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Introduction

Mmermal deformations are introduced in 3 siructure
when subjecled to temperature changes. Human
tooth structure i the oral environment is alfected
By ctonsiderable  thermal  fluctuations  due (o
consumption of hol and cold Nuids and
substances. as well as heavy masticatory forces,
Teeth are subjected to heavy occlusal stresses
during normal function and  parafunction, When
acclusal forces are exerted an a looth, stresses wlll
be distributed throughow! its structure. The clinieal
significance of this ‘slress  was noted by
MeCoy! Bending or flexing slresses will occur if the
teoth is loaded eccentrically, As Lhe tooth lléxes,
tensite and shear strésses are generated in the
cervical region that cause disruplion of the bonds
between cryslals of the glass-ceramic, leading to
crack  tormation eventual
restoration,?
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When a multiphase (composile) material such as a
tlass ceramic is subjected to thermal leading, the
various constituents in it will respond differently,
resulting in inlernal stresses and strains, These
mternal slresses and strains in glass ceramics may
result in struclural damages due to micro-cracking
and interfacial debonding. s

Because glass-ceramics are brittle, strength Llesting
of the malerial in the aral environments is difficull.
Shress distributions as the result of an experimental
load condition are comples and il is Jifficull Lo
nduce o pure compressive, tensile or shear stress
in these environments.”

It has been reported that thermal changes together
with [he masticatory loads are ahle to create harmful
stresses and initiate crachs within porcelains. For
the understanding of posthonding cracks and
nternal  thermal  stress  distribution,  more
intormalion is required aboul the intimate structure
of the tooth-restoration complex: and this analysis
can he best performed with the well-accepted finite
element (FEA) method modelling Lool 5

N FEA method, basically, the object to be studied
is graphically simulated in a compuler in the form
of a mesh, which defines the geometry of the hody
being studied. This mesh is divided, by a process
known as discretization, inlo a number of sub-units

Lermed elements, These are connected at a finite
number of polnts called nodes, which are; in turmn,
defined by their global eo-ordinales. The constituent
clements are prescribed the appropriate material
properties of the slruclure they represent, What is
achieved is a mathemalical model of the likely
physical response of that object Lo |oad: large
vislumes of information on stresses, strains, and
displacements  being  obtained  Lhrough  the
conlinuwm defined 8

The objective of this study was Lo analyze the stress
distribution in & mandibular fisst  premolar all
crown  cewvical region  under combined
thermal and masticatory loading, by using a bwao-
dimensional  FEA and to cvaluate the results of
different  all-ceramic  crown with  the
natural 1ooth,
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Materials and Methods

I this study, the following reslorative materials
were used: |FS Empress (IE), IPS Empress 2 (15 20,
Carrara press ceramic (Cad
ceramic (Ce). Natural
incluced

and Ceramco FAC all-
Looth 9T structure was also
to compare he resulls. Varialink 1
{voclar-Vivadent, Schaan, FL) dual-curing composite
resin was used as the luting material (Table 1),

Table 1. Test materials.

Froduct Code Type Manufaciurer

IF5 Tapress IR Lencile-reinforce lvaclar-Vivadent

parcilain Schaas, M

TIPS Empress 20 L2 Lithix-Based derami o iar Vivadene,

Bchaan. FL

Larrara press (a Lencito-reintorced ceramic. Elephant Deatal

i Froducls- Ml

Ceramon FAL  Le Ltwer lencite-reinforen Cerame,

AllCeramic LT Iurtssgron, M

Matwral oath T
structire

Models of axisymmetric 3D structures may  be
represented  in equivalent 2-00 form. It can be
expecled that results from a 2D axisymmetrc
analysis will be more accurate than those rom an
equivalent 3-D analysis. Because of total symmetry




aboul the z-axis as seen in Fig | oall deformaltions
and stresses are jndependent of the rotational
angle. Thus, the problem needs Lo be considerad as
a4 bwostimensional problem. Therefore, lwo-dimen-
sional  finite  clemenl  crown-mandibular
premolar tooth medel with an intermediate cement
laver in rounded shoulder preparation was designed
for analysis of the stress distributions induced by
applied thermal and masticatory loads for various
all ceramic materials  (Figure: 107 The toolh
recduction finishing at the cement-emamel junclion
determined  the dimensions of the all- ceramic
crown b omm owidth at the cervical region, L5 mm
ceclusally and 1.2 mm buccolingually). The cement
film thickness between the restoration and the
dentine was laken as 25 pim, The anatomical shape
aof a boccolingual cross-section was digitized to
trace the conlowr of enamel, dentin, and pulp
chamber for the creation of a finite element model.
The shapes and  dimensions of Lhe tooth,
periodontal membrane, and alveolar bone were
drawn from a past report, !?
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Figure |. Thres dimensiongl finite cloment model (FEAY of
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The 200 Mnite element moedel created Dy using
AMSYS 5.4 Ca,,

