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Abstract: The causes of the metal-ceramic premolar crown failure in the process of its
functional application are investigated. Based on the finite element analysis of stress fields under
the masticatory load and the temperature load because of the hot or cold water drinking and the
residual stresses field in the made crown it is shown that the residual stresses are the main
cause of the crown failure and that the residual stresses and the appearing due to the cold water
temperature stresses superposition is the most dangerous combination. To make the maximal
principal tensile stress magnitude less than the tensile strength the problem of the crown
structure optimal design is solved. The suitable choice of the shape and thickness of the crown
metal frame and the substitution of the initial cobalt-chrome alloy frame by the less stiff titanic
one allowed to diminish the maximal principal tensile stress in ceramics 2.6 times, so that the
magnitude of the latter constituted only 75 percent of the tensile strength.
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The metal-ceramic tooth crowns show the distinct advantages in comparison with metalloplastic and
metal ones [1].

Their serious disadvantage is the low tensile strength of ceramics which less than
compressive one approximately 8 times [2].

As a result masticatory load or/and temperature one due to hot or cold liquid drinking
sometimes breaks down metal-ceramic construction.

The aim of the paper is to investigate in detail the causes of crown failure and to prevent it
with the help of optimal design of the metal-ceramic crown structure. Let us choose a mandible
premolar as an object of the research since it is one of the most loaded teeth.

To make the metal-ceramic crown (Fig. 1a) it is necessary to apply and then to fuse by
means of high-temperature heating consecutively two or more ceramic coats to a metal frame
surface. The premolar preparation consists in grinding of enamel layer and a part of dentine layer
approximately 1.3 mm deep (Fig. 1b).

All material layers of crown have different physical properties and first of all different
temperature coefficient of thermal expansion. As a result the residual stresses field is already
present in the made crown. Denote: o, are residual stresses, o, are occlusional (masticatory)

stresses, o, and o, are temperature stresses due to hot or cold liquid, respectively. A priory it is not

clear what stress field superposition leads to the failure. Consequently we must research following
cases:
c,, o0, +o,, 0, +064, 0, +0,, 6, +06, +0,;, 0, +0, +0,.
Nevertheless we must solve only three problems of mechanics of solids: (i) define residual
stresses; (ii) define stresses caused by masticatory load; (iii) define temperature stresses due to hot
or cold liguid drinking.
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(a) (b)

Fig. 1. Traditional structure of crown for premolar: a — crown, b — crown with prepareted premolar; 1 — metal frame,
2 — opacous ceramic coat, 3 — dentine ceramic coat, 4 — incisiale ceramic coat, 5 — tooth dentine, 6 — periodont.

(i) The first problem is the problem of linear thermoelasticity. We know initial uniform
temperature field (the burning temperature in the furnace) and final one (the temperature in the oral
cavity). The residual stresses are stipulated by nonhomogeneous physical properties and are not
dependent on time.

(i1) The second problem is the problem of linear elasticity. In this case the cyclic masticatory
load depends on time. But we can consider only the most dangerous case of the maximal
masticatory load.

(ii1) The third problem is the problem of linear thermoelasticity as the first one. But for this
time temperature stresses are caused by both nonhomogeneous physical properties and nonuniform
temperature field which is dependent on time. To find this temperature field we must solve
nonstationary heat conduction problem. As it is not obvious what the time moment is the most
dangerous the entire time interval of temperature change is to be considered.

The finite element method [3,4] was applied to solve all three problems.

The acceptable for mandible premolar assumption of axial symmetry was used. Thus the
calculated domain for the problem (i) was a half of the crown section (Fig. 1a), the domain for the
problems (ii) and (iii) was a half of the crown — premolar — periodontal ligament section (Fig. 1b).

