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In this study the influence of aging on the mechanical behavitwuofan enamel was
evaluated using"3molars from young (18ge<30 years) and old (5@ge) patients. The
elastic modulus and hardness were quantified using nanoindentation astianfufic
distance from the Dentin Enamel Junction (DEJ) and within thréerelit regions of the
crown (i.e. cervical, cuspal and inter-cuspal enamel). The eqppiacture toughness of
human enamel was estimated using the indentation fracturenegigest. The hardness,
elastic modulus and apparent fracture toughness were then usestinmatiag the
brittleness according to a model that accounts for the competisigpatise processes of
deformation and fracture. The brittleness of human enamel was ntma that of
selected dental restorative materials (i.e. porcelainjreerand micaceous glass ceramic

(MGQC)) that are used for crown replacement.

Results of the evaluation showed that the elastic modulus and hamoessed with
distance from the DEJ in the all three regions examined, regardif patient age. The
largest increases with distance from the DEJ occurred withioetivécal region of the old
enamel. Overall, the results showed that there were no ageeddepalifferences in the
properties of enamel near the DEJ. However, near the tootficcsuroth the hardness

(p<0.025) and elastic modulus (p<0.0001) were significantly greater midhrenamel. At



the surface of the tooth, the average elastic modulus of “oldimehwas nearly 20%
greater than that of the enamel from young patients. The appaetire toughness of
the young and old enamel ranged from 0.74 to 0.92 MP&%and from 0.67 to 0.88
MPa*m™>, respectively. The old enamel had significantly lower toughttesn the young
enamel at the outer surface. The average brittleness abiing ywnd old enamel increased
with distance from the DEJ. For the old enamel the averagéemhest increased from
approximately 300 prhat the DEJ to nearly 900 pinat the occlusal surface. While there
was no significant difference between the two age groups at thetBébrittleness of the
old enamel was significantly greater (and up to four times highan that of the young
enamel near the occlusal surface. The brittleness numbers for thetinestoederials were
up to 90% lower than that of the old enamel at the occlusal surface. Based orofehidts
study, it was concluded that the brittleness index could servesefid scale in the design
of materials used for crown replacement, as well as a quasitaol for characterizing

degradation in the mechanical behavior of enamel.
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Chapter 1

| ntroduction

The structure and mechanical properties of human tooth enamelbleawe topics of
scientific interest for some time, due to its unique chaiatites and the oral conditions
that it survives. Despite the current level of understanding, them@amy issues related to

the structure and mechanical behavior of this tissue that remain and need teebgeatddr

1.1 Human Dentition

The human tooth is a complex structure of critical importance tadaily routine and
existence. Its primary functions are not only limited to magbn and the contribution to
digestion of food, but also to play a critical role in proper spesth aesthetics. The
human tooth is subject to cyclic loading, wear and friction withirmaisturized
environment over a finite period of life. It undergoes two stageschieve its fulfilled
shape and function, which are the primary teeth stage (or bath) and permanent teeth

stage, respectively. The primary teeth usually emergeilidren at the age of two or three



years old. There are I0imary teeth each in the mdibular (lower) an maxillary (upper)
arches.These teeth are replaced by the permanent between 12 td5 years old There
are 16 permanerneeth each ithe mandibular (lower) anchaxillary (upper) arche. The
16 teeth in each arch are compose(six molars, four premolars, two canines, and '

incisors lased on their shapes, posit and functions (Figure 1-1).
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Figure 1-1. Overview of the human dentition including the numbering system anc
corresponding nomenclature[Summitt et al., 2001].

The geometry of a permanetooth is described by five surfagewhich include the
occlusal (top) facial, lingual, mesial and distal surfa (Figure 11 a. The occlusal
surface isactually the top surface (or biting surface) intpasr teetl The facial surface
is theouter surface facing toward the or cheeks and the lingual surfais the opposite

side of the facial surface this toward the tongueThe surface of the tooth that is faci



the midline is defined as the mesial surface, and the surfdlbe tdoth that is facing away

from the midline is called the distal surface.

1.2 The Microstructure of Human Teeth

Even though the teeth in each of the four aforementioned groups haveviheshapes
and functions, one thing common among all of them is that they arenafirised of the
same constituents. The main components of the tooth include the edemntiel,and pulp
(or dental pulp) as shown in Figure 1-2. Enamel comprises the outesiatisof the tooth,
and consists of hydroxyapatite crystals arranged in prismadi that are surrounded by
an organic sheath. The main components of the enamel are approxi@@éteiporganic
(mineralized) substances by weight, with the remainder comprfsadjanic materials and
water [Ten Cate, 1998]. Enamel is the hardest and most mindréibgae in the human
body and serves as a protective shell that covers the dentin andatipaments. Since it
is located on the outer surface of the tooth and is the primaryiahatevolved in the
mastication of food, the enamel is subjected to cyclic loading and may undergespiog
wear or even permanent scratching. Dentin resides beneathaimeleand serves as an
elastic foundation as well as a protective enclosure for the pDigntin occupies the
majority of the human tooth by both weight and volume. Similar tonehadentin is
composed of organic and inorganic substances, but in different rBXin is comprised
of 65 ~ 70% mineralized materials (mainly calcium hydroxyltiggda 20 ~ 25% organic
materials (mainly collagen), with the remainder being waterather liquids [Ten Cate,
1998]. Dentin has three major structural forms, including thetupetar dentin,
intertubular dentin and tubules. The dentin tubules extend outward fropulihe¢o the

DEJ and it is believed that all nutrients are transferred through thesesubul



The pulp is a living soft, gelatinous tissue, which develops frontdheective tissue of
the dental papilla. It is surrounded by dentin and the main functiotiee qfulp are to
provide all nutrients and water to the tooth and to keep the toothydiratéd state. Since
both the nerves and blood supply pass through the pulp, it makes the tooth sensitive to both

mechanical and thermal stimuli [Gartner 1999].

E Ename
- w3} Dentin

-P Pulp

C Cementum

Figure 1-2. Overview of the longitudinally sectioned molar wh nomenclatures [Ten
Cate, 1998].

1.3 Caries and Restorative Dentistry
There are many diseases and oral conditions that can lead thactantunattractive teeth
or bad breath. According to modern dentistry, the majority of dentasiseare caused by

bacteria that live in the mouth. Among these dental diseasess,catich is commonly

known as tooth decay, is the most common disease in or on the tootty. tigl@ment



methods and restorative materials have been deaeto treat tooth decay and restore
full oral function to theootl (Figure 1-3). Bacterighat collect and survive on the surfe
of teeth secrete aacid that causes demineralization of the hard ¢, eventually, and
tooth decay [Ten Cate, 1€]. The tooth decay usually emergesm the outer enam
surface but sometimes it emers from the pulp. More specifically, most tooth deci
initiatesin pits and grooves on occlusal surfaces of thégpos teet. The only way fol
treatingtooth decay is to remove tlaffected region inthe tooth physically. In general, t
average dentist removegcayed tissuby using high speed and low speed burs and t
these burs introduces either flaws or micro cra Once flaws or micro crackare induced,
they may underg@ropageion due tobiting (cyclic loading) and the restored tooth n

need further restorative treatment or completeaextin.

Restorative materi

Ename

Dentir
Pulg

Cementur

Gingive

Bone

Figure 1-3. Primary tissues, ani supporting structure of a restored human tooth
[Summitt et al., 2001].



From ancient history, humans have used several materials toerel@leayed or damaged
teeth, such as wood, gold and teeth or bones of animals. Today, thén® gmemary
replacement materials available, including amalgam and compesite materials (or
polymers). These materials have advantages and disadvantages sedeim westoring
teeth. Traditionally, the amalgam alloy is the most commagilable restorative
material. The amalgam alloy is mainly made by mixing dquercury with alloy particles
of copper, silver, zinc, tin and other metallic materials [Craig 19%6has been used for
around 150 years to replace teeth. Its main advantages areishefsy to process into a
prepared cavity, is relatively inexpensive, is durable, and hasnaas resistance to
thermal or mechanical degradation posed by the oral environment.evidgwalthough
amalgam has been used for long time and has numerous advantages,ht &boud a
health concern due to its mercury content. The primary drawdfeamalgam alloys is its
metallic color, which limits its application to either premslar molars. Based on these
drawbacks, nowadays composite resin materials have widely ré@awdgam alloys. As
a matter of fact, natural resins from trees and other plants wielely used for dental
applications a long time ago. Most current composite restoratreesyathetic materials
(normally acrylic polymers). Its main constituents include iatume of polymerized
thermosetting resins and reinforcement particles [Craig 1996he most attractive
advantage of the composite restoratives is aesthetics, as #ibey imdividual tooth color
quite easily. Another advantage of composite materials ishbgtmay be bonded to
dentin and enamel, which provides reinforcement to the tooth; a featuaehieved with
amalgam restorations. The main drawbacks of composite resteratwe high
polymerization shrinkage and thermal property mismatch with theowsding tooth
structure [Robert, 1996]. This difference sometimes causes afacégap to develop

between the tooth and the restoratives, which may result in recdeeay. Potentially,



high polymerization shrinkage and thermal propeligparity between human tooth a
the restorative materials micause residual stress to develomuFe 1-4 illustrates the
potentialy possible modes of fracture experienced by thehteestored with resi
composites. fie shrinkage or contracting force in Figure delineate the functional

failure of human enamel in cuspal es.

Figure 1-4. Polymerization shrinkage and thermal dimensionalchange cause crack
in either enamel or dentinas well as in the restoratives [Schwartet al., 1996].

1.4 Restoratives Failures and Agin

As mentioned previously, most restorative dental enls have advantages ¢
disadvantages and partial and-coverage restorations (inlay/onlay or crowns) aséniy
made out of ceramicsThese ceramic materials are engineeretlaee elastic modult
hardnessand fracture toughness similar to that of enamt tieir mechanical properti
are not exactly the same as that of human tooth. Flaws (amicro cracks) induce
during cavity preparation ohe property disparity between humimoth enamel and the
restoraive dental materia can result in restoretboth failure or toottracture. Several
examples of crackand tooth fracture are presented in Fii 1-5 (a) and (k. In spite of

tremendous advances in restorative materials dihad ofrestored teeth is still one of t



major problems. Based on these problems, most dentists spend the majoritydihibel

time repairing or replacing damaged restored teeth.

Fracturt Crack

(a) (b)
Figure 1-5. Typical cracks and tooth fracture in molars: initialy, cracks or flaws
were initiated during cavity preparation and they were propagatedby biting (cyclic
loading) [Schwartz, 1996].
A study by Moore and Stewart [1967] reported that most dentistiseirJnited States
expend approximately 40% of their clinical time repairingaegions. Similarly, Wilson
et al. [1997] showed that over 60% of dental related clinicians in Uniteddéimgspend
most of their clinical time repairing or replacing previousdgtored teeth. Whitet al.
[1996] showed that more than 50% of restored teeth failed due tar&act crack
propagation. Also, several studies evaluated the longevity ofagetts. Elderton [1976]
reported that approximately half of amalgam restorations vedled fwithin eight to ten
years of their applications.

Restored teeth are normally replaced due to a number of facidtgling recurring decay,

debonding, bulk or cusp fracture, or marginal deterioration [Wital., 1997]. Talim



and Gohil [1974] classified tooth fractures into four groups [Table 1kikenior patients
restored tooth fracture is not only one of the most common oral prolaemg with

recurrent decay, but sometimes it also requires complete tooth extraction.

Table 1-1. Classification of tooth fracture types [Talim and Gohil, 1974].

Class Types of Fractures

Class | Fracture on Enamel

Class Il Fracture on Enamel and Dentin except Pulp
Class 1l Fracture on Enamel, Dentin, and Pulp
Class IV Fracture of Roots

There are largely two causes proposed as explanations for theypomese of tooth
fracture. That is, the removal of large tooth portions, such as theapal treatment or
large cavity preparation can reduce the structural integrity tooth. Tidmarsh [1976]
verified the proportional relationship of the amount of main tooth steicemoved to its
mechanical deformation. From his research, it was found thatetheval of a large
portion of a tooth can cause considerable deformation or fracture uteteretg small
loads. Other research by Sedgéewl. [1992] demonstrated that the additional removal of
tooth structures in order to repair the previously restored tooth leads greater
susceptibility to tooth fracture. The second potential cause of fi@atire is the different
moisture and nutrient levels in a restored tooth, compared to thatealthy tooth. It is
well known that the pulp and dentin are the primary conduits forfénaimgy all nutrients

and water to tooth. If the pulp or dentin is damaged severely, forpdgaemoving large



portions of dentin ancnamel, thetooth can no longer maintain the same level:
moisture and nutriergupply as a healthy too Althoughthe primary causes of restorati
failure arenot completely understo, some studies have investigatee contrilutions of
physiological factors and function on the toothluias. Arola et al. [2002] launchet
several studiesheginnin¢ with a study on cyclic crack growth in dentin arnmhtnuing
with a study on restored toofractures, and evaluated the fatigue bif human dentin.
His studies provedhat subsurface flaws or cracintroduced duringcavity preparatios
may causes restored tooth failure within five y¢ As life expectancieincrease, people
invest lots of timeand mone to maintain healthy oral conditiond-igure 1-6) and
nowadays, mplants and full coverage restorations very popular and they aimore
common amongst seni.. Moreover, it is well known that the physical propstof mosi

hard tissues undergo changes with a.

post 2000
pre 2000

o

Clinical Visits Per Year

0 20 40 60 80

Age (Years)

Figure 1-6. Increasing trencs of the numbers of clinical visitdn senior groupsper
year [Tinker, 2003; Berkey et al., 2003].
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Recently, numerous investigations have been conducted to evaluaginteeffects on

the tooth tissues. For instance, in human dentin the mineral contergses with patient

age due to the deposit of mineral salts with the tubule lumens [Ten Cate, 1998]. Arola and
Reprogel [2005] evaluated the flexural modulus, energy to fracture and flexargjtbtm

dentin as a function of age. They found that there was a signifiednttion in strength

and energy to fracture of dentin with patient age.

Unfortunately, very little knowledge has been obtained to explain thecphp&havior of
human enamel in terms of the aging effect. Since enameleasyathin hard tissue - the
maximum thickness is approximately 2 mm — there are inherificutties to evaluate the
mechanical behaviors of this hard tissue. But, many studies haveerepoe physical
properties of enamel using indentation techniques. eHel. [2007] evaluated the
mechanical behavior of mature human enamel, including as sound, dehydratettateeh
dry and burnt. Also, Get al. [2004] reported the property variations in the prism
(hydroxyapatite crystals) and the organic sheath within enbyneanoindentation. Many
other studies have investigated the mechanical propertiesaaie. However, none of

these studies considered the effects of aging on properties of enamel.

As previously mentioned, implants and full coverage restorationgeayeprevalent dental
treatments for replacing or repairing restored teeth. Theyarelfmore commonly among
senior patient groups due to the fact that the available tooth volunteedas/ery limited
by multiple restorations. Although these restored teeth mayidangroperly themselves,
the adjacent or opposing teeth may undergo functional failure bynagtion or fracture
through damage induced by contacting the engineered restoratiterials. This

mechanical disparity between aging enamel and the restomatiterials could facilitate
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catastrophic functional failures eventually. However, the degfeproperty disparity
resulting from aging and its potential effects on the survivauofian tooth enamel has not

been studied.

1.5 Objectives

The overall objective of this research is to extend our current stadding of the
mechanical properties of human tooth enamel. Many researbhees explored the
mechanical properties of human tooth enamel, including elastic modhatgness and
fracture toughness. However, most of these studies did not corsdeffécts of aging
and spatial distribution. The current study addresses the impoénpaient age and
physiological processes on the mechanical behavior of enameisamdponse to contact

loads.

The specific aims of this research are to:

1) Evaluate the spatial distribution in the elastic modulus and hardhbasnan tooth

enamel for young and old patients using nanoindentation approaches.

2) Evaluate the indentation size effects and indentation fractsrgtalece of young

and old enamel using microindentation approaches.

3) Determine the brittleness of human enamel as a function ofnpage and

compare that with estimates of the brittleness for common deatatials used for

replacement of enamel.
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Chapter 2

Literature Survey

The failure of restored teeth due to fractures of the dent&drimaor hard tissue has
become one of the major oral health concerns in modern dentistry. To addressdéis,c
the structure and mechanical behavior of human tooth enamel has \eates
extensively to understand its functional limits. An understandinthefphysical and
mechanical behavior of enamel could provide crucial information needétpi@ve
existing, or develop new dental restorative materials, as a®llto help prevent

catastrophic tooth failure.

