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Objective. To determine the thermal expansion of a porcelain (VM9) and tetragonal zirconia

(Y-TZP) as well as the deflection upon re-heating and cooling of a bilayer fabricated from

these  two materials after slow and rapid cooling during initial fabrication.

Methods. The coefficient of thermal expansion (CTE) of bulk porcelain and Y-TZP as well

as  bilayer beam deflection was measured with a novel non-contact optical dilatometer.

The influence of cooling rate during initial fabrication of the porcelain–zirconia bilayer and

the  bulk porcelain during subsequent heating and cooling is investigated. Specimens were

heated to 900 ◦C in the dilatometer, well in excess of the glass transition temperature (Tg)

and  softening temperature (Ts) of the porcelain.

Results. The thermal expansion of the porcelain above Tg exhibits a threefold increase in CTE

over  that observed below Tg. Observations of the bilayer deflection reflect the difference in

the  CTE of the component materials and enable Tg and Ts temperatures for the porcelain

to  be estimated. Initial cooling rate of the porcelain and porcelain-YTZP bilayer was found

to  have a profound influence on the subsequent response to slow reheating and cooling as

well  as the resultant residual deflection.
Significance. The estimation of the residual stress and potential for chipping of

porcelain–zirconia dental restorative systems should not be based solely on thermal expan-

sion data measured below Tg.

©  2019 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.

and relatively high opacity, of most zirconia materials has
1.  Introduction

Zirconia (primarily yttria tetragonal zirconia polycrystalline Y-

TZP ceramics) with its excellent mechanical, biocompatible
and aesthetic properties has become of a major dental pros-
thetic material. In particular, with the CAD/CAM technology
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having an increasing significant role in the clinic, the use of
zirconia for a range of crown and bridge structures is becom-
ing more  common [1]. However, the strong optical whiteness,
resulted in the veneering of the zirconia with tailored porce-
lains. Apart from providing the correct shade, the veneering
porcelain also improves the aesthetics, enables appropriate
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ranslucency, but does require that the thermal expansion
roperties of the porcelain and zirconia are compatible.

During the past decade, since the introduction of zirco-
ia dental restorations, a high incidence of chipping of the
eneering porcelain has been reported [2–7]. The incidence
f such chipping observed in these studies has varied from
lmost non-existent to more  than 30% and has raised suf-
cient concern among the dental community to result in a
ecline in demand, and to the development of translucent zir-
onia materials that are used in monolithic form or with a very
hin veneering glaze.

Various explanations have been proposed for the origin
f the chipping of the veneered structures, amongst others,
he development of substantial residual stresses during the
ast cooling widely practised in the dental laboratories that
abricate these materials [8]. There have been a number of
pproaches to investigating the residual stresses present in
eneered zirconia structures [9–13]. Isgro et al. [14,15] raised
oncerns regarding the consequences that thermal expan-
ion mismatch and multiple firing procedures have on the
esultant deflection of layered dental structures. More recently
akubowicz-Kohen et al. [16] investigated the influence of

ultiple and prolonged firing on the resultant curvature of
orcelain zirconia bilayer disks. The extent of the resultant
urvature increased with firing time at 900 ◦C and was sug-
ested as being associated with transformation of the zirconia
t the interface [16].

Over the last few years there have been numerous mod-
lling studies [8,17–24] both analytical and numerical (FEA)
hat have attempted to address the chipping and associated
esidual stress problem of porcelain veneered Y-TZP. These
tudies make major assumptions that have limited the ability
f these investigations to fully simulate fabrication in the den-
al clinic or laboratory. In particular, these include knowledge
f the glass transition temperature Tg, the visco-elastic soften-

ng temperature Ts, the thermal expansion coefficient above

g and the temperature dependence of the elastic properties
f the specific porcelains simulated. Regulatory approval has
nly required that the thermal expansion coefficient values for
orcelains be quoted for temperatures below Tg. These have
een measured on large-diameter rods, which are generally
ot fabricated in the same manner as the dental restorations.
nother factor that has been barely explored is the role of
tructural relaxation or density development of the porcelain
rom its liquid state to glassy state on cooling [25]. Together
hese assumptions impart considerable uncertainty on the
elevance of the modelling studies undertaken.