The failure possibility for the ceramics and the tooth dentine was evaluated with the help of
the maximum stress theory which is useful for the brittle materials [5], i. e. the fracture is absent if:

GP Cn
o <1ﬂ o > -1, (1)
where o, and o, are the maximal positive and minimal negative principal stresses, respectively;

o, and o, are the tensile and compressive strengths, respectively. The failure possibility for the
metal was evaluated with the help of the theory of maximum strain energy due to distortion, which

is useful for the plastic materials [5], e. the fracture is absent if:
Ge
<1,

G

where o, is the equivalent stress and o , is the fatigue limit.

To investigate where and why the crown fails the stress state of the traditional structure
made from cobalt-chrome alloy KHS and ceramic mass Sinadent-KHS [6] was calculated. The

(2)
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Fig. 2. Maximal over space domain absolute value of dimensionless principal stress (%) in KHS-ceramics of
traditional structure crown and in tooth dentine as function of the time for the case of &, + G, superposition:

1 - tensile stress in ceramics,

2 — compressive stress in ceramics,

3 — tensile stress in tooth dentine,

4 — compressive stress in tooth dentine.

elastic, thermal and strength material properties used in calculations are presented in works [6-10].
The heat-transfer coefficients under the hot or cold liquid (water) flow around tooth with crown
were calculated with the help of formulae presented in [10].

In calculations, the following data taken from our experiments were used: the temperature of
a ‘hot’ water (the maximal temperature without sense of mouth burnt) is 65°C; the temperature of a
‘cold’ water (the temperature of water, taken from refrigerator) is 7°C; a man drinks the glass (200
g) of hot or cold water during 100 sec, taking 20 sips. One sip lasts 1.5 sec, a pause between two
sips does 2.5 sec.

In all calculations we analyzed the relative stress, that is the principal stress relating to the
tensile or compressive strength in accordance with (1) for ceramic and tooth dentine or equivalent
stress relating to the fatigue limit in accordance with (2) for metal.

The calculations show:

- the most dangerous case is the o, +o, (residual stresses plus temperature stresses of cold

water) superposition (1-st column, Table 1);

- the residual stresses give the main contribution in superposition o, + c, (1st column, Table 1);

- for the o, + o, case the dimensionless stress reaches the maximal level at the beginning (time
t=1.5 sec) of the drinking process (Fig. 2);

- the dimensionless compressive principal stress in ceramics less than tensile one approximately
10 times (Fig. 2, 3);

- the dimensionless stresses in tooth dentine less than dimensionless tensile principal stress in
ceramics more than 10 times (Fig. 2, 3);

- the dimensionless stress in metal less than dimensionless tensile principal stress in ceramics
approximately 4 times (Fig. 3);
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for the o, +o, case at the time moment t=1.5 sec the tensile principal stress reaches the

maximal magnitude at the point A of ceramics (Fig. 3a), exceeding the tensile strength

approximately 1.9 times (according to the clinical tests the crowns sometimes fail namely in a

region of the point A);

the tensile principal stress exceeds the tensile strength 1.3 times also at the point B of ceramics

(Fig. 3a).

Founding on this results let us choice maximal in ceramic part of crown dimensionless
tensile principal stress of residual stress field as the criterion of optimality, i. e. the optimization
problem is:

G, .
max — — min. (3)

(o)
Qceram t

Table 1.
Maximal over space domain and time interval absolute value of dimensionless
principal stress (%).

Variant of Traditional Optimal Traditional Optimal
superposition structure, structure, structure, structure,
KHS KHS VT-00 VT-00
o, 173.6 94.9 107.5 48.5
c,+0, 156.5 83.9 102.1 45.8
G,+0, 185.5 101.9 109.4 42.3
c,+0, 194.3 112.9 135.0 71.6
G,+6,+0, 181.6 108.4 95.0 45.2
c,+0,+0, 159.7 91.5 134.9 67.7
B
(a) (b) (c)
A
-9,7 21,4 212
19,3 -13,4 -16,4
48,5 -5,3 -115
77,6 2,6 -6,7
106,8 10,6 -1,9
135,9 18,6 2,8
165,1 26,6 7 7,6

z « ) M
194,3 34,6 12,4
1L L L

Fig. 3. Dimensionless principal stress (%) in traditional structure KHS-crown and in premolar for the case of
o, + G, superposition in the most dangerous time moment t=1.5 sec: a, b, ¢ — first, second and third principal
stresses, respectively.
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Such choice permits to reduce significantly calculations to solve the optimization problem.
The high level of stresses in local regions of points A and B denotes the existence of the
stress concentration. For this reason the problem (3) of crown structure optimal design was solved at

two stages.