2.1 Structure of Enamel
As described previously in Chapter 1, the tooth is composed of thmearpriissues,
including the enamel, dentin and pulp. Macroscopically, enamel ceesphe outer shell

and covers dentin, which serves as an elastic foundation. Enamel roandists of
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carbonated hydroxyapatite crystals organized in a framework isfngr and organic
substances surrounding each prism (Figure 2-1). Overall, enamemprised of 96%
mineralized material by weight, with the remaining 4% conerrisf organic materials and
bound water [Gartner, 1999]. Although enamel does not have uniform compoggion, i

basic structure repeats in space over the entire volume as evident in Figure 2-1.

Figure 2-1. (a) Schematic drawing of prisms and the organicheath that encases the
prisms. (b) Image of enamel. Prism rods are clearly shown, whicre surrounded by
organic sheaths [Ten Cate, 1998].

There are two primary stages involved in the development of dliiyired enamel, which
includes secretion and maturation. In the secretion stage, a andjlarge cell process,
called “Tomes’ processes” is developed by the ameloblastsemtapical surface [Ten
Cate, 1998]. This is a vital process for both prism (hydroxyapetjtstal) and organic

sheath formation. Tomes’ processes consist of two primary ssirfifiee is, secretary and

nonsecretary surfaces, respectively. Most prisms are fanrestretary surfaces, whereas
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organic sheaths are developed in nonsecretary surfaces. Afteretompis secretary
activities, the secretion stage is replaced by the maturaage.sThere, the ameloblasts
undergo continuous cytological changes in preparation for enamel naaturBturing the
maturation stage, matrix degradation occurs and compositionalesmat by tissue fluid
increases. Finally, most of the matrix (specifically theslagenins) and the fluid are
replaced gradually and the mineral content increases while aasklbntinue to secrete

proteins in this period to complete enamel formation [Ten Cate, 1998].

2.1.1 Enamel Rods

The primary component of enamel is the prismatic rods (or enamsets). The enamel
prisms are comprised afarbonated hydroxyapatite crystallites, and have an effective
diameter of approximately 4~5 um [Gartner, 1999]. The hydroxyapgayis¢als produced
by ameloblasts form into the prismatic structure, which exterms the dentin-enamel

junction (DEJ) to the occlusal surface. A schematic of their course is showmie Big.
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Figure 2-2. Structural morphology of enamel prism and organic matrix [Gartrer,
1999].
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Each prismatic rod is surrounded by organic material. The shape of the prientastsi a
‘keyhole or fish scale shape’ [Gartner, 1999]. The prismsighdy packed together and,
although they extend nominally perpendicular to the dentin-enamdignn®EJ), the
prism arrangement is very complex and still not understood conyplegmnamel prisms
are parallel more or less, but they are tangled with edsr ot contorted in some regions
as shown in Figure 2-3. It is understood that the path deviation ofpaanhat different
levels in enamel results in a disarray of enamel rodsefHa., 2007]. The geometric
structure of the enamel prisms is believed to prevent damagguoe fander most loading
conditions. Separated prismatic rods retard crack extension betesisiscontinuity
creates distinct dimensional cleavage planes that will premauk propagation from

advancing straight through the enamel, thereby enabling macro mechahical fa

(@ (b)

Figure 2-3. SEM image of etched enamel: Clearly shown here aenamel prisms,
which are tangled and contorted around each other [Ziedonis Sbe and Samuel
Stern, 1980].
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The organic sheath functions as an impact absorber and enables degmesd of relative
movement between each rod. As such, the entanglement of priseesesthe structural
integrity of enamel overall. Crack propagation could be retardedamel due to changes
in the apparent loading direction with respect to the enamel migntation and the
entwined ligaments [He, 2007]. Based on these features, manyisisiané examining
the importance of this structure and contributions of the interprismadierial on the

mechanical behavior of enamel.

2.1.2 Organic Matrix (Organic Sheaths)

The organic sheath encircles each prism and is mainly comprispdotains. These
proteins consist of high molecular weight glycoproteins, enameliaelog@nin, amelin and
tuftelin [Gartner, 1999]. Even though the organic sheath and wateergreninor parts of
the enamel (typically less than 4% by weight), they plagyarole in keeping the enamel
hydrated. Recently, there has been some concentration on charagtemaperties of the
sheath. It is understood that the organic sheath behaves as a *¢erbentd each prism
and in ‘load bearing’ to transfer load between each prism. Anathér characteristic of
the organic sheath is its permeability, which enables watkiams to flow freely and to

maintain the appropriate degree of compressibility and ionic conductivity [$Ya&80].

2.1.3 Enamel Surface
Newly emerged teeth are coated by the primary enamel c(gicdasmyth’s membrane),
which is a basal type lamina material produced by postameldbkstCate, 1998]. As
the name implies, postameloblast is an ameloblast that completggimary functions;

secretion and mineralization for the formation and maturation of @nstnaicture. Due to
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the friction of biting or brushing, the primary enamel cutislost. However, the pellicle,
which is made out of substances in saliva and food, is another canmtstitaecovers the
enamel. Similar to the primary enamel cuticle, the pellislworn off easily by brushing
and flossing, otherwise it would turn into dental calculus [Gartner, 1999¢veral
formations influence the characteristics of the enamel sunfiaeripted teeth, and among
them the Striae of Retzuis and Perikymata are two prifioanyations that are of relevance

in this regard.

Perikymata

Striae of Retzius
|

Enamel

Dentin ‘

Pulp

Figure 2-4. Schematic drawing of the striae of Retzius and surface Peyikata
[Ten Cate, 1998].

The Striae of Retzius extends up to the enamel surface (Fighrarzl at the surface, each
end of the Striae of Retzius is smoothed by Perikymata iroghélrrows [Gartner, 1999].
The Striae of Retzius is comprised of numerous series of rodes¢grand subsequent
growth lines, which mostly run from the DEJ to the outer enaaréhee. Their presence
divides the enamel into compartments. Consequently, the StriadzifiRmay have the
capability of arresting or minimizing mechanical failurgslbcalizing damage within a

module.
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2.2 Mechanical Properties of Enamel

Due to its microstructure, enamel is a natural composite i@atén general, a structural
composite is a material system that is made of more thanoomgooent, which typically

includes the reinforcement and the matrix, respectively. Timforeement is usually

either a high strength fiber or particle, such as carbon, gtdssron, while the matrix that
is less stiff and weaker than the reinforcement. For exammpféger reinforced plastics,

the matrix is polymeric. Similar to common composites, the tstre@f enamel is akin to
the structure of composite materials. That is, the prismaticserves as the primary
reinforcement and the organic material surrounding the prism funetsotige matrix. Also,

unlike other calcified skeletal structures, fracture or damafgeental enamel is not

repairable because it is a nonvital tissue.

The mechanical properties of enamel have been studied fortanuamtury as they are
important to dentistry and provide inspiration for the design of engineeringiaigater

In describing the mechanical behavior of this hard tissue, the hardt&stic modulus and
fracture toughness have both physical significance and direct clinieahnele. Due to the
limited volume of tissue available for examination, mechanical piiegeof enamel have
been primarily evaluated using indentation methods. Also, in spiteroéndous work on
enamel, the results of mechanical properties of enamel in thished literature are
inconsistent. This may be attributed to the facts that enamel Yy complex structure
and the properties are a function of location. Also, different testiethodologies,

loading type, prism orientation, or physiology may be other fadioas cause this

inconsistency.
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2.2.1 Hardness

Hardness represents a measure of a material’s resigmmmeErmanent deformation or
“penetration” under a contact load. Therefore, it is one of the fumdkamproperties used
in characterizing enamel. A material's hardness is usuabsored by a characteristic of
indentation shape, such as diagonal length of indentation or indentation depththende
applied load. Many testing methods have been proposed to measure thesshafdne
enamel. Overall, the indentation method is the most effectiyetevmeasure the hardness
of enamel due to the limited sample size requirements. Inaheindetation test, the
hardness is defined as the ratio of the indent load and the comtacawlate applying the
maximum load, whereas the hardness in microindentation testingiéasurement of the
ratio of the indent load and the surface area after unloading. Con#ggtle estimated
hardness from the nanoindentation and microindentation tests is teghditfaellent. That
i, in microindentation testing the hardness is measured afterdingoand this hardness
measurement includes the material’s elastic recoveriyabiiring the unloading process.
In general, the hardness from the microindentation test is higlaer that from the
nanoindentation test, especially in polymeric materials. Howavérjttle materials, such
as enamel, the difference in hardness values between the micratradenand
nanoindentation test would be expected to be minor since its akasticery in strain is

very small.

2.2.2 Elastic Modulus

The elastic modulus (or Young’s modulus) is defined as a measuremgrd apparent
stiffness of a material. The elastic modulus describestariass resistance to deform

elastically and quantifies the ratio of the magnitude of stmesponsible for a
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corresponding degree of deformation. Before the advent of micro-omid@ndation tests,
the macroindentation test was the primary method used to evieagtastic modulus of
enamel. Today most experiments are being conducted by the micranomndentation

tests.

Macro-scale tests, such as compression, acoustic impedanagagiot Bending tests, have
been employed to evaluate the elastic modulus of enamel. Maop+scale tests were
commonly conducted until the mid of 1900'’s, but the overall values weraneaysistent.
For example, Stanforét al. [1958] reported that the range of the elastic modulus of
enamel is between 9 to 47.5 GPa under the compressive test, sviiglgasisy [1959]
performed four point bending tests to evaluate this property and repbaied ranges
from 125 to 150 GPa. The overall range in reported elastic modulusaafet from
macro-scale tests is roughly 9 to 150 GPa, depending on location nmelertasting
method and applied load. Table 2-1 provides a summary of thesesiisrfor the elastic
modulus of human enamel on the macro-scale. It should be recogmazedost macro-
scale testing arrangements are inadequate for geometrsradil specimens, including
enamel. Yet, it was inevitable that macro-scale teste weployed during these early
investigations due to the limitation of contemporary technology. Sxrtiee macro-scale
tests have preferred assuming that the tensile behavior of enanexjual to the
compressive behavior [Stanfoetlal. 1958]. Moreover, these papers did not consider the
potential size effect, which could play an important role in theuatiain of mechanical

properties, especially in a brittle material, or one that is naturally ioageneous.
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Table 2-1. Elastic modulus of enamel by different macro-scale teggi methods.

. . . Test method Elastic Modulus
Group(s) Tooth Pism orientation (Load or depth) (GPa)
Stanford Variable 475
et al., Cross section Compressive 30.3
(1958) Occlusal surface 8.96
Stanford Variable 47.545.5
et al., Canine Cross section Compressive 33+2.1
(1958) Variable (cusp) 20+6.2
Variable 46.2+4.8
Craig Cross section 32.4+4.1
etal., Molar Occlusal surface Compressive 9.65+3.45
(1961) Occlusal surface 84.1+6.2
Cross section 77.9154.8
Tyldesls 4 point
y y Molar P . 131+16
[1959] bending
Reich et .
Acoustic
al. Occlusal surface 76.5
[1967] impednace
Staines Spherical
et al., Occlusal surface indentation 8348
(1981) (Up to 8OON)

Many investigations have been conducted using either standard inolentaiti
microindentation tests, including the Vickers, Brinell, Rockwell KEndop hardness tests,
to evaluate the hardness of enamel. The microindentation sestjgpropriate method for
small specimens and is a relatively easy method for megsiimenmechanical properties
(hardness and potentially the elastic modulus). However, the maivbakcks of both
macro and micro indentation tests are that they require megsudentations using
optical devices, which means that measuring the indentatiorsssedjective and depends
on how the indentation size is measured or who measures it. Conseqesuitg by the
microindentation test for enamel may vary due to the above reagbasnicroindentation
test has mainly been employed to evaluate the hardness of eaidioegh Mahonewt al.,

[2000] and Xuet al., [1998] measured both the hardness and elastic modulus of enamel
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from the microindentation test. Results of these studies sted lin Table 2-2. In
comparison, a far greater number of evaluations on enamel havecdreducted using

nanoindentation.

Table 2-2. Elastic modulus and hardness of enamel by different testy schemes in
micro and nano-scale (1993 — 2000).

. Elastic
Pism Test method Hardness
Group(s) Tooth Orientation (Load or depth) Modulus (GPa)
(GPa)
Occlusal surface Standard Vickers
Xu et al. indentation (2 - 50N)
(1998) Occlusal surface Modified Vickers 9445
Cross section indentation (1.9N 8014
Willems et Nanoindentation
al. Occlusal surface (10mN) 90.59+16.13
(1993)
Cross section
Poolthong . Nanoindentation
(1998) Buccal side (50 & 150 mN) 90.79+2.2
Cusp tip 83.8316.3
Marshall et Cross section AFM indentation
al. 63.55+1.46
(2000) DEJ (Up to 14mN)
Occlusal surface 98.3+5.9
Fong et al. Cross section Nanoindentation 95.6+4.9
(2000) Occlusal surface (0.3 & 2.5mN) 87.5+2.1
Cross section 72.7+4.4
Mahoney et

. Nanoindentation
al. Molar Cross section (50 & 150 mN) 80.4+7.7

(2000)
Marshall et Nanoindentation
al. Molar Cross section (30mN) 62.09 - 65.02 3.38 - 3.63
(2000)
Habelitz et Head of rod nd _ 88.0+8.6
al. Tail of rod Nanoindentation 80.3+7.2
2001 (12.5mN)
( ) Interrod 86.4+11.7
Cuy et al. h:
(2000) Outer enamel (Depth: 400 & >115
DEJ 800nm) <70

The nanoindentation test is a relatively new (within this decd#ihg methodology for
characterizing the mechanical properties of materials. elvergl, it is most commonly

employed in measurements of the elastic modulus and hardnessobst@ate. However,
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it is also used in examining creep and stress relaxation beh@ymamic response of the
material and spatial dependence in properties over selected refjamalysis. As of late,
most studies on the mechanical behavior of enamel are being csohdist
nanoindentation. The main advantage employing the nanoindentation gessitsvity.
In the nanoindentation test, the indentation depth and applied load can lodlembnery
precisely, even at the nanoscale. Therefore, it is possiblesaioage the physical
properties of each rod and organic sheath separately if desiredallOe variation in
elastic modulus determined using the nanoindentation method is fdersihan that
found using macro and microscopic scale testSlevertheless, variation is still a
consideration and may be attributed to the degree of sample poliskstigg location,
applied load, geometry of the indenter, machine calibration or iigntation. A review
of the properties of enamel determined using nanoindentatioreid irsiTables 2-2 and 2-

3.
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Table 2-3. Elastic modulus and hardness of enamel by different testy schemes in
micro and nano-scale (2002 — 2008).

Group(s) Tooth Pism Test method Elastic Modulus | Hardness
P Orientation (Load or depth) (GPa) (GPa)
Habelitz et al. . Nanoindentation
(2002) Cross section (0.75 & 1.5mN) 74+4 ~ 80+9.1
Nanoindentation
Barbour et al. Occlusal surface (3mN) 99.6+1.8
(2003) (5mN) 101.9+1.6
(7TmN) 105.2+1.3
. Molar prism Nanoindentation 83.4+7.1 4.3+0.8
Cui et al.
(2005) (ImN)
sheath (0.3mN) 39.5+4.1 1.1+0.3
G | Occlusal surface Nanoind )
eetal. anoindentation
(2005) Rod (1mN) 83.4+7.1
Interrod 39.5+4.1
He et al. Occlusal surface Nanoindentation 60 - 100 5+0.45
(2006) Cross section (1 - 450mN) 40 - 80 4.5+0.45
Molar Occlusal surface Nanoindentation
B"’%Oet al. . 120 - 130 6.0-7.0
(2007) Cross section (Depth: 200nm)
Zhou and Nanoindentation
Hsiung Occlusal surface (Depth: 100 - 104~70
(2007) 2000nm)
Occlusal surface
Sound 95-115 4.49+0.1p
Heetal. o . Dehydrated Nanoindentation 115 5.01+0.2b
(2007) Re-hydrated (10 - 250mN) 85 - 105 4.15+0.10
Dry 110 - 120 4.78+0.11
Burnt 115 5.94+0.34
Adult Occlusal surface
. . 2.2-3.9
Low et al. canine Cross section  vjjckers indentation
(2008) Baby (2 - 100N)
) Occlusal surface 0.2-3.0
canine

2.2.3 Factors Contributing to the Elastic Modulusand Hardness
of Enamel

Tables 2-2 and 2-3 summarized the elastic modulus and hardnessredl @eported from

studies that employed micro or nanoindentation tests. While ityandethe scope of the

present study to provide a full description of all studies on thsetiel modulus and
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hardness, among them, specific ones are of larger importance hR@stimated hardness
values from the micro and nanoindentation tests are technicallyediffeAs explained in
Section 2.2.1, in nanoindentation testing hardness is measured while th@tiodetip is
contacting a sample, whereas hardness in microindentation testingasured after the
indentation tip is removed. That is, the measured hardness from tf@nehéntation test
does include the deformation that a material undergoes during ekivery. The elastic
deformation, but the measured hardness in the nanoindentation test daedudat the
deformation associated with elastic recovery. Thereforegstimated hardness values in
the nanoindentation and microindentation tests could be different due dbdhe reason
even though both tests may be conducted under the same conditions, ineloplied
load, tip geometry and testing temperature. Nevertheless, due telatively high elastic
modulus of enamel and its apparent brittleness, the measured havdhess of the
microindentation and nanoindentation tests are not significantly differe evident in

Tables 2-2 and 2-3.

