a
lack of information in the literature regarding the optical properties of CAD-CAM LD

glass-ceramic materials. In this study, we investigated the optical properties of this

material as translucency parameter, contrast ratio, light transmission, and color change.

OBJECTIVES

1) To investigate the optical properties as translucency parameters, contrast ratio,
light transmissions and color changes between high-translucent and low-
translucent IPS emax® CAD LD glass-ceramic materials with different

crystalline phases and thickness in different firing temperatures.

2) To investigate the optical properties as translucency parameters, contrast ratio,
light transmissions and color changes of each translucent (high-translucent and
low-translucent) IPS e.max® LD glass-ceramic materials with different

crystalline phases and thickness in different firing temperatures.



3) To determine the mathematical relationships of thicknesses of IPS e.max® CAD

LD glass-ceramic materials with TP and light transmission.

NULL HYPOTHESIS

1. Translucency parameters, contrast ratio, light transmissions and color changes
between high-translucent and low-translucent IPS e.max® CAD LD materials
with different thicknesses and different firing temperatures show no significant
difference.

2. Translucency parameters, contrast ratio, light transmissions and color changes
between different thicknesses and different firing temperatures of each translucent
(high-translucent and low-translucent) IPS e.max® CAD LD materials show no
significant difference.

3. The mathematical relationships of thicknesses of IPS e.max® CAD LD materials
with the translucency parameters and light transmission follow a similar

relationship.

ALTERNATIVE HYPOTHESIS
1. Translucency parameters (TP) light transmissions and color changes between
high-translucent and low-translucent IPS e.max® CAD LD materials with
different thicknesses and different firing temperatures show significant difference.
2. Translucency parameters, contrast ratio, light transmissions and color changes

between different thicknesses and different firing temperatures of each translucent



(high-translucent and low translucent) IPS e.max® CAD LD materials show
significant difference.

The mathematical relationships of thicknesses of IPS e.max® CAD LD materials
with the translucency parameters and light transmission do not follow a similar

relationship.



REVIEW OF LITERATURE



DENTAL CERAMICS

The term ceramic is derived from the word “keramos” that means “pottery” in
Greek. Ceramic is not a new material in dentistry. It was first introduced in dentistry in
1789, and the first ceramic crown was placed by Charles Land, a French dentist."”> In
general, this material is strong in compression while weak in tension, and brittle. In
contrast, metal is a ductile material. The type of bond between the atoms is responsible
for brittleness and ductility.'* Ceramic consists of glass matrix and crystals. Glass is
responsible for the optical quality, and crystals are responsible for the strength. The more
glass contents the higher esthetics, the more crystals the stronger and opaque are ceramic.
However, the glass phase is the weakest part, in which crack propagates' leading to the
restoration failure. The properties of the ceramic count on the amount of crystals and
glass content, interaction between them, crystals size, and processing technique.'* '°

Etchability of ceramic is an advantage; it offers microretention for the adhesive to

penetrate.

DENTAL CERAMICS CLASSIFICATION

Fixed dental prostheses (FDP) can be divided into three main types of
restorations according to their clinical applications: (1) all-metal, (2) metal-ceramic, and
(3) all-ceramic.® The all-ceramic FDPs can be further classified into two classifications
according to (a) microstructural phases or (b) fabricating techniques.” Based on
microstructural phases, all-ceramic restorations can be subcategorized into four

groups: (1) predominantly glass-based, (2) glassy-crystalline, and (3) crystalline-based



systems with glass fillers, (4) polycrystalline.” In addition, fabricating techniques class
can be subcategorized into the four groups: (1) powder-liquid condensation, (2) slip

casting, (3) heat-pressed, and (4) CAD-CAM machined.”

A. MICROSTRUCTUAL PHASES

A.1. Predominantly glass-based Ceramics

These dental ceramics are well described as the best material that mimics the
optical properties of enamel and dentin.' Glass-based systems are made mainly of
aluminosilicates glass which contain mainly: (1) silicon dioxide, which is known as silica
or quartz, and (2) alumina (aluminum oxide). This glass is three-dimensional (3-D)
networks of atoms with irregular regular pattern (distance and angle) between nearest or
next nearest neighbors; thus, their structure is amorphous. Aluminosilicates can be found
in nature with various amounts of potassium and sodium, and known as feldspars." '® It
has low flexural strength, ranges from 60 MPa to 70 MPa."” Thus, it can be used only as

veneering material for metal or ceramic.

A.2. Glass-based systems with fillers (glassy-crystalline)
This category of materials has a very large range of glass—crystalline ratios and
crystal types. The glass composition is basically the same as the pure glass category.
Thus, filler particles are added to the base glass composition to expand the clinical uses,

which improve the mechanical properties, create a residual compressive stress within the



surface of the restoration, and control the optical properties as well." ' Fillers are mainly
crystalline and result in different phases amount, which is known as composites to
simplify this concept. Leucite is the most and first filler used for glass-based system. This
filler was added to create porcelains to be compatible with metal substructure during
firing. Thus, leucite fillers with 17-40 % mass can be added to glass-ceramic, which led
to a higher thermal expansion than dental alloy to create porcelains that are thermally
compatible during firing with dental alloys. This type of glass-ceramic is called Low-to-
moderate leucite-containing feldspathic glass. Adding a high content of leucite particles
(approximately 50% or higher) to the glass base ceramic improves the mechanical
properties of the material and can be used as all-ceramic restoration. Leucite particles
have an index of refraction that is very close to the feldspathic porcelain, which is very
important to have high translucency result.' Also, leucite particles can be chemically
etched in a faster rate than the feldspathic porcelain, which can improve the

. . . . 1
micromechanical bond of the all-ceramic restorations.

A.2.1. Glass-ceramics (special subset of particle-filled glasses)

Glass-ceramics contain more than 50 vol.% of uniformly distributed crystals
grown directly from the glass through a controlled nucleation and crystallization process
and this includes two-stage heating treatment, which is called ceraming. The first heat
treatment is called nucleation in which the mix powder is heated above the glass
transition temperature to create maximum nuclei of the crystals. The second heat
treatment is established at a higher temperature to initiate and then maximized the growth

19, 20

of the crystals to optimal diameters within the glass. The mechanical and optical
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properties of the glass-ceramic materials depend on their crystal types, the crystal volume
fractions, the nucleation and the crystallization rate, and the compatibility of the
crystalline phases to the glass phases.'*!

The first dental glass-ceramic was developed in 1972 by Grossman and marketed
in 1984 under the trademark Dicor®. It was a fluormica glass-ceramic with a flexural
strength of 150 MPa and consists of more than 55% volume fraction of small block-like
tetrasilicic fluormica platelets (1-2 um). Tetrasilicic mica glass-ceramic is produced from
K20-MgF2-MgO-SiO2 glass system. Dicor® was first available as a castable glass-
ceramic ingot for manufacture in the lab using the lost wax technique, and later as a

machinable block.'”>*??

Dicor® has multiple disadvantages that led to its discontinuity.
Complicated lab work, low homogeneity during processing, poor margins fit, and the
need for higher strength all-ceramic restoration make Dicor® discontinued. Thus, a new
heat-pressable glass-ceramics were developed that exhibited higher strength and were
easier to process in the dental lab."

IPS Empress® was the first developed pressable glass-ceramic in 1986 with high
leucite-containing glass-ceramic. Lucite-based glass-ceramic derived from the ternary
phase system (SiO,—Al,03—K,0 system). It is the same ternary phase system with the
feldspathic porcelain, but with higher content of K,O. It consists of a 35-45% volume
fraction of randomly shaped 1-5 um tetragonal leucite crystals and arranged like strings

of beads along the glass grain boundaries.'” >

In 2004, the system was further expanded
and optimized with the introduction of the new high translucent IPS Empress® Esthetic

pressable ceramic. This was followed by the release of IPS Empress® CAD in 2006,

creating an opportunity for this material to be milled using CAD-CAM technology at the
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chairside. IPS Empress® Lucite-based glass-ceramic has a flexural strength of 160 MPa
with excellent esthetic due to its high translucency. However, this material still exhibits
insufficient strength to be used as posterior restorations, especially as a multiple unit
restorations. '’

Not until the first LD glass-ceramic restoration materials were introduced in
dentistry in 1998 that we had a high flexure strength and high esthetic glass-ceramic
restoration outcome. LD glass-ceramic material is discussed in details later in this review

of literature.

A.3. Crystalline-based systems with glass fillers

(Glass-infiltrated Oxide Ceramics)

The glass-infiltrated oxide ceramic framework consists of a porous pre-sintered
ceramic core that is subsequently infiltrated with a low-viscosity glass. The ceramic core
can be fabricated in the dental lab either by slip casting ceramic powder slurry on a
porous refractory die, or by milling out from a pre-fabricated CAD-CAM ceramic block

1,8, 19,23 . . .
»® %<2 The oxide ceramic framework can be fabricated

made by powder dry pressing.
from different oxide materials and infiltrated by different glass materials. The available
used oxide ceramics are aluminum oxide (Al,Os3), magnesium aluminum oxide
(MgAl,04), and zirconium oxide (ZrO,). Glass-infiltrated Oxide Ceramics were first
introduced in dentistry as In Ceram ® Alumina in 1989. It consists of 75 vol.%
polycrystalline alumina and 25% infiltration glass with flexure strength of 400-500 MPa.
Its high strength and medium translucency make it eligible to be used as anterior and

1,8,19,23

posterior restorations. In 1994, In-Ceram® Spinell was introduced to overcome
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the opacity of In-Ceram Alumina. The framework consists of 78 vol.% magnesium and
aluminum oxide (MgAl,O4), which improve the translucency of the material. This system
is the highest esthetic in this category due to its high translucency, but it exhibits flexure
strength of 350 MPa, which make it to be used mainly as an anterior all-ceramic
restoration. In 1999, Zirconium oxide has been added to In-Ceram® Alumina to
introduce In-Ceram® Zirconia as a new stronger material. In-Ceram® Zirconia consists
of 56 vol.% polycrystalline alumina, 24 vol.% polycrystalline zirconia. This system is the
strongest among this category, which exhibits a high strength of 700 MPa, and it is
recommended to be used as single and multiple posterior unite FDP. As in the
conventional In-Ceram technique, In-Ceram® Zirconia can be slip cast or milled from

pre-sintered blocks, and is then glass infiltrated.” 1%

A.4. Polycrystalline ceramics

Polycrystalline ceramics are solid-sintered monophase ceramics with no glassy
components. Polycrystalline ceramics are formed by direct sintering crystals without any
glass."”*** All atoms are densely packed into random arrays that are much more difficult
to drive a crack through. Several processing techniques allow the fabrication of either
solid-sintered aluminum oxide (alumina, Al,O3) or zirconium oxide (ZrQO;) framework.
There are two methods of application for the polycrystalline ceramics. First, Aluminum
oxide or zirconium oxide is pressed onto an oversized die and predictably shrunk during
firing to become well-fitting, single-crown substructures. The second method is
machining blocks of partially crystallized (10% complete) zirconium oxide into oversized

greenware. The second method is easier and produce better margin fit restoration than the
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first method. Recently, Polycrystalline zirconia ceramics are twice as strong and tough as
polycrystalline alumina ceramics with a flexural strength range from approximately 900
MPa to 1100 MPa and fracture toughness between 8 MPa and 10 MPa. Thus, this

material is a strongest and toughest available for dental all-ceramic restoration." ** >

B. FABRICATING TECHNIQUES

B.1.Powder- liquid condensation
Powder-liquid condensation technique is the most traditional and the simplest
method for layering and veneering dental porcelain. This involves applying a moist
porcelain powder with a special brush and removing excess moisture to get compact
powder particles with less moisture. The porcelain is further compacted by viscous flow
of the glass component during firing under vacuum pressure. This technique results in
very translucent restoration with high esthetic result. However, a large amount of residual
porosities can be a result of this technique because moistures are involved in the process
and can cause varying degree porosities with less compact porcelain after drying and
firing. Thus, these porosities can impact the strength and toughness of the restoration.””
26
B.2. Slip cast
The process of slip casting uses both ceramic slips and glasses separately. It
involves a two-step heat treatment. First, low viscosity slurry or a mixture of ceramic
powder particles is suspended in water to make a slip. This slip is poured into a gypsum

mold of a negative replica of an exact framework shape. This mold absorbs some water
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and makes compact ceramic particles against the wall of the mold. Then, the ceramic
particles are partially sintered before the framework removed from the mold. The
resulting framework is porous and then it can be infiltrated and sintered again. The glass-
infiltrated ceramic cores typically exhibit higher fracture resistance and strength than
those fabricated by powder-liquid condensation because the strengthening crystalline

particles form a continuous network throughout the framework." * '*- ¢

B.3. Heat-pressed

The heat-pressed process is a lost-wax casting method with using pressable
ingots of crystalline particles distributed throughout a glassy material. After fabricating
an exact replica of the final restoration with wax, the wax model is invested in a mold
with gypsum materials. Then, the mold is heated to burn out the wax, leaving a cavity.
In the pressing, a pressable ingot is heated to a temperature at which they become a
highly viscous liquid, and they are slowly pressed into the lost wax mold. The resultant
product can be finished either with the staining and used as an end product or cutback

techniques and adding a layer of porcelain veneer for better esthetic result.”* '

