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Thermal Stresses in Ceramometallic Crowns:
Firing in Layers

Juergen LENZ, Dr Rer Nat*, Matthias THIES, Dr-Ing**,
Karl SCHWEIZERHOF, Dr-Ing***, Qiguo RONG, MSc****

Objective: This investigation deals with the experimental/numerical determination of tran-
sient and residual thermal stresses in ceramometallic crowns, simulating a realistic case of
firing in (four) layers.

Methods: Axisymmetric (premolar) crown models with a NiCr-frame were equipped with
thermocouples on the outer and inner surfaces. The crowns were heated in a porcelain fur-
nace to a homogeneous temperature of 600 °C in each simulated firing step. After opening
the lid of the furnace, the temperature decreases in the different surface points when mea-
sured simultaneously throughout the cooling phase. From these data the temperature and
stress distributions in the crown were computed with the aid of the Finite Element Method,
assuming linear-thermoelastic behavior of alloy and porcelain and taking into account the
dependence of the porcelain’s coefficient of thermal expansion on the number of firings.
Results: For the porcelain employed maximum transient thermal stresses in the veneer
occurred during the firing of opaque ceramic shortly after opening the furnace. In each fur-
ther firing step the maximum transient stresses were reduced. Maximum residual stresses
were found after the second firing of the body porcelain. Glazing led to a considerable relief
of the transient thermal stresses.

Conclusion: The results allow a deeper understanding of the origins of thermal stresses dur-
ing the fabrication process of ceramometallic crowns and of the influence of several decisive
: fabrication parameters on the magnitude of theses stresses. In view of the large number of
parameters involved, it must be questioned whether a satisfactory definition of “thermal com-
patibility” of alloy and ceramic can ever be established.

Key words: Porcelain-fused-to-metal (PFM) restorations, ceramometallic premolar crown,
transient and residual thermal stresses, thermal compatibility, temperature measurement,
Finite Element Method (FEM).
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orcelain-fused-to-metal (PFM) restorations (crowns,
bridges, prostheses) are fabricated by coating an
alloy frame with ceramic in several steps, heating the
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system each time in a porcelain furnace to temperatures
of & = (930-980) °C, and cooling it (according to a
given timescale) first inside and later outside the fur-
nace. Generally four firings are necessary for the com-
pletion of the restoration:

1. Opagque porcelain firing whereby the opaque ceram-
ic prevents a translucence of the alloy frame and
brings about a sufficiently high bond between the
porcelain and the frame;

2. First dentin (body porcelain) firing;

3. Second dentin firing in order to make up for the vol-
ume loss in the preceding cycle and thus achieve the
final geometry of the restoration (otherwise at least
one further firing is necessary);

4. Glazing in order to seal possible microcracks in the
surface of the veneer and endow it with the gloss of
a natural tooth.
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During the cooling phase after each firing, when
passing through its so-called glass-transformation tem-
perature interval which is in the range of 85 =~
(560-620) °C for the majority of conventional porce-
lains, ceramic changes from a plastic-sluggish into an
elastic-brittle state. While at temperatures of > 0, the
porcelain can follow the contraction of the frame with-
out experiencing stresses; at temperatures of & < 9
thermal stresses build up in the composite system since
the coefficient of thermal expansion, a, of the now elas-
tic-stiff ceramic differs from that of the alloy during the
cooling to room temperature. If the frame and veneer
could contract freely, they would no longer fit together,
but since they are connected along the bond surface con-
straints arise in the system. In “thermally-incompatible”
material combinations (with too large a difference in the
coefficients of thermal expansion as an essential criteri-
on) critical thermal stresses lead to cracks and/or spalla-
tions in the veneer or to debonding. An increase in such
defects is commonly observed when dental technicians
change over to a new alloy and/or porcelain. Therefore,
it is helpful to analyze the development of thermal
stresses and study their dependence on the essential
parameters.

In the following study we restrict ourselves to the
investigation of thermal stresses in PFM crowns, select-
ing an axisymmetric crown model for reasons which will
be explained. In particular we consider a model resem-
bling a premolar crown in size (height and maximum
radius), geometry of cusp and margin, and thickness of
frame and ceramic veneer.

The analysis was carried out with the aid of the Finite
Element Method (FEM). Besides the so-called residual
stresses, i.e. thermal eigenstresses in the configuration
at room temperature, we also analyzed the transient
stresses, i.e. stresses occurring during the complete
cooling phase.

Mathematically the temperature distribution in the
complete crown as a function of time is given if the ini-
tial temperature distribution in the complefe crown and
either the heat flux from the crown into the vicinity, or
the temperature distribution at its surface (both as func-
tions of time) are known. The heat flux is caused by
radiation and by free convection. Although the physical
laws behind these phenomena are known, because of the
complex geometry of the system they can not be realis-
tically simulated by a numerical procedure. We therefore
decided to determine the surface temperature experi-
mentally by equipping the surfaces of the frame and of
the veneer with thermocouples.