Spears [1997] reported that the hardness and elastic modulus ofl esatasgely
dependent on the mineral content. The elastic modulus increased 93 to 4 3 @fe
crystalline fraction increases from 0.81 to 0.99. &al. [1998] measured the hardness
and elastic modulus of enamel by the indentation method in the enachedabsurface
and the enamel axial surface to examine the influence ofrtbm prientation and the
tooth to tooth variation. They reported that the elastic modulus rénoges 8 to 100 GPa
and hardness of enamel ranges from 3 to 4 GPa. They concluded thatatiesms are
attributed to the location of evaluation and prism orientation. Habetlial. [2001]
measured the mean values of the elastic modulus and hardndkd aadaperpendicular

to the enamel rods; the mean elastic modulus and mean hardnes®wete4.5 GPa and
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3.3 £ 0.3 GPa in a direction parallel to the enamel rods, whilepgr@endicular direction
to the enamel rods, the mean elastic modulus and mean hardnes3 were @ GPa and
3.9 £ 0.3 GPa, respectively. Interestingly, &al. [2005] reported that there is significant
difference in the mechanical properties between the prismsoggahic sheaths. The
hardness and elastic modulus of the prisms were found to be 4.3 £ 0s¢GBa.4 + 7.1
GPa, respectively, whereas in organic sheaths they were 1.1 +8.8"GRB9.5 £ 4.1 GPa,
respectively. These results imply that changes in the mootéhe interprismatic material

could have important effects on the global properties.

Another interesting focus of studies performed on enamel conceensnfiluence of
hydration and chemical variation on the mechanical behavior. etHal. [2007]
investigated the importance of environment on the mechanical belod\noman enamel
and found that there are statistically significant differenoemechanical properties of
teeth treated using different methods. They treated teeth by perépethianol dehydration,
water re-hydration, desiccation at room temperature and heatitm 3qD°C (i.e. burnt).
In the burnt enamel, the elastic modulus and hardness were approxitidieind 6 GPa,
respectively, whereas they were around 95 and 4 GPa in the reeldydraamel,
respectively. The differences were attributed to the relatreribution of the organic
sheath to the mechanical response. Earlier, Cuy [2002] conducted adegrabation test
to understand the importance of enamel structure on the mechanicaiobehdde
concluded that mechanical properties are dependent on chantes dhemical content
and microstructure across the thickness from the DEJ to the outaces His research
showed that at the enamel surface, the hardness and elastic navéudysroximately 6
GPa and 115 GPa, respectively, and near the DEJ they are less @R and 70 GPa,

respectively. Although many papers concluded that the prisnotidineis one of the
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primary factors contributing to variation in the elastic modulusteardness of enamel, a
recent study by Bralyet al. [2007] reported that the enamel rod direction is not a
significant factor. In their study, the difference between @migs parallel and

perpendicular to the prisms is less than 3%.

2.2.4 Fracture Toughness

Fracture toughness (or resistance to fracture) is a progeatydelineates a material’s
ability to resist the propagation of cracks under a particulae sthstress. Very few
studies have reported on the fracture toughness of enamel, prichaily its limited size
and its inherently complex structure. The most common approackaloagng the
fracture toughness of enamel is the indentation method, and this chiaicgely attributed
to the limited tissue available for examination. But thereracognized complications.
The main complications of evaluations on the fracture toughnessaofe¢rare the prism

orientation and its anisotropic structure (Figure 2-5).

—— 5um

Figure2-5. (a) The hierarchical structure of enamel [Eisenm@nn, 1998] and SEM
images of cross sectional surface (b) and occlusal surface (c) [gdal., 2007].
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In general, the fracture toughness, & a material estimated using the indentation

approach is defined according to

K. or K; = c*f(P, E, H, c, d) (2-1)

where c is a constant that accounts for the crack configuration, P is an appliel im#he
elastic modulus, H is the hardness, c is a crack length, and phismeter of dimension
associated with the indentation. For example, it could be the dialgoggh for a Vickers
indentation. As seen in Figure 2-5, the prism orientation can &av#ical effect on the
propagation of cracks in enamel. If the indentation is made on thesatsurface, the
cracks would extend from each indentation corner in a directiqgrepéicular to the axis
of the prisms. On the other hand, if the indentation is introduced octiangel surface,
cracks may be introduced that are oriented both parallel and penplando the prism
orientation. Natural cracks in enamel that developivo proceed parallel along the
enamel prisms and not perpendicular. Therefore, the structural anysatregpected to
contribute to mechanical anisotropy in evaluations of toughness.

Another issue in estimating the fracture toughness by the indentapproach is
recognizing the damage zone resulting from the indentation. Treetev@ primary types
of crack configurations resulting from indentations, which includealdl@abVmedian crack
and Palmqvist crack configurations as shown in Figure 2-6. Imatfial/median crack
configuration, the fractured zone caused by the indentation imiacsele (Figure 2-6 (a))
and its radius is a sum of the crack length (c) and half #godal length (L/2). On the
other hand, in the Palmqvist crack development, the fractured zonéngdum an
indentation is limited to the indentation periphery (Figure 2-6 (b))herefore, in

identifying an appropriate model to estimate the indentation featbughness of enamel,
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the first step is to identify the crack type that developsotfumately, in most reported
studies on enamel there was not a clear explanation of the @yatiguration observed
and why particular equations were adopted for estimation of therempp&acture

toughness.

Figure 2-6. Two types of crack configurations from a side view of Vickers
indentation; Radial crack (a) and Palmqvist crack configuration (b).

Hassanet al. [1981] reported the first study on the fracture toughness of enamder
different loading conditions. They reported that it ranges from 0.7 toM P under

300g indentation load and it ranges from 0.68 to 1.27 MPatmder 500g load. They
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concluded that although the variation in fracture toughness is noufdigrstood, some of
the variation is caused by contributions from the chemical contehtthen toughening
mechanism promoted by the micro structure.

Xu et al. [1998] examined the fracture toughness of human enamel and the energ
absorbed under indentation within the occlusal surface and axial seatienamel. They
summarized the overall fracture toughness of enamel ranged.4ran1.25 MPa*rH.
Imbeni et al. [2005] measured fracture toughness of enamel from the DEJ tutbe
surface of enamel and found that the fracture toughness decrease8.4 in the DEJ to
0.6 MPa*nt’close to the outer surface of enamel.

A summary of all reported studies on the fracture toughnessaaiedns listed in Table 2-
4,

Table 2-4. Fracture toughness of enamel estimating using the imdation approach.

Group(s) Tooth Pism Test method Fracture Toughnessg
P Orientation (Load or depth) (MPa*m”0.5)
Hassan et al. Incisors Vickers indentation
(1981)  &molars 0P surface (300g and 500g) 0.7-1.27
Top surface 0.77+0.05
Xu et al. Molar Vickers Indentation
(1998) Cross section (2 - 50N) 0.52+0.06
45° tilted rod 1.3+0.18
Marshall et al. . Nanoindentation
(2000) Molar Cross section (30mN) 0.6-0.7
i Top surface 1.3+0.3
Wgtgoelt)al. P Vickers Indentation
Cross section 0.9+0.22
Imbeni etal.  Molar Cross section Vickers indentation ~1.3
(2005) (3 and 5N)
Occlusal surface ~0.7
Adult Occlusal
. 1.5
Canine surface
Low et al. . Vickers indentation
(2008) Cross section (2 - 100N)
Bapy Occlusal 125
Canine surface
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The overall fracture toughness of enamel ranges from approxjn@efeto 1.5 MPa*ri?.

It is believed that the prism orientation, applied load (dependencydehtation size
effect), toughening mechanisms and spatial variations in steucfignamel lead to these
variations in measured fracture toughness. One outstanding drawbatle studies
presented in Table 2-4 is that there was little emphasisp@eainderstanding if there

were spatial variations in the toughness.

2.3 Aging of Enamel

Similar to other hard tissues in the human body, it is assumeth¢haverall structure and
properties of enamel could change with aging. Young enamel is lngityeable to water,
ions and various molecular substances normally present in salivae Jutestances flow
freely through the intercrystal spaces, but it is not clearlgerstood how and if the
property changes take place in enamel with age. In getiezad, are natural changes in
the mineral content of hard tissues with aging. For example, imma®@ntin the mineral
content increases with patient age due to deposition of mineialxstd the tubule lumens
[Ten Cate, 1998]. This process has prompted studies focused on chmatigestructure
and chemistry of dentin and their effects on the corresponding meahdehavior.
Recent studies have shown that there is a significant redustibe fatigue strength and
fracture toughness of dentin with patient age, both of which incteagetential for tooth

fracture [Kinneyet al., 2005; Arola and Reprogel, 20005; Bagaal., 2006].

Despite the aforementioned changes in properties of dentin with negetudy has

examined the influence of aging on the mechanical properties of hunraeleiaerefore,

one of the objectives in this study is to determine if the mechlbproperties of enamel
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are dependent on patient age and if there are unique propertyeshaithin specific
regions of the tooth. In comparison to the efforts directed towardsdend bone, there
is little available literature on aging of enamel. Onaghihat has been distinguished is
that as enamel ages, the hydroxyapatite crystals ircieasize, thus reducing the space
available for exchange of materials [Robingbral. 1995]. Consequently, interprismatic
protein (organic sheath) size decreases and this causes thealpidityn of enamel to
decrease with age, suggesting that the topical application ofd#yavhich can replace
hydroxyl groups in the apatite lattice structure, is more beaakficthe young than in the
older individual. Therefore, one of the most significant age reldtecions of enamel is

the reduction in its permeability [Bertaatial. 2007].

2.4 Brittleness of Materials

Many theories and equations have been introduced to quantify thenastl of a material.
Table 2-5 provides a list of some parameters used to quantifyacacterize the degree of
brittleness of engineering materials. Even though hardness, efasdiclus and fracture
toughness are important and fundamental indices used to charadberineethanical

behavior of a material, they do not provide a clear description of aéberiad’s brittleness.

Specifically, they do not address the propensity for inceptiotaafsfand cracks under
contact loads, or characterize a material’'s ability to tretie initiation of fracture

processes through either elastic or inelastic deformation. €kaljating brittleness of
enamel can serve as a useful scale in the design of matesgaldor crown replacement,
as well as a quantitative tool for characterizing degradatidineimechanical behavior of

enamel.
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Table 2-5. Some parameters used to quantify the degree of brittlesge[Quinn and Quinn,

re
stal

D

1997]
Author(s) Parameter Comment
Irwin Kic Critical stress intensity factor, Mode |
Griffith 7 Fracture surface energy, =K,%(1v)/2E (plane strain)
Irwin G Critical strain energy release ratg,<@ y
Kelly et al, ot Compare_s theoretical cleavage strengthfo theoretical shea
strengthr in single crystals
Shear modulys time Burger's vector, b, divided by fractu
Rice and ubly surface energy , . Determines whether a crack in a single cry
Thomson f is atomically sharp or blunt due to dislocation gytion when
stress is applied
The area under the stress-strain curve up to @aifuthe material
Godosti X= were completely elastic _normali;ed by the actualannder the
9 (6,212E) ode stress-strain curve to failure, X is equal to 1 lioearly elastic
brittle ceramics.
Lawn et al Hzlg.cEzor G, is the _str_ain energy release_rat(_a. When exprf-:iastmims of E
) H /K ¢ and K, this index of brittleness is similar to the naxdex
Ey. o 2 o oy's the yield stress, i.e. the ratio of the surfavergy associate
Puttick f ) Y ) with fracture to the volume strain energyifis proportional to H
Kic7oy then Puttick’s index is the inverse of the Lawndard
Lawn and Vickers_ hardngss divided by stress intensity. T§ni$1e_ square rog
Marshall H/K ¢ of the index listed z_slbove; (_jeveloped for conveniemmparison
rather than a theoretical basis
Mouginot A TEy, JH? _Brittlenes_s is deter_mined by the size,_ of a f_Ianqtu needed t¢
induce brittle behavior rather than plastic defaiora
Quinn and _ 2 Ratio of indentation work to fracture energy; tham be related t
Quinn B=EH/Kc the onset of extensive fracture via a critical kng
Sehgal o/d Ratio_ pf crack Iengt.h_, c, to indent size, d, fockérs indents at
specified load; empirically related to H/K

Note that by virtue of fracture toughness, including fractureasarénergy, critical stress

intensity and critical strain energy release rates, brittlenesmatexial could be expressed

more quantitatively, compared to the equations that have been proposed befvever,

note that fracture toughness does not characterize the britlehasmaterial completely

as it quantifies a material’s inherent resistance to the gatipa of a crack, but not the

resistance to the initiation of a crack.
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2.4.1 The Brittleness Number

Brittleness describes the relative propensity for a materiahdergo fracture rather than
elastic or inelastic deformation. As such, it would be expedtat the brittleness of a
material should be related to its hardness, elastic modulus andrérdoughness. What
follows is a theoretical treatment of brittleness in teahthe aforementioned properties,

which was developed by Quinn and Quinn [1997].

In general, the hardness is defined as the ratio of the applietbldas contact (sometimes,

projected) area and is expressed as

H = ad—F; (2-2)

where P is the applied loag,is an indenter constant, andsdthe diagonal length of the
indentation. Note that the hardness is a function of the appliedth@adfore the hardness
value can be either constant or varied, depending on the materggderty. Consequently,
the hardness vs. the load plot does not necessarily align with ther Nésy, which is
defined as

P=Cd" (2-3)
where C is a constant, and d is the diagonal length, and n i®ghgthmic number
representing the hardness-load equation in the Meyer law. If Egnartt 2-3 are
combined and n =2, then a new equation is obtained for the hardness as

H=C*a (2-4)
where the hardness is now independent of the applied load. SpesgifitalE2, the
hardness is constant regardless of the applied load, while the lradkwesases as the

applied load increases if n<2. Since the Meyer law does not peettiansition point to

35



constant hardness, a power series expansion was proposed by Buickleafi®6&jsche

[1948], which was later modified by Fréhliehal. [1977] and Li and Bradt [1992] as

P=ad+a0d’ (2-5)

Eqgn. 2-5 can be rewritten by dividing b§@h both sides and if P/is replaced by H, then

the hardness can be a function of constantsy,cand the diagonal length of indentation, d,

which is represented as

P a
and
H= % ‘a, 2-7)

Note that the hardness, H in Eqn. 2-7 is the transition hardness #itethardness value is
independent of load. Thereforg, and a;, are new constants that account for the transition
hardness. By multiplying both sides of Eqn. 2-6 fitccan be rewritten as

Pd=ad*+ad® (2-8)
In Eqn. 2-8, the term, Pd represents the external work done lydirgter, and the terms
a,d” and ad® are related to the energy consumed for the new indented reclelinig that
associated with fracture and cracks, and the energy for @ggsrmanent deformation (or
the volume energy component), respectively. In brittle matetiashardness generally
decreases and then becomes constant as the applied load incesasesa critical value.
That point where the hardness value reaches a stable or constentisstalled a
‘Transition point’ [Quinnet al. 1997]. At a transition point, the critical ratiq,i8 defined

as the ratio of the energy consumed for the new indented area to the total @detna

36



done by the indenter. This critical ratiq,dan be represented using Eqn. 2-8 as

_ad o, _ @k, (@)

_ _ 2-9
P.d, P./d’ H., (2-9)

Be

where H is the hardness at dnda , a, are constants, and B the applied load.

The constang, is related to the energy consumed for the new indented areapthdte$
proportional to thermodynamic surface free energy)(and effective fracture surface
energy ¢, ). Considering thermodynamic surface free enesgy and effective fracture

surface energyy, ), Eqn. 2-9 can be converted to

— A(Yf /dc)

o =1

(2-10)
Cc

where A is a constant.