B.4. Computer-Aided Design and Computer-Aided Manufacturing (CAD-CAM)
Computer Aided Design/Computer Aided Design (CAD-CAM) technology have
been available for more than 20 years and was first introduced in dentistry by Duret.**
CAD-CAM ceramic materials are available as prefabricated ingots. These ingots are
milled by computer-controlled tools.” The technology started with milling fully sintered

ceramic blocks, which is known as hard machining. It has then evolved to mill partially
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sintered ceramics, which is known as soft machining. These are fully heat treated after

milling to ensure adequate sintering.*

B.4.1. Hard Machining

Fully sintered ceramic materials available for CAD-CAM of dental restorations
include feldspar-based, leucite-based and lithium disilicate-based ceramics.”® Feldspar-
based material has polygonal sanidine [(Na, K) AlSi;Og] crystals (2—10 pm in diameter).
A few microcracks usually present in this material due to some degree of thermal
expansion mismatch between some of the crystals and the glassy matrix. The amount of
crystalline phase in this material is about 30 vol. %.>’

A leucite-reinforced ceramic is also available as machinable blocks for CAD-
CAM restorations. This material is similar in microstructure and mechanical properties to
the leucite-reinforced pressable ceramics. In general, machining of fully sintered
ceramics result in significant tool wear and residual surface flaws that suppress the
general physical performance of these materials.® **
Now a day, partially crystallized CAD-CAM LD glass-ceramic blocks are

available to overcome the drawbacks fully crystallized ceramics machining. These

materials are discussed in details later in this thesis.

B.4.2. Soft machining
This technology can be used to machine pre-sintered alumina, spinel, or zirconia-
toughened-alumina blocks to fabricate FDP. The copings are further glass-infiltrated,

resulting in a microstructure similar to that of slip-cast ceramics. The mechanical
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properties of these materials are comparable to those of the slip-cast version, with a final
marginal accuracy within 50 um. Soft-machining of partially sintered zirconia ceramic
blocks by CAD-CAM technology was proposed in 2001.* The design compensates for
the volume shrinkage of 25% that will later occur during sintering of the zirconia blocks.
The partially sintered blocks are easy to mill, save time and decrease tool wear.® The type
of zirconia used in this technology is mainly biomedical grade tetragonal zirconia
stabilized with 3 mol % yttria. This material can be used as monolithic restoration or
coping without glass infiltration and veneered with porcelain for better esthetic outcome.®

Hard machining is very useful for chair side single appointment restoration.
However, the all-ceramic restoration of this technology is mainly used as single unit
restoration due to its low to moderate strength. With the emerging of soft machining
technology, all-ceramic restoration of this technology can be used safely for multi-unit

restoration.®
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LITHIUM DISILICATE (LD) GLASS-CERAMICS

LD glass-ceramics were first introduced into dentistry in 1998 by Ivoclar
Vivadent and it was marketed as IPS Empress® 2. It contains approximately 65-70%
volume fraction of LD, 34% volume fraction of residual glass, and 1% volume
fraction of porosity after heat treatments.”® Unlike the binary LD system that was
first developed by Stookey (1959)’!, the IPS Empress® 2 was derived from a multi-
component  system, formulated from  SiO,-Li,0-K,0-Zn0-Al,05-La,05-P,0s
compositions.” It has elongated crystals with a mean grain length and diameter of 5.2
pum and 0.8 um.** IPS Empress® 2 then evolved to IPS e.max® press ingots in 2005.
These ingots have been developed on the basis of the LD glass-ceramic and formulated
from Si0,-Li,0-K,0-P,05—A1,05—Zr0,-Zn0O system. IPS e.max® press has elongated
crystals with a mean grain length and diameter approximately 3-6um in length and
0.6-0.8um diameters.”” The ingots are produced by bulk casting which is a continuous
manufacturing process based on glass technology (casting/pressing procedure). This new
technology uses optimized processing parameters, which prevent the formation of defects
in the bulk of the ingot.”*** According to the manufacturer, IPS e.max® Press has a
flexural strength of 400MPa and a fracture toughness of 3.0 MPa.

With the emerging of digital dentistry in computer aided design and especially
computer aided manufacturing milling fabrication technique, a multicomponent glass-
ceramic blocks such as IPS e.max® CAD were utilized in 2006 for the benefits of milling,

increase cutting efficiency, and maximize the life of the milling tools.'" 2
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Generally, IPS e.max® CAD restorations have three fabricating procedures:
industrial casting of the blocks, CAD milling, and final thermal refinement so called
crystallization.'' The first processing, according to the manufacturer, glass compositions
(mainly SiO,, Li,O, P20s, ZrO;, ZnO, K,0, and Al,Os) are incongruently melted,
quenched, and annealed to form blue ingots by polyvalent coloring elements.” These
are partially crystallized lithium metasilicate blocks that have enough strength and
hardness to make it easy to be milled by a CAD-CAM system, which is the second
process.”® Finally, the milled block goes through the heating schedule for crystallization

of LD.!!

MICROSTRUCTURE OF IPS EMAX® CAD LITHIUM DISILICATE

The microstructure of the partially crystallized blocks consists of 40% lithium
metasilicate crystals (Li,Si03), which are embedded in a glassy phase with grain size of
the platelet-shaped crystals of range between 0.2 to 1.5 um and exhibits a flexural
strength of 130 -/+ 30 MPa. The final crystallized material consists of 65-70% fine-grain
LD crystals (Li»Si2Os), which are embedded in a glassy matrix and the strength

increases to 360 MPa and a fracture toughness of 2.25 MPa.® ! 122

In today’s dental market, IPS e.max® CAD material can be available in two
levels of translucency as high-translucent (HT) and low-translucent (LT) material
depending on their microstructural component. Depending on the crystallization pre-
treatment of the ceramic blocks, these two levels of translucency can be obtained. The
HT material contains fewer and larger crystals of lithium metasilicate in the pre-

crystallized state while the LT material contains a higher density of smaller crystals.
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After full crystallization heat treatment, the HT ceramic has layered Li,Si,0s crystals (1.5
x 0.8 um) in a glassy matrix. Highly soluble Li3POy spherical crystals appear as spherical
pores. The fully crystallized LT ceramic exhibits a high density of small (0.8 x 0.2 um)

interlocked Li;Si,Os, together with spherical pores, also interpreted as LizPOy crystals.™ >

THE EFFECT OF TREATEMNT OF LITHIUM DISILICATE
GLASS- CERAMICS

The microstructure behaviors of the LD glass-ceramics are dependent on its
thermal history and it is not new to the existing literature. The growth of LD crystals can

be affected by a one- or two-stage heating schedule.’*°

The one-stage heating schedule
included a single heating rate and holding time. On the other hand, the two-stage heating
schedule involved first and second heat treatments for nucleation then crystallization,
respectively. The initial heat-treatment stage is important to establish a kinetically
favorable setting for stabilizing lithium metasilicates. The second heat-treatment stage
always at a higher temperature range than the initial, supplied the thermal energy to
induce growth and maturation of LD and to destabilize the lithium metasilicates.”” Past
investigations have argued that a two-stage heating schedule precipitated more mature
and larger LD crystals than a single-stage heating schedule. Although, the single-stage
heating schedule might require less overall processing time, it seemed to lack the

appropriate thermal enrichment of maturation of LD crystals.>*>°



20

PHASE FORMATION SEQUENCES IN LITHIUM DISILICATE
GLASS-CERAMICS

The nucleation, crystallization, and phase formation and transformations of the
multicomponent LD glass-ceramic materials have been recently dramatically investigated

d.”** 3% The phase evolution in the multicomponent LD glass-ceramic

and analyze
material over temperature can be divided into several periods; induction period,
nucleation of lithium metasilicate (Li»SiO3;) and LD (LixSi»Os) period, saturated
nucleation period, Li,Si0;to Li,Si,0s transformation period, crystal growth of Li,Si,05
and lithium phosphate (Li3PO4), melting period of Li»Si»Os, and melting period of
Li;P0O,.>* " The postulated phase formation sequences in the LD glass changes that
occur during firing temperature variations according to Huang et al., 2013 are shown in
Table 1.%

In general, at a temperature above 520 °C, the crystallization of Li,SiOj starts and

reaches its maximum at 750 °C and dissoluted above 780 °C.*7>**!

It is accompanied by
the crystallization of initially formed Li,Si,0s. Li,S1,0s remains very low starting from
580 °C up to a temperature of approximately 750 °C at which the Li,S1,0s is dramatically
growing and reaches to a maximum crystal saturation at 820 °C before its maturation.>®
After this vigorous growth and maturation of Li,Si,Os, it reaches its maximum
maturation and size at a temperature of 840 °C, which consist of 65-70% fine-grain LD
crystals (Li,Si,0s)."”*! At this temperature, the IPS e.max CAD material heating stops.

By continuing raising the heating temperature, the Li,Si,Os melts at a temperature of

950 °C and the whole glass content melts at a temperature of 1010 °C.**
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IPS EEMAX CAD BLOCKS FABRICATION AND
FINAL CRYSTALLIZATION

The industrial casting of IPS e.max® CAD blocks are based on the behavior of
the nucleation, crystallization, and phase formation and transformations of the
multicomponent LD glass-ceramic system. The glass materials (mainly SiO,, Li,O, P,0s,
ZrO,, ZnO, and K,0) are melted in a temperature of 1300 to 1600° C for 2 to 10 hours.
Then, the parent glass is formed into glass blocks by pressure casting into a steel mold.
Before cooling down to the room temperature, the melted glass is transferred into a pre-
heated furnace in 500 to 600° C for a period of about 10 minutes to 3 hours to relax the
glass block and avoid stress build-ups in the glass. This results in a formation of a great
number of nuclei to ensure efficient crystal growth of Li,SiOs. In addition, the glass
block is heated at a temperature of 690—710°C for 10-30 min to form Li,Si,Os crystals
grown epitaxially from the Liz;PO4nuclei and cooled down to the room temperature. The
final product is marketed in blue color block to be used for CAD dental restoration,
which contains Li;SiO; ~40% and ~60% glass phase.'” > The manufacturer recommends
crystallization process consists of two heating rates and two holding times. Initially, the
partially crystallized precursor is heated at a rapid rate of 90 °C/min from 403 °C
(furnace stand-by-temperature) to 820 °C and held for 10 seconds at 820 °C (first
targeted temperature). This is followed by a slower, second heating rate of 30 °C/min.
Then, it is held for a prolonged period of seven minutes at 840 °C (second targeted

temperature).’
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LIGHT AND COLOR

Light is a form of energy and composed of different wavelengths. When the
light exposed to an object, the light could be reflected at the surface of the object
(specular or diffuse), and it could be absorbed or scattered within the object, or it could

refract or totally transmitted through the object.** **

The wavelengths (colors) that are
reflected, refracted or transmitted are perceived by receptor cells (i.e. rods and cones) in
the eye and recognized by the brain as a specific color. The wavelengths of visible light

range from approximately 400 to 700 nm.*>*

The wavelengths that are transmitted,
refracted or reflected create the color that is perceived and till about the translucency
level of the material. If all light is transmitted, the material appears completely
transparent. If all light is absorbed, the material appears completely opaque, and the color
black is perceived. However, if some of the wavelengths of the visible light are absorbed
and others reflected, refracted, or transmitted, the color that is perceived corresponds to
the wavelengths that are reflected, refracted, or transmitted, and the level of translucency

depends on the amount of the light that transmitted through the material.® ***

Moreover,
the reflection of the light depends on the surface texture of the restoration. Thus, a
smooth surface increases the specular reflectance, in which the angulation of light
reflection is equal to the angle of the light source. This reveals more of the color of the

light than the color of the restoration, which appears saturated in color.® ****

However,
the light scatters in many different directions when the surface is rough. This is known as

diffuse reflectance, which reveals more of the object’s color and appears less saturated

and duller in color.®
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Correct light intensity and the proper illuminants illumination are essential for
color evaluation. Since 1931, the light source used as the standard daylight was C,
incandescent or tungsten lamps (2856 K), or fluorescent lamps (4000 K). Currently, an
average standard daylight is D65 and DS55. Illuminant D65 and D55 refer to the
correlated color temperatures of 6500 K and 5000 K, respectively.” ** D65 was defined
in 1964 as the radiation of north sky daylight on a cloudy day. According to ISO 3668
and 3664, D65 is the standard application used in the industries, while D55 is used in the
printing and graphic arts industries.” **