Two effects contribute to thermal stresses in a cer-
amometallic crown:

1) In an infinitely slow cooling of the system, which
would result in a homogeneous temperature in the
crown at each instant, where the frame and the
veneer could contract freely, below the glasstransfor-
mation temperature they would no longer fit together
because of the different rates of contraction of the
two materials. However, since both parts are con-
nected at the bond interface, constraints and thus
stresses arise.

2) In reality, however, the crown is cooled in a finite
period. Since the heat fluxes (due to radiation and
convection) from the frame and the veneer into the
vicinity differ from each other, position- and time-
dependent temperature gradients (inhomogeneous
temperature distributions as a function of cooling
time) build up in the crown during cooling which
also lead to thermal stresses. Because of the compar-
atively high thermal conductivity of the alloy, tem-
perature differences within the frame will rapidly
even out so that the temperature gradients and
accompanying thermal stresses will essentially be
limited to the veneer, i.e. to that part of the crown
which is most vulnerable.

Even if it were possible identically to match the ther-
mal contraction curves of an alloy and a porcelain
throughout the period between the glass-transformation
temperature of the ceramic and room temperature,
although the cooled-down crown would certainly be free
of stresses, during the cooling phase thermal stresses
would still occur because of temperature gradients.

Indeed, the problem is rather intricate. The residual
stresses depend only on the (mean) coefficients of ther-
mal expansion, o, and o, in the interval between the
glass-transformation temperature of the porcelain, 9,
and room temperature, {b,, the glass-transformation
temperature itself, Young’s moduli, E,; and E, and
Poisson’s ratios, vy, and v, each at room temperature
(M: metal, C: ceramic), and global and local geometry.
The transient thermal stresses, however, are essentially
affected by the specific cooling kistory, and the compu-
tation of the development of temperature and stresses
requires the temperature dependence of all these mater-
ial coefficients as well as of the mass densities, py; and
Pc» thermal conductivities, AM and AC, and specific
heats, ¢y; and c.. In view of this large number of para-
meters (and more, cf. our earlier studies!?) it is ques-
tionable whether a satisfactory definition of the “ther-
mal compatibility” of alloy and ceramic can ever be
achieved.

In our first study' transient and residual thermal
stresses in the geometrically identical premolar PFM
crown model, as used here, were calculated for a simpli-
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fied case in which the ceramic veneer was fixed to the
alloy frame in one firing. The main result was that for all
four tested alloys (gold, palladium, NiCr and the CoCr
group) in combination with ips-Classic porcelain
(Ivoclar, Liechtenstein), the maximum transient thermal
stresses occurring shortly after opening the furnace con-
siderably exceeded the maximum residual stresses in the
crown’s veneer. In practice, however, porcelain is fused
to the alloy frame in several steps. In this study we there-
fore concentrate on an analysis of stresses caused by fir-
ing the ceramic veneer to the metal frame in three steps,
followed by glazing. This analysis takes into account the
temperature dependence of all the material coefficients
involved, and in particular considers the dependence of
the coefficients of thermal expansion of both, opaque
and body porcelain, on the number of firings.

Alloy and porcelain are treated here as homogeneous,
isotropic, linear-elastic materials, thus obeying the con-
stitutive relations

0(e8) = 2G { &+ [ve - (1+v) & (9 - 9;)] 1/ (1-2v) }

where o = stress tensor, £ = deformation tensor, 1 = unit
tensor, e = (volume) dilatation, ¥ = (instantaneous) tem-
perature, ¥, = glass-transformation temperature of the
porcelain, G = shear modulus, v = Poisson’ ratio
[Young’s modulus is given by E =2G (1 +v)], and o =
coefficient of thermal expansion. For the determination
of transient thermal stresses the mass density, p, thermal
conductivity, A, and specific heat, ¢, of the materials are
also involved as they appear in Fourier’s equation of heat
conduction. We disregard viscoelastic effects, however,
which can not be excluded for porcelain, especially at
temperatures around its glass-transformation tempera-

TABLE 1 Young’s modulus and Poisson’s ratio at room temperature U = 20 °C, glass-transfor-
mation temperatures, and coefficients of thermal expansion in the interval U - Vg

ture.>* The presented stress values are therefore likely to
be somewhat higher than those in a real crown. This
does not, however, impair the comparison of stress dis-
tributions in the various firing cycles which is subse-
quently presented.