The fracture toughness for plane strain is reptesen terms of the fracture surface

energy as

1/2
Kie :{ 2y } (2-
11)
Combining Eqn. 2-10 and 2-11, the critical ratid3pfs re-expressed as a function of the

fracture toughness (§ as

_A(KE/d,)

Pe H.E

(2-12)

where A is a new constant pertaining to constant, A aridsea’s ratioy. Rearranging

Eqgn. 2-12, solving for gland inverting provides
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1 B.(HE ]
_:_'[K.i] o

Now, the combination in the bracket is considerec&aew parameter for characterizing
the brittleness of a material. Since the numeratdy*E delineates the combined
deformation energy and the denominatog? Kepresents the fracture energy, this ratio of
the deformation and fracture energy describes tlaemal's brittleness in a very
guantitative manner. Therefore, the Brittleness Nen{B) quantifies a material’s relative

resistance to deformation and fracture and is ddfloy

— HCE -
B:(KZJ (2-14)

Ic
where H is the “transition point hardness” or constantdhass of the material and E and
K\c are the elastic modulus and indentation fractoughness, respectively.

The brittleness index is a quantitative interpretabf the competing dissipative processes
of deformation and fracture and has been usedpeactical measure for characterizing the
brittle behavior of engineering ceramics. Materialsh high B value are most apt to
fracture rather than undergo elastic or inelastioanation, whereas materials with low B
would be more likely to deform elastically or dissie energy through inelastic
deformation. Table 2-6 shows the mechanical progsedf some characteristically brittle
materials. From this table, it is found that tmacfure toughness of a material is not
necessarily proportional to its brittleness. Fearaple, the fracture toughness of,®4
AD999 ando-SiC are 4 and 3 MPafff, respectively, while their brittleness numbers are
439 and 129Qum’*, respectively. The-SiC is generally regarded as far more brittle than

the ALO3z and the brittleness number captures this phenomerwe appropriately than

the K. alone.
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Table 2-6. Material properties of some brittle materials [Quinmt al. 1997].

Material p E Kic Vickers hardness d; P. B
(Mgm®)  (GPa) (MPam®) HV. (GPa) (um)  (N)  (um?)
Al20; AD993, 396 386 4 18.2 459 207 439
Coors sintered
Pyroceram 9603, ;g4 134 2.4 6.8 125 573 15}
Corning
o-SiC
Carborundum sintered 3.11 410 3 22.6 20.2 5 102B
SigNg NC132, 323 320 4.6 15.4 789 517 23B
Norton hot pressed
SisN4 NBD200, 316 320 5.4 14.9 120 116 168
Norton hot isopressed
SigNy NT154, 3.23 315 5.8 14.9 114 105 14
Norton hot isopressed
a-SiC
Carborundum sintered 3.16 430 3 27 14.5 3.1 1290
ALON, Army Research
Laboratory aluminum 3.61 320 2.75 14.6 31.1 7.6 618
oxynitride spinel

2.4.2 Birittleness of Enamel and Dental Materials

Although numerous papers have been published om#ahanical properties of enamel,
they have ignored the potential importance of lenigss on the characteristics of clinical
function. Also, despite the innate relevance dof fphysical description to the performance
of dental materials, a quantitative measure oftleniéss has not been adopted for
characterizing their mechanical behavior. As showmTable 2-6, Quinret al. [2003]
computed the brittleness numbers of common endimgeeramics. A similar evaluation
of dental materials used for crown replacement amdmparison with the brittleness of

enamel would be valuable and could provide newgiisiHowever, no study has been
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performed to estimate the brittleness of enamekukh, changes in brittleness with age in
this hard tissue have not been characterized.elietis a difference in the brittleness of
enamel with respect to age and location, it mayigdevaluable information in designing

dental restorative materials as well as understanithie aging effect on enamel.

2.5 Summary

Functional failure of restored teeth is a majoraan in modern dentistry. Fractures are
an even greater concern now, especially with thein number of elderly patients. Many
studies have been conducted to facilitate the deamgd development of new dental
restorative materials, which are generally desigteanimic the properties of natural
enamel. Although numerous papers have quantifiedrtechanical properties of enamel,
no study has considered the potential changes ananécal properties of enamel that are
associated with aging. Also, while enamel is com®d to be brittle, the brittleness with
respect to restorative materials that it contaets ot been considered. Consequently, a
better understanding of the brittleness of enamelthe property changes in enamel with
regard to aging is needed. This information serwesaddress potential oral health
problems in seniors related to mechanical failudréooth structure as well as to provide

critical information that facilitates the designiofproved dental restoratives.
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Chapter 3

Materials and Methods

The primary goal of this study was to quantify gdavariations in the mechanical
behavior of human tooth enamel and to identifyeddéhces related to age of the patient.
To achieve this goal, both nanoindentation and amdentation test methods were used

and performed on enamel specimens that were petfrare human teeth.

3.1 Materials

Human third molars were obtained from participatitigics within the state of Maryland
according to an approved protocol issued by thetutisnal Review Board (IRB) of the

University of Maryland, Baltimore County. Both thge and gender of the patient were
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obtained with each tooth. The teeth were placeldank’s balanced salt solution (HBS
immediately after extraction minimize changes properties with storagiHabelitzet al.,
2002]. At receipt the molars were divided by age into ‘“ggui (1€<age< 30) and “old”
(55<age) age groups, which were defined accordina classification used previously
evaluation of human dentin and not based on expectaregarding the properticof
enamel [Arolaand Reprog, 2005; Bajajet al., 2006]. The asrage age and stand:
deviation of the youn@nd old groups were 23+4 years and 73x15 yearpgecésely.
Fully erupted 3 molars were used to avoid the influence of cuspedmon the enam
thickness, and the potential for differences inperties we to large loads transmitted ni
the cusps.The teeth were cast in a polyester resin foundatiod sectioned using
programmable slicer/grinc (K.O. Lee Model S3818EL, Aberdeen, SD) with diam:
impregnated slicing wheels (#320 mesh abrasived) amtinuous wate-based coolant

(Figure 3-1).

YT §
W

(a) (b)
Figure 3-1. Setup for primary sectioning ofa human molar. Primary sections were
along the axis of the roota) mounted for sectioning, b) after slicing.

3.2 Nanoindentation Tesing

3.2.1 Specimen Preparatiol
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A total of 14 teeth were used, including 7 eachtlier young and old age groups. A single
longitudinal slice was made in the bucco-linguana approximately equidistant from the
mesial and distal surfaces. One of the two halggufe 3-2(a)) was then mounted in a
cold-cured epoxy resin, which consists of an epesyn and a hardener (Epofix resin, HQ
and Epofix hardener, HQ, Struers). The epoxy resid hardener were mixed with the
weight ratio of 8 g epoxy to 1g of hardener. Thexadi epoxy resin and sectioned tooth
were placed into a container (Figure 3-2 (b)). Otlieeepoxy hardened (approximately 20

hours), the specimen underwent an abrasive andmgmaly polishing process using

silicon carbide abrasive papers with successivalgiler particle sizes.

(@) (b)
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(©)
Figure 3-2. Detalls of the specimen preparation process for nanoindextion.
(a) Longitudinally sectioned human molar. (b) Longitudinally sectionechuman molar
embedded in epoxy. (c) Sample after completion of the polishing puaatol.
The initial process was started by using #800gyiton carbide abrasive paper. Thereafter,
#1200, 2400, and 4000 mesh number papers weresuseéssively for both preliminary
polishing and for minimizing scratches on the stef&urther polishing was achieved by
using diamond particle suspensions (Buehler) &, @nd 0.04 um particle diameters with
the corresponding polishing cloth discs. Figure @Rshows the final sample after the

polishing process has been completed. In the ndantation test, the surface roughness is

a significant factor that can influence the elastmdulus and hardness measurement.

Therefore, it was essential to measure the avenaig@ce roughness before conducting the
experiment to insure adequate surface quality ressh lobbtained. The average surface
roughness (Ra) resulting from the preparation waeracterized after polishing using
scanning probe microscopy (SPM) in contact modee Jurface roughness was measured
over a single selected area of 50 x 5C imselected specimens and found to be 0.01 pm =+
0.003um. After completion of polishing, the speems were bonded to a ferro-magnetic
base using a cyanoacrylate adhesive for mountiewp thn the nanoindenter stage (Figure
3-3). The specimens were maintained at room terqpera(22°C) in HBSS until

evaluation and the surface was maintained hydiciedg testing.
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Piezo Scanner____

Top-Down Optical
Camera System

Quasi-Static

Load Transducer

Tooth Specimen

Working Stage

Figure 3-3. The nanoindentation setup and the sample mountexh the x-y stage for
conducting the nanoindentation test. The resin-mounted sample igded for clarity.

3.2.2 Testing Protocols and Apparatus

Indentations were introduced in the prepared enasoefaces using an automated
nanoindenter(Hysitron Triboindenter, Minneapolis, MN) and a idexd Berkovich

diamond indenter with a 50 nm tip radius (Figurg)3-A standard load/unload procedure
was used with a rate of loading and unloading nfN/sec, and a maximum load of 5 mN
held for 5 seconds. At this indentation load therage depth and edge length of the
indentations were approximately 190 nm and 2 pspeetively. Both the elastic modulus
and hardness were evaluated as a function of distaom the DEJ along 6 different paths
and within 3 different regions of each tooth. Inid¢ions were made on the sectioned
polished surface along the buccal and lingual aspefcthe cervical regions (A, F), at the
buccal and lingual cusps (B, E), and within theiotispal region (C, D) as described in
Figure 3-4 (a). All six paths (A through F) werefided as being parallel to the enamel
prism, beginning at the DEJ and continuing to th&eosurface of the tooth (Figure 3-4

(a). Indents were introduced at 9 different etmight sites along each path and four

45



indents were introduced at each site accordingsguare array. The first site was located
20 um from the DEJ, followed by increments of egiaht spacing over the defined path
(Figure 3-4 (b)). The last set of four indents \p&sced within 50 um of the outer surface
of the tooth (Figure 3-4 (b)). Through the aforetrened procedures, 36 indents were
made along each path and a total of over 200 (6X8kd) indents were introduced in the

enamel of each tooth.

| 20 um |
— A A
20 ym
E D ¢ B — A A

F A

Tooth Surface

(a) (b)
Figure 3-4. Schematic diagram of a sectioned tooth and the sixffdrent paths of
evaluation. (a) Evaluation paths A and F (Cervical), B and E (Cusppland C and D
(Inter-Cuspal) were consistent for each of the 14 teetbvaluated. (b) Each path has 9
indentation sites and each indentation site has four indents wit20 um interval.
By virtue of the sectioning process and specimeentation the indentations were
essentially perpendicular to the enamel prism axiowever, as the prisms are rarely
directed entirely straight from the DEJ to the ost@rface, there is potential for small error
(i.e. £10°) in the relative orientation between fhdentation and prism axis. A study
performed by Bralyet al., [2007] reported that the differences in the tedasodulus and

hardness due to different prism orientations iy wenall, and found to be approximately

2%. The distances from the DEJ to the enamel sirifa the cervical (A, B+ 0.5 mm),
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cuspal (B, Ex 2 mm), and inter-cuspal regions (C,~D1.5 mm) were quite different.

Therefore, the incremental distance between thiee8 sanged from less than 100 to over
200 pm apart and depended on the enamel thickn#ga that region. Due to differences
in distance from the DEJ to the tooth’s outer stafavithin the three regions of evaluation,
the spatial property distributions were evaluatedaafunction of absolute distance, and
also as a function of normalized distance from Bf&). The normalized distance was
established by dividing the distance of measurerfrent the DEJ by the total distance
from the DEJ to the enamel surface along that pattvaluation. Normalization enabled
the property distributions to be compared objetyivwer a distance ranging from 0 to 1
along each path of evaluation in each tooth, degifferences in the enamel thickness

within the three unique regions.

The hardness and elastic modulus were computeglvégy indentation using the standard
approach [Oliver and Pharr, 1992]. It is importemtighlight that the modulus reported
here is often regarded as the “reduced” elasticutlusd Based on analytical treatments

performed by Oliver and Pharr [1992], the “redunsatlulus”, Eis defined as

10 avp

Er Es Ej 3-1)

where E and E are the elastic modulus of the specimen and iedemtdvs andv; are the
Poisson’s ratio of the specimen and indenter, aty@dy. The elastic modulus, jEand
the Poisson’s ratioyf) of a diamond indenter are 1141 GPa and 0.07eotisply. The
Poisson’s ratio of enamel is approximately 0.28 {&k& 1980]. If these values are

substituted for the corresponding parameters, Edpecomes
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= 99216 1 h.000872
E.  E ' (3-2)

which indicates that in investigations on enamel

: in or E~E (3-3)

r S
Note that with this approach that the elastic moslig within less than 10% of the reduced
elastic modulus. The “reduced” elastic modulus wiasermined for each indentation

according to

T oox \/K (3-4)

where S is the stiffness and A is the surface arba. stiffness is estimated from the

indentation load (P) and depth (h) response dwiastic recovery according to

s=2C (3-5)

The hardness was determined from the ratio of pipéied load to the indentation surface

area and is defined as
H — max (3'6)
where Riaxis the maximum applied load and A is a surfaca atehe maximum load.

A calibration of the 3- sided Berkovich indentersygerformed prior to testing to obtain

the tip area function on a fused quartz crystaliciwlis suggested as a reference sample.
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Through this process the surface area (A) for tlgentation was estimated directly from

the indentation depth.

3.2.3 Data Analysis

Each indentation provided an indentation force ldisgment response as shown in Figure
3-5. Note that the unloading section was used koulzde the elastic modulus since the
materials undergo elastic recovery during the witgaprocess.

It is important to highlight that the total indetba depth (h) that occurs during the

indentation is described by

h=ht+h, (3-7)
where R is the surface displacement at the periphery @findented area due to the peak

load, and his the contact depth when the indenter is impngsitie surface at peak load.

s E @& G- hagighi A e
4990 -

ﬂ Er (GPa) [8755

4500 Hardness (GPa) 4.55

4000

Confact Stifiness (WN/nm) IW
Mex Force () lm
hex Depth (nrm) 225.9

Contact Area (nm”2) Im

2000 // / Power Law Coefficients

1500 A1

1000 -

3500 /,
3000

2500

/ / Contact Depth (nm) 190.9

Force (UN)
™
~

Area Function
] From Indent File
e U - - , From Tip Area Function Window
14 0 20 40 60 80 100 120 140 160 180 200 227

Disgplacement ()

Cursor Position 507 Upper Fit % j 95 T
Force (IIN) [ 498003 he! Offsel towsrFezs 20 % Optic [ 59 450 i
L Iterations Y Optic E ﬁ@

g 50

Displ t 22558 i
isplacement (nm) | g 2 Unload Point 7 [ e [tooth




Figure 3-5. A typical load/unload history obtained from an indentéion routine on
enamel. The elastic modulus and hardness were calculatedtamnatically by the
software and are evident in the upper right-hand corner of the screen cayre.

These components of displacements are shown sadbahyan Figure 3-6, as well as,h
which is the final displacement after elastic resmmgwvof the deformed material and removal
of the indentation load. Due to the measuremehtadness under the applied load (Eqgn.
3-6), hardness measurements from nanoindentatodiféerent from those performed
using microindentation. Microindentation measurets@h hardness are obtained after the

indent load has been removed, which indicatestitiegtinclude the effects of inelastic

deformation only due to the process of elasticvenp

outface profile after
load remoeal

Initial sutface

Figure 3-6. A schematic drawing of an indenter and surface. The surfagrofile and
final indentation depth are displaced after load is removed [Oliver ad Pharr, 1992].

As such, hardness obtained by nanoindentation aacbimdentation are not expected to
be equivalent, even if measured at the same lopdci@ conditions may result in

agreement between these two methods of testingszsided in Chapter 2.
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Using cumulative results for the teeth in each geip, the average hardness and elastic
modulus of the young and old enamel were determiAdlddata was processed using
commercial software to evaluate trends and to devplots of the spatial variations. The
property distributions were quantified for each ageup as a function of absolute and
normalized distance from the DEJ including all gatas well as separately for the three
specific regions of evaluation (cervical, cuspall &nter-cuspal regions). A comparison of
these distributions was conducted within each agapmand between the two age groups
as well. Significant differences in propertieseaich measurement site were identified
using an ANOVA (p< 0.05) and a comparison of property gradients veaslucted using

a two-sample Wilcoxon test 0.05).

3.3 The Microindentation Test

Microindentation tests were performed to obtaiminfation that could not be determined
from nanoindentation testing. Specifically, the miodentation test permitted an

evaluation of enamel over a far larger range inridentation load.