Color systems are used to describe the color parameters of objects. Munsell
color system is the oldest color order system and has been used in dentistry. The
Munsell color system uses a three-dimensional system with hue, value, and chroma as
coordinates. The value (V) represents the color lightness or darkness, ranging from 0
(black) to 10 (white). Munsell chroma (C) represents the saturation of a particular
hue and it is an open-ended scale ranging from achromatic colors to a maximum
depending on the hues. Also, Munsell hue (H) is commonly referred as color (e.g. red,
orange, green, and blue). Hue is also associated with the wavelengths of the light
observed.® *>*

The Commission Internationale de I’Eclairage (CIE, International
Commission on Illumination) developed another commonly used color specification
system. The CIE tristimulus value system uses three parameters, X, Y, and Z, which are
based on the spectral response functions defined by the CIE observer. Another CIE

color system (CIE L*a*b*) uses the three parameters L*, a*, and b* to define color.* **

* The L*, a*, and b* values can be calculated from the tristimulus X, Y, and Z values
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and vise versa. This color system is an approximately uniform three-dimensional color
space whose elements are equally spaced on the basis of visual color perception. The
quality L* represents lightness and ranging from 0 (black)-100 (white), whereas chroma
(a*b*) is denoted as red (+a*), green (-a*), yellow (+b*), and blue (-b*).****

The color of the LD glass-ceramics is controlled by coloring ions that are
dissolved in the glass matrix. The color depends on the valency of the ions and the field
surrounding the ions. In lithium LD glass-ceramic, the primary ions are V™ /V™
(blue/yellow), Ce™ (yellow), and Mn" (brownish). For the IPS e.max CAD material, the
vanadium (V) is in a valency of +4 due to the surrounding state conveyed by the lithium
metasilicate crystals. After milling and during the heat treatment, the primary crystal
structure changes from lithium metasilicate to LD, the valency of the vanadium changes
from V™ to V™ and the color given for these changes from blue to yellow. As the final
color is a result of the concentration of ions and the influence of the matrix glass,

controlling the melting conditions of the blocks are essential.*®

TRANSLUCENCY AND LIGHT TRANSMISSION

Translucency is an important factor to control the esthetic outcome of any dental
ceramics.”’ Translucency is a property of materials that allow the light to pass through the
material, but disperses the light, so no objects can be seen through the material.* *>** The
greater the quantity of light that passes through the object, the higher the translucency of
the material.® The highest translucency is transparency, in which all light is transmitted,

while the lowest is opacity, in which all light is reflected or absorbed.*" **
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In general, all-ceramic systems have different compositions, microstructure,
crystalline content phases, processing technique, and the material thickness and shade,
which influence the optical and mechanical properties of these systems. In addition, the
amount, shape and particle size distribution of the crystalline phase and porosity directly
also influence the mechanical and optical properties of ceramic material. ** * Thus,
higher the crystalline content, the higher strength and lower translucency.® For example,
IPS e.max® CAD system is a LD glass-ceramic (Li,Si,0s) with a crystalline content of
about 65-70% and a flexural strength of 360 MPa. However, IPS Empress® CAD is a
Leucite-reinforced glass-ceramics (KAISi,Og) with a crystalline content of about 35%
and a flexural strength of about 160 MPa.® In addition, the crystal size can influence the
translucency of the material in a different prospective. As mentioned earlier, IPS e.max®
CAD has HT and LT. Both have the same crystal content and flexure strength, but they
are different in crystal sizes. HT ceramic exhibits crystals of 1.5 x 0.8 mm in a glassy
matrix, whereas LT ceramic exhibits smaller crystals (0.8 x 0.2 mm) interlocked in a high
density matrix.”® Moreover, different crystalline compositions in different ceramics types
show different translucency levels.” However, the translucency of dental ceramics could
be also affected by thickness regardless the ceramic composition. As the ceramic
thickness decreases the translucency increases.”” >' Also, The higher the amount of
remaining void, the more scattering and lower light transmittance.*®

Furthermore, the translucency of the IPS e.max® CAD LD glass-ceramic material
is controlled by the nanostructure of the material. Scattering of light at the interfaces
between the crystals and the glass matrix causes is the key point for the translucency

properties.”” If there is a similar refractive index of light between the crystals and the
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glass matrix, such as between the LD crystals and the glass matrix, it is possible to
achieve a very high translucency. If the difference in refractive index between the crystals
and the glass is high, then low light passes through the material and low translucency
results.”> Thus, different translucencies are used for a variety of different applications to
produce translucencies that are well accepted within the industry. As claimed by
manufacturer, The manufacturing processes used to control translucency have no
influence on the mechanical properties such as the strength and modulus of the material.*®

There are two forms of transmittance (specular and diffuse) and each one
depends upon the method of measurement. In the diffuse transmittance, the
measurement includes all the light passing through the material and all the light
scattered in a forward direction, and this is known as specular component included
(SCI). For the specular transmittance, the measurement excludes the proportion of
scattered light that does not reach the detector, and this known as specular component
excluded (SCE).** >’

Several methods have been reported in the literature to investigate the

translucency of the restorative materials, such as: the translucency parameter (TP),*>!>*

3,47, 57-60 47,59, 61, 62

>6 contrast ratio (CR), and transmittance of light.

The translucency parameter (TP) was first introduced to evaluate the translucency
of maxillofacial elastomer. TP is a standardized method to calculate translucency
considering the entire visible spectrum. The TP is defined as the color difference between
a material of uniform thickness over a white and a black background.* The quantitative

measurement of translucency is obtained by comparing the reflectance of light through

the samples over a background with high reflectance (white background) to that of
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high absorbance (black background). The recorded measurement is a result of the
light that is reflected back to the measuring device by the background, after being
transmitted through the samples.”* The TP values are calculated by using the following

equation:

TP = (L, — L)? + (a; — a;,)? + (b — b},)? (D

The L* values of 0 to 100 represent the measure of the lightness or darkness of the
material.* The a* values represent the measure of redness or greenness, and the b*
values represent that of yellowness or blueness.” Positive a* relates to the amount of
redness, and negative values relate to the greenness of the samples, whereas positive b*
values relate to the amount of yellowness and negative values relate to the blueness of
the sample.” The subscripts refer to the color coordinates on the black background (b)
and (w) to those on the white background. A high TP value indicates high translucency
and low opacity and vise visra.* "%

In 1987, Powers et al. used contrast ratio (CR) to measure the translucency of
restorative resin.’’ CR is the ratio of the reflectance that obtained from an object resting
on a black background to the reflectance obtained for the same material against a white
4.43.57.58

backgroun

The CR values are calculated based on the following equation:

Yp
Yw

CR = 2)

Y, represents the spectral reflectance of the light of the sample on a black background and
Y,, on a white background. The value of a completely transparent material is 0, while the

1 43,47,57,58

value of a completely opaque material is Y value can be calculated from L*.

Since Y is luminance from Tristimulus Color Space CIE XYZ, Y can be calculated from
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the following equation:47’ 64

Y = (%)3 X Yn 3)

For simulated object colors, the specified white stimulus normally chosen is one
that has the appearance of a perfect reflecting diffuser, normalized by a common factor so
that Yn is equal to 100.%

Moreover, LD glass-ceramic can be used as either all-ceramic full coverage FDP
(e.g. crown and bridge) or partially coverage indirect FDP (e.g. inlay, onlay, and veneers).
Resin cements are most common cements used for such kind of restorations. Resin
cement is available as chemical polymerized, photo polymerized or a combination of
both. Resin cement has an ability to bond to the restoration and the tooth as well. It has
superior optical properties and it is available in different shade and translucencies®.
However, incomplete polymerization of resin cement can result in degradation of the
cement, staining around the restoration margin, debonding of the restoration, and possible
pulp irritation due to the residual unreacted monomer.**

Furthermore, chemically polymerized systems are mainly used under low
translucent or thick restoration materials, due to the low light intensity that can pass
through the material. Photo (light) polymerized systems are mainly indicated for
translucent veneers, due to the possibility of light transmission through the restoration
material. Dual- polymerized systems can be used in either situation, since the chemical
activation of dual cements could compensate for the low light intensity that can reach to

the resin cement.*® °* %7 The light intensity that reaches the cement varies according to the
g y g

optical characteristics of the restorative material.
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INSTRUMENTAL MEASURMENT FOR COLOR AND TRANSLUCENCY
Various instruments can be used to measure color and translucency of dental

materials, such as spectrophotometers, spectroradiometers or colorimeters.

1. Spectrophotometer

Spectrophotometers are widely used to measure surface colors. It is
designed to measure the ratio of the light reflectance and based on the CIE
system.” Spectrophotometers have the ability to analyze the principal components
of a series of spectra and convert spectrophotometric measures to various colors

43, 68 . .
measures.” ®® The result is quite stable and accurate as an absolute standard.*’

2. Spectroradiometer
Spectroradiometer is an alternative to spectrophotometers to measure color in
dentistry. They measure radiometric quantities: irradiance (W/m’) and radiance
(m”Sr).” Their units are expressed by luminance (cd/m?) and illuminance (lux) for
spectral radiance and irradiance, respectively.”There is a significant difference
between the TP values measured by Spectroradiometers and Spectrophotometers.

69
However, the measurements were very correlated.

3. Colorimeter

Colorimeters measure color tristimulus values from light reflectance of a sample
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after the light source has passed through a series of filters. These devices measure color
only in terms of tristimulus according to CIE illuminant and observer conditions.
Colorimeters use photodiode filters to control light reaching the sample.” ®® Colorimeters
are useful in quantifying color differences between two samples. It is very simple for

quantification of the optical properties of esthetic dental materials.”

However,
Colorimeters are not registering spectral reflectance and can be less accurate than
spectrophotometers due to aging of filters, and object metamerism can be a challenge to

their accuracy.”””!

CURRENT CHALLENGES

The optical properties of ceramic materials include color and translucency in
addition to hue, value and chroma.’* All-ceramic systems have various compositions with
different crystalline content, which may affect the optical properties of these systems.”*
An increase in the crystalline content to achieve greater strength generally results in
greater opacity and effect on the translucency, light transmission, and color.”” The optical
properties as translucency parameter (TP), contrast ratio (CT), light transmission
parameter (Lt), and color changes (CC) of the multicomponent CAD-CAM LD glass-

ceramic materials with different thicknesses have been investigated in the literature.’® **

61. 67 7 However, most of the optical property studies of the CAD-CAM LD glass-
ceramics are mainly focused on the fully crystallized final product. Thus, the optical
property studies of the CAD-CAM LD glass-ceramic materials in the partially

crystallized and in different crystallization phases are very limited in the literature.

Moreover, the TP, CR and Lt of this material with different thicknesses have been
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reported separately in different studies with different samples preparations and methods.
For this reason, it was essential to investigate the TP, CR, Lt of LD glass-ceramic
material in our study with different thicknesses to standardize the methods and sample
preparations to obtain results that can be statistically reliable. Also, the previous studies
lack of show an incremental increase of the thicknesses, which is very important to
determine a mathematical relationship between different thicknesses of IPS e.max® CAD
LD glass-ceramic materials with TP and Lt. In addition, there is a lack of information in
the literature about the comparison of TP, CR and Lt between the LH and LT IPS e.max
CAD LD glass-ceramic materials. Also, there is a lack of information regarding the
correlation between the optical properties of this material.