Materials and Methods
1. Materials

For the crown’s frame the NiCr-alloy Williams Litecast
(manufacturer: Williams, Amherst, NY) was used (com-
position: Ni 68.5 , Cr 15.5, Mo 14.0, A11.0, Si, Mn).
As veneering material ips-Classic porcelain (manufac-
turer: Ivoclar, Liechtenstein) was chosen. Table 1 pre-
sents the values of those material coefficients which
determine the residual thermal stresses. They were part-
ly provided by the manufacturers, partly taken from lit-
erature.>0

For the determination of fransient thermal stresses a
knowledge of the temperature-dependence of all mater-
ial coefficients is required. Figs 1 and 2 show the co-
efficients of thermal expansion, a, of opaque and body
porcelain, and the NiCr-alloy, respectively, for the dif-
ferent firings as a function of temperature (the corre-
sponding measurements of thermal strain were provided
by Ivoclar, Liechtenstein). The temperature dependen-
cies of the Young’s moduli, E, Poisson’s ratios, v, ther-
mal conductivities, A, and specific heat capacities, pc, as
used in the calculations, are presented in Figs 3-6. These
figures also include, for comparison, the temperature
lapses of an AuPt-alloy (Aquarius C; manufacturer:
Williams, Ellwangen, Germany), a PdAg-alloy (Capri-
corn Aries; manufacturer: Williams, Ellwangen, Ger-

Young’s modulus  Poisson's ratio  Glass-transformation temperature Coefficient of thermal expansion
E [GPa] LY 5 [°Cl in the interval O, - i
(at O) (at 9g) a [1078 K]
Williams 158.6 0.27 14.4
Litecast
ips-Classic 69.4 0.19 opaque  body opaque body
porcelain 1st firing: 601.1 575.4 1st firing: 12.5 13.2
2nd firing: 611.6 585.2 2nd firing: 11.2 12.1
3rd firing: 618.1 580.9 3rd firing: 121 12.6 .
4th firing: 610.6 4th firing: 12.5 |
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Fig 4 Temperature-dependence of the
Poisson’s ratii of different alloys, and of
‘porcelain.

Fig 5 Temperature-dependence of the ther-
“mal conductivities of different alloys and of
parcelain.

Fig6 Temperature-dependence of the spe-
cific heat capacities of different alloys, and
of porcelain.
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Fig 7 Stripping blade used to achieve the
final geometry of the crown specimen.

many) and a CoCr-alloy (Remanium 2000; manufac-
turer: Dentaurum, Pforzheim, Germany) which were
employed in our first experiment.!

It should be noted that the coefficient of thermal
expansion, a.-, of opaque ips-Classic porcelain displays
an “anomalous” temperature dependence in the second
firing at temperatures scarcely below its glass-transfor-
mation point as compared with the other firings (Fig 1),
whereas ips-Classic body porcelain shows similar tem-
perature lapses for all firings (Fig 2). Concerning
Young’s modulus of ceramic, Ec, in the glass-transition
region a linear ascent within an interval of 20 °C above
the value ¥ in question was assumed in each firing
cycle as illustrated in Fig 3 for the value 8, = 581.7 °C
which was used in the first study.!

Neither the manufacturers nor the dental literature
could deliver reliable information about the temperature
dependencies of the thermal conductivities, A, and spe-
cific heat capacities, Pc, of the materials. We were there-
fore forced to consider alternative materials the compo-
sition of which was closer to the selected alloy and
ceramic.”%?

2. Fabrication of specimens (crown models)

In a first step axisymmetric crown frames with a con-
stant thickness t,; = 0.45 mm were cast from the NiCr-
alloy using a jig produced in brass on a computer-con-
trolled milling machine. Axisymmetric specimens were
chosen for two reasons: firstly, in order to facilitate the

10

Fig 8 Crown specimen after the third firing.

fabrication of consistently identical crown specimens;
secondly, and fundamentally, because the experimental
determination of surface temperature distribution for a
non-axisymmetric crown required a much larger number
of thermocouples.

A special device was constructed to allow rotation of
the specimens (n = 5) against fixed stripping blades in
each step of manufacture, after porcelain had been
applied. These blades had the desired external contours
required in each firing step (the shrinkage of ceramic in
each step had been determined in preliminary experi-
ments). Fig 7 shows the stripping blade used to achieve
the final form of the crown. Fig 8§ presents such a spec-
imen in its final form, i.e. after the last firing cycle. For
opaque porcelain a constant thickness t, = 0.20 mm was
chosen. Fig 9 schematically illustrates the three geomet-
rical configurations used in the experiments and numer-
ical analyses (the last configuration being identical to
the simulation of the glazing process).

In their final configuration the specimens had an
overall height of 7.5 mm and a maximum radius of
4.1 mm, thus approximately corresponding to a premo-
lar crown, as they also did in regard to the geometry of
the cusp and the margin.

3. Experimental determination of the surface
temperature distribution

The specimens were equipped with NiCr/Ni-thermo-
couples at a series of points on the outer ceramic veneer

Volume 5, Number 3, 2002
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Firing in layers: configurations

Fig 9 Scheme of the geometrical configu-
rations (opaque layer, first dentin layer, final
configuration) used in the experimental/
numerical analyses.

Fig 10 Crown specimen equipped with
thermocouples, mounted on the firing sup-
port.

and the inner alloy frame, these points being located on
the contour of an intersection through the crown which
marked the symmetrical axis. On the alloy frame the
thermocouples were lasered to the surface so that the
central (axial) thermocouple served as a supporting pin.
In order to achieve contact with the ceramic veneer, the
thermocouples were fastened to a surrounding wire
cage, thus allowing their resilient support on the surface.
Fig 10 illustrates such an arrangement. The distance
between the crown’s margin and the surface of the firing
support (tray) was adjusted to 6 mm, which corresponds
approximately to that of commercial pin systems.