Howslon, TX, LLSA) linite element sollware prog

(Bwanson  Analysis  Systems
ramime, was assumed Lo be isobtropic, hemogenous,
clastic, axisymmetric and thermally  solid which
consisted of 11162 nodes and 10989 clements,
Flane 75 Lype element was used as an axisymmeatric
ring  element with a  threedimensional  theérmal
conduction capability. The element has four nodes
with a single degree of frecdom temperature al
cach node In order to Lhe:
stresses of the structure, the model
analyzed structurally replacing the element by Lhe
equivalent structural element, Plane 25, Plane 23 is
used for twe dimensional modelling of axisymmetric
structures  with laading.  This
element is defined by four nodes having thres
degrees of freedom per nede and Lranslations in the
nodal %, v and 2 directions since the nodal points
can move in Lthree axes. The boundary conditions
and loads are shown in Figure 1. As shown in the
Figere, the model was fixed along the bone surface.
A& dense mesh modelling was performed on the
prpared maodel. A liner mesh was generated at the
material interface to ensure accuracy ol temperalure
and masticatory load transfer.

fletermiinge thermal

was  alse

nonaxisymmelric

The physical properties of enamel, denline and all
ceramic materials are given in Table 2% The
thermal properties of each ceramic  material
supplicd by the manutacturers are presented in
Table 3.7 The thermal load application stages were
determined . assuming  thal  each  element
thermally balanced with the previous emperature
after the thermal change occurred. The: thermal
load applied to the 20 tooth model having an [nitial
temperature of 36°C simulated the draught of a
cold (157C) (T1) and a hot (80°CH {T2) lguidg,! >4
The hot and cold liquids were assumed to be held
for 1 sec. In the mouth which means Lhat Lhe
temperature of the oral cavity was thoughl to have
reached 36°C in | sec.

Wis

After assigning thenmal properies to the maodel and
obtaining the thermal solutions, a tolal exlormal
load of 430 M (ML) was distributed over the nodes
of the occlusal area for the simuolalion of combined
thermal and masticatory loads. For the determi-
nation of the effects of masticatory lorces alone, a
load af 4530 N was applied over the nodes of the
occlusal area.
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Table 2, Physical poperties-of the materials used in e

study,
Material Modulus of elasticily  Poisson's
(M) ratio (v)

IF5 Ermpress Lani

Imalirial FOO00 2%
IFa Emipress lavering

mateiial’ L {25
5 Fmpress & cane

rterial! LT 035
IFe Empress 2 layerg

il LELN LS TNIN] 025
Carrasa Prass Core” ELR T .25
Larran Vincent 7L 25
cerames FAC all-ceram YO0 ol
Varalink At B30 T2
Crarnithy A0 LY B
IR i1 3L

1) Thee physical properties of cach material were supplied by
Lhe companics

P+ Fakabyiet an !

Table 3. Thepmal properties of the materials used i e
alidy

Malerial Dl’ﬂhit_\' Thermal Thenmal Specific heat

-'hn.-'mmil cxpansion conduclivity  «© {Calfhg'C)

carfficienl [
a {1 ex 0% (Catmmimn
snfCix s

2A0 17 350 223
5 Lrnpross
e ving emaderial! 240 15 350 5]
IF5 Emniress
2 core nkderinl® 2A0 Lok .50 233
S Lriproess
O lave g nualerial® - Z&0 9,70 A.50 i ¥l
Larrard Press Garet 200 | 4. 70 2.67 23E.T0
Carrara Vincent 230 14,70 20 28250
Coranico FAL
Afl-coranmic 231 | X Z.A2 145,27
Yanatlenk 11 2248 30 281 197
Finarmet= 297 [EH 2LE |88
Lrntine- 214 | 184 1.35 1]

Al thermal data of
[rorem Ehe Codmpanics

the tested miaterials were oblainen

i+ Phillips !