Veneering porcelains tend to be predominantly glassy with
o defined melting temperatures and with features that are

ypical of glasses, namely that the glass transition tempera-
ure, Tg, and room-temperature density of the glass depend
n cooling rate [25]. The CTE below Tg is generally considered
lmost completely independent of cooling rate however var-
ous relaxation effects may occur during reheating. Another
actor for veneering porcelains is the development of increas-
ng content of leucite with slower cooling rate and longer hold

◦
ime above 500 C [26–28].
Bilayer materials have long been used for thermostat con-

rol and were the basis of a classic thermo-elastic mechanics
nalysis by Timoshenko 90 years ago [29]. Some 30 years ago
( 2 0 1 9 ) 574–584 575

there were investigations of the deflection response of metal-
porcelain bilayer systems by Lenz et al. [30]. More recently
Kvam and Hero [31] used bilayer deflection to investigate the
relaxation and residual stresses in titanium-porcelain bilay-
ers. In another study Twiggs et al. [32] used bilayer porcelain
fused to metal (Ni–Cr alloy) to investigate the influence of
changes in leucite content by isothermal heat treatment on
the resultant bilayer deflection to determine the low temper-
ature (≤300◦ C) CTE. Asaoka et al. [33–35] also investigated the
role of visco-elastic deformation of porcelain on the resid-
ual stresses developed during fabrication of porcelain fused
to metal structures including bi- and tri-layers. They were
able to include the role of cooling rate on the resultant deflec-
tion and the resultant residual stresses developed. This was
achieved by using incremental time steps during cooling that
allowed the temperature of slices through the veneer/metal
slab to be determined along with the glass transition temper-
ature, effective E modulus, creep strain, thermal expansion
which enabled the internal stresses and resultant beam curva-
ture to be calculated [35]. Another key contributor to this area
is the seminal work of Scherer [36] who almost 30 years ago
published his classic monograph on relaxation in glass and
composites. In this book Scherer considers the critical roles
of cooling rates on the resultant properties of glass, be they
density, refractive index or electrical conductivity. Another key
aspect is the concept of fictive temperature Tf introduced by
Tool [37] to rationalise structural relaxation or densification of
glass and which was critical for generating a complete under-
standing of glass tempering by Narayanaswamy [38,39].

In this paper a simple porcelain–zirconia system is
investigated to determine the relevant thermal expansion
coefficients of both materials and critical Tg and Ts tem-
peratures of the porcelain. The effect of two initial cooling
procedures on the resultant porcelain expansion and bilayer
deflection is also considered.

2.  Materials  and  methods

2.1.  Specimen  preparation

In this study yttria-stabilized, tetragonal zirconia polycrys-
talline ceramic (Y-TZP, VITA In-Ceram® YZ, VITA Zahnfabrik,
Germany) was used as the elastic substrate material. The
specimens were prepared by sintering at a temperature of
1530 ◦C for 2 h. For the observation of the bilayer deflection
experiments, rectangular plates (sample bars) with dimen-
sions of 44 × 4 × 0.5 mm were used, the specimens for the
CTE were approximately 15 × 5 × 5 mm.  As veneering porce-
lain, the natural-feldspar-based VITA VM® 9 (VITA Zahnfabrik,
Germany), was built up on the zirconia surface using the meth-
ods listed in Tholey et al. [9]. The porcelain CTE specimens had
the same dimensions as the zirconia.

For both preparation methods a dentine firing, an enamel
firing and a glaze firing were applied to simulate a typical work
process to create a porcelain veneer with a total thickness of

0.8 mm.  Details of the firing of the porcelain veneer on to the Y-
TZP are given in Tholey et al. [9]. The final cooling procedures
were as follows: the slowly cooled specimen remained in the
firing furnace Programat P95 (Ivoclar Vivadent, Liechtenstein)

https://doi.org/10.1016/j.dental.2019.01.019
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to 500 ◦C before removal, while the rapidly cooled specimen
was removed from the furnace at the end of the hold period
at the maximum temperature and placed on a ceramic ther-
mal  shock resistant plate resting on the enamelled aluminium
base of the furnace.