The electronic equipment (National Instruments
SCXI-1000, 1100, 1300) permitted a simultaneous mea-

The Chinese Journal of Dental Research

alloy + alloy + alloy +
opaque porcelain

opaque porcelain+
Lbody porcelain +
2. body porcelain

opaque porcelain+
1. body porcelain

surement of the temperature in the contact points as a
function of cooling time, whereby the start of each
experiment was triggered at the instant the lid of the
porcelain furnace was lifted (Programat P 90; manufac-
turer: Ivoclar, Liechtenstein),

In the experiments the crowns were heated in the fur-
nace to a temperature of 600 °C (i.e. a temperature in the
range of the glass-transformation temperatures of the
porcelain for the different firing cycles; cf. Table 1), the
halting time of about 12 minutes guaranteeing a homo-
geneous initial temperature in the complete specimen.
(The NiCr/Ni-thermocouples are not suitable for higher
temperatures, and alternative thermocouples made to
withstand greater heat could not be used because of their

11
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Local temperature lapses
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Fig 11 Typical temperature lapses at four control points on the veneer and at the

central point of the frame in the final configuration (third firing).

distinctly larger cross-section which, with tiny speci-
mens, could possibly have led to a heat flux falsifying
the true local temperature.) In this respect the cooling
process simulated in the experiments, from the firing
temperature down to the temperature at the instant of
opening the furnace, corresponded to retarded (delayed)
cooling inside the furnace down to 600 °C. Then the lid
of the furnace was lifted off, the firing tray with the
crown was taken out of the furnace, and the system was
exposed to the air (at room temperature) and shielded by
a wide cylinder to avoid the uncontrolled flow of air.
Fig 11 shows the recordings of typical temperature lap-
ses at four control points on the veneer and the central
point on the alloy frame in the final configuration (third
firing).

For each specimen the measurements were repeated
ten times for statistical reasons. Finally the mean local
temperature values as a function of time were deter-
mined from all these measurements of all the specimens.
The maximum standard deviations were < 4 % across
the entire cooling interval from 600 °C to 20 °C.

4. Numerical procedure (Finite Element Method)

The temperature lapses measured at the discrete surface
points were smoothed numerically to a continuous,
time-dependent surface temperature distribution. This

12
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2762 four-node elements.

Fig 12 Finite element mesh with 2762
four-node elements used in the simulation
of the third firing and and the fourth firing
(glazing).

was used as input to a finite element (FE) analysis car-
ried out with ANSYS 5.3 to compute the temperature
distribution in the interior of the crown and, finally, the
distribution of thermal stresses in the system, both as
functions of time. The mesh used consisted of 1200
(first firing: opaque porcelain), 2219 (second firing:
body porcelain) and 2762 (third correction firing: body
porcelain; fourth firing: glazing; cf. Fig 12) four-node
elements, respectively. Analyses prior to the final calcu-
lations confirmed that a further refinement of the mesh
resulted in negligible discrepancies. The following flow
chart illustrates the experimental-numerical procedure
employed:

at discrete surface points of the crown

v

Smoothing of these data to a continuous
distribution of surface temperature

\7 Simultaneous measurement of temperature

Y

Numerical determination of the distribution
of temperature in the interior of the crown

Y

Numerical determination of the
distribution of thermal stresses in the crown
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Results

In all four firing cycles the frame possesses a practical-
ly homogeneous temperature distribution in each instant
of the cooling phase due to the comparatively high ther-
mal conductivity of the alloy as compared to the porce-
lain. It is also typical of all firing cycles that the highest
transient stresses in the veneer occur shortly after open-
ing the porcelain furnace (i.e. within the first ~ 40 sec-
onds). They occur practically at the same moment when
the temperature gradients in the veneer reach their max-
imum. The highest temperatures are always measured at
the surface of the veneer, the lowest at the surface of the
frame, and these temperature differences can consider-
ably exceed 100 °C. This disparity is due to the fact that
the veneer can freely radiate heat into the vicinity while
the surface elements of the frame are essentially radiat-
ing at each other (quasi radiation equilibrium), and that,
via free convection, passing air can withdraw much
more heat from the surface of the veneer than from the
interior of the crown, which forms a cavity (stated sim-
ply, radiation dominates at high and convection at lower
temperatures). This explains the development of the
temperature distribution found in the simulations.
Immediately after opening the furnace, temperature gra-
dients build up in the porcelain which grow monotoni-
cally with time until a maximum is reached, which is
followed by a monotonic decrease of the gradients down
to room temperature.