Moreover, the optical properties of the multicomponent LD glass-ceramic
materials can reveal more about the behavior of these materials, especially during the
transformation phase of the Li,SiO;3 to Li,Si,Os. In addition, the microstructure of the
multicomponent LD glass-ceramics has a direct effect on the optical properties. During
this transformation phase of IPS e.max® CAD, the color of the block changes from the
blue to the yellow color. In addition, the crystallization growth of Li,Si,Os dramatically
increases to a maximum, which cause changes in the translucency, light transmission and
color of the material due to this growth.'' Thus, one of our interests in this study was to
investigate the optical properties as TP, CR, Lt and CC in three microstructure
transformation phases, which are the beginning of the transformation of Li,SiOs to
Li,S1,0sat 750 °C, the complete transformation of Li,SiOsto Li,Si,Os at 820°C and the

complete maturation and crystallization of Li,Si,Os at 840 “C. Also, we investigated the
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color changes from the blue blocks to the final crystallized color in different firing
temperatures.

In this study, we were investigated the optical properties as translucency
parameter (TP), contrast ratio (CR), light transmission (Lt) and color change (CC) of two
different translucent levels of IPS e.max® CAD LD glass-ceramic materials (HT and LT)
with thicknesses in different firing stages. Furthermore, the TP CR, and Lt have been
investigated and reported in samples of varying thicknesses in the past. However, no
relation between the TP, Lt and thickness has been reported. In this study, we were also
determined the mathematical relationship between TP and Lt with the thicknesses to
correlate those parameters. Finally, we investigated the correlation between the TP, CR

and Lt of IPS e.max® CAD LD glass-ceramic materials.
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MATERIALS AND METHODS
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MATERIALS

The materials that were used in this study are IPS e.max® CAD blocks (Ivoclar
Vivadent, Liechtenstein, Germany). Two levels of translucency were used, which are
high translucent blocks (HT) and low-translucent blocks (LT)'". Only one shade was

used, which is A2.

SAMPLE PREPARATIONS

Partially crystalized (blue state) shade A2 ceramic blocks (IPS e.max® CAD,
Ivoclar Vivadent) were sectioned into square shape samples (15.25 mm X 15.25 mm) and
five different thicknesses the thickness (1.00, 1.25, 1.5, 1.75, 2.00mm) (n=120) by using
a diamond saw (Isomet 1000, Buehler, Lake Forest, IL) (Fig 1). Thickness of the
samples was measured using a Vernier caliper with digital readout (Mitutoyo Corp.,
Tokyo, Japan). Both surfaces of the samples were polished using silicon carbide paper of
600-, 800-, 1000-, and 1200-grit (EXAKT Technologies, Oklahoma City, OK, USA)
under running water at 300 rpm on a polishing machine (EXAKT 400 CS, EXAKT
Technologies, Oklahoma City, OK, USA). The square samples were then equally divided
into two main groups according to the translucency (HT/LT)(n= 60). Each group was
divided into five main subgroups according to the thickness (1.00, 1.25, 1.5, 1.75,
2.00mm) (n=12). Each subgroup was divided into three further subgroups according to

heating schedules (three different crystallization temperatures)(n=4) as 750 °C, 820 °C in
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single stage heating schedule with 1 second and 10 second holding times, respectively,
and 840 °C with two-stage heating schedule (820°C, 840 °C with 10 second and 7 min
holding time, respectively, as recommended by manufacturer) by using Ivoclar Vivadent
ceramic furnace (Programat® CS) (Fig 2,3) (Table II). After firing, both surfaces of the
samples were polished using silicon carbide 1200-grit (EXAKT Technologies, Oklahoma
City, OK, USA) under running water at 300 rpm on a polishing machine (EXAKT 400
CS, EXAKT Technologies, Oklahoma City, OK, USA). After polishing, the samples
were rinsed with water and the thicknesses were verified using a Vernier caliper with
digital readout (Mitutoyo Corp., Tokyo, Japan) in each thickness at the center of the disk
with the variation at +£0.06 mm (Fig 4). The samples were stored dry until testing

performed (Fig 5).

TRANSLUCENCY AND COLOR CHANGE MEASUREMENT

The color space by CIE (L*, a* and b*) of all samples was measured by a
spectrophotometer (CM-2600D, Konica Minolta Sensing Americas, Inc., Ramsey, NJ)
(Fig 6). The standard of device was controlled at a 10-percent observer angle, a 100-
percent UV and standard illuminant D65 as the standard wavelength between 300 nm to
780 nm. The light reflected on the surface of samples through an 8-mm target mask
Irradiance was measured with the ceramic discs of 1 mm, 1.25 mm, 1.5 mm, 1.75 mm
and 2 mm thickness inserted underneath a spectrophotometer device on either a white or
a black background (Fig 7). The data with specular component included and excluded

(SCI and SCE) were recorded to compare the effect of surface roughness.
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The translucency parameter was calculated from the differences between the
color reflectance data of the white and black, according to equation (1).* The contrast

ration (CR) was obtained by equation (2) after calculating Y value from equation (3).

LIGHT TRANSMISSION MEASUREMENT

Managing Accurate Resin Curing (MARC® Resin Calibrator, BlueLight
Analytics, Inc., Halifax, NS, Canada) (Fig 8) consists of a laboratory grade UV-VIS
spectrometer and two-laboratory grade cosine corrected sensors (top and bottom). Light
captured by the sensors is transmitted to the spectrometer through a bifurcated fiber optic
cable, after which dedicated software provides real-time irradiance data. The MARC®
Resin Calibrator was set to monitor the polymerizing time for 20 seconds and the sensor
trigger at 11. Irradiance and spectra of the halogen light-curing unit (Optilux Demetron
401, Kerr, CA, USA) was measured in the standard mode. Irradiance were measured at a
distance of 0 mm with the ceramic disks from each sample was inserted between the light
curing unit and a radiometer device, MARC® Resin Calibrator (Fig 9).” The mean

irradiance and the peak wavelength of the light-curing unit were measured by the top

sensor, and determined to be 922 mW/cm? and 488 nm, respectively (Fig 10).
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STATISTICAL ANALYSIS

The statistical methods include statistical analysis on outcomes: TP SCI, TP SCE,
Mean Irradiance, Max Irradiance, Spectral Peak, SCI L*, SCI a*, SCI b*, SCE L*, SCE
a* and SCE b*. For each outcome, the test results (mean, stand deviation, range) were
summarized by Translucency, Firing Temperature and Thickness. The effects of the test
results were evaluated using 3-way ANOVA with factors for Translucency (HT and LT),
Firing Temperature (750, 850, and Rec) and Thickness (1, 1.25, 1.5, 1.75, and 2), as well
as all two-way and three-way interactions among the factors. Pair-wise comparisons were
made using Least Significant Differences to control the overall significance level at 5%
(only the significant interactions were included).

Linear regression models were fitted by translucency and firing temperature using
thickness as a continuous variable to exam the relationships between translucency and
firing temperature, thickness and outcomes: TP SCI, TP SCE, Mean Irradiance, and

Spectral Peak.
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RESULTS AND DISCUSSION
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RESULT ON MEAN IRRADIANCE

We preformed 2-way ANOVA statically analysis on mean irradiance with p<
0.05. All Pairwise Multiple Comparison Procedures (Holm-Sidak method) show the
overall significance level = 0.05 (Table IIL, IV).

The mean irradiance for the HT group at the recommended temperature decreases
from 331.77 mW/cm® to 188 mW/cm® as the thickness increases from 1 to 2mm. The
mean irradiance for the LT group decreases from 276.2 mW/cm® to 121.17 mW/cm® as
the thickness increase from 1 to 2. There is statistically significant difference between the
thickness groups within the HT group and the same observation is seen in the LT group
(Fig 11). The result is expected since the higher material thickness absorbs more light and
result in lower light transmission. More importantly, there is a statistically significant
difference between the HT group and the LT group in all thickness groups, which is
indicating a fundament difference in the light transmission between two materials and is
discussed later in this thesis (Table V, VI).

Many authors have studied the effect of sample thickness on optical properties on
ceramic materials.’"” >>>*®! Also, many authors propose a regression analysis based on
Beer-Lambert law. However, the physical meaning of the regression parameters has

never been fully explained.’" 7
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Based on Beer-Lambert law, given a flat surface of IPS e.max® CAD sample
which receives an incident irradiance (Ip) normal to the surface, if the total reflected
irradiance is (I;), then the irradiance immediately subsurface may be simply expressed by
(In— L. If IPS e.max® CAD sample may be assumed to have a constant thickness (1),
then after attenuation by absorption and/or scattering throughout depth (1) of the sample,
the emergent light may be said to have a transmitted irradiance (I). In practice, the light-
irradiance Ipand I may be measured experimentally. One can define ‘true’ and ‘apparent’

quantities, as follows, where the latter does not take account of reflected light:77

Apparent transmittance, T, = [ / I, 4

True transmittance, T = I ®))
(IO - Ir)
Apparent absorbance, 4, = log, (1/T ) (6)
a

True absorbance, A = logy, (1/T) (7

However, the reflected light intensity cannot be easily defined. Here we propose a new

approach based on the original Beer-Lambert law:
I /Ie — e—cl (8)
1 is the mean irradiance measured at any thickness
1, is the effective incidence irradiance when the sample thickness approach 0.

c is the coefficient of absorption.

[ is the thickness of the sample.
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By measuring the irradiance behind samples from multiple thicknesses a
logarithmic plot between the irradiance and the samples thickness can be obtained.
Through regression analysis, the y intercept of the regression and the slope of the curve
can be obtained as well. From the y intercept, we can define the L. that represents the
effective incident irradiance, accounting for the reflectance as described by Watts and
Cash.”’

Ie =1 — I )

The coefficients of absorption (c) and I. of the HT and LT groups were calculated
for all firing temperature groups (Fig 12, 13). The result of coefficients of absorption (c)
and [ are summarized in tables (Table VII, VIII) (Fig 14) There is no difference in the
coefficients of absorption between the HT and LT at 750 °C and 820 “C. However, there
are significant higher coefficients of absorption in the HT group compared to the LT
group at the recommended temperature (Table IX). The result indicates that the
differences between the coefficients of absorption of the HT and LT relate to the
difference of LD crystals formed at the recommended temperature.

Regarding the spectral peak, there is an unexpected shift of the spectral peak from
lower to higher wavelength as the thickness decreases in the 750°C and 820°C groups.
However, this significant shift is not observed in the recommended group (Fig 15, 16)
(Tab X, XI). Moreover, by analyzing the CIE L*a*b* for all three firing temperatures,
there is an obvious shift a*and b* value but not in the L* (Fig 17). The shift in a* value
indicates the change from red to green. In addition, the large change in b* form 750°C to
the recommended temperature indicates a large shift from blue to yellow (Fig 18, 19).

Our results show that the green and blue colors for the 750 °C and 820 °C groups have a
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stronger impact on filtering the higher wavelengths, allowing only shorter wavelengths to
pass through. Therefore the spectral peak shifts from low to high wavelengths of the
samples when thickness increases for 750°C and 820°C groups. However, after the color
change occurs in the recommended temperature group to more red and yellow, the

filtering effect by the difference thicknesses disappears (Fig 18, 19)

RESULT ON TP SCI

We preformed 2-way ANOVA statistical analysis on TP that calculated from SCI
with p< 0.05. All Pairwise Multiple Comparison Procedures (Holm-Sidak method) show
the overall significance level = 0.05. (Table XXIV, XXV).

The TP for the HT group for the recommended temperature decreases from 22.47
to 13.05 as the thickness increases from 1 to 2mm. Also, the TP for the LT group
decrease from 19.18 to 10.16 as the thickness increases from 1 to 2 (Fig 20). There is a
statistically significant difference between the thickness groups within the HT group and
the same observation is seen in the LT group (Table XXVI, XXVII). The result is
expected since the higher material thickness absorbs more lights and result in lower

o1 33,3962 More importantly, there is statistically significant difference

translucency.
between the HT and LT groups for all thickness groups. Thus, the higher TP observe in
the HT group is likely a result of larger crystals of LD as mention in the literature.” *’

The thickness-dependence of TP has been shown in different studies.”’ > >

However, this makes the comparison between the materials difficult since many studies

used samples of different thicknesses. Also, these studies don’t provide an explanation on
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the effects of thickness on the change on the TP. In our research team, we applied the
general Beer-Lambert law equation on TP as following:
TP/TP, = e~ P! (10)

TP is the translucency parameter measured at any thickness.
TPy is the translucency parameter when the thickness approach 0.
p is the coefficient of TP.
[ is the thickness of the sample.