—
L,

Fig. 4. Optimal structure of
crown for premolar.

First we fixed the thickness of the metal frame and
varied its shape to decrease the stress magnitude in places of
its concentration on account of more uniform stress
distribution.

Then we fixed the shape and reduced the thickness of
the metal frame to decrease the general level of stresses.
Figure 5 shows the crown structure, which is the result of the
optimal search. As follows from Table 1 (see 2nd column) the
optimal design of the metal frame shape and the optimal
thickness provided the maximal tensile stress decreasing 1.7 —
1.8 times both for residual stresses field and for the most
dangerous case of o, + o, — residual stresses and temperature

stresses of cold water superposition.

It is evident that application of less stiff metal to make
frame also permits to decrease a general level of stresses. As
such material we considered titanic alloy VT-00, which
Young’s modulus is approximately a half of the one for KHS
alloy. The ceramic composition for VT-00 alloy was

developed by authors [11]. In calculations there were used the elastic, thermal and strength
properties for VT-00 alloy and new ceramic compositions from this work and works [8, 12]. As
follows from calculations results (see Table 1, 4th column and Fig. 5) for optimal structure crown
made from VT-00 alloy and new ceramics the maximal tensile stress magnitude decreased 1.5 times
and constituted only 72% of the tensile strength of ceramics for the most dangerous o, + o, case.
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Fig. 5. Dimensionless principal stress (%) in optimal structure VT-00-crown and in premolar
for the case of o, + G, superposition in the most dangerous time moment t=1.5 sec: a, b, ¢ -
first, second and third principal stresses, respectively.
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Conclusions

Thus in the present work we showed with the help of the finite element analysis two
following facts. First, the residual stress field arising after the burning in the cooled crown because
of various physical material properties is the main cause of the crown ceramics failure. Secondly,
the residual stresses and temperature stresses due to the cold water drinking are the most dangerous
combination.

Having solved the problem of the crown structure optimal design we found the ways to
decrease the maximal principal tensile stress magnitude. These ways are: the suitable choice of the
shape and thickness of the crown metal frame and the substitution of the initial cobalt-chrome alloy
frame by the less stiff titanic one.

As a result the maximal principal tensile stress in the ceramics of the final crown structure
seemed to be 2.6 times less than one of the initial structure so that the magnitude of this stress
constituted only 75 percents of the tensile strength.
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OnTuMajJbHOE MPOEKTHPOBAHHE METAJIOKEPAMUYECKHX 3yOHBIX KOPOHOK
O.U. Hynaps, .. Poroxxuukos, E.B. CyBopuna, B.JI. Counes, H.C. [llaOpsikuna

B pabote wuccienoBanuch MNPUYMHBI pa3pyLICHHUs METAUIOKEPAMUYECKOW KOPOHKHU
IIPEMOJIApA MO ACHCTBUEM KEBATEIbHOW U TeMIEpaTypHOU Harpy3ok. Ilocienuss Bo3HUKaeT npu
YIIOTPEOICHUH TOPSYCH UITH XOJIOTHOMN YKHUJIKOCTH.

beimn HalieHsl MOJS HANPSDKEHUM JUIS OTUX TPEX CIy4aeB, a TaKKe I0JIe€ OCTaTOYHBIX
TEXHOJIOTMYECKUX HANPSKCHUM, MOSBISIONIEECS B KOPOHKE IIPH OXJIAXKICHUW PaCILIaBICHHON
KepaMHUYeCKOH Macchl Ha METaNTMYeCKOM KapKace BCIIEJCTBHE pa3HBIX (U3UYECKUX CBOWMCTB
MaTepHajoB KOPOHKHU U, B TIEPBYIO OYEPE/Ib, BCIEACTBUE Pa3HBIX KO3(PHUIIMEHTOB TEMIIEpaTypHOTO
pacuIMpeHus.