3.3.1 Specimen Preparation

A total of 20 teeth, including 10 from each age ugro were tested using the
microindentation approach. Ten teeth were usedaforevaluation of indentation size
effects (ISE) and the rest of the remaining 10nteetre tested for evaluating the apparent
fracture toughness and brittleness numbers. To ieeathe indentation size effects on
enamel, selected teeth were sectioned bucco-lilygaradl samples were prepared using the
same procedures outlined in Section 3.2.1. An ei@n of indentation fracture resistance

was conducted on the occlusal surface of the endrmatonduct these measurements, the
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tooth was sectioned bucco-lingually and secondectians were made from initial bucco-
lingual sections to extract beams from beneathctisps as shown in Figure 3-7. The
beams were mounted in the epoxy resin with thergrisriented nominally perpendicular
to the polished surface. Polishing was performedgusrocedures similar to those used for
preparation of specimens for the nanoindentatistste The specimens were polished
using silicon carbide abrasive paper with succesgismaller particle sizes (mesh sizes of
#800, 1200, 2400, and 4000). After that, the spemsnwere further polished using

diamond particle suspensions with the correspondiscs as explained in Section 3.2.1.

beams (side view)

beams (end view)

b

Figure 3-7. Schematic drawing of a sectioned tooth used foréhndentation fracture
toughness (IFT) evaluation using the microindentation approach. Ae cuspal beams
were mounted in cold-cured epoxy such that the occlusal dace faced outward and
the enamel prisms were oriented perpendicular to the testing sface.

In the study of Indentation Fracture Toughness )|Rhere are two primary crack
configurations that may develop as outlined in litezature, namely the radial crack and
the Palmqvist crack configuration. Estimation ofudbness or fracture resistance is
dependent on geometric features of the crack, asdnaes one of the two different

configurations. Therefore, recognizing the craokfiguration that developed in enamel

was required prior to performing an indentatiorctuee toughness evaluation. To identify
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the crack configuration, several indentations wieteoduced ancthe surface was the
polished until 3 um was removed from ioriginal layer as shown iRigure -8. Then the
surface and crack shape were examined. removal of the materieno surface cracks
were evident about thgeriphen of the indentation. Thus, the crack could not havadial
crack configuration because the crack should rer@ident from the indentation corne
Therefore, the amplementary subsurface evaion distinguished that the cra

introduced by indentation in enamel exhibited arRplistcrackconfiguration

2&"“ 5um
(a) (b)

Figure 3-8 Experiment for verifying the crack configuration in ename. (a) an
indentation in enamel (b) the indentation surfaceafter removal of 3um of material
clearly defined the crack in enameas a Palmqvist configuration.

3.3.2 Testing Protocols and Apparatt

Microindentationtesting of the enamel, including both the ISE aR@ tomponents ¢
evaluationwas performed usina semiautomated Leitz Miniload Il Mirohardness Tester
(Ernst Leitz, Wetzlar, Germar with a Vickers diamond indentedote that he specimens
were maintainechydratedwith HBSS solution during testing.h& system is shown

Figure 3-9 (a) ands located in the Cerans Division of the National Institute of Standat
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and Technology in Gaithersburg, MD. The indentatiiagonal length and crack lengths
were measured using a Leitz microscope (Ernst L@fetzlar, Germany) shown in Figure

3-9 (b).

(@ (b)

Figure 3-9. Leitz Il microhardness tester (a) and Leitz Ncroscope (b) for evaluating
the fracture toughness and brittleness numbers.

3.3.2.1 The Indentation Size Effects (ISE) Test

In some materials the hardness is a function ofrttientation load. To determine the load
dependence in hardness of enamel, indentations imteoeluced in 10 teeth specimens at
three different locations, namely at distance naeartban 100um from the DEJ (inner
enamel), midway between the DEJ and occlusal safacddle enamel), and at a distance
no more than 10@m from the occlusal surface (outer enamel) as satieatly shown in

Figure 3-10. Within each region, indents were matdeads of 0.1, 0.25, 0.5, 1.0, 2.0, 3.0
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and 5.0 N. Ten indents were made at each load ieech tooth. The Vicker's hardness
(HV) was estimated from the indent diagonals inoadance with the ASTM standard
C1327 by the indent load divided by the contactaarehe hardness distribution was

plotted in terms of indentation load to identife ttransition point hardness (BV

A, Outer

B, Middle
C, Inne

Figure 3-10. A schematic drawing of the locations examined fdine Indentation Size
Effects (ISE). Indents were introduced in three diffeent regions, namely A, B, and C.

Note that the dashed lines A and C are approximately 100m away from the occlusal
surface and the DEJ, respectively, and the middle line, Giat the midpoint of the
DEJ and occlusal surface.

3.3.2.2 Indentation Fracture Testing

The excised beams of enamel mounted in epoxy weed in evaluating the indentation
fracture resistance or apparent fracture toughr{Bsspp) through measurement of
indentation crack lengths. A total of 5 indentsevemade on the polished surface of each
beam using a 3 N load, which exceeded the crilicatl (2 N) corresponding to the
transition point hardness. The diagonal lengthsamtage crack lengths emanating from
the indentation corners (Figure 3-11) were meastoeceach indentation. Then, the
surface was polished to remove approximately g0 of material and the indentation
process was repeated. Sequential polishing andureraent was continued until reaching

the DEJ. At an indentation load of 3 N the diagdaagith and depth of the indentation are
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approximately 40 um and 5.7 um, respectively. Tioeee there was no residual
indentation damage remaining in the surface aftdisiping that could interfere with the

subsequent indentation response.

(a) Top view

- ¢ e | — | ¢ —»

Indentation

(b) Side view

Figure 3-11. Schematic drawing of a Palmqvist crack configuration found inremel.

An important consideration in estimating the in@oh fracture toughness is the range
between the ratio of crack length (c) to the inddiagonal length (L). The ratio of the
crack length to indent diagonal length, (c/L) wasasured using the result of indents and

it was found that it ranged from 0.183L<1.25. Therefore, considering a Palmqvist crack
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configuration and the range of c/L, the most appat@ equation for estimating the
apparent fracture toughness.@,) of enamel was presented by Niihatal., [1982]. The

apparent fracture toughness@g,) was estimated for each indentation according to

2/5

E 2Py 1
K, = 0.0084 ( ) <T>c17 (3-8)

ch>
where E and Hyare the elastic modulus and the transition poamthess, respectively,
and P, L, and c are the indentation load (kg), ayediagonal length (m) and crack length

(m), respectively.

Due to the anisotropic structure of the enamel ihassociated with the prisms, crack
propagation varies according to the prism orieotatiThis appeared to influence the
characteristics of cracks resulting from the ind&anhs. Also, there were some complex
crack networks that formed in the enamel specinErgaire 3-12). There is no standard
for measuring the crack length in the indentatest or for restricting (or accepting) cracks

that develop.

In this study, many conditions were consideredcguae the most appropriate and/or most
representative crack length measurement for intdenta After preliminary assessments,
there were three criteria considered for measudragk lengths. The first criterion
(Criterion ) restricted measurements to indentetiovith one primary crack from each
corner, the crack orientation angle is within 2@rées from the diagonal length direction
(Figure 3-13), and the ratio of the crack lengtd dragonal length falls within the range
defined by Eqgn. 3-8. Therefore, if the crack lenglid not satisfy the given ratio
constraints (0.12&/L<1.25), the crack was excluded from the evaluation,the indent

and the remaining cracks were included. For exanipan indent has only three primary
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cracks, g, ¢;, and g from each of the three corners (not four crackmfieach of the four
corners), only three cracks were considered. Is thse, the average crack lengthe(c
was calculated by Jg=(citc+c3)/3 and the average diagonal length, 4l was
Lave=(L1tL2)/2. In general, only two cracks per every 10 mde(each indent has four
cracks) were excludedThe second criterion (Criterion 1) involved measgrthe longest
crack from each indent. In this criterion, only loagest crack was selected among all
cracks generated from an indentation. The cra@ntation was still within 20 degrees, but
the ratio of the crack length and diagonal lengéreanot considered. Therefore, it would
be expected that this criterion provides insightam understanding the worst fracture
scenario of human enamel. The third criteriontéCion Ill) included the consideration of
all cracks regardless of orientation and lengtshasvn in Figure 3-13 and included them
in the estimate of fracture resistance. In all ¢mak, including each of the three criteria,
the crack length (c) was measured from the tignefihdentation diagonal to the end of the
crack tip (Figure 3-11). As explained previoustydentations were introduced from the
outer surface of the enamel to the DEJ in ordeexamine the indentation fracture
toughness spatial distribution. After the completad all indentation tests, the indentation
fracture toughness was estimated and compareddiegdo the three criteria described.
However, Criterion Ill was eliminated due to diffity in measuring cracks uniformly
since some cracks were interwoven with each otleer to the enamel’'s structure as
evident in Figure 3-12. Measuring crack lengthsoating to Criterion Il was highly
influenced by the different testers; the final &rdengths were significantly different
among those who measured them. Therefore, Critéiievas not carried out through the
entire investigation since it was impossible toagbf consistent and completely objective

evaluation.
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Figure 3-12. A typical example of crack propagation that caused ionsistency when
following Criterion Ill. Consistency in the measurement ofcrack lengths by different
testers was not achieved. As a result, the measured crdekgths varied, depending
on who measured them.

|A C L|
< 1 »
| | Ll /ZCO
L,
L— Cs 4,‘

45
KN

C

Figure 3-13. A schematic diagram of potential cracks in enameNote the crack
lengths g and ¢ were excluded in Criterion |, since they do not conformd the given
ratio constraints (0.125%c/L<1.25) even though their crack orientation angles are less
than 20° from the diagonal length (dotted line). On the other hand, irCriterion Il ¢ 1
was selected. All cracks (¢ ¢ and @) were measured in Criterion 1ll regardless of
their angle and the ratio of the

crack length to the diagonal length.
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It is important to emphasize that quantities coragutsing Egn. 3-8 are regarded herein as
the “apparent” fracture toughness in recognitiorcoficerns raised in using indentation
tests to estimate the fracture toughness of métd@uinn and Bradt, 2007]. Specifically,
the indentation fracture resistance is not a dimeeasure of the fracture toughness. There
are a number of concerns related to the crack gegnike apparent mode of extension
and nonuniformity in cracks extending from the imi@d&ion corners as described earlier.
However, indentation tests are used for estimatireg fracture toughness of materials,
particularly when the volume of material availalgeecludes the use of standardized
methods of evaluation. In light of these concerthe results are often termed the
indentation fracture resistance (IFR) rather thacttire toughness and as such the values

reported herein are termed the “apparent fractugtiness”.

3.3.3 Brittleness of the Enamel and Dental Materia

The brittleness (B) of the enamel was estimatedeirms of the brittleness number

according to

8= (Sr) @9)

where H is the “transition point hardness” or constantdhass of the material and E and
K. are the elastic modulus and apparent fracturenteess, respectively [Quinn and Quinn,
1997]. Note that the elastic modulus and harduakeges used in Eqn. 3-9 were measured

using either conventional methods or nanoindemtatsting.

In addition, brittleness numbers for selected masice dental materials (mainly crown

materials), including Micaceous Glass Ceramicsds$ggthic Porcelains and Dissimilars,
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were also estimated according to Eqn. 3-9. The grtigs were not all evaluated using
indentation techniques in the interest of time.uéalwere obtained from the literature. The
brittleness of these materials provided valuabferiation for comparison and clinical

relevance.

3.3.4 Data Analysis

After measuring the primary mechanical propertesHV. and Kapp) Of the enamel, the

brittleness of the enamel was estimated accoraiiggh. 3-9 within the inner, middle, and
outer enamel and as a function of distance fromDie&. Comparisons of the mechanical
properties were conducted using a t-test or anysisabf variance where appropriate.

Significance was defined as p.05.
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Chapter 4

Results

Micro and nano indentation experiments were peréointo evaluate the mechanical
properties of human tooth enamel as a functioratiept age and location in the crown of
the tooth. The mechanical properties that were fiftexh include the elastic modulus,

hardness, fracture toughness and brittleness nsmber

4.1 Nanoindentation Results

The nanoindentation tests were conducted to ealhat elastic modulus and hardness of
enamel. For a maximum load of 5 mN, the averagentadion depth and edge length were
approximately 190 nm and 2 um, respectively. Figl#e shows a typical indentation in
the enamel. It was found that the indentation svzeged with testing location, particularly
when comparing indentations made in the inner (DEWIdle, and outer surface of the

enamel; the overall indentation size in the outamneel was smaller than that near the DEJ.
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6um

Figure 4-1. A typical Berkovich indentation in enamel by nanoindentationdsting.

The indentation depth and edge length is approximately 190 nm an@ pm,
respectively.

The elastic modulus and hardness were measuredtiinad vs. load-line displacement
history as shown in Figure 4-3pecifically, as described in Chapter 3 the harslwess
determined from the maximum load and the surfaea af the indent at the maximum
load, whereas the elastic modulus was determined they unloading history.
Conventionally, a restricted portion between 20% 85% of the unloading curve is used
to determine the slope. According to an assesswmwieatl indentations performed, the
average elastic modulus of enamel from the youmigadoh molars was 84.4 + 4.4 GPa and
91.1 + 6.5 GPa, respectively. The average hardokessamel from the young and old
molars was 4.0 £ 0.3 GPa and 4.0 £ 0.5 GPa, raspbct The elastic modulus and
hardness measurements of all tested specimensst@ in Appendix A. Overall, there
was no significant difference (p>0.05) between dkierage properties determined for the

young and old age groups.
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Figure 4-2. Load-indentation depth curve for the enamel fronthe nanoindentation
test. Note that the unloading section was used to estimateetelastic modulus, and
hardness was measured based on the maximum load [Oliver and Pharr, 1992].

Figure 4-3 (a) and (b) present the elastic modahdghardness of the cervical, cuspal and
inter-cuspal regions of the young and old enamédims of the normalized distance from
the DEJ, respectively. The average elastic modautashardness of enamel within each of
the three regions (i.e. cervical, cuspal and iotespal regions) were not significantly
different within or between the two age groups. Mbmthe elastic modulus and hardness
from the DEJ to the outer surface in the thredrdistegions exhibited a very similar trend
that was independent of age. However, in bothytheng and old age groups there was a
distinct influence of distance from the DEJ inthllee regions (Figure 4-3). Note that the
larger variation in properties of the young enanmedr the outer surface in comparison to
that of the old enamel. Also, note that the sligdttuction in the average elastic modulus
and hardness of the young enamel near the oufaceuBoth properties of the old enamel

increased uniformly throughout the enamel thickness
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Figure 4-3. The elastic modulus and hardness of the threegions (i.e. cervical, cuspal
and inter-cuspal regions) of the young and old age groups. Note théitese properties
were evaluated in terms of the normalized distance from thé®EJ to the occlusal

surface of the enamel.
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The elastic modulus distributions in the ename gfoung (22-year-old female) and old
molar (57-year-old male) are presented in termt®fabsolute and normalized distance in
Figure 4-4. Specifically, the elastic modulus rilisttions for the selected teeth are shown
in terms of the absolute distance in Figures 4}4u(@ (b), respectively, and in terms of the
normalized distance from the DEJ in Figure 4-4af@) (d), respectively. In general, there
was an increase in the elastic modulus along atindit paths (A-F), and for all teeth,
regardless of age. However, the increase of #&ielmodulus with absolute distance in
the old molars appeared linear in all regions efekaluation (Fig. 4-4 (b)) in comparison
to the largely non-linear distributions for the yguenamel. Within the cervical, cuspal
and inter-cuspal regions of the old enamel, theease in elastic modulus with absolute
distance from the DEJ was 15, 9 and 10 GPa/mmec#sply. The increase within the
cervical region of the old enamel was relativelgéa than that within the cuspal and inter-
cuspal regions, but the differences were not sicamt (p = 0.273). Similar to the elastic
modulus distributions presented in Figure 4-4, ¢hange in hardness with the distance
from the DEJ is shown for the selected teeth (2#-péd female and 57 year-old male) in
Figure 4-5. Specifically, the variation in hardnegth absolute distance from the DEJ is
shown for a young and old molar in Figure 4-5 (&) 4-5 (b), respectively. The hardness
is presented for these two molars in terms of tivenalized distance in Figure 4-5 (c) and

4-5 (d), respectively.
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Figure 4-4. The spatial distribution of the elastic moduls for enamel from selected
young (22-year-old female) and old (57-year-old male) molars. Theraular, square,

and diamond points correspond to properties within the cengal, cuspal and inter-
cuspal region, respectively.
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Figure 4-5. The spatial distribution of the hardness for mamel from selected young
(22 year old female) and old (57 year old male) molars. The cirar square, and
diamond points correspond to properties within the cervicalcuspal, and inter-cuspal
regions, respectively.