The hermal stresses in the looth as a result of
lemperature  changes  and  mastication  induced
stresses in the oral cavity were examined along the
XX axis Since the stresses along the s-x axis had
more critical values the failure of a brittle
malerial such as glass-ceramic; occurs when the
obtained stresses have higher values, the maximal
a, stresses were considered. The maodified Von
Mises crilerion for brittle types of malerials were
also incorporated as this is the best predictor for
crack lormation,® Yon Mises stresses demonstrated
smaller values when compared with the maximum
¢, slresses along the xex axis. Therefore, they were
not  ncluded  for stress evaluation, The  stress
patlerns along the xx axls were calculated at all
nodal points of the line consisting of points A, B, €,
D and E (Figure 2). These poinls were (he critical
points at which the temperature changes and the
acourring stresses were maximum:

anl
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Figure 2. Calculaled temparature and stress distribotions al
nodes A, B, O Doamd Eon Lhe tooth,

Results

The slresses o, a, and o, along the y-y axis
crahibited characteristics in  {erms ol
distribution with the o, o, and o, stresses along the
x-% axis. Their similarities in stress distribution do
not mean thal they were eguivalent in magnitude,

The resulls revealed thal maximum T, Sstresses

similar
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occurred along the x-1 axis while maximum o
stresses along the yoy Jxis were abserved.

5

The maximum température change was obscerved at
the inilial contact point (A) of the restorative
materal when 150 ookl (T orG0PC hot (T2 Noids
consumed,  Temperature  changes  were
recorded al poinls A, B © and 0 oreaching the
normal oral cavity temperature 36°C  between
seclion [RE. Tempermture related stresses wore

werg

evaluated as sy stresses along the x-x% axis. The
stress values were compared as thermal changes
i(T1-TZ7, loads (ML) and Lheir
combination (T1-ML, T2-ML).

masticatory

When TI was applied on 1L restorative material, a
smaller tensile stress: (004 MPa) was observed at
paint A changing into compressive stresses between
seclion A-B. Compressive slresses acourred belween
Fets and O changing into lensile stresses betwesn
D-E region. The application of TI-ML created
compressive stresses (4.9 MPa) al poinl A While
compressive sbresses increased belween A-B and B
Cooa decrease was observed Al point T The
comnpressive stresses  increased  between 1-E A
maximum compressive stress (17.8 MPa) occurred
al point A with thesapplied TZ: Whils compraessive
stresacs were recorded between A, the distribution
ol stresses belween BOC were Both compressive and
tensile, The compressive stresses changed into
tensile character al point D owilth a tensile stress
distribution  between scction D-E. Compressive
Slresses (18 MPal were recorded al point A with the
applicd T2-ML. The stress distributions
regions AR, B-C and CD were of compressive
character changing into tensile stresses at point D
A compressive sbress distribution was  observed
belween D-E section (Figure 3,

Belween

rravKi e
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= 017
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3 ¢ TEML
SA e %, e e W e ]
orvical settion (o mm]
Figure 3. &, stresses tor 1E cervical region along Lhe s-x axis

T 1550, T2 6000, ML: Masticatory load)

The application of T1 to the 1E 2 restorative matersal
created a maximum tensile stress (3.9 MPa) al poinl
A The tensile stresses between A-D and B-C regions
changed into compressive stresses between C-D
with conlinous compressive slresses between D-E
When TEML wers applied, compressive strisses
6.5 Ml'ar were recorded at point A, The stresses
Ay BC C-D DE
compressive. The applicd T2 load oreated compres-
sive stresses (7.7 MPa) at poind A A comprossive
stress distribution was observed bebween AB region.
The compressive siresses changed into  tensile
stresses ab point B with tensile slresses occurring
belween B-C region. The tensile stresses: changed
into compressive stresses belween C-0 redion and
the distribution bebween O-E was in a compressive
pattern. The applied T2-ML created compressive
stresses (165.9 MPa) ab point A and distributed as
compressives stresses between A-B, BC, C-D and D-E
(Figqure 41,
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Figure %. o, stresses for 1B 2 cervical regionalong the x-x
axis |TL: 130, T2: 60°C. ML Masticatory load)

When T1 was applied to Lhe Ca restorative material,
tensile stresses (3.3 MPa) occuwrred at point A, The
distributions between A5, B0 C-D and D-E were as
comnipressive slresses, The applied T1-ML Created
compressive stresses (5.5 MPab al point. A, While
increasing compresive stresses through Ab and B-O
were alserved, Lhe compressive stresses Ihrough
C-0r and D-E regions decreased, With the application
of T2, compressive stresses (118 MFPai were
observed at point A, The decreasing compressive
stresses Lhrough AB region changed into tensile
stresses at point B. The slress distribution at B-C
region was in o a lensile pattern, The compressive
stresses observed at poinl © were in a compressive
pattern through C-D reglon, The stresses changed
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into tensile form at point D and distributed as
tensile stresses through D-E region, The appiied
T2-ML crealed compressive strésses (19.7 MPa) at
point A and distributed as compressive stresses
through regions AL, B-C, C-Dand D-E (Figure 5.
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Figure 5. a, stresses for Ca cesvical region along the x-x axis
Tl 15%C. T2: B0, ML: Masticalory logd)