[lons HanpsbkeHHMM ONpENEsUINCh W3 PEIICHUS 3a4ad JIMHEWHOW TEOpUU YIPYIOCTH M
TEPMOYIIPYIOCTH, a TaK)X€ HECTALMOHAPHOM 3aJaud TEIIONPOBOAHOCTH C IIOMOLIBIO METOZa
KOHEYHBIX JIEMEHTOB.
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HccnenoBanack BO3MOXKHOCTb — pa3pylIeHHs KOPOHKH JUIS Pa3IMYHBIX BapHUaHTOB
CYNEPIO3UINKA MOJIe HaNpsHKEHUH C HCIMOJIb30BAHUEM KPUTEPHs] MaKCUMAJIbHOTO HOPMAJIbHOTO
HANpPSDKEHUS JUIsl KepaMHKH W KpUTEpHsT MaKCUMaIbHOW WHTEHCHUBHOCTH  HANPSOHKEHUH s
MeTala.

Oxkazanoch, 4YTO TJABHYIO pOJIb B TIpollecce pa3pylleHHs UrpaloT OCTaTOYHbIE
pacTsruBarollye HalpsHKeHHs B KepaMuKe, a HanboJiee OMacHbIM SIBJISETCS COUETaHNUE OCTATOUYHBIX
HANpPSDKEHUN ¢ TeMIepaTypHbIMU HANpPsDKEHUSAMU OT XOJIOAHOH kuakocTu. [lpuyem B mociennem
cllydae MaKCHMallbHOE PAacTATHBAIOIIEE HAMpsDKEHHE B KepaMUKE MPEBBICHIIO MpeaeN MPOYHOCTU
Ha pacTsokeHue B 1,9 paza.

Ha ocHoBe ananu3za pe3ynbTaTtoB ObLT c(HOPMYIHPOBAH KPUTEPUN ONTUMAIBHOCTH B 3a/1a4e
ONTUMAJIFHOTO MPOEKTUPOBAHUSI KOPOHKH — MAaKCHUMaJbHOE MO MPOCTPAHCTBEHHON 00JacTH U MO
BPEMEHHOMY MHTEPBAITy PacTITrMBalollee rIaBHOE HAMPsKeHUE AJIs TOJIsl OCTaTOYHBIX HAMPSKeHUH
B Kepamuke. Takoil BbIOOp KpHUTEpHUS ONTUMAIBHOCTH OOECledmsl 3HAUYUTEIbHOE COKpalleHHe
BPEMEHHBIX 3aTpaT Ha pelIeHHe 3aJaul ONTHMH3AIUH.

BappupoBanue TonmmHBI U (HOPMBI METAJUIMUECKOTO KapKaca KOPOHKH I103BOJIHIIO
YMEHBIIUTh 3HAUE€HUE KPUTEPHUS ONTUMAIbHOCTH B 1,8 pasa. Ilpu 3ameHe mcxogHOro marepuana
Kapkaca KOpOHKH- KoOanmbT-XxpoMoBoro criaBa KXC Ha meHee xecTkuii TuTaHOBBIM crtaB BT-00
BEJIMUMHA KPUTEPHUS ONTUMAIBHOCTH yMeHbIIWIach eme B 1,9 pasa. Ilpu sTom mMakcumanbHOE
pacTsruBaroliee HampspKeHHe B KepamHKe JUIsi HauOojee OMacHOW CYNepHo3UIUU HAIPSKEHUM
YMEHBIIIWJIOCh COOTBETCTBEHHO B 1,7 paza u B 1,5 paza u coctraBuio yxe Tojbko 0,75 BeIMUYUHBI
npejena MpoYHOCTH Ha pacTsokenue. buom. 12.
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