After creating a log relationship between the thickness and the TP as shown (Fig
21, 22) we can define the coefficient of TP (p) from the slope of the curve. Similar to the
coefficient of absorption, coefficient of TP represents the rate at which the TP changes as
the thickness of the changes. The coefficient of TP is summarized in the (Table
XXVIII) .The coefficient of TP for the HT group is statistically lower than the LT group.
The result indicates that the HT and LT fired at the recommend temp show statistically
significant difference in the rate of the change on the TP between the two groups with a
higher rate of change seen in the LT group as the thickness increase. It can also be
observed that there is statistically a higher TP in the HT group compare to the LT group
at 750 °C and 820 °C, but statistically significant difference between the recommended
and the 750°C and 820°C groups. The result indicates that shift in color during the firing
has a significant effect on the coefficient of TP.

Another important parameter is the TP,. There is significant higher TP, of the
recommended group compared to 750°C and 820°C showing a higher translucency of the
samples as the thickness approaches to 0. This is observed in both HT and LT groups.

However, there is no statistically significant difference in TP, between the HT and LT at
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the recommended temperature (Fig 23, 24). The results of the TP, and coefficient of TP

are summarized in table (Table XXIX, XXX)

The result indicates that at a very thin thickness, the two materials show the same
translucency. However, the smaller crystal sizes in the LT group significantly increase
the scattering of light wavelength as the samples thickness increases and show a higher

rate of change in reducing the TP of the sample, when compared to the HT group.

RESULT ON TP SCE

We preformed 2-way ANOVA statically analysis on TP that calculated from SCE
with p value less than 0.05. All Pairwise Multiple Comparison Procedures (Holm-Sidak
method) show the overall significance level = 0.05. (Table XXXI, XXXII)

The TP calculated form SCE for the HT group decreases at the recommended
temperature from 23.2 to 13.61 as the thickness increases from 1 to 2mm. The TP for the
LT group decrease from 19.99 to 10.74 as the thickness increase from 1 to 2mm. There is
statistically significant difference between the thickness groups within the HT group and
the same observation is seen in the LT group (Table XXXIII, XXXIV). The result is
expected since the higher material thickness absorbs more light and result in lower
translucency. More importantly, there is statistically significant difference between the
HT and LT groups in all thickness groups (Fig 25). In general, SCE is slightly higher than
SCI in all thickness groups. This indicates the fact that the surface roughness increases
the TP.®' Moreover, the above equation was applied to SCE as well and a similar trend

was observed (Fig 26-29) (Table XXXV-XXXVII).
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47, 58

Many authors have tried to correlate CR and TP as well as CR ratio and

1.°® and Della Bona et al.*’ found linear

transmittance percentage.”’ Barizon et a
relationship between CR and TP. However, Spink et al.,” pointed out that the linear
relationship breaks down when the CR is high and translucency approaches 50%.

We first plotted the data of the mean irradiance and TP for the recommended
temperature group and the plot shows that there is a linear relationship between TP and
mean irradiance (Fig 30). Both HT and LT groups also follow the linear relationship.
Thus, it can be seen that the translucency of the materials is directly correlated to the
mean irradiance passing through the samples. The result shows that when the HT and LT
groups have the same TP, they allow the same mean irradiance that comes out from the
bottom surface the samples (Fig 31).

Moreover, when we plotted our data from all groups comparing TP and T% as
well as TP and CR, we found that there is a linear relationship between TP and T% and

also between TP and CR. Moreover, when comparing the HT and LT groups that have

the same TP, the LT group has a higher contrast ratio (Fig 32-35).
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FIGURES AND TABLES
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FIGURE 1. Diamond saw (Isomet 1000, Buehler, Lake Forest, IL).
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FIGURE 2. Ivoclar Vivadent ceramic furnace
(Programat® CS).
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FIGURE 3. Samples were ready for firing.
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FIGURE 4. Samples after three firing temperatures. They arranged from the left to the
right according to the firing temperature (750, 840, and recommended

receptively). The top samples belong to the HT group and below to them are
the LT group.
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FIGURE 5. Diagram of the study design.
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FIGURE 6. Spectrophotometer (CM-2600D).
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FIGURE 7. Example of samples on white and black
background. The samples should be placed
separately in each background before using the
spectrophotometer.
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FIGURE 8. Managing Accurate Resin Curing (MARC®), resin calibrator.
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FIGURE 9. A sample placed between the bottom sensor of the resin calibrator and the
curing light tip.
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FIGURE 10. The top sensor of the resin calibrator measuring the mean irradiance of the
curing unit light.
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FIGURE 11. Mean irradiances of the recommended group for all thicknesses.
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FIGURE 12. A logarithmic plot of the mean irradiance in each thickness for the HT
group.
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FIGURE 13. A logarithmic plot of the mean irradiance in each thickness for the LT
group.
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FIGURE 14. Effective incident irradiances for both HT and LT groups in different firing
temperatures.



61

FIGURE 15. Spectral peaks of the HT group in each thickness for the different firing
temperatures.
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FIGURE 16. Spectral peaks of the LT group in each thickness for the different firing
temperatures.
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FIGURE 17. Mean CIE L* value for both HT and LT groups in different firing
temperatures.
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FIGURE 18. Mean CIE a* value for both HT and LT groups in different firing
temperatures.
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FIGURE 19. Mean CIE b* value for both HT and LT groups in different firing
temperatures.
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FIGURE 20. Translucency parameter measured from SCI in each thickness of the
recommended temperature for both HT and LT groups.
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FIGURE 21. A logarithmic plot of the translucency parameter measured from SCI in
each thickness for the HT group.
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FIGURE 22. A logarithmic plot of the translucency parameter measured from SCI in
each thickness for the LT group.
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FIGURE 23. Relation of translucency parameter measured from SCI in each thickness of
the recommended temperature for both HT and LT groups.



70

FIGURE 24. TP, measured SCI for both HT and LT groups for each firing temperature.
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FIGURE 25. Translucency parameter measured from SCE in each thickness of the
recommended temperature for both HT and LT groups.
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FIGURE 26. Logarithmic plot of the translucency parameter measured from SCE in each
thickness for the HT group.
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FIGURE 27. Logarithmic plot of the translucency parameter measured from SCE in each
thickness for the LT group.
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FIGURE 28. Relation of translucency parameter measured from SCE in each thickness of
the recommended temperature for both HT and LT groups.



75

FIGURE 29. TP, measured from SCE for both HT and LT groups for each firing
temperature.
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FIGURE 30. Correlation between the translucency parameter and mean irradiance of
both HT and LT groups for the recommended temperatures.
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FIGURE 31. Correlation between translucency parameter and mean irradiance for all
groups.
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FIGURE 32. Correlation between the translucency parameter and contrast ratio measured
from SCI of both HT and LT groups for the recommended temperatures.
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FIGURE 33. Correlation between the translucency parameter and contrast ratio measured
from SCE of both HT and LT groups for the recommended temperatures.
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FIGURE 34. Correlation between the transmission percentage and contras ratio measure
from SCI of both HT and LT groups for the recommended temperatures.



81

FIGURE 35. Correlation between the transmission percentage and contras ratio measure
from SCE of both HT and LT groups for the recommended temperatures.
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TABLE I

Phase formation sequences in the lithium disilicate glass-ceramic

Temperature range (°C)

Reaction sequence

500-580 Induction period of nucleation

580—620 Nucleation of Li,SiO; and Li,Si,05

620—730 Nuclei of both Li,SiO5 and Li,Si,05 saturated; formation

740-780 Li,Si05to Li, Si, Os transformation

780-860 Crystal growth of LiZSi%QS; fgrmation of Li;POy crystals
the precipitation of ZrO2

860—950 Melting of Li,Si,0s and ZrO2

950-1010 Melting of Li;POy
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TABLE 11
The heating schedule of the three different firing temperatures
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TABLE III
The mean, standard deviation, standard error, minimum and maximum for the mean
irradiance (mW/cm?)

Translucency | Firing Temp | Thickness| N | Mean| SD | Minimum | Maximum
HT 750 1 4|164.72 4.35 158.66 168.86
1.25 4|130.44 11.04 119.41 140.89

15| 4] 91.59 7.18 85.35 98.06

1.75| 4| 70.20 6.23 63.50 77.80

2 4| 47.54 1.03 46.64 48.70

820 1 4| 142.56 5.61 135.51 148.70
1.25 4| 98.70 12.92 86.08 116.65

L.5 4| 64.99 2.43 62.21 68.03

1.75 4| 49.82 5.34 45.10 56.97

2| 4| 33.17 1.53 31.59 35.13

Rec 1| 433178 6.42 325.22 338.22
1.25| 4(297.39 7.63 289.24 306.29

L.5 41256.04 7.72 245.44 263.97

1.75 41214.80 2.60 213.04 218.59

2 4| 188.00 3.01 185.14 190.83

LT 750 1 41170.17 25.34 151.28 205.26
1.25 41 129.66 5.67 123.95 134.62

L.5 4|105.46 10.67 90.72 114.66

1.75| 4| 68.69 4.97 64.39 75.13

2 4| 58.76 9.12 49.51 70.59

820 1 41160.75 20.16 134.36 179.02
1.25| 4]104.96 4.76 99.00 110.63

15| 4| 70.59 3.34 66.70 73.63

1.75| 4| 54.70 7.56 48.36 65.66

2 4| 42.54 5.77 34.14 46.47

Rec 1| 4]276.20 3.85 272.69 281.70
1.25 41223.51 3.20 220.08 227.76

1.5| 4]185.06 6.35 181.50 194.57

1.75 414539 3.88 141.06 150.01

2 4| 121.18 4.73 115.35 126.88
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TABLE IV

ANOVA results for the maximum for the mean irradiance (mW/cm?)

Effect NumDF | DenDF | FValue | ProbF | sig
Translucency 1 90| 128.48| <.0001 | *
90| 3221.47| <.0001 | *
90| 842.34| <.0001 | *
90| 256.57| <.0001 | *
90 2.07| 0.0913
90 10.94 | <.0001 | *
90 0.73] 0.6646

Firing Temp
Thickness

Transluce*Firing_Tem

Translucen*Thickness

Firing Tem*Thickness

Transl*Firing*Thickn

eI e R I N S R N N S
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TABLE V
Statistical analysis on mean irradiance for the recommended temperature group

Comparisons within Thickness
Comparison Diff of Means t P P<0.050
HT vs. LT 67.333 40.410 <0.001 Yes

Comparisons within 1
Comparison Diff of Means t P P<0.05
HT vs. LT 55.575 14916 <0.001  Yes

Comparisons within 1.25
Comparison Diff of Means t P P<0.05
HT vs. LT 73.886 19.831 <0.001  Yes

Comparisons within 1.5
Comparison Diff of Means t P P<0.05
HT vs. LT 70.978 19.050 <0.001  Yes

Comparisons within 1.75
Comparison Diff of Means t P P<0.05
HT vs. LT 69.404 18.628 <0.001  Yes

Comparisons within 2
Comparison Diff of Means t P P<0.05
HT vs. LT 66.822 17.935 <0.001  Yes

Comparisons within HT

Comparison Diff of Means t P P<0.05
1.000 vs. 2.000 143.777 38.589 <0.001  Yes
1.000 vs. 1.750 116.982 31.397 <0.001  Yes
1.250 vs. 2.000 109.391 29360 <0.001  Yes
1.250 vs. 1.750 82.596 22.168 <0.001  Yes
1.000 vs. 1.500 75.743 20.329  <0.001  Yes
1.500 vs. 2.000 68.034 18.260 <0.001  Yes
1.250 vs. 1.500 41.357 11.100 <0.001  Yes
1.500 vs. 1.750 41.239 11.068 <0.001  Yes
1.000 vs. 1.250 34.386 9.229 <0.001  Yes

1.750 vs. 2.000 26.795 7.192  <0.001 Yes
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TABLE VI
Statistical analysis on mean irradiance for the recommended temperature group

(continue)
Comparisons within LT
Comparison Diff of Means t P P<0.05
1.000 vs. 2.000 155.024 41.608 <0.001 Yes
1.000 vs. 1.750 130.812 35.109 <0.001 Yes
1.250 vs. 2.000 102.327 27.464 <0.001 Yes
1.000 vs. 1.500 91.147 24.463 <0.001 Yes
1.250 vs. 1.750 78.115 20.966 <0.001 Yes
1.500 vs. 2.000 63.878 17.144 <0.001 Yes
1.000 vs. 1.250 52.697 14.144 <0.001 Yes
1.500 vs. 1.750 39.665 10.646 <0.001 Yes
1.250 vs. 1.500 38.450 10.320 <0.001 Yes