When T1 was applied to the Ce restorative materal,
tensile stresses (3.5 MPa) occurred at point A and
were distriibuted between section A-B. While the
tensile stresses changed into compressive stresses
at point B. the distributions were as compressive
stresses between B-C oand CD. The compressive
slresses changed into tensile stresses at point D
and were distributed as lensile stresses between
D-E region, The applied T1-ML created compressive
stresses (3.3 MPay at point A, The stress distribution
belween A-B, B-C. C-D and D-E regions were in a
compressive  pattern. When T2 was applied, a
compressive stress (9 MPa) was recorded al point A
The compressive stresses changed into tensile
stresses al point B while a compressive stress
distribution was observed between AR, The tensile
stresses changed into compressive stresses between

2
z =e=Ti
b (=12
% - Ti:ML,
= T:ML
Cerwical section {x Hmimd
Flgure 6. o, stresses lor Ce cervical region along the xex axis

M1z 13, T2: GO°C, ML: Masticatory load)

C-D. The compressive Stresses changed into tensile
stresses al point 0 and  distributed  as tensile
stresses between D-E region. The application of
T2-ML created a maximum compressive stress (17,8
MPal at point A, The distribution between AR, B4,
L-Dand D-E regions were as compressive stresses
(Figure 61,

When Tl was applied at the initial conlacl poliat (A)
of NT, masimum tensie stress (3.2 MPa) was
observed. The decreasing lensile stresses belween
AB, BC and D sections changed into minimal
compressive stresses hetween D-E region. When
TI-ML were applied, compressive slresses (4.3 MPa)
were recorded at poinl A. The increasing compres-
sive stresses in all regions decreased bebween [-F
region: When T2 was applied, compressive slresses
137 MFPa) eccurred al peint A changing into tensile
stresses ab poinl B. B.C and C-D regions exhibited
tensile stresses decreasing between D-E region. The
application of T2-ML created increasing compres-
sive stresses (11,2 MPa) al point A, A, B-C. C.D
and [XE regions also exhibited compressive stresses
(Figure 7).
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Figure 7. o, sbesses for NT cervical region alorig the xix axis
(Mh15°C, T2 60°C, ML: Maslicalory load)

Tensile stresses were recorded in all restorative
malerials and NT with the application of T1. The
tensile stresses changed Into compressive stresses
when T1-ML were applied. The applied T2 created
smaller compressive stresses compared with the
compressive stress values occurred when TZ-ML
were applied. The obtained compressive stresses
with the application of T2-ML were greater than the
abtained compressive stresses when T1I-ML were
applied.
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The application of masticatory loads on N1 and
restorative materials resulted in lensile stresses at
point A, Mathematically similar tensile slresses
Lurned into compressive stresses at A-B region. The
stress distribution between regions B2, G0, DE
were of compressive character. The compressive
stresses in NT were smaller in value compared with
the restorative materials. The restorative materials
exhibited similar stress patterns (Figure 8),
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Figure 8. o, stress distribulions of restorative malerials and
NT around cervical reglon under ML along the x-x axis,

Thie magnitede of lhe transition of compressive and
tensile stresses is important for the resistance of a
material Lo lhermal and masticatory loads. The
Lransition points are evaluated as oritical regions,

Discussion

This study was done to calculate the maximum
compressive and tensile slresses in the dentine,
dentine-framework and lramework-veneering material
interfaces. The behaviour of allceramic materials
under masticalory loads together with temperature
changes were simulated and stress concentrations
were delermined to predict the potentially weakened
areas of the tooth and restoration. To analyze the
stress distribution in this FEA, the influence of the
pulp chamber on the stress distribution was ignored,
all materials were assumed lo be linearly elastic
and isotropic and they remained elastic under
applied tharmal and masticatory loads, The cement
was assumed to bond perfecily to ceramic and
dentine, 1916