2.2.  Thermal  expansion  and  bilayer  deflection

Two non-contact optical dilatometer systems were used. For
determination of the intrinsic thermal expansion of the porce-
lain and zirconia materials a vertical optical dilatometer was
used (Misra

®
ODLT, Expert Systems Solutions, Modena Italy).

This system has two optical paths and utilizes microscopes
with high magnification, with which both ends of the sample
are framed. The first optical path measures the position of the
top of the specimen while the second optical path is focused
on the sample holder thereby providing a reference beam. The
specimens were heated at 10 ◦C/min to 660 ◦C.

After the thermal expansion measurement of the porce-
lain the temperature was cycled three times between 660 ◦C
and 450 ◦C with cooling rates of 2 ◦C/min and heating rates of
5 ◦C/min before final cooling as shown in the insert in Fig. 3.

To investigate the porcelain–zirconia bilayer elastic and vis-
cous deformation an optical fleximeter was used [Misura

®

Flex, Expert Systems Solutions, Modena Italy]. The sample
bar is suspended on two supporting rods spaced 25 mm
apart, while a camera is focussed on the centre of the
sample. This moves both downward or upward as the bar
bends and unbends during heating or cooling. In each instru-
ment, a split beam of blue light, enables movements to
be measured at a resolution of 0.5 �m.  The bilayer mid-
point displacement–temperature relationship obtained upon
heating allows the identification of the thermo-elastic cou-
pling between the porcelain and zirconia associated with the
thermal expansion mismatch until viscous relaxation occurs
upon exceeding the porcelain softening temperature, Ts, at
which temperature the beam straightened. The temperature-
dependence of the displacement of the bilayer mid-point
was obtained by heating from room temperature at 30 ◦C per
minute, recording displacements at 1 s intervals until the dis-
placement began to decrease. Because the CTE of the porcelain
changes at Tg, there is also a change in slope of the bilayer
temperature–displacement curve. On cooling the develop-
ment of a state of residual stress is deduced from the residual
flexure of the bilayer. Two repeats of each measurement test
were made and found to be reproducible within ±5 �m.

2.3.  X-ray  diffraction  (XRD)

X-ray diffraction scans were conducted on planar disks of
rapidly and slowly cooled VM9  to estimate the leucite con-
tent. Scans between 20 and 40◦ theta were made with 0.01◦

steps and 12 s counting per step, using Cu K� radiation.

2.4.  Theoretical  bilayer  deformation
The coupling between components of the bilayer, in this case
porcelain and zirconia, was evaluated based on Timoshenko
[29] for the curvature induced in a homogeneous, isotropic
elastic bilayer by thermal expansion mismatch. The analysis
Fig. 1 – Schematic simplified model of the bilayer deflection.

has some simplifying assumptions: namely, a perfect interface
with no structural changes, uniform temperature through the
bilayer during cooling and a constant ratio of elastic moduli
during heating and cooling. The deflection, D, of the mid-point
for the bilayer shown in Fig. 1 is given by:

D = L2�

8
(1)

where L is the span between the supports, h is the thickness of
the bar and the inverse radius of curvature � of a bi-material
beam is given by,

� = 6E1E2 (h1 + h2) h1h2ε

E2
1h4

1 + 4E1E2h3
1h2 + 6E1E2h2

1h2
2 + 4E1E2h3

2h1 + E2
2h4

2

(2)

where E1 and h1 are the Young’s modulus and height of the
veneer and E2 and h2 are the Young’s modulus and height
of the substrate. The term � is the thermal expansion misfit
strain, calculated by:

� = (˛1 − ˛2) �T (3)

where �1 is the coefficient of thermal expansion of Material
One and �2 is the coefficient of thermal expansion of the sub-
strate. �T is difference between the current temperature and
the reference temperature at which the beam exhibited no
flexure.

2.5.  Finite  element  analysis  of  thermal  transients

Rapid bench cooling in which a specimen with a flat face is
placed on a room temperature bench plate leads to a much
higher heat loss through the contact face than by radiation and
convection through the other surfaces. By matching transient
temperatures evaluated using finite-element software Lisa
[version 8.0.0, Sonnenhof Holdings, Mississauga, OT, Canada]
to temperatures measured in previous studies [9,10], which
followed similar cooling procedures with veneered platelets
and thermocouples embedded at