1.750 vs. 2.000 24.213 6.499 <0.001 Yes
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TABLE VII
Summery for the coefficients of absorption

Coefficient of Absorption (¢)

HT LT
Mean SD Mean SD
750 1.24 0.07 1.13 0.13
820 1.45 0.08 1.33 0.21
RECOM 0.58 0.02 0.87 0.01
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TABLE VIII
Summery for the effective mean irradiances
L
HT LT
Mean SD Mean SD
750 593.13 57.64 542.08 111.66
820 599.09 80.90 572.81 161.57
RECOM 601.73 2142 664.29 2.04
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TABLE IX

Statistical analysis on the coefficient of absorption

Comparisons within 750

Comparison Diff of Means
HT vs. LT 0.108
Comparisons within 820

Comparison Diff of Means
HT vs. LT 0.125

Comparisons within RECOM

Comparison Diff of Means
LT vs. HT 0.285
Comparisons within HT

Comparison Diff of Means
820.000 vs. RECOM 0.869
750.000 vs. RECOM 0.654
820.000 vs. 750.000 0.214
Comparisons within LT

Comparison Diff of Means
820.000 vs. RECOM 0.459
750.000 vs. RECOM 0.261
820.000 vs. 750.000 0.197

t P P<0.05
1.397 0.179 No
t P P<0.05
1.616 0.123 No
t P P<0.05
3.675 0.002 Yes
t P P<0.05
11.208  <0.001 Yes
8.443  <0.001 Yes
2.765 0.013 Yes
t P P<0.05
5917  <0.001 Yes
3.371 0.007 Yes
2.545 0.020 Yes
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TABLE X
The mean, standard deviation, standard error, minimum and maximum for the spectral

peak (nm)

Translucency |Firing Temp. | Thickness| N| Mean| SD Minimum | Maximum

HT 750 1 41458.63 3.64 454.71 462.41

1.25] 4/461.86 1.32 460.83 463.79

1.5| 41]433.70 22.21 419.42 466.49

1.75] 4/405.00 18.32 390.45 431.73

2| 41377.22 15.60 362.07 392.70

820 1 41465.64 2.82 462.00 468.01

1.25] 4|441.50 33.35 401.28 474.13

1.5| 41]380.27 17.88 363.42 397.62

1.75] 4/363.89 0.73 363.21 364.92

2| 41364.40 3.33 362.00 369.33

Rec 1| 4(485.88 2.59 482.45 488.42

1.25] 4/483.39 3.49 479.01 486.78

1.5| 4]487.39 3.26 483.40 491.16

1.75| 448599 1.05 485.20 487.53

2| 4(484.65 5.57 478.65 491.98

LT 750 1 41465.50 1.26 464.14 467.17

1.25] 4|464.69 3.40 460.34 468.42

1.5| 41]448.17 17.90 432.03 466.21

1.75| 4|421.27 27.53 397.80 455.98

2| 4(379.13 30.85 363.14 425.39

820 1 41466.83 2.41 463.31 468.56

1.25] 4|452.89 17.68 428.00 468.49

1.5] 4]410.12 41.77 368.76 468.22

1.75| 4|371.35 16.12 361.43 395.42

2| 4(372.13 15.58 362.14 395.32

Rec 1| 4|486.77 1.98 483.96 488.29

1.25| 4|488.27 1.38 486.64 489.52

1.5] 4]488.14 2.07 485.06 489.45

1.75] 4(490.01 1.22 488.69 491.57

2| 41490.58 0.89 489.86 491.77
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TABLE XI
ANOVA results for the spectral peak
Effect NumDF | DenDF FValue | ProbF |sig
Translucency 1 90 7.51| 0.0074 | *

Firing Temp 90| 269.13| <.0001 | *

Thickness 90 6791 | <.0001 | *

Transluce*Firing Tem 90 0.72] 0.4901

Translucen*Thickness 90 0.54] 0.7080

Firing Tem*Thickness 90 22.19| <0001 | *

eI e R I N S R N N S

90 0.43 ] 0.9024

Transl*Firing*Thickn
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TABLE XII
The mean, standard deviation, standard error, minimum and maximum for CIEL*

measured from SCI

Analysis Variable: SCI L*

Translucency Firing Temp. | Thickness N | Mean| SD Minimum | Maximum
HT 750 1| 4| 79.50 0.43 78.98 79.96
1.25| 4| 77.88 0.98 77.04 79.25

1.5| 4] 7743 0.59 77.04 78.29

1.75| 4| 77.52 0.30 77.25 77.93

2| 4| 77.74 0.51 77.07 78.18

820 1| 4| 82.85 0.89 81.75 83.68
1.25| 4| 82.51 0.41 82.12 82.89

1.5 4| 81.24 1.17 79.49 81.93

1.75| 4| 81.66 0.42 81.16 82.11

2| 4| 81.52 0.12 81.39 81.67

Rec 1| 4| 79.94 0.11 79.79 80.04
1.25| 4| 76.81 0.42 76.27 77.27

1.5| 4| 73.87 0.13 73.72 74.03

1.75| 4| 71.17 0.23 70.98 71.50

2| 4| 69.14 0.26 68.88 69.48

LT 750 1| 4| 72.87 1.23 71.14 73.88
1.25| 4| 72.06 1.30 70.27 73.38

1.5| 4] 71.81 1.33 70.09 72.91

1.75| 4| 71.63 1.40 70.29 72.86

21 4| 7031 1.66 69.40 72.80

820 1| 4| 76.09 0.38 75.77 76.50
1.25| 4| 75.83 0.76 75.18 76.91

1.5| 4| 74.88 0.07 74.80 74.97

1.75| 4| 73.83 0.95 72.77 74.85

2 4| 7275 1.16 71.21 73.74

Rec 1| 4| 79.54 0.53 79.05 80.21
1.25| 4| 76.32 0.09 76.23 76.44

1.5| 4| 7425 0.40 73.89 74.77

1.75| 4| 72.22 0.21 72.01 72.43

2] 4| 70.80 0.13 70.62 70.92
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TABLE XIII
ANOVA results for CIEL* measured from SCI

Effect NumDF | DenDF | FValue | ProbF sig
Translucency 1 90| 962.96| <.0001 | *
Firing Temp 2 90| 306.25| <.0001 | *
Thickness 4 90| 140.78| <.0001 | *
Transluce*Firing Tem 2 90| 295.81| <.0001 | *
Translucen*Thickness 4 90 1.38| 0.2472
Firing Tem*Thickness 8 90 41.54| <.0001 | *
Transl*Firing*Thickn 8 90 3.37| 0.0020|*
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TABLE XIV
The mean, standard deviation, standard error, minimum and maximum for CIEa*

measured from SCI

Analysis Variable: SCI a*

Translucency | Firing Temp. Thickness| N| Mean| SD Minimum | Maximum
HT 750 1| 4, 6.53 0.09 6.40 6.61
1.25| 4| 645 0.43 6.03 6.88

15| 4, 598 0.21 5.70 6.15

1.75| 4| 5.68 0.09 5.57 5.76

21 4, 545 0.15 5.35 5.67

820 1| 4| 492 0.43 4.55 5.52
1.25| 4| 4.40 0.38 3.88 4.75

1.5] 4| 4.46 0.54 3.98 5.22

1.75| 4| 3.92 0.27 3.62 4.17

21 4, 385 0.15 3.71 4.01

Rec 1| 4] 099 0.06 0.91 1.04
1.25) 4 1.32 0.06 1.27 1.39

15| 4, 1.59 0.02 1.57 1.61

1.75| 4 1.72 0.05 1.67 1.79

20 4, 1.87 0.03 1.85 1.92

LT 750 1] 4] 748 0.72 6.93 8.53
1.25| 4| 7.27 0.48 6.95 7.96

15| 4/ 6.68 0.46 6.28 7.24

1.75| 4| 6.07 0.33 5.79 6.45

20 4| 6.27 0.34 5.92 6.68

820 1| 4, 7.27 0.49 6.69 7.78
1.25| 4| 643 0.38 5.86 6.70

15| 4/ 6.05 0.06 5.96 6.10

1.75| 4| 594 0.33 5.67 6.42

20 4 577 0.12 5.64 5.90

Rec 1] 4] 256 0.03 2.53 2.60
1.25| 4| 3.07 0.07 2.98 3.12

15| 4, 3.38 0.14 3.20 3.52

1.75| 4| 3.64 0.04 3.60 3.68

21 4| 3.59 0.06 3.54 3.67
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TABLE XV
ANOVA results for CIEa* measured from SCI

Effect NumDF | DenDF | FValue | ProbF sig
Translucency 1 90| 736.18| <.0001 | *
Firing Temp 2 90| 1908.09| <.0001 | *
Thickness 4 90 11.78 | <.0001 | *
Transluce*Firing Tem 2 90 47.96| <.0001 | *
Translucen*Thickness 4 90 0.66| 0.6245
Firing Tem*Thickness 8 90 25.04| <.0001 | *
Transl*Firing*Thickn 8 90 1.17| 0.3252
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TABLE XVI
The mean, standard deviation, standard error, minimum and maximum for CIEb*

measured from SCI

Analysis Variable: SCI b*

Translucency | Firing Temp. | Thickness| N| Mean| SD Minimum | Maximum
HT 750 1| 4] -9.24 0.25 -9.47 -8.95
1.25| 4 -10.27 1.13 -11.36 -9.06

1.5/ 4] -9.94 0.68 -10.47 -9.03

1.75| 4| -9.70 0.34 -10.15 -9.36

2| 4] -9.61 0.59 -10.39 -8.97

820 1] 4] -4.01 1.39 -5.79 -2.70
125 4, -3.09 1.50 -4.66 -1.10

1.5 4| -4.81 2.02 -7.67 -3.00

1.75| 4| -4.03 1.07 -4.98 -2.82

21 4] -4.17 0.42 -4.43 -3.55

Rec 1] 4] 14.81 0.17 14.56 14.96
1.25| 4| 15.65 0.04 15.59 15.69

1.5] 4] 16.02 0.07 15.97 16.12

1.75] 4| 15.82 0.05 15.76 15.87

2| 4] 1558 0.02 15.56 15.60

LT 750 1] 4]-11.90 0.56 -12.59 -11.25
1.25| 4| -12.70 0.73 -13.72 -12.08

1.5] 4] -12.43 0.77 -13.35 -11.79

1.75| 4| -12.01 0.61 -12.82 -11.53

2| 4] -12.63 0.45 -13.14 -12.08

820 1| 4] -9.39 0.36 -9.70 -8.89
1.25| 4| -9.31 0.78 -9.97 -8.27

1.5 4| -9.29 0.02 -9.32 -9.27

1.75| 4| -10.01 0.65 -10.91 -9.43

2| 4] -11.25 1.26 -12.58 -10.11

Rec 1] 4] 19.61 0.11 19.52 19.77
1.25| 4| 19.93 0.54 19.46 20.60

1.5 4| 19.24 0.39 18.89 19.75

1.75] 4| 18.89 0.19 18.70 19.09

21 4] 1775 0.11 17.65 17.91
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TABLE XVII
ANOVA results for CIEb* measured from SCI

Effect NumDF | DenDF FValue | ProbF |sig
Translucency 1 90| 140.02| <.0001 | *
Firing Temp 2 90| 16463.4| <.0001 | *
Thickness 4 90 3.79| 0.0068 | *
Transluce*Firing Tem 2 90| 393.50| <.0001 | *
Translucen*Thickness 4 90 3.97| 0.0051 | *
Firing Tem*Thickness 8 90 2.41| 0.0209 | *
Transl*Firing*Thickn 8 90 1.68| 0.1149
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TABLE XVIII
The mean, standard deviation, standard error, minimum and maximum for CIEL*

measured from SCE

Analysis Variable: SCE L*

Translucency |Firing Temp. | Thickness| N| Mean| SD Minimum | Maximum
HT 750 1| 4] 7747 0.59 76.90 78.27
1.25| 4| 75.61 1.09 74.62 76.96