Analogous to the trends in the elastic modulugetinas generally an increase in hardness
with the distance from the DEJ for all paths (A-Bpnd for all examined teeth. The

increases in the old enamel were largest and pifirizearly distributed in comparison to

those of the young enamel, which appeared to exhim-linear trends with distance.
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Within the cervical, cuspal and inter-cuspal regia@i the old enamel, the increase in
hardness with absolute distance from the DEJ wpsoapmnately 1.0, 0.7 and 0.7 GPa/mm,
respectively. The differences in property gradiemithin these regions were very distinct

as shown in Figure 4-5, but not significant (p 693).

As evident in Figures 4-4 (c), (d) and 4-5 (c), (tie properties of enamel within each of
the three regions of evaluation exhibited constsspatial distributions when represented
in terms of normalized distance from the DEJ. Ttoeee the properties obtained within
each of the six unique paths of evaluation werelined for all teeth in each age group to
obtain a cumulative description for the properi@ssa function of normalized distance
from the DEJ. The combined elastic modulus andress distributions for the young and
old enamel are shown with respect to normalizethdce in Figure 4-6 (a) and 4-6 (b),
respectively. The property distributions representethis figure are based on the results
of all seven teeth for each age group. AccordindnécANOVA, the elastic modulus of the
old enamel was significantly greater (0.080420.025) than that of the young enamel from
nearly mid-span to the occlusal surface; the lefalignificance increased with proximity
to the tooth’s surface. It was found that the ahdreel is significantly harder than the
young enamel at the tooth’s surface only (p<0.025)ower analysis was conducted with
the elastic modulus and hardness data using médamed for the young and old groups
at each of the nine positions. When examining tastie modulus, sufficient powerXp.8)
existed for identifying significant differences all nine positions of evaluation. For
hardness, the difference in means relative to énebility showed that there was sufficient
power to avoid type Il errors at the tooth’s suefanly. As evident in Figure 4-6, the level
of significance appeared to be limited by variatiomproperties of the young enamel. The

magnitude of property variation decreased towdndstooth’s surface in the old enamel,
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whereas the property variations increased with iprity to the tooth’s surface in young

enamel.
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Figure 4-6. Elastic modulus and hardness distributions of enamel for lakeeth from

the two age groups. *The highlighted area indicates a region of significant d#fence
with level identified by the p-value.
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4.2 Indentation Size Effects (ISE)

There were two components of microindentation negstirhe first phase of testing was
conducted to examine whether the hardness of enari#bits indentation size effects
(ISE). The second component of microindentation wasd to estimate the apparent
fracture toughness. Vickers hardness tests weferperd on the inner, middle and outer
enamel as described in Chapter 3. The hardnesmettaithin these three regions for a
selected young molar are plotted in terms of thdemtation load in Figure 4-7 (a).
Consistent with results of nanoindentation testihg,hardness increased from the inner to
the middle enamel, and the largest hardness waml fatithe occlusal surface. However,
the effect of indentation load was far greater.er€hwas a 50% reduction in the hardness
from loads of 0.1 to 5 N (Figure 4-7). Each of theee regions exhibited a prominent
indentation size effect and a transition in hardngsa constant value (HVthat was
essentially load independent beyond an indentatmed of approximately 2 N.
Microcracks and flaws were evident along the indeom periphery for loads between
0.25 and 2 N, whereas fully formed cracks were ldpesl at the indentation corners at
loads greater than 2 N. While difficult to estimabjectively, the degree of microcracking
appeared to be most extensive in the occlusal megfiboth age groups, and particularly in
the old enamel. The indentation damage findings @rerlayed with the measured
hardness in Figure 4-7 (a) and convey that thectemfuin hardness is associated with the
development of microcracking. The transition pohmrdness was accompanied by
peripheral cracks concentrated at the indentatayners. Though the HVof the inner,
middle and outer regions was significantly diffarép<0.01), there was no significant
difference in the values from corresponding regibasveen the young and old enamel.

Regardless of age, the inner and outer enamel ggExbéhe smallest and largest transition
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point hardness, respectively (Fig. 4-7 (a)).
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Figure 4-7. Indentation size effect diagrams for enamel and selected crown material.
a) human enamel (patient age = 23). The highlighted region indites the load range
in which microcracks (light grey) were evident at the identation periphery and well-
defined cracks (grey) were evident at the indentation corms. b) porcelain veneer on
an alumina foundation. The highlighted region indicates thedad range in which
well-defined cracks were evident at the indentation corns. There was no evidence
of microcracking at smaller loads.

The hardness distribution with indentation loads #o fined grained incisal Leucite
porcelain veneer is plotted in Figure 4-7 (b). Timaterial also exhibited indentation size
effects with higher hardness at low loads and itianshardness (HY beyond a load of
approximately 3 N. An overlay of the damage analysvealed that the transition point
hardness is associated with the development ofkgrat the indentation corners. In
contrast to the enamel, microcracking was not ofeskat lower loads. While the trend in
hardness for the porcelain veneer is very simdahat of the enamel in overall behavior

(Figure 4-7), the physical response of the enamppkared to be more sensitive to loads

than the porcelain veneer. Specifically, the enamdlibited three unique aspects of
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indentation load response, including inelastic dufdgion (between 0 and 0.2 N), inelastic
deformation and microcracking (between 0.2 and ,2aNdl fully developed cracks beyond
loads of 2 N. On the other hand, the porcelaireeeexhibited only two different aspects;
namely inelastic deformation for loads between 0.®N and fully developed cracks for

loads beyond 0.5 N.

4.3 Indentation Fracture Resistance

The indentation fracture resistance or “apparesttire toughness” was also evaluated
using microindentation testing. Results of the mdBon size effects (ISE) analysis
showed that a load beyond 2 N should be usedtiatsivell-developed cracks. Therefore,
a load of 3 N was chosen for the evaluation of ténac resistance. Examples of
indentations with cracks in different locationsn@n and outer) of the young and old
enamel are shown in Figure 4-8. Indentations mudtlen the young and old enamel near
the DEJ are presented in Figure 4-8 (a) and 4-8r@ispectively, and indentations made
within the young and old enamel near the occlusdbse are presented in Figure 4-8 (c)
and 4-8 (d), respectively. The indentation sizesendifferent in the three regions (i.e.
inner, middle and outer enamel), as expected amprid the indentation size effects
evaluation. The indentations in the inner regiomenelatively larger than the other two
regions, but not significantly different and apgehto be influenced by the degree of
cracking. The longest cracks resulting at the itateon diagonals were found in the outer
region of both the young and old enamel. In thesinregion, the crack lengths were
smaller and in some indentations, only microcradkseloped about the indentations

rather than well-defined cracks as shown in Figuige
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(a) young enamelDEJ region ' (b) o)Id enameDEJ region

K

(c) young enamelpcclusal region r (d) old enamelocclusal regior

Figure 4-8.Typical indentations and the development of crackat the indentation
corners in the young and old ename

Based on the aforementioned mechanical propertidd\) and estimated crack lengtl
the indentation fracture toughness of the youngadeénamel were estimated accord
to Eqn 38 within the inner, middle, and outer enamel anthwéspect to distance from t
DEJ to the outer surface of the enanTo achieve a more continuous and deta
description oindentation fracture toughneover the enamel thickness, the hardr
measurementsbtained from microindentaticat the three distinct locatiowere replaced
by the spatial hardness distribution irspal regions of the enamel obtainesing

nanoindentation (Figure-10).



Figure 4-9. An indentation in the DEJ region (68 yee-old male). S me indentations in
the DEJ region generatedonly microcracks and flaws rather than primary cracks

that were normally found in the middle and outer regions. Note that the microcracks

developed about the entire indentatiorperiphery.

Nanoindenation and microindentatimeasuresof hardness are not exactly the sa
Technically, hardness obtained frcnanoindenation idetermined by the indentation lo
divided by thecontact area undt¢he appliedoad, thereby accounting for both elastic
inelastic deformationOn the other hand, hardness obtained fromeroindentation i
defined bythe indentatio load divided by the contact areaeafload removal, whic

accouns for inelastic deformation only due to elastic onegry after unloading.
Nanoindentation and microindentation hardness measnts would tend to exhikthe

closest agreement whanlarce degree of the elastioergy is dissipated by fracture, whi
occurs in the measurement HV., especially if the material is brittleThe enamel is

regarded as é&rittle materialbased on its high mineral content. A comparisorthel

hardness betweenicroindentation and nanoindentation tesis presented iTable 4-1.
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Figure 4-10. Property distributions of the young cuspal enametletermined using
nanoindentation. The normalized distance ranges from 0 (at éhDEJ) to 1 (at the
occlusal surface).

The spatial trends in hardness are the same fawthapproaches. It was found that within
the three specific regions the hardness obtainech fnanoindentation and the HV

obtained using Vickers indentations are within agpnately 15% of each other; the
average difference is 9%.

Table 4-1. Comparison of hardness from microindentation and nanoindeation.

Note HV. and Hhanoare Vickers hardness and nanoindentation hardness, respectively.
% diff was calculated by % diff= |HV ¢- Hnano|*100/Hnano.

Young Old
Inner Middle Outer Inner Middle Outer
HV. (Gpa) 3.28 3.58 4.08 3.12 3.40 4.01
Hnano (Gpa) 3.51 3.80 4.38 3.41 3.83 4.74
% Diff 6.5 5.8 6.8 8.5 11.2 154

Therefore, after replacing the transition pointdmass (HV) with the hardness distribution
obtained from nanoindentation, the apparent fractoughness of the young and old
enamel was estimated as a function of distance fhenDEJ. The distributions in

apparent fracture toughness of the young and @acdhehare plotted in terms of normalized
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distance from the DEJ in Figures 4-11 (a) andrésgpectively.
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Figure 4-11. The apparent fracture toughness distribution ofthe young and old
enamel obtained from indentation fracture resistance testing (Crérion 1).
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There was no distinct trend incfp) Of the young enamel with distance from the DEJ
(Figure 4-11(a)); the averagesdp) of the young enamel was 0.83 +0.09 MP&3min
contrast, there was a decrease in the averagg)éf the old enamel from the DEJ (0.88
MPaenf) to the occlusal surface (0.67 MP&nas evident in Figure 4-11(b). The
difference in Kapp) between the two age groups was significant abtetusal surface (p<

0.001), but not within the inner or middle regions.
As mentioned in Chapter 3, three different criteviere considered when measuring crack

lengths. For the purpose of comparison, the app#&@cture toughness of the enamel was

also calculated choosing the longest crack ler@therion Il) as shown in Figure 4-12.
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Figure 4-12. The apparent fracture toughness distribution ofthe young and old
enamel obtained from the longest crack extension (Criterion II).

As expected, the apparent fracture toughness vahtaged using Criterion Il were lower

than those from Criterion |; the averageals) of the young and old enamel was 0.74
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+0.072 MPasfi® and 0.65 +0.08 MPash, respectively. Although these results were
lower than those obtained from Criterion I, theralldrends of both age groups were very

similar and there were no significant differenaesasults obtained using the two measures.

4.4 Brittleness

The brittleness of the enamel was estimated acogrth Eqgn. 3-9 using the elastic
modulus and hardness from nanoindentation testigtiae apparent fracture toughness
estimated using results from the indentation fractesistance test. Results are presented
in Figure 4-13. There is an increase in the bn#ts from the DEJ towards the occlusal

surface, irrespective of patient age.
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Figure 4-13. Brittleness distribution for the young and old enamel wit respect to the
distance from the DEJ to the occlusal surface.
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Nevertheless, the average brittleness of the odanehis over 100% greater than that of
the young enamel at the occlusal surface. Using lilaedness estimated from
nanoindentation testing, the average brittlenesbeoffoung and old enamel at the occlusal
surface was 407 and 1058 jimespectively. The average brittleness of theeolamel is
nearly three times higher than that of the youngnesi, and the values are significantly
different (p<0.005). If hardness values obtained using microitateon testing are
employed, the average brittleness of the youngdddenamel at the same region were
estimated as 393 and 897 fimespectively. Average values for the brittlenessnamel
within the three regions of evaluation (i.e. inmaiddle and outer surface of the enamel)
are presented in Table 4-2. Note that the bredsmumbers for enamel are presented for
estimates using both microindentation and nanoitadiem. Results for the same
mechanical properties of the selected dental nadderincluding the micaceous glass
ceramics, feldspathic porcelains and dissimilarligted in this table as well. Brittleness
numbers of the dental materials were computed usiage properties published in the
dental literature. In general, the brittlenessha&f tental materials was lower than that of
the young and old enamel, except for the Leucitgfess, Finesse and the glass-infused
alumina as evident in the table. The feldspatbicglains exhibited the largest brittleness
among the dental materials with values ranging femproximately 200 to 400m™. Yet,

its brittleness is still less than half the britiéss numbers estimated for the outer surface
region of the old enamel. According to the britdss index, it was found that enamel is the
most brittle material of those studied and the aigp in brittleness between the enamel

and restorative materials increases with patieat ag
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Table 4-2. Mechanical properties of the enamel and selected restoragimaterials

obtained from the indentation analyses. Values presented represehetmean. Noté
from Quinn et al, [2003],? values for the enamel were obtained using indentation and

represent apparent toughness (Kapp), and™, " are brittleness numbers measured
using hardness values from microindentation and nanoindentation téag,

respectively.
Material HV . (GPa) | E(GPa) [ K (MPa*m°%5P B (um™)
Human Enamel (young)
Inner 3.1 75 0.88 305™, 335"
Middle 3.5 82 0.88 375™, 416"
Outer 4.1 87 0.95 393™, 407"
Human Enamel (old)
Inner 3.0 79 0.88 313™, 348"
Middle 3.4 90 0.73 582™M, 647"
Outer 4.0 100 0.67 897™, 1056"
Micaceous Glass Ceramics 2
Fine (d=1.1 um) 4.2 71 1.04 271
Medium-fine (d=1.8 pm) 3.6 70 1.18 180
Medium (d=3.7 pm) 3.4 68 1.31 135
Coarse (d=10 pm) 2.7 50 1.65 49
Cmacor glass (d=15 pm) 1.8 64 1.50 51
Feldspathic Porcelains 2
Leucite Body 5.6 67 1.14 288
Leucite Incisal 5.3 65 1.26 216
Leucite Finesse 5.6 70 0.99 402
Leucite Empress 5.6 67 1.03 353
Nepheline syenite 6.3 70 1.19 310
Dissimilars
Zirconia 13.9 210 4.90 122
Glass-infused alumina 11.7 250 3.10 304
Glass-ceramic 5.5 104 2.80 73
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Chapter 5

Discussion

The elastic modulus and hardness of the young Ehédrmamel were quantified using the
nanoindentation method as a function of distanom fthe dentin-enamel junction (DEJ)
and within three different regions of the crowe (icervical, cuspal, and inter-cuspal).
Furthermore, the apparent fracture toughness aititeibess of the enamel in both age
groups were investigated with respect to the degdnom the DEJ using measurements
obtained from both microindentation and nanoind#ra Results from this study showed
that both location and patient age are importathéomechanical behavior of enamel and

should be considered in future evaluations of tkeelmanical behavior of this hard tissue.
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5.1 Elastic Modulus and Hardness

The average elastic modulus of the young and olimeh obtained from results of
nanoindentation were found to be 84.4 + 4.4 GPa $hd * 6.5 GPa, respectively.
Similarly, the average hardness of these two agepgrwas 4.0 + 0.3 GPa and 4.0 £ 0.5
GPa, respectively. Results obtained from thisystdhibited good agreement with results
of previous studies (Table 2-2 and 2-3), althougisinprevious studies did not specify the
patient age. Also consistent with earlier investayes, both properties increased with
distance from the DEJ. Cuy al., [2002] analyzed the mechanical properties of d&mum
enamel using nanoindentation mapping. Their reslibwed that the elastic modulus and
hardness of the enamel were dependent on disteoroetie DEJ. Near the DEJ the elastic
modulus and hardness were reported to be appradyné&d GPa and 3 GPa, respectively,
whereas at the occlusal surface they were approgiyndl5 GPa and 6 GPa, respectively.
They reported that these variations are attributedthe changes in chemistry and
microstructure and concluded that the chemical amitipn is the most critical factor that

influences the mechanical properties of human ehame

Spatial variations in the mechanical propertiesramel could be attributed to a number of
factors, the most likely of which are the potentitifferences in crystallography and
chemical composition. The hydroxyapatite crystdl®uter enamel are considered more
densely packed and tightly arranged than thosemiitie inner enamel [Shoetal., 1995].
Also, enamel exhibits tubules near the DEJ, whiduld reduce the effective volume
fraction of mineralized tissue in this region amghiribute to the comparatively lower
hardness and elastic modulus [Ichgiaal., 1993]. Yet, the largest contributions to spatia

variations in properties are expected to be thenate composition and corresponding
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level of mineralization. There is a natural redctin the interprismatic organic matrix
with maturation and that physical space is replas#ti mineral. Indeed, the elastic
modulus and hardness of the young and old enamdhetocclusal surface were
significantly different; for the old enamel the aage elastic modulus and hardness at the
occlusal surface were greater than 100 and 4.7 @Bpectively. For the young enamel
they were approximately 85 and 4.3 GPa, respegtiVeis believed that this difference
may be related to the influence of fluoride and dieselopment of fluorapatites. Lester
and Boyde [1986] investigated the influence of fide on human teeth and concluded that
prolonged exposure to fluoride in the oral enviremmresults in a gradual increase in
mineral content, particularly near the tooth’s aoef. As such, the increase in hardness
and elastic modulus of the old enamel with distafioen the DEJ is expected to be
attributed to a higher mineral content near théhfesurface and is the result of more than

one mechanism.