In the following series of figures we present, for each
firing cycle, the distribution of maximum fransient
stresses in the ceramic veneer (i.e. only for that part of
the crown which 1s most likely to be exposed to failure)
along with the pertinent temperature distribution in the
complete crown, and the distribution of residual stresses
in the veneer, restricting ourselves to half cross-sections.
The maximum principal stress is used as a stress mea-
sure (positive values denote tension, negative values
pressure) in view of the fact that ceramic, as a brittle
material, is especially sensitive to tensile stresses. The
figures contain at the top, in white, the moment t (in sec-
onds: s) after opening the furnace (at time t = 0), and in
the lower right corner, in blue the lowest, in red the
highest instantaneous temperature (in °C) or stress (in
MPa) value, respectively. A fine graduation of the cor-
responding values can be gathered from the color scale
in the upper right corner.

In the following the time at which the maximum tran-
sient stresses occur is denoted by t*.

Figs 13a, b present the temperature and stress distrib-
ution for the first (opaque) firing at time t* = 16 s. The
temperature difference between the surface of the veneer

The Chinese Journal of Dental Research

and the frame then amounts to AD ~ 498 °C — 350 °C =
148 °C, which results in the largest temperature gradient
recorded during the complete fabrication process
(because of the thin layer). This leads to the maximum
transient stress o = 114.8 MPa (also the largest value
found during the complete firing cycle) which occurs at
the surface in the transitional region between the
occlusal and the wall section of the crown. The addi-
tional Fig 14, illustrating the situation in the complete
system, shows that at t* = 16 s the alloy frame is under
moderate pressure.

During further cooling the transient stresses gradual-
ly diminish due to decreasing temperature gradients and
(this holds for all firing cycles) at fimes t ~ 80110 s the
maximum thermal stresses finally move from the sur-
face of the veneer to the opaque layer at the bond inter-
face, and to the curved transitional region between the
occlusal and the wall sections. These transient “bond”
stresses increase during cooling time. About 950 s after
opening the furnace the system is practically cooled
down to room temperature, 20 °C (temperature varia-
tions = 1 °C), and the crown is set under the final resid-
ual stress distribution.

This residual stress distribution in the opaque layer is
shown in Fig 15. The maximum tensile residual stress at
the bond interface is given as o = 14.4 MPa. Altogether
the layer is set under pressure (central and marginal
region) or at most moderate tension. As an overview Fig
16 presents the situation in the complete system which
shows that high stresses up to o = 92 MPa exist in the
frame in the vicinity of the crown’s margin.

In the second firing cycle (first layer of body porce-
lain) the temperature difference at time t* = 18 s (Fig
17a) is given as A% = 516 °C-393 °C = 123 °C. (The
slight lacing of the crown’s surface near the margin was
introduced to avoid stress concentration due to a sharp
edge during the following firing process.) The pertinent
maximum transient stress in the veneer amounts to o =
53.5 MPa (Fig 17b), occurring in the neighborhood of
the cusp. Fig 18 illustrates the distribution of residual
thermal stresses in the veneer: the maximum value
amounting to ¢ = 54.8 MPa is again found at the mate-
rial interface in the transitional region between the
occlusal and the wall sections of the crown.

During the third firing cycle (correction firing of
body porcelain) the temperature difference at time t* =
40 s (Fig 19a) amounts to A% = 389 °C-273 °C =
116 °C. The maximum transient stress in the veneer
reaches the value o = 54.6 MPa at the surface of the wall
section (Fig 19b), i.e. about the same value as in the pre-
ceding firing cycle. The maximum residual stress, how-
ever, given as 0 = 76.5 MPa and again occurring at the

13
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Fig 15 Distribution of residual stresses in
the opague layer.

Fig 16 Distribution of residual stresses in
the complete crown.

Fig 17a Temperature distribution in the
complete crown for the second (first dentin)
fiing 18 seconds after opening the furnace.
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Fig 17b Accompanying distribution of tran-
sient stresses in the ceramic veneer.

2. firing
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(max. princ.)

h =6 mm
To = 600 Celsius
Ivoclar ips =~ porcelain

Willi Li + (NiCi - g ; . ;
Aiizees tisasany (M0e) Fig 18 Distribution of residual stresses in

the veneer after the second firing.
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temperatures

h = 6 mm
To = 600 Celsius \ Fig 19a Temperature distribution in the
Ivoeclar ips — poreeclain complete crown for the third (dentin correc-
Williams Litecast (NiCr) tion) firing 40 seconds after opening the fur-
nace.
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Fig 20 Distribution of residual stresses in
the veneer after the third firing.

material interface in the transitional region between the
occlusal and the wall sections of the crown, has risen
dramatically (Fig 20).

Finally, during the fourth firing cycle (glazing), at
time t* = 24 s when AD = 482 °C-361 °C = 121 °C, the
maximum transient stress amounts to o =41 MPa (Figs
2la, b) and occurs at the surface of the cusp. The final
residual stress distribution in the ceramic veneer is
shown in Fig 22: the surface of the veneer is set under
pressure or moderate tension, respectively, whereas the
opaque porcelain is again loaded with high tensile
stresses at the bond interface, the maximum amounting
to o= 74.7 MPa. As an overview the residual stress dis-

The Chinese Journal of Dental Research

tribution in the complete crown is presented in Fig 23. It
becomes obvious that in the central part of the frame
high tensile stresses up to ¢ =239.6 MPa are “frozen in”
whereas its marginal region is essentially not under pres-
sure.