15| 4| 74.74 0.67 74.21 75.69

1.75| 4] 75.26 0.47 74.82 75.75

2| 4| 7546 0.79 74.56 76.15

820 1| 4| 80.69 1.02 79.39 81.65
1.25| 4| 80.34 0.75 79.49 81.13

1.5| 4| 79.03 1.31 77.09 79.83

1.75| 4] 79.43 0.54 78.80 80.05

2| 4| 7947 0.10 79.36 79.58

Rec 1| 4] 77.60 0.20 77.42 77.85
1.25| 4| 74.24 0.75 73.39 74.96

15| 4| 71.23 0.28 70.97 71.54

1.75| 4| 68.41 0.13 68.28 68.59

2| 4| 66.74 0.37 66.20 67.06

LT 750 1| 4/ 70.92 1.28 69.02 71.76
1.25| 4] 69.87 1.42 68.09 71.42

1.5| 4| 69.78 1.16 68.26 70.89

1.75| 4] 69.13 1.47 67.68 70.72

2| 4| 67.06 0.87 66.43 68.32

820 1| 4| 74.08 0.32 73.68 74.46
1.25| 4| 73.46 0.93 72.64 74.80

1.5] 4 7241 0.41 71.94 72.78

1.75| 4| 71.13 1.02 69.94 72.20

21 4| 70.12 1.34 68.44 71.37

Rec 1| 4] 77.54 0.73 76.83 78.43
1.25| 4| 74.05 0.15 73.93 74.24

1.5| 4| 71.70 0.59 71.21 72.57

1.75| 4| 69.83 0.31 69.39 70.13

2| 4| 68.17 0.43 67.79 68.74
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TABLE XIX
ANOVA results for CIEL* measured from SCE

Effect NumDF | DenDF FValue | ProbF |sig
Translucency 1 90| 867.00| <.0001 |*
Firing Temp 2 90| 284.83| <.0001 |*
Thickness 4 90| 148.21| <.0001 | *
Transluce*Firing Tem 2 90| 286.33| <.0001 |*
Translucen*Thickness 4 90 3.48| 0.0108 | *
Firing Tem*Thickness 8 90 35.29| <.0001 | *
Transl*Firing*Thickn 8 90 3.78| 0.0007 | *
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TABLE XX. The mean, standard deviation, standard error, minimum and maximum for
CIEa* measured from SCE.

Translucency | Firing Temp. | Thickness | N| Mean| SD Minimum | Maximum
HT 750 1| 4| 6.72 0.08 6.63 6.80
1.25| 4| 6.68 0.45 6.23 7.12

1.5] 4] 6.23 0.23 5.92 6.41

1.75| 4| 5.87 0.08 5.78 5.94

21 4| 5.64 0.18 5.50 5.89

820 1| 4| 5.08 0.46 4.68 5.72
1.25| 4 4.53 0.39 4.01 4.92

1.5] 4] 4.62 0.58 4.12 5.44

1.75| 4| 4.05 0.29 3.72 4.32

2] 4| 398 0.15 3.83 4.15

Rec 1| 4| 1.00 0.05 0.94 1.05
1.25| 4 135 0.07 1.27 1.40

1.5] 4] 1.63 0.02 1.60 1.65

1.75| 4| 1.76 0.06 1.71 1.84

20 4] 1.90 0.04 1.87 1.96

LT 750 1| 4| 754 0.38 7.21 8.05
1.25| 4| 7.55 0.49 7.17 8.27

15| 4] 694 0.45 6.53 7.50

1.75| 4| 6.37 0.33 6.06 6.74

21 4] 6.63 0.39 6.25 7.13

820 1| 4] 745 0.40 6.96 7.78
1.25| 4| 6.69 0.42 6.06 6.95

1.5] 4| 6.3l 0.11 6.18 6.42

1.75| 4| 6.23 0.37 5.93 6.76

21 4] 6.05 0.15 5.87 6.21

Rec 1| 4| 2.6l 0.05 2.56 2.67
1.25| 4| 3.15 0.08 3.05 3.21

1.5] 4| 3.50 0.17 3.29 3.68

1.75| 4| 3.75 0.05 3.69 3.80

2| 4| 3.72 0.07 3.67 3.82
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TABLE XXI
ANOVA results for CIEa* measured from SCE

Effect NumDF | DenDF | FValue | ProbF |sig
Translucency 1 90| 875.96| <.0001 | *
Firing Temp 2 90| 2233.84| <.0001 | *
Thickness 4 90 9.89| <.0001 | *
Transluce*Firing Tem 2 90 57.43 | <.0001 | *
Translucen*Thickness 4 90 0.48| 0.7476
Firing Tem*Thickness 8 90 26.67| <.0001 | *
Transl*Firing*Thickn 8 90 1.14| 0.3425
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TABLE XXII
The mean, standard deviation, standard error, minimum and maximum for CIEb*

measured from SCE

Translucency | Firing Temp. | Thickness | N | Mean| SD Minimum | Maximum
HT 750 1| 4| -9.49 0.24 -9.76 -9.22
1.25]| 4| -10.60 1.17 -11.73 -9.33

1.5| 4]-10.25 0.73 -10.83 -9.29

1.75| 4] -9.99 0.36 -10.50 -9.64

21 4] -9.82 0.62 -10.67 -9.19

820 1| 4| -4.04 1.40 -5.87 -2.71
1.25]| 4| -3.32 1.09 -4.60 -2.01

1.5| 4| -4.80 2.03 -7.66 -2.93

1.75| 4| -4.01 1.10 -4.99 -2.80

2| 4| -4.20 0.41 -4.41 -3.58

Rec 1| 4| 15.49 0.20 15.22 15.65
1.25]| 4| 16.56 0.38 16.04 16.92

1.5] 4| 17.03 0.16 16.84 17.21

1.75| 4| 16.83 0.23 16.50 17.03

21 4] 16.39 0.24 16.11 16.68

LT 750 1| 4]-12.39 0.59 -13.17 -11.75
1.25]| 4| -13.14 0.58 -13.92 -12.64

1.5 4]-12.85 0.82 -13.78 -12.04

1.75]| 4| -12.50 0.62 -13.26 -11.97

2| 4]-13.23 0.46 -13.75 -12.70

820 1| 4| -9.80 0.32 -10.13 -9.37
1.25| 4| -9.79 0.83 -10.38 -8.57

1.5] 4| -9.70 0.03 -9.74 -9.68

1.75]| 4| -10.47 0.69 -11.44 -9.89

21 4]-11.76 1.36 -13.18 -10.56

Rec 1| 4| 20.56 0.19 20.37 20.82
1.25]| 4| 21.14 0.55 20.70 21.89

1.5] 4| 20.58 0.64 20.01 21.33

1.75]| 4| 20.07 0.32 19.65 20.41

21 4] 19.06 0.16 18.85 19.19
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TABLE XXIII
ANOVA results for CIEb* measured from SCE

Effect NumDF | DenDF | FValue | ProbF sig
Translucency 1 90| 155.65| <.0001 | *
Firing Temp 2 90| 17947.5| <.0001 | *
Thickness 4 90 3.52| 0.0102*
Transluce*Firing Tem 2 90| 450.64| <.0001 | *
Translucen*Thickness 4 90 4.19| 0.0037 | *
Firing Tem*Thickness 8 90 2.64| 0.0121 | *
Transl*Firing*Thickn 8 90 1.49| 0.1731
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TABLE XXIV
The mean, standard deviation, standard error, minimum and maximum for Translucency
parameters measured from SCI

Translucency |Firing Temp | Thickness| N|Mean| SD Minimum | Maximum
HT 750 1| 4| 3.60 0.12 3.45 3.75
1.25| 4| 238 0.34 2.02 2.72

15| 4] 144 0.20 1.22 1.66

1.75| 4| 0.99 0.10 0.87 1.12

21 4] 039 0.06 0.54 0.68

820 1| 4| 3.82 0.28 3.50 4.11
1.25| 4| 275 0.29 2.37 3.03

1.5 4| 1.54 0.03 1.50 1.57

1.75] 4| 1.14 0.20 0.97 1.40

2| 4| 0.76 0.10 0.68 0.89

Rec 1| 4| 2247 0.23 22.21 22.73
1.25| 4| 19.35 0.30 18.99 19.73

15| 4] 16.87 0.29 16.46 17.11

1.75| 4| 14.72 0.06 14.65 14.79

21 4| 13.05 0.09 12.95 13.14

LT 750 1| 4] 3.60 0.48 3.19 4.16
1.25| 4| 274 0.35 2.40 3.20

1.5 4] 1.83 0.41 1.48 2.25

1.75| 4| 127 0.17 1.05 1.47

21 4| 1.09 0.27 0.76 1.38

820 1| 4| 4.09 0.68 3.19 4.67
1.25| 4| 253 0.34 2.10 2.85

15| 4] L76 0.17 1.53 1.94

1.75| 4| 1.23 0.19 1.05 1.43

21 4] 097 0.07 0.87 1.02

Rec 1| 4| 19.18 0.48 18.72 19.82
1.25] 4| 1594 0.56 15.23 16.60

1.5] 4| 14.03 0.35 13.67 14.46

1.75] 4| 11.94 0.21 11.66 12.17

2| 4| 10.16 0.11 10.02 10.27
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TABLE XXV
ANOVA results for translucency parameter measured from SCI
Effect NumDF | DenDF | FValue ProbkF | sig
Translucency 1 90| 261.51| <.0001 | *

90| 28749.4| <.0001 | *
90| 1089.68| <.0001 | *
90| 401.83| <.0001 | *
90 1.83| 0.1294
90| 182.51| <.0001|*
90 0.86| 0.5500

Firing Temp
Thickness

Transluce*Firing_Tem

Translucen*Thickness

Firing Tem*Thickness

eI e R I N S R N N S

Transl*Firing*Thickn
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TABLE XXVI
Statistical analysis on SCI of the recommended temperature

Comparisons within Thickness
Comparison Diff of Means t P P<0.050
HT vs. LT 3.042 30.938  <0.001 Yes

Comparisons within 1
Comparison Diff of Means t P P<0.05
HT vs. LT 3.288 14.956  <0.001 Yes

Comparisons within 1.25
Comparison Diff of Means t P P<0.05
HT vs. LT 3.408 15.501  <0.001 Yes

Comparisons within 1.5
Comparison Diff of Means t P P<0.05
HT vs. LT 2.841 12.923  <0.001 Yes

Comparisons within 1.75
Comparison Diff of Means t P P<0.05
HT vs. LT 2.781 12.647  <0.001 Yes

Comparisons within 2
Comparison Diff of Means t P P<0.05
HT vs. LT 2.892 13.152  <0.001 Yes

Comparisons within HT

Comparison Diff of Means t P P<0.05
1.000 vs. 2.000 9.420 42.843  <0.001 Yes
1.000 vs. 1.750 7.752 35259  <0.001 Yes
1.250 vs. 2.000 6.294 28.626  <0.001 Yes
1.000 vs. 1.500 5.605 25494  <0.001 Yes
1.250 vs. 1.750 4.626 21.042  <0.001 Yes
1.500 vs. 2.000 3.814 17.349  <0.001 Yes
1.000 vs. 1.250 3.126 14.217  <0.001 Yes
1.250 vs. 1.500 2.479 11.277  <0.001 Yes
1.500 vs. 1.750 2.147 9.765  <0.001 Yes

1.750 vs. 2.000 1.667 7.584 <0.001 Yes
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TABLE XXVII
Statistical analysis on SCI of the recommended temperature (continue)

Comparisons within LT

Comparison Diff of Means t P P<0.05
1.000 vs. 2.000 9.023 41.039  <0.001 Yes
1.000 vs. 1.750 7.245 32950  <0.001 Yes
1.250 vs. 2.000 5.778 26.278  <0.001 Yes
1.000 vs. 1.500 5.158 23461  <0.001 Yes
1.250 vs. 1.750 3.999 18.189  <0.001 Yes
1.500 vs. 2.000 3.865 17.578  <0.001 Yes
1.000 vs. 1.250 3.246 14762  <0.001 Yes
1.500 vs. 1.750 2.086 9.490  <0.001 Yes
1.250 vs. 1.500 1.913 8.699  <0.001 Yes

1.750 vs. 2.000 1.778 8.089  <0.001 Yes
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TABLE XXVIII
Summary of the coefficients of translucency parameters measured from SCI

Coefficient of Translucency Parameter (p) SCI

HT LT
Mean SD Mean SD
750 1.79 0.14 1.32 0.07
820 1.67 0.21 1.44 0.11
RECOM 0.54 0.00 0.65 0.02
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TABLE XXIX
Summary of TPy measured from SCI
TPy SCI
HT LT