While there was no significant difference in theei@ge properties between the two age
groups, there were significant differences betwtbenproperties of young and old enamel
near the tooth’s surface as evident in Figure M prior study has identified differences
in the properties of enamel related to patient a@ensidering all three regions of
evaluation (cervical, cuspal and inter-cuspal negjdhe elastic modulus and hardness of
the old enamel were 16% and 12% greater than thageerties for young enamel at the
tooth’s surface. Surprisingly, the increase inséheproperties with age was also
accompanied by a reduction in property variatiome Toefficient of variation (COV) for
the elastic modulus and hardness measurementdhanen sas a function of normalized
distance from the DEJ in Figure 5-1. Mechanicalpprties of the old enamel exhibited

the lowest COV in all regions of evaluation. Furthere, the COV for properties of the
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old enamel was lowest near the tooth’s surfaceredsein young enamel the variation was

highest at the tooth’s surface.

One of the most interesting aspects of propertiatians with normalized distance (Figure
5-1) is the comparatively higher variation midwastieen the DEJ and tooth surface (i.e.
normalized distance is approximately 0.5) in thangpenamel. This trend has never been
reported before, is most distinct in the elastiadoios (Figure 5-1 (a)), and could result
from the competing influences of two transport psses. Diffusion of mineral ions
within enamel that originate from saliva undoubyedécreases with increasing distance
from the tooth’s surface. Consequently, minerainges would be expected to occur less
rapidly within the inner enamel. However, theralso another potential route for diffusion
from the tooth’s interior through the dentin tulsilBue to the positive pulpal pressure and
additional driving force posed by the oral pH, thés potential for diffusion of mineral
ions from dentin to enamel, especially in youngdhed.ynch and Ten Cate [2006] recently
found that remineralization of enamel lesions wesekerated by diffusion of dissolved
dentin mineral, and that the process was larggbgéent on the relative distance between
the enamel and dentin. Therefore, the differencen@mel thickness within the cervical,
cuspal and inter-cuspal regions changes the relatontribution of the two modes of
diffusion, and their potential for causing an irage in mineralization. Longer paths
within the cuspal (B-E) regions would be less kk&d exhibit uniform property changes
with distance than shorter paths within the cetviegion (A, F). Therefore, the largest
variation in properties for the three regions o#laation would be expected to appear
midway between the DEJ and the tooth’s surface, shrwdild be most  evident when
examined in terms of the normalized distance agtiitkdd in Figure 5-1. In the old enamel,

the smallest property variations were evident atttdoth’s surface. If the increase in the
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elastic modulus and hardness of enamel result fiohigher mineral content, then the

combination of lower variation and significantlygher values in these properties at the
tooth’s surface suggests that the level of minea#ibn reaches a point of saturation after a
specific age. Also of interest, according to thasistency in properties within the cervical,
cuspal and inter-cuspal regions, the saturatioeaspto occur uniformly across the entire

crown of the tooth.
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Figure 5-1. Coefficient of variation for the mechanical propeties (elastic modulus
and hardness) as a function of normalized distance from the DEJ.

It is expected that the increase in elastic modaht hardness with age is at least partly
associated with a reduction in the extent of irrisrpatic organic matrix. Previous studies
have highlighted importance of the proteinaceoudrimm@n energy absorption, crack
extension and the fracture toughness of this tisétgea matter of fact, Whitet al. [2003]
postulated that the larger fracture toughness afmahin comparison to hydroxyapatite is
associated with the uniqgue mechanisms of toughesiadpled by the organic matrix. If

the increase in hardness and elastic modulus sefdin a reduction in the volume
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concentration of the organic matrix, then there Mdoe an expected decrease in the

fracture toughness of enamel with age, as well.

5.2 Indentation Size Effect

Similar to other brittle materials, the enamel éxied indentation size effects. Figure 5-2
presents the average Vickers hardness of the yanth@ld enamel as a function of applied
loads. A comparison of these two distributionsvghthat the Vickers hardness of both the
young and old enamel is dependent on the indentbdad and becomes constant beyond a
specific magnitude of load. Contrary to resultstioé elastic modulus and hardness
between the two age groups, there was no signifidifierence found in the indentation
size effects. In both groups, the indents made l#ls of less than 0.5 N or less (i.e. 0.1,
0.25 and 0.5 N) were associated with inelastic meftion, whereas indents made with
loads of 0.5 N and greater underwent a combinaifanelastic deformation and fracture
through microcracks and well-defined cracks thatettgped along the periphery. Loads
larger than 2 N were mostly associated with thestiggment of well-defined cracks at the
indentation corners as shown in Figure 4-8. lItriportant to highlight that the degree of
microcracking and/or well-defined cracks was lamatdependent. Microcracking was
more extensive near the DEJ (Figure 4-9) in thenehdrom both age groups, but the
development of well-defined cracks was most extensn the outer enamel and
particularly in the old enamel. It is believedtthidas behavior was the result of the organic
sheath surrounding the prisms and the increasesgemic proteins near the DEJ. The
reduction in hardness of enamel with increasing ldiatinguishes that there is a change in
the mechanistic response to concentrated contadsloOverall, these results emphasize

that human enamel does not exhibit a single hasd(fes loads less than 2 N) and that
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reported measurements in this study can reflecttribotions from two different

components of material behavior.
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Figure 5-2. Indentation size effects for young and old enamelh&se results represent
the average of all the Vickers hardness values for each age group.
Specifically, at indentation loads less than 0.5tlé, measurement reflects the enamel’s
ability to resist permanent deformation in the sieal sense (i.e. through quasi-ductile
dissipative mechanisms). Hardness measurementsicied between the aforementioned
load range (0.5 N < P < 2 N) are influenced by mlmnation of dissipative processes,
namely comprising deformation and fracture. At ima¢ion loads equal to 2 N and larger,
hardness measurements largely represent the #sseStance to indentation damage
through the development of new surface area (iitlebfracture). Despite the significance
of this finding, only a single investigation [Cdllgt al., 1992] has addressed the potential
for load dependence in the tissue’s responsehdnstudy all samples, including sound,
demineralized human enamel and bovine enamel shdhedoad dependency in the

hardness measurements. It was found that the Khaamess number (KHN) decreased
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with an increase in the applied load. Apart frdmttinvestigation, no prior study has
distinguished the indentation size effects in erlaane the mechanistic contributions to
the mechanical behavior of this tissue. The literatis full of experimental studies that
have evaluated the hardness of enamel after blegaealnid whitening treatments. However,
they rarely considered the load dependence in raht@sponse in their comparison of
results with studies that used a difference indemtdoad. Results from the present study
indicate that values of hardness obtained at @iffeloads cannot be compared objectively,
and that the measured hardness may not represeasplect of material behavior that is of

primary interest.

5.3 Indentation Fracture Toughness (IFT)

Earlier investigations have reported the fractuoeighness of enamel and most
investigations adopted the indentation method afluation due to the limited testing
volume. According to complications associated wliis method [Quinn and Bradt, 2007],
it is considered more appropriate to call it ‘Inthtion Fracture Resistance’, rather than
fracture toughness. It is described here as thpdi@nt” fracture toughness in recognition
of the concerns and contributions of earlier stsidigesults for Kapp for the young enamel
(Table 4-2) are within 20% of that reported by &wal., [1998] and Caputet al., [1981].
However, the closest agreement is obtained withrékalts presented by Marshailal.,
[2000]. That group conducted the indentation frextoughness test with applied loads of
6 and 8 N, which are at least twice the load useithe present study, but are obtained at
loads which provide constant hardness (Figure 5FBe estimated fracture toughness
reported in their investigation ranges betweent®.6.9 MPa*nY?, whereas in the present

study this value ranges from 0.67 to 0.88 MPY*for the old enamel, and 0.88 to 0.95
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MPa*m? for the young enamel. The consistency in the apydracture toughness with
these earlier studies provides confidence in thihateof measurement.

The apparent fracture toughness reported byetxal., [1998] and Caputet al., [1981]
were lower than those determined in the presedystCaputcet al., [1981] found that the
apparent fracture toughness of enamel was dependediie tooth type, prism orientation
and the specific location evaluated. Again, déferes in Kapp) between reported studies
are not unexpected due to the experimental diffesiland limitations of the indentation
fracture test. Quinn and Bradt [2007] addressedpifimary drawbacks of the Vickers
indentation fracture toughness test (IFT) and eaied that the processes of crack
initiation and extension are not technically the mea as that in the
standardized/conventional fracture toughness testiso, there was some ambiguity in
these earlier investigations as to whether thedhiced crack in enamel had a Palmqvist or
radial crack configuration. For example, Xual., [1998] and Marshalét al., [2000]
assumed that the cracks in their investigations énaadial crack configuration, whereas
Caputoet al., [1981] and the present study treated it as enéabt configuration. That
configuration was validated in Chapter 3. Assundifterent crack configurations (either
Palmgvist or median/radial) results in having to@ddifferent equations to calculate the
fracture toughness, and this discrepancy in adgmim appropriate equation may cause
differences in the measurement of apparent fractwghness. Note, however, that despite
using equivalent applied load, temperature, indemtaduration time and sample
preparation in the present study, the results ftoentwo age groups were significantly
different. The distinct difference in the estimatedghness indicates that the indentation
fracture resistance test provided an objectiveuatain, and served as a useful method to
distinguish differences in fracture resistance thatre attributed to the independent

variables.
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It is believed that the present study is the firgestigation to distinguish that the apparent
fracture toughness of the enamel becomes lower iwdteasing distance from the DEJ.
Also, the apparent fracture toughness of the tveogrgups was significantly different near
the occlusal surface; the average values of thega@nd old enamel near the occlusal
surface were 0.96 MPa*#f and 0.64 MPa*t¥, respectively. In fact, the outer surface of
the old enamel has the lowest apparent fractughtuess among the materials evaluated in
this investigation (Table 4-2). The distributiam Kc(app) at the tooth’s surface over the

entire age range evaluated is shown in Figure 5-3.
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Figure 5-3. Apparent fracture toughness for the young and old ramel near the
occlusal surface (outer region). Note that the young and old paht ranges from 18 to

25 years old and from 50 to 78 years old, respectively.

Interestingly, there appears to be a continuousedse in the apparent toughness with

increasing age. Using a linear estimation for tlezrelase, there is a reduction of

approximately 0.1 MPa*if every 10 years. Due to the longer period of expoof
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anterior teeth in comparison t& 3nolars, they may undergo an even greater deciease

toughness over the lifespan of an individual.

5.4 Birittleness

As described in Chapter 2, conventional properiresuding the elastic modulus, hardness
and fracture toughness, provide valuable measwescHaracterizing the mechanical
behavior of a material. Yet, these mechanical @igs are insufficient in accurately
delineating a material’s brittleness and brittlenés a critically important aspect of
mechanical behavior for dental materials. Brilesnnumbers estimated for the young and
old enamel in this study exhibited distinct diffeces as shown in Figure 4-12 and Table
4-2. The brittleness numbers at the occlusal sertae presented as a function of the
patient age in Figure 5-4. As evident in this figuthere is an increase in the brittleness
with patient age. Specifically, the average laitdss number of the oldest enamel at the

occlusal surface is more than three times grelaser that of all young enamel evaluated.

As described in Section 5.2, there are two relevage-related processes that may
contribute to the observed differences; namelytethe a reduction of the interprismatic
organic matrix and an increase in mineral cont&pecifically, there is a reduction in the
proteinaceous matrix residing along the prism baued as a result of natural maturation
and oral conditions that lower the oral pH [TeneZdt998]. In turn, prolonged exposure
to mineral ions and fluoride within the oral enviment can promote replacement of the
organic material with fluoro-apatities [Robinseh al., 1995]. Therefore, the larger

brittleness of the old enamel is expected to refsath a reduction in the interprismatic
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organic matrix and an increase in mineral contéoth of which would reduce the

resistance to cracking and brittle fracture.
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Figure 5-4. Brittleness numbers of the young and old enamel near the aesal surface
(outer region) with respect to the patient age. Note that the young patits range from

18 to 25 years old, whereas the old patients range from 50 to 78 years old.

Treatments that accelerate these processes cou® @mbrittlement of enamel. For
example, tooth whitening releases contaminants fiben enamel that bind to the
interprismatic protein [Walton and Rotstein, 1996].Bleaching removes these
contaminants and causes the loss of a small degneetein, as well. These regions are
then “repaired” by the deposition of fluoroapatjitedich cause an increase in the mineral
content and could cause detrimental increase=ibrittleness.

The importance of the interprismatic organic matnixthe mechanical behavior of enamel

has received recent attention. In evaluationdhefdtress-strain characteristics and creep

responses [He and Swain, 2007], it was reportediieaenamel behaves more like a metal
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than a ceramic, and that the protein content ofafganic interprismatic enamel is the
essential medium bestowing enamel with damageaobter A related study [He and
Swain, 2007] also showed that the time-dependdmavier of enamel is lost when heated
to temperatures that cause irreversible properygés to the organic matrix. It is believed
that brittleness of the old enamel is greater thahof the young enamel due to changes in
the material’s capacity to undergo deformation ém@ropensity for fracture. Specifically,
the microstructural changes cause a reduction én ehergy dissipation by inelastic
deformation and an increase in that via crackind &macture. Overall, these results
highlight that the interprismatic protein matrix ynlae more important to the initiation of

cracks and brittle fracture of enamel than its kbution to elastic or inelastic deformation.

When compared to the young enamel, there is a markeease in brittleness of the old
enamel with distance from the DEJ, as well as@eladegree of variation in the brittleness
numbers between the five samples. Yet, the old eh&rsignificantly more brittle than
the examined dental materials and the young enaanel, particularly, at the occlusal
surface. The comparatively high brittleness numloérthe old enamel distinguish that it
becomes more likely to dissipate strain energyfraature. These results forecast the
potential problems that may arise in cyclic contativeen enamel and dental materials in
the teeth of senior patients. Dental restorathaage far lower brittleness numbers than the
old enamel as evident in Table 4-2, which suggbstisold enamel may be more likely to

undergo the development of damage under cyclicacbthhan the restorative.

In application to dental materials, the brittlenegtex has several advantages. For example,
brittleness numbers for the dissimilar ceramicsb{@ad-2) underscored the qualitative

differences between the brittle alumina and theyhozirconia that has been observed in
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Hertzian contact studies [Petersanal., 1998]. For the MGCs, the brittleness numbers
range from approximately 50 to 300 jirand increase with a reduction in mica platelet
(grain) size. Previous studies on the contact damesistance of MGCs have shown that
coarse grain structures undergo substantial quasiip deformation under Hertzian
contact and thereby suppress the development wfingéettal cone-cracks, while finer grain
MGCs undergo a much greater degree of brittle cbrdamage [Petersost al., 1998].
The brittleness numbers for the MGCs in Table 4earty distinguish the increase in
brittleness with decreasing grain size. Howeveg & al., [2000] reported that MGCs
with coarse grains have lower damage resistancerutyhamic fatigue, despite their low
brittleness. Thus, further investigations are nemesto understand the implications of the

brittleness numbers determined for enamel on a@tbeects of the mechanical behavior.