Table 2 shows the results obtained in the four simu-
lated firing processes.

It should be noted that the residual thermal stresses
can be calculated directly from the values E; and E,
vy and v, oy and o, and 9, irrespective of the spe-
cial cooling history. These values differ less than 0.5 %
from those obtained at t = 950 s.
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Fig 21a Temperature distribution in the
Williams Litecast (NiCr)

complete crown for the fourth firing (glaz-
ing) 24 seconds after opening the furnace.
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the veneer after the fourth firing (glazing).
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4, firing

stresses
(max. prine.)

h = 6 mm

To. = 600 Celsius
Ivoclar ips — porcelain
Williams Litecast (NiCr)

Fig 23 Distribution of residual stresses in
the complete crown after glazing, i.e. the
stress state “frozen in” after completion of
the fabrication process.

TABLE 2 Maximum transient and residual thermal stresses occurring during the four firing cycles

Maximum transient principal Maximum residual principal
stress [MPa] (at time t7) stress [MPa]

ist firing: opaque porcelain 114.8 (16 s) 14.4

2nd firing: opague + body porcelain 53.5 (18 s) 54.8

3rd (correction) firing: opaque + body porcelain 54.6 (40 s) 76.5

4th firing: glazing 41.0 (24 s) 74.7
Discussion once (the “single layer” simulation). In that paper the
(mean) coefficients of thermal expansion, as stated by
For the considered material combination, Williams the manufacturers, were set at o, = 14.4 x 106 K-! for
Litecast/ips-Classic porcelain, the simulation of the the NiCr-alloy and at o, = 12.8 x 100 K for ips-
development of thermal stresses during the four firing Classic porcelain (approximately corresponding to the
eycles shows that the maximum transient and the maxi- mean value of the body porcelain for the first three fir-
mum residual stresses in the ceramic veneer are essen- ings, as listed in Table 1) in the interval between glass-
tially of the same magnitude. These stresses were calcu- transformation temperature U = 581.7 °C and room
lated under the assumption that both materials, alloy and temperature 9 = 20 °C. The temperature dependence of
porcelain, can be modeled as linear-elastic materials, i.e. o resembled that of Fig 3 for the third firing; the tem-
the possible viscoelastic behavior of porcelain at high perature dependence of a,, was the same as here. The
temperatures, and thus stress relaxation, has not been main result was that the maximum transient stress in the
taken into account. Therefore, the presented stress val- veneer (0 =~ 68 MPa) was much higher than the maxi-

ues are most likely somewhat higher than in reality. mum residual stress (o =40 MPa).

Nevertheless, the presented values allow a comparison However, with the exception of the first (opaque) fir-
of the stresses during the different firing cycles. ing, this more realistic investigation of firing in layers
In the 1999 study' the authors presented a simplified shows an inversion of this relationship: the maximum
model simulating the firing of the complete veneer all at transient stresses are seen to be of the same magnitude
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Maximum transient stresses along the crown's surface [MPa]

60

40

-20 :
l00p sﬁﬁssm: —

o
‘tangential stresses: — — —
60 i ST

Fig 24 Distribution of transient hoop and
tangential stresses at the surface of the
crown during the second firing and fourth

firing {glazing) 18 and 24 seconds, respec-
tively, after opening the porcelain furnace.
Coordinate s measures the distance of a

0 1 2 3

(in the second firing) or considerably lower (in the third
and fourth firings) than the maximum residual stresses
(cf. Table 2).

For the considered material combination the maxi-
mum transient stresses in porcelain have a tendency to
decrease with each firing whereas the maximum resid-
ual stresses increase. Glazing delivers a considerable
relief of the transient stresses, but leaves the residual
stresses practically unchanged.

To obtain a more detailed insight into the stress dis-
tribution at the critical loci of the crown, we also ana-
lyzed the maximum transient stresses along the surface
of the crown at time t = t* (t* = the instant of occurrence
of maximum transient stresses), and the residual normal
and shear stresses along the bond contour.

Since the crown is free from tractions, an area in the
tangential plane (the surface element) is stress-free and
the principal direction is from the normal to the surface.
For the two remaining perpendicular areas on the sur-
face of the crown Fig 24 shows the lapse of pertinent
normal transient stresses o, and o, as a function of the
coordinate s (arc length), measuring the distance of a
surface point from the symmetrical axis along the sur-
face contour.

Here o, denotes the hoop stress, i.e. the normal stress
in an area of a cross section through the crown contain-
ing its symmetrical axis, whereas o, denotes the normal
stress in an area perpendicular to the crown’s surface
contour, which is always directed tangentially towards
the surface contour (in what follows this stress compo-
nent is referred to as tangential stress). Fig 24 shows
these stresses for the second firing (i.e. at time t* = 18 s)
as a function of the arc length s,, and for the fourth fir-

20

surface point from the symmetrical axis
along the surface contour.

ing (i.e. at time t* = 24 s) as a function of the (modified)
arc length s,.