Mean SD Mean SD
750 22.05 4.20 13.61 1.29
820 20.90 5.40 15.92 2.27
RECOM 38.09 0.27 36.74 1.42




Statistical analysis on Coefficient of translucency parameters measured from SCI
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TABLE XXX

Comparisons for factor:

Comparison
HT vs. LT

Comparisons for factor:

Comparison
HT vs. LT

Comparisons for factor:

Comparison
LT vs. HT

Comparisons for factor:

Comparison

750.000 vs. RECOM
820.000 vs. RECOM
750.000 vs. 820.000

Comparisons for factor:

Comparison

820.000 vs. RECOM
750.000 vs. RECOM
820.000 vs. 750.000

within 750
Diff of Means
0.467

within 820
Diff of Means
0.222

within RECOM
Diff of Means
0.110

within HT
Diff of Means
1.243
1.123
0.120

within LT
Diff of Means
0.792
0.667

0.125  1.533

t
5.725

2.720

1.343

15.247
13.775
1.472

t
9.712
8.178

0.143

No

P
<0.001

0.014

0.196

<0.001
<0.001
0.158

P
<0.001
<0.001

P<0.05
Yes

P<0.05
Yes

P<0.05
No

P<0.05
Yes
Yes

No

P<0.05
Yes
Yes




112

TABLE XXXI
The mean, standard deviation, standard error, minimum and maximum for Translucency
parameters measured from SCE

Translucency | Firing Temp | Thickness| N|Mean| SD Minimum | Maximum
HT 750 1| 4| 3.70 0.12 3.55 3.82
1.25| 4] 251 0.27 2.24 2.80

1.5] 4| 148 0.20 1.25 1.68

1.75| 4| 1.02 0.11 0.89 1.16

2| 4| 0.60 0.07 0.55 0.69

820 1| 4| 3.84 0.34 3.51 4.19
1.25| 4| 2.63 0.31 2.33 2.97

L5 4, 171 0.14 1.51 1.81

1.75| 4| 1.18 0.20 1.00 1.43

20 4 077 0.08 0.69 0.88

Rec 1| 4| 23.20 0.36 22.68 2345
1.25| 4] 20.24 0.31 19.87 20.57

1.5] 4| 17.76 0.46 17.16 18.26

1.75| 4| 1538 0.29 14.96 15.60

21 4| 13.61 0.18 13.43 13.84

LT 750 1| 4| 3.98 0.57 3.44 4.79
1.25| 4] 2.80 0.29 2.49 3.16

15| 4] 1.86 0.39 1.53 2.36

1.75| 4] 130 0.29 0.95 1.64

21 4| 099 0.35 0.63 1.44

820 1| 4| 4.19 0.68 3.30 4.81
1.25] 4| 2.63 0.31 2.20 2.93

15| 4] 1.99 0.37 1.60 2.45

1.75] 4| 1.33 0.21 1.13 1.52

21 4| 1.08 0.22 0.90 1.41

Rec 1| 4| 19.99 0.53 19.49 20.49
1.25| 4] 16.51 0.42 15.88 16.81

1.5] 4| 14.72 0.28 14.47 15.01

1.75] 4| 12.45 0.19 12.22 12.65

21 4| 10.74 0.10 10.61 10.86
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TABLE XXXII
ANOVA results translucency parameters measured from SCE

Effect NumDF | DenDF | FValue | ProbF sig
Translucency 1 90| 218.29| <.0001 | *
Firing Temp. 2 90| 26372.8| <.0001 | *
Thickness 4 90| 967.13| <.0001 | *
Transluce*Firing Temp 2 90| 374.81| <.0001 | *
Transluce*Thickness 4 90 1.54| 0.1974

Firing Temp*Thickness 8 90| 158.27| <.0001 | *
Transl*Firing*Thickn 8 90 0.62| 0.7591




Statistical analysis on Translucency parameters measured from SCE for the
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TABLE XXXIII

recommended group

Comparisons within Thickness
Comparison Diff of Means

HT vs. LT 3.158 29.477

Comparisons within 1
Comparison Diff of Means
HT vs. LT 3.213

Comparisons within 1.25
Comparison Diff of Means
HT vs. LT 3.736

Comparisons within 1.5
Comparison Diff of Means
HT vs. LT 3.038

Comparisons within 1.75
Comparison Diff of Means
HT vs. LT 2.929

Comparisons within 2
Comparison Diff of Means

HT vs. LT 2.871 11.987 <0.001 Yes

t P P<0.050
<0.001 Yes

t P P<0.05
13.416 <0.001 Yes

t P P<0.05
15.596 <0.001 Yes

t P P<0.05
12.685 <0.001 Yes

t P P<0.05
12.229 <0.001 Yes

t P P<0.05

Comparisons within HT

Comparison Diff of Means
1.000 vs. 2.000 9.592
1.000 vs. 1.750 7.823
1.250 vs. 2.000 6.629
1.000 vs. 1.500 5.442
1.250 vs. 1.750 4.861
1.500 vs. 2.000 4.150
1.000 vs. 1.250 2.962
1.250 vs. 1.500 2.479
1.500 vs. 1.750 2.381
1.750 vs. 2.000 1.769

40.043
32.658
27.676
22.717
20.292
17.325
12.366
10.351

9.941

7.385

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

P<0.05
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
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TABLE XXXIV
Statistical analysis on Translucency parameters measured from SCE for the
recommended group (continue)

Comparisons within LT

Comparison Diff of Means t P P<0.05
1.000 vs. 2.000 9.249 38.614  <0.001 Yes
1.000 vs. 1.750 7.539 31472 <0.001 Yes
1.250 vs. 2.000 5.765 24.067  <0.001 Yes
1.000 vs. 1.500 5.267 21.986  <0.001 Yes
1.250 vs. 1.750 4.054 16.925  <0.001 Yes
1.500 vs. 2.000 3.983 16.628  <0.001 Yes
1.000 vs. 1.250 3.485 14.547  <0.001 Yes
1.500 vs. 1.750 2272 9.485  <0.001 Yes
1.250 vs. 1.500 1.782 7.439  <0.001 Yes

1.750 vs. 2.000 1.711 7.142 <0.001 Yes
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TABLE XXXV
Summary of the coefficient of translucency parameter measured from SCE

Coefficient of Translucency Parameter (p) SCE

HT LT
Mean SD Mean SD
750 1.81 0.15 1.50 0.31
820 1.62 0.20 1.37 0.14
RECOM 0.54 0.01 0.64 0.03
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TABLE XXXVI
Summary for TPy measured from SCE
TPy SCE
HT LT
Mean SD Mean SD
750 23.70 4.68 19.33 9.83
820 20.01 5.74 15.47 3.10
RECOM 39.35 0.70 37.58 1.46




Statistical analysis on coefficient of translucency parameter measured from SCE
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TABLE XXXVII

Comparisons for factor:

Comparison
HT vs. LT

Comparisons for factor:

Comparison
HT vs. LT

Comparisons for factor:

Comparison
LT vs. HT

Comparisons for factor:

Comparison

750.000 vs. RECOM
820.000 vs. RECOM
750.000 vs. 820.000

Comparisons for factor:

Comparison

750.000 vs. RECOM
820.000 vs. RECOM
750.000 vs. 820.000

within 750
Diff of Means
0.315

within 820
Diff of Means
0.252

within RECOM
Diff of Means
0.102

within HT
Diff of Means
1.277
1.088
0.189

within LT
Diff of Means
0.861
0.735
0.125

t
2.570

2.055

0.829

10.426
8.887
1.539

7.027
6.003
1.025

P
0.019

0.055

0.418

<0.001
<0.001
0.141

<0.001
<0.001
0.319

P<0.05
Yes

P<0.05
No

P<0.05
No

P<0.05
Yes
Yes

No

P<0.05
Yes
Yes

No
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SUMMARY AND CONCLUSION
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In this project, we developed a modified Beer-Lambert law to describe the
parameters governing the effect of thickness on the light transmission in dental ceramic
materials. We also applied the same equation to describe the translucency parameter. The
parameters defined in these equations allow us to compare the optical properties of dental
ceramic material independent of the thickness of the samples.

Furthermore, the translucency parameter of the LT IPS e.max® CAD material
decreases at higher rate than the HT IPS e.max® CAD material when the thickness
increases. Dentists should be aware of the fact that by increasing the thickness of IPS
e.max® CAD materials, the LT IPS e.max® CAD material become more opaque faster
than the HT IPS e.max® CAD.

Finally, the coefficient of absorption of LT IPS e.max® CAD is higher than the
HT IPS e.max® CAD. Dentists should be aware of the fact that by increasing the
thickness of IPS e.max® CAD materials, the amount of time that required to reach the

same level energy increases faster for the LT IPS e.max® CAD.
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OPTICAL PROPERTIES OF CAD-CAM LITHIUM DISILICATE
GLASS-CERAMIC IN DIFFERENT FIRING
TEMPERATURES AND THICKNESSES
by
Nasser Alqahtani
Indiana University School of Dentistry

Indianapolis, Indiana

Background: With the emerging of digital dentistry, IPS e.max® CAD lithium
disilicate (LD) glass-ceramic material has become one of the most popular esthetic
restorative materials in digital assisted dental esthetic restoration. The mechanical and
optical properties of this material have been investigated in several studies. However,
there is a lack of information and consensus regarding the optical properties of IPS
e.max® LD glass-ceramic materials.

Objectives: 1) To investigate the optical properties as translucency parameters
(TP), Contrast ratio (CR), light transmissions (Lt) and color changes (CC) between high-
translucent (HT) and low-translucent (LT) IPS e.max® CAD LD glass-ceramic materials
with different crystalline phases and thickness in different firing stages. 2) To investigate
the optical properties as TP, CR, Lt and CC of each translucent (HT and LT) IPS e.max®
CAD LD glass-ceramic materials with different crystalline phases and thickness in
different firing stages. 3) To determine the mathematical relationships of thicknesses of
IPS e.max® CAD LD glass-ceramics materials with TP and Lt. Materials and methods:

The total of 120 of shade A2 IPS max CAD samples (HT and LT) were prepared into
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square shape (15.25 mm X 15.25 mm) and were divided into two main groups according
to the material translucency (HT and LT) (n=60). Each main group was further divided
into 5 sub-groups according to the thickness (1.00, 1.25, 1.5, 1.75, and 2.00 mm) (n=12).
Each thickness group was assigned into three groups based on different crystallization
(firing) temperatures (750, 820 °C in single stage heating schedule with 1 second and 10
second holding times, respectively, and 840 °C with two-stage heating schedule
(RECOM) (820°C, 840 °C with 10 second and 7 min holding time, respectively) as
recommended by manufacturer (n=4). CIEL*a*b*, TP, CR, and Lt were measured and
calculated for all samples.

Statistical analysis: The effects of the test results were evaluated using 3-way
ANOVA with factors for Translucency (HT and LT), Firing Temperature (750, 850, and
RECOM) and Thickness (1, 1.25, 1.5, 1.75, and 2), as well as all two-way and three-way
interactions among the factors. Pair-wise comparisons were made using Least Significant
Differences to control the overall significance level at 5%.

Results: The mean irradiance and TP for both HT and LT decrease as the
thickness of the samples increases from 1 to 2mm with significant difference between the
thickness groups within each material translucency groups (HT and LT) and between
both HT and LT. The coefficients of absorption (c) of the two materials were calculated.
The effective incidence irradiance when material thickness approaches zero (I.) was also
calculated. There is an unexpected spectral peak shift as the thickness of the samples
increases. There is no statistically significant difference in I, at 750°C and 820 °C
between the HT and LT. However, there is a statistically significant higher I. in HT at the

recommended firing temperature as expected. Coefficients of translucency parameter (p)
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of the materials in various firing temperature were defined and the TP of the material as
the thickness approaches zero were calculated (TPy). The TP of the materials is directly
correlated to the mean irradiance passing through the samples. There is no statistically
significant difference in the TPy and I. of the HT and LT groups at the recommended
firing temperature.

Conclusion: In this project we developed modified Beer-Lambert law to describe
the parameters governing the effect of thickness on light transmission in dental ceramic
material. We also applied the same equation to describe the translucency parameter. The
parameters defined in these equations allow us to compare the optical property of dental

ceramic material independent of the thickness of the samples.
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