5.6 Sources of Error

Although it is believed that this study has proddadditional understanding of the
mechanical behavior of human enamel, there aregnéoed limitations and potential
sources of error that should be addressed. Fongeathe extracted teeth were stored at 2
°C in HBSS for approximately three weeks priorésting. The HBSS storage medium
was used to maintain them in a hydrated conditiwh t@ avoid demineralization as this
may cause property changes in the specimens. Awrremvestigation [Habelitzt al.,
2002] reported that there is no property changaoufwo weeks if a tooth is stored in
HBSS. It is assumed that the longer storage pdramtiminimal effects on the measured
results as the pH of the solution is greater thafindther issue is that testing temperature
was different from that of the oral environment.eThpecimens were tested at room

temperature (around 21 °C ), while the oral tentpesais approximately 37 °C. It is
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unknown whether or not the mechanical propertiegerdmel are influenced by these
different temperatures. However, few earlier iniggdions [El Mowafy and Watts, 1986;
Rasmussest al., 1976] have reported that if a testing tempeeatsimaintained between 0
and 60 °C (0< T< 60 °C), the temperature is notgaifccant factor on the fracture
toughness and bonding strength of human dentintidéas higher organic content than
enamel. Thus, it would be a reasonable assumptiah the estimated mechanical

properties of the enamel are not affected by theltdesting temperature.

Results obtained from nanoindentation testing aeatty affected by the polishing quality
since both the elastic modulus and hardness acalatdd by the indentation contact area.
Although each specimen was prepared with great tcareaintain the same quality, the
surface quality achieved for each specimen mayeaainiform. To minimize variations on
the surface roughness, each sample’s surface \waset to insure that a similar surface
roughness was achieved (the surface roughness ppmexanately 0.01 um £ 0.003).
Consequently, the influence of surface texturehenproperty evaluation is expected to be

minimal.

Recent evaluations have shown the importance ofunement parameters in quantifying
properties of enamel using nanoindentation. Theentation load and depth could

influence the relative contributions of the intéspratic matrix to the measured properties.
All the indentations in the present study wereadticed using the same load, which
provided an objective and consistent basis for @impn. In nanoindentation testing, the
applied load was 5 mN and was determined by consgi¢he machine’s capability and

the measurement parameters used in previous iga#etis. Several preliminary tests

were conducted to determine an optimal load. Butaddressed previously, enamel
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exhibits indentation size effects and applyingrgle load may lead to potential limitations.
In spite of the indentation size effects in enarirethe preliminary tests loads from 1000
to 9000 puN were applied and variations in the mlasbdulus and hardness were within
approximately 10%. Therefore, the use of a singgel Idoes not appear to be a necessity or

substantial limitation to the nanoindentation eaghn.

The calibration and alignment of the testing maelpiays a critical role on the accuracy
of nanoindentation results. To prevent error duedor calibration and alignment of the
machine, calibration tests were conducted peritigiead the alignment was inspected by
the indentation geometry. For example, the cditmatest was done on the reference
sample (fused quartz) to ensure whether constdmésned from the tip area function test
were acceptable or not. Measurement of the hardareselastic modulus of the reference
sample were within 2% of the accepted values. Aisost measures of E and for the
dental materials were not determined using indemtaechniques. That could result in
some bias in values of the brittleness calculatedttiese materials. Nevertheless, the
variations in brittleness from differences in measent technique are expected to be far

smaller than the difference in brittleness assediatith age.

The measurement resolution of the optical deviesl us measure indentation cracks was
+1 pm. Although careful attention and consisten@svalways practiced, crack length
measurements were relatively subjective. Also,ctiaek tip was not always distinct, and
due to this reason it was difficult to achieve ctetgly objective crack length
measurements. Nevertheless, it is believed thavvbeall result was not affected by these
complications. Moreover, if errors are involvedtlie measurement of crack lengths, they

would be distributed evenly in both age groups.réfuee, the influence of this error
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would be minor and it would not be a critical cdmitor in estimating the apparent

fracture toughness.

Lastly, enamel is structurally anisotropic. Theeptation of the inorganic prism in enamel
should affect the mechanical behavior, especialigrwmeasuring the indentation fracture
toughness and brittleness numbers. However, atrpeper [Bradlyet al., 2007] reported
that in nanoindentation testing, the prism orieatatof enamel is not a significant
contributor to measures of the elastic modulus fsardness of enamel. Nevertheless, the
prism orientation of enamel is expected to be aifsegnt factor when measuring the
apparent fracture toughness. Therefore, the me@dspparent fracture toughness in the

present study is limited to conditions where traemtation tip is parallel to the prism axis.

Despite these concerns and limitations, resultshsf experimental investigation have

extended the current understanding of the mechabeaavior of human enamel and

established that patient age is an important dautr to the mechanical properties.
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Chapter 6

Conclusions and Future Research

An evaluation of the changes in mechanical progerdf human enamel with aging was
conducted. Fully erupted™3molars were acquired and divided into two groups

corresponding to young (X8age< 30) and old (5% age) patients.

6.1 Conclusion

The hardness and elastic modulus were quantifiedgusanoindentation testing.
Mechanical properties were examined as a functfatistance from the DEJ and in three
regions of the tooth (i.e. cervical, cuspal anérduspal regions). The indentation fracture
toughness and brittleness of human enamel and canamown replacement materials
were estimated by microindentation testing. Alsdentation size effects of human enamel
and selected dental restoratives were examinedording to results of the evaluation, the

following conclusions were drawn:
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1)

2)

3)

4)

5)

The overall average elastic modulus of enamel fiteenyoung and old patients was
84.4 +4.4 and 91.1+6.5 GPa, respectively. Thealvaverage hardness from the
young and old patients was 4.0 £ 0.3 GPa and DG #5Pa, respectively. There
was no significant difference in the average pripembetween the young and old
enamel.

The elastic modulus and hardness of enamel inatesitk distance from the DEJ
for both age groups. When examined in terms oblabes distance from the DEJ,
the gradient in hardness and elastic modulus wgedawithin the cervical region.
However, when examined in terms of normalized drtafrom the DEJ, the
properties distributions within each of the thregions were consistent.

The elastic modulus and hardness of the old enarmeet 16% and 12% greater
than those properties for young enamel at the ®wailrface. The differences in
these properties between the two age groups wgndisantly different.

The Vicker's hardness of enamel was a function h& indentation load and
exhibits indentation size effects. There was aesse in hardness of enamel with
increasing load. The hardness became load indepemha@gond a load of 2 N,
which results from an increase in energy dissipatfoough the development of
cracks and brittle fracture.

The average apparent fracture toughnegg,Jfof the young enamel was 0.83 *
0.09 MPa*m®. No distinct trend in Ipp) Of the young enamel was found with
distance from the DEJ. Contrary to the young enathete was a decrease in the
average Kapp) Of the old enamel from the DEJ (0.88MP&nto the occlusal
surface (0.67MPa*fi). The difference in the averagedfy) between these age
groups was significant at the occlusal surface @D, but not within the inner

and mid the regions.
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6) The average brittleness of the young enamel ineceiem 300um™ at the DEJ to
400 um™ at the occlusal surface. The average brittlendsshe® old enamel
increased from 31Qm™ at the DEJ to nearly 90@m™ at the occlusal surface. At
the DEJ there was no significant difference intlermess between the young and
old enamel. However, at the occlusal surface titdemess of the old enamel was
significantly greater (p<0.02) and between 2 tondes larger than that of young
enamel.

7) The brittleness calculated for the porcelain, cétaand micaceous glass ceramic
restorative materials ranged between 50 and 480. Their comparatively low
brittleness suggests that contact loading of tretoratives is more likely to
promote either elastic or inelastic deformationnttfeacture, in comparison to
enamel.

8) The enamel was the most brittle material of alsthevaluated in this investigation
and its brittleness increased with patient age. fritdeness index could serve as a
useful scale in the design of materials used fowaorreplacement, as well as a
guantitative tool for characterizing degradationtie mechanical behavior of

enamel.

6.2 Future Research

It is clear that results from the present studytroate to our understanding of the
mechanical behavior of human enamel and selectatdldestoratives. However, there are
still many topics that need to be explored. Furtesearch is needed to provide additional

understanding. Some recommendations of futuraresare listed below.
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1)

2)

3)

4)

In the present study, only young and old enamelewexamined. It is
recommended that future work needs to be done damiee the properties over a
more continuous age spectrum.

The present study did not couple measurements @f nlechanical property
distribution with a complementary examination af #gnamel chemistry. Therefore,
an investigation of differences in the chemical position between young and old
enamel will provide valuable data towards undeditamtheir mechanical behavior.
This investigation did not perform an additionabkestion to determine whether
the brittleness index correlates with a materiaksatch and/or wear resistance.
Consequently, the higher brittleness numbers frotd enamel cannot necessarily
be used to indicate that it is more likely to faiirough any one of the
aforementioned modes without additional evidenaether study should address
these relationships.

The mechanical behavior of the interprismatic oiganatrix has received recent
attention. It is believed that a reduction in tlidume concentration of the organic
matrix with age results in a decrease in the fractaughness of the enamel. Our
preliminary test shows that the complex modulughef enamel prisms and the
interprismatic organic matrix can be examined usiagoindentation as evident in
Figure 6-1. It would be valuable to verify thaé tthanges in mechanical properties
with patient age are attributed to loss of therprismatic organic matrix or that the
differences in organic content are responsible thoe spatial variations in

mechanical properties.
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COMFLEX MODULUS, GPa

Interprismatic
Organic Matrix

S50um

Enamel Pris

Figure 6-1. Complex modulus map of the enamel prism and iatprismatic organic
matrix at the occlusal surface in young enamel (23 years old).

103



Appendix A
Elastic Modulus and Hardness
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Figure A-1. Specimen #1 (60 years old, Male)
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Figure A-2. Specimen #2 (92 years old, Female)
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Figure A-3. Specimen #3 (57 years old, Female)
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Figure A-4. Specimen #4 (59 years old, Male)
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Figure A-5. Specimen #5 (92 years old, Female)
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Figure A-6. Specimen #6 (81 years old, Male)
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Figure A-7. Specimen #7 (68 years old, Male)
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Figure A-8. Specimen #8 (18 years old, Male)
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Figure A-9. Specimen #9 (19 years old, Female)
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Figure A-10. Specimen #10 (22 years old, Female)
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Figure A-11. Specimen #11 (23 years old, Male)
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Figure A-12. Specimen #12 (21 years old, Female)
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Figure A-13. Specimen #13 (27 years old, Male)
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Figure A-14. Specimen #14 (29 years old, Female)
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Appendix B
Apparent Fracture Toughness and Brittleness Number

N.D| AFT |ST1|B.N| S.T2| c/L N.D| AF.T |ST1|B.N| S.T2 | c/L
0.03| 0.80 | 0.05] 355 47.600.85 0.03| 0.87 | 0.05] 302 36.04 0.1
0.15| 0.82 | 0.09] 369 84.710.80 0.15| 0.87 | 0.02| 322 13.07 0.1

0.27| 0.80 | 0.05] 411 50.240.89 0.27| 1.00 | 0.05] 261 28.05 0.9
0.38| 0.78 | 0.04] 455 45.060.83 0.38] 0.94 | 0.05] 314 32.27 0.4

0.50| 0.83 | 0.09] 43Q 94.800.78 0.50| 0.93 | 0.03] 335 23.70 0.4
0.62| 0.87 | 0.03] 405 22.950.73 0.62| 0.90 | 0.06] 383 52.84 0.7

0.74| 0.87 | 0.04] 428 40.4r0.76 0.74| 0.82 | 0.03] 485 36.94 049

R N © 0 o 00N W

0.85| 0.74 | 0.04] 619 57.000.99 0.85| 0.79 | 0.05] 549 75.69 1.
0.97| 0.87 | 0.00| 444 0.00 0.490 0.97| 0.97 | 0.18] 371 136.6/70.42

Specimen #15 (21 years old, Male) Specimen #16 (25 years old, Fgmale

N.D | AF.T | ST1| B.N| S.T2| ciL ND AFT|ST1/B.N|ST2| c/L
0.03| 0.88| 0.05 292 29.76 0.57 [0.03] 0.85 | 0.08] 317 50.960.59
015! 079! 002 394 2524 o075 |0.15] 0.81 | 0.02] 373 19.8(10.70
027! 078! 002 427 1757 o080 |0.27] 0.79 | 0.06)] 414 58.830.77
0.38| 0.69| 0.03 573 40.76 1.3 |0.38| 0.85 | 0.02) 373 19.280.65
0.50| 0.76 | 0.03 498 46.43 0.8 |0.50| 0.84 | 0.03] 413 28.3010.71
0.62| 0.75| 0.05 54% 73.03 0.92 |0.62| 0.86 | 0.02] 418 19.480.72
0.74| 0.78| 0.07 544 96.86 0.92 [0.74] 0.85 | 0.05] 450 54.990.77
085! 0.83| 004 500 5395 0.F7 [0.85] 0.90 | 0.05| 423 47.840.73
097 1.02| 0.04 319 2376 0.35 [0.97] 095 | 0.07] 371 56.530.49
Specimen #17 (18 years old, Male) Specimen #18 (20 years old, Female)
ND |AETISTLIBN| sT2 | oL N.D: Normalized Distance

0.03| 0.97 | 0.09] 246 47.48 0.40 A.F.T: Apparent Fracture Toughness
0.19| 0.95| 0.0 274 30.97 0.59 B.N: Brittleness Number

0.34| 0.89| 0.02 3483 17.58 0.64 o

0501 086! 011 414 1253® 79 S.T1: Standard Deviation of A.F.T
0.66| 0.88| 0.04 398 33.21 0.y0 S.T2: Standard Deviation of B.N
0.81| 0.85| 0.04 462 4583 0.2 c/L: Ratio of Crack Length over
0.97| 0.98| 0.11 354 8252 0.45

Specimen #19 (21years old, Male) Diagonal Length Indentation
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N.D | AF.T | S.T1| B.N| S.T2 | c/L N.D| AFT |ST1|B.N| S.T2 | c/L
0.03| 0.76 | 0.05| 398 49.20 1.08 [0.03| 0.92 | 0.04] 267 24.74 048
0.16| 0.85 | 0.03] 346 22.15 0.47 |0.16] 0.85 | 0.04] 349 3453 0.99
0.30| 0.76 | 0.04| 477 46.90 0.94 [{0.30] 0.81 | 0.04] 420 39.53 0.8
0.43| 0.75 | 0.02| 549 35.46 1.01 [043]| 0.69 | 0.06] 661 115.341.01
0.57| 0.79 | 0.04| 534 54.0y 0.90 [0.57] 0.73 | 0.06] 631 103.400.92
0.70| 0.82 | 0.05| 546 63.24 0.7 [{0.70] 0.68 | 0.03] 807 78.46 1.20
0.84| 0.80 | 0.02| 628 40.09 0.92 [0.84| 0.74 | 0.05] 726 101.481.01
0.97| 0.75 | 0.03] 636 46.8Y 0.90 [0.97| 0.70 | 0.02] 873 58.00 1.30

Specimen #20 (74 years old, Female)

Specimen #21 (50 years old, Male)

N.D | AFT |S.T1| BN | S.T2 | c/L N.D|AFT |ST1|B.N| S.T2 | c/L

0.03| 0.82 | 0.02| 334/ 1453 0.180.03| 0.83 | 0.06] 334 50.97 0.59

0.19| 0.79 | 0.03| 410, 33.87 0.99(0.16| 0.84 | 0.10f 365 99.52 0.48

0.34| 0.78 | 0.04| 470, 4794 095 (0.30| 0.83 | 0.05| 40 52.22 0.13

0.50| 0.70 | 0.05| 654, 96.6% 1.15(0.43| 0.81 | 0.05| 474 73.35 0.41

0.66| 0.64 | 0.11| 924 297.231.40 0.57| 0.81 | 0.08] 515 99.87 0.19

0.81| 0.66 | 0.11| 951 296.971.43 0.70| 0.77 | 0.05| 666 13.87 0.85

0.97| 0.66 | 0.17| 116(0571.27| 1.41 0.84| 0.75 | 0.04] 719 93.01 0.92

Specimen #22 (74 years old, Male) 0.97| 0.68 | 0.06] 943 171.81.19
Specimen #23 (68 years old, Male)

ND|AFET!| ST B.N ST c/L N.D: Normalized Distance

0.03] 0.83 | 0.04] 327 | 29.74| 0.72 A.F.T: Apparent Fracture Toughness

0.22| 0.75 | 0.05 463 | 69.40| 0.86 BN: Brittleness Number

0.41| 0.65 | 0.09 732 | 209.92 1.22 o

0.59| 0.66 0.05/ 797 122.87 1.14 S.T1l: Standard Deviation of A.F.T

0.78| 0.63 | 0.04] 969 | 125.66 1.24 S.T2: Standard Deviation of B.N

0.97] 0.51 | 0.001674] 0.00 | 2.00 c/L: Ratio of Crack Length over

Specimen #24 (78 years old, Male)
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