In the second firing (red curves) both surface stress-
es are tensile throughout with the exception of a small
region near the margin of the crown. The maximum
hoop stress occurs near the top of the cusp and amounts
0 O} ax = 33.5 MPa (maximum transient stress; cf.
Table 2). This stress is greater than the maximum tan-
gential stress 0, .. = 41.5 MPa occurring between the
symmetrical axis and the cusp. The maximum compres-
sive hoop stress and tangential stress at the marginal
end of the veneer are given as o, . = 54.0 MPa and
0y min — —20.8 MPa respectively.

During glazing (the fourth firing) the highest tran-
sient stress is the tangential stress near the top of the
cusp, which amounts to g, ;.. = 41.0 MPa (maximum
transient stress; cf. Table 2). Now the maximum hoop
stress occurring in the central wall section, which has
the value e 33.5 MPa, is smaller than the maxi-
mum tangential stress. Both stresses are compressive in
the vicinity of the symmetrical axis and the tangential
stress again assumes negative values in the transitional
region between the cusp and the wall of the crown (the
magnitude of these compressive stresses is less than 13
MPa, however, thus being considerably smaller than the
tensile stresses).

Since porcelain, a typically brittle material, is espe-
cially sensitive to tensile stresses, transient stresses in
the cusp region and central part of the wall may lead to
surface cracks.

Fig 25 shows the lapse of normal and shear residual
stresses along the bond interface contour (coordinate s*)
after the second and fourth firings. The shear stresses

Volume 5, Number 3, 2002
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Residual stresses along the bond interface [MPa]

Ty noxmalsh‘es&es— ZAME L et 1 -
Fig 25 Distribution of normal and shear b 4 fiting j '
residual stress along the bond interface for 7 70] IR, P POIY T T UNSIMES, 1|0 O WSS ISSRSRS SR S
the second and fourth firings, respectively; _f_ — 4 firing | : : i
ooprdmate s meagures the distance of a -800 i é é ;z 5 5 7 g 9
point on the bond interface from the sym- s*[mm]

metrical axis along the bond contour.

are essentially negative and of moderate magnitude
throughout, though there is a sudden (negative) increase
near the margin of the crown (i.e. high shear stresses at
the bond interface in the marginal zone of the veneer).
These highest values are given as o ., = —65.2 MPa
(second firing) and Oghear — —46.8 MPa (glazing). The
normal stresses are essentially tensile, except in the
vicinity of the symmetrical axis and the margin, and
reach their maximum values in the transitional region
between the occlusal and wall sections of the crown.
These maximum values are givenas o, = 54.4 MPa
(second firing) and o, ., = 74.1 MPa (glazing).
The maximum normal compressive stresses at the

margin are o, . = —61.8 MPa (second firing) and
O ormat — —1-9 MPa (glazing).

Evidently the regions of the bond interface with the
‘highest risk of debonding are the transitional zone
between the occlusal and wall sections (where there are
high tensile stresses) and the marginal region of the
crown (where there are high shear stresses). It should be
noted, however, that the high shear stresses near the mar-
‘gin of the crown are “buffered” by normal compressive
stresses of about the same magnitude (i.e. the frame and
the veneer are pressed together), which partially neutral-
izes the debonding effect of the shear stresses. It may
therefore be expected that the curved section of the bond
interface, exposed to high tensile stresses, is more like-
ly to fail.

In the literature®!” the values R | =~ (25-40) MPa for
the tensile strength of porcelain and o, = (65-125) MPa
for its bending strength, each at room temperature, can
be found. Strength values at high temperatures are, how-
ever, not known to the authors. Compared with these
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data, especially as regards the tensile strength, the max-
imum principal stresses presented in this investigation
are for the most part already in the critical range. There
is, however, no constant tensile stress, transmitted across
the complete cross section as in the tensile test, in the
crown. Flexure strength is therefore seen to be a more
realistic measure of the risk of cracks, spallations, etc.
However, it is clear from the results shown in Table 2
and Fig 24 that the calculated flexure stress values come
close to, or within, the critical range (but note that stress
relaxation due to the possible viscoelastic behavior of
ceramic at high temperatures has not been included in
our model). Nevertheless, during the fabrication of the
crown specimens failure was never observed.

With regard to the risk of debonding we have to com-
pare the stresses calculated at the material interface (cf.
Fig 25) with corresponding metal-ceramic bond strength
values. In the 1SO test (the three-point flexure bond
test), where the geometry of the test specimen deter-
mined that the shear and normal stresses at the endan-
gered site were of the same magnitude,!’ bond strengths
in the range T, = (30-65) MPa were measured. Thus the
stresses observed along the bond interface also fall part-
ly into the critical range. It is evident from Fig 24 that
the transitional region between the occlusal and wall
sections of the bond interface, as well as its marginal
zone, are especially in danger of debonding. However,
no damage to the bond was registered in the fabrication
of the crown models.