Besides masticatory loads, thermal loads were also
considered because the teeth are subjected to

different temperatures of ingested food and drinks.
Thermal records in the oral environment range
between 0°C and 67°C.3 therefore the thermal
loads were determined as 15°C (lor cold liquids)
and B0°C ifor hot liquids) in this study because they
were thought to be similar to the upper and lower
oundries of thermal loads reported in literature:?
Since enamel and dentine exhibit different phivsical
and thermal properties, thermal loads may even
create stresses in the intact natural looth therefore
the problem is amplified for the restored tooth.'?
The results of the present study also revealed that
all lested all-ceramic systems cxhibvited diflerent
thermal and masticatory stresses when compared
with each other and the natural tooth. but it is
ohvious that as the material propertics approach to
the natural tooth, the material creates less stresses
on the restored tooth, The lithiabased allceramic
material showed similar properties wilth NT in Lhe
present study, The thermal and masticatory stresses
which occur in the restored Looth are dependent on
many factors such as the properties of restorative
materials, preparation design and adhesive resis-
tarice between toolth and reslorative materials.'®
The present study included a FEA arrangesd o
calculate. node  temperatures and the thermal,
masticatory and thelr combined stress distribution
in a restored tooth, 1922

I heal variations, the heat on the outer surface of
the material can be flower or higher than the
temiperature of the environment. The reason for Lhis
is the transition of heat by conveclion to the outer
surface. The heat transfer among the materials
occurs via conduction. In this study, when a 60°C
hot thermal lead was applied, approximately a 7°C
lower; and when a 15°C cold thermal load was
applied. approzimately a 12°C higher temperaturs
were obtained at the initial contact poinl & in all
tested all-ceramic materials. The results confirm the
theoralical information about heat [ransfer, The
lemperature change at point £ can be neglected
compared with the normal oral
temperature.

when cavity

It has been reported that the [racture resistance
decreases for allceramic crowns because of cychic
thermal and masticatory loading.'9 Saliva, thermal
changes belween 15°C and 45°C and masticatory
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stresses In the ol cavity could alse lrigger and
increase the all-ceramic crown fracture rate. !

The increase or decrease in lemperature resulted in
thermal stresses. The outer surface (point Al
expanied because of [he increase in temperature
when & 60°C thermal load was applied. The inner
surface (poinl £l showed less ¢xpansion since Lhe
inerease in temperature was less according to the
outer surface. Therefore, point £ had a petential for
Blocking point A leading to the generation of tensile
stresses al poinl B and compressive stresses at
point A Since the prepared model had a complex

structure,  combined  compressive  and  tensile

stresses ocourred at the interfaces, 1@

When 607°C thermal load was applied toqether with
the maslicatory Inad, compressive stresses were
uhserved, predominantly, while 13°C thermal load
created  lensile stresses on Lhe  restored  Loolh,
When a 15°C thermal load was applied, tension at
point A and compressive stresses  at point E
occuredl. Combined  compressive-tensile  stresses
were present at the interfaces, The applied 15°C
thermal load combined with the masticatory load
resulted inoslresses compressive in nature al paint
AL differing Trom the tensile stresses in the case af
1570 thermal load. alome.

For lhe resistance of the materlal, the areas of
ransition of compressive  stresses to tensional
stresses or lensional  stresses (o COMIpressive
slresses are critical poinls. The resultant stresses
from 15°C thermal load together with the masti-
fatery load were algebraically smaller than the
cotmpressive stresses obtained Irom 60°C thermal
load combined with the masticatory load, These
results might indicate that 153°C (or colder) thermal
luading mighl create more harmiul slresses for both
toroth and restorative malerdals. The results revealed
that, IE-2 ceramic malerial showed similar proper-
ties with NT. IE. Ce and Ca have greater stresses
when compared with NT, The varicty of thermal and
mechanical loading résults obtained from leucite
lrased glass-ceramics, natural tooth and the lithia
based glass-ceramic in the present study m ight be
due lo differences in ther mechanical properties
such as their flexural strengths (leucite: 120-180
MPa, emamel: 85-75 MFPa, denlin: 1620 MPa and

lithium cisilicate; 340 MPa) thal can be attributed to
their different chemical compositions, 22

A given thermal or masticatory load always has
appesile effects on the restoration surface  and
the interface. increasing preexisting compressive
stresses on one side and partially refieving them on
the other.

The design of tooth preparation, Lhe mechanical
properties (resistance Lo fracture, elastic moduwlus)
of restorative materials, and bonding Lo dentin
mechanisms should be in harmony o relicve the
stresses induced by ooclusal loads.

Conclusion

Within the limitations of this study, the following
conclusions were drawn:

* Restorative malerals were more affected  rom
thermal and masticatory loads when compared
wilh natural (intact) tooth,

15°C thermal loading creasted more slresses Lhan
60°C thermal loading on the restorative materials
tested in this study.
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