In this context we should like to mention an interest-
ing result already obtained in our “single layer” simula-
tion study. It is known from continuum mechanics that
stress concentrations exist at sites of a loaded body
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Residual thermal stresses ¢ [MPa] as a function

of the radius of curvature R [mm]
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Fig 26 Maximum residual stress (at the
center of the bond interface in the transi-
R tional region from the occlusal to the wall
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Fig 27 Dependence of the maximum transient stress-
es on pin length, i.e. the distance between the margin
of the crown and the firing support (“single layer” sim-
ulation).
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section of the crown) as a function of the
{interior) radius of curvature (“single layer”
simulation).

0.2mm

where small radii of curvature occur. To elucidate this
fact quantitatively, Fig 26! shows the maximum princi-
pal residual stress in the center of the curved region of
the bond interface as a function of the (interior) radius
of curvature, R (to get the radius of curvature of the
bond interface itself, the frame thickness of 0.45 mm
has to be added to R), given as R = | mm in the present
paper. It is clear that the bond stresses increase drama-
tically with the decreasing of radius R. The dental tech-
nician should therefore try to exclude loci with small
radii of curvature (brims, edges etc.) from the bond sur-
face. The dentist himself can contribute to a geometri-
cally advantageous configuration by the appropriate
preparation of the abutment tooth.

Further investigations in our earlier study! proved
that the maximum transient stresses during cooling
depended in a surprising way on the distance between
the margin of the crown and the firing support, deter-
mined by the length of the pins used. In the results pre-
sented here this height was chosen as h = 6 mm which
corresponds approximately to most commercial pin sys-
tems. Smaller (h = 3.5 mm) and greater distances (h =
12 mm) both delivered higher stresses (Fig 27). The rea-
son for this phenomenon has not yet been fully explored.
Schlieren-optical’s investigations made clear, however,
that the convection flow patterns around the crown dif-

fer considerably for the three heights. Furthermore, it is,

conceivable that the distance h may play a dominant role
in heat radiation.

Whereas the residual stresses are completely deter-
mined by the values of the material constants just men-
tioned, and by the specific geometry of the crown, the
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Fig 28 Dependence of the maximum resid-
ual principle stress on Young’s modulus of
the the alloy.

fransient stresses can be manipulated by the cooling
process. It is clear that a decrease of these stresses can
be achieved by a reduction of the temperature gradients.
In our previous study' it was shown that a lowering of
the opening temperature of the furnace from 600 °C to
450 °C resulted in a reduction of ~30% in the maximum
transient stresses.

Conclusions

This investigation shows that the thermal stresses in
PFM restorations depend on a large number of para-
meters, including material coefficients, the global and
local geometry of the object, specific cooling processes,
and more. In the authors’ opinion, a reliable and com-
monly accepted definition of the thermal compatibility
of metal-ceramic systems is unlikely to be achieved.

In practice it is important that an alloy be combined
with a porcelain for which the difference (a,, — aC) of
the materials’ coefficients of thermal expansion (as
dominant parameters) is not too large. According to the
presented results and dental practice, an approximate
upper limit should be given as Aot = oy, — ot = 2 x 106
K-! if the remaining important parameters (e.g. geo-
metry, the cooling process etc.) are adjusted in the way
described above. This upper limit will, however, depend
on the chosen alloy: Fig 28 presents, for the identical
value Aa = 1 x 107°® K-! the maximum residual stress-
es as a function of Young’s modulus of the alloy, E,, as
caleulated in our single layer simulation experiment' for
a precious (Aquarius C), a palladium-base (Capricorn
Aries), a NiCr- (Williams Litecast), and a CoCr-alloy
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Ep [GPa]

E.=69.4 GPa, v.=0.19,
Ao=oy-a:.=1" 1071

e

758 7.9 158.6 200.0
0.42 0.39 0.27 0.33
Aquarius Capricorn Williams Remanium
c Arles Litecast 2000

{lvaclar) {lvoclar) (Williams) {Pentaurum)

(Remanium 2000). The stresses in the veneer are higher
when Young’s modulus of the metal is larger (the effect
of Poisson’s ratio on the magnitude of the stresses is
negligible as can be shown by a variation of this para-
meter). We conclude that the choice of a secure value
Aa = oy, — o for a possible characterization of ther-
mally compatible ceramometallic combinations would
also have to take into account the type of alloy.

Transient stresses in the veneer could be reduced if
porcelains with a low coefficient of thermal expansion
at high temperatures were available. We would encour-
age porcelain manufacturers to develop dental ceramics
which cover a wider (higher) range of the mean value of
o in the cooling interval between glass transformation
and room temperature, so that thermally compatible
porcelains may be made available for alloys with a high
oy value (AuPtAg and AuPdAg-alloys). Finally, in most
commercial ceramic systems the coefficient of thermal
expansion of opaque porcelain is higher than that of
body porcelain!? (ips- Classic is an exception) although
it is conceivable that in certain situations a reciprocal
relationship would be more advantageous.!?

In closing we note that only one alloy/porcelain com-
bination was investigated in this work. It is possible that
corresponding analyses with other dental ceramics, with
deviating thermal behavior, might deliver quite different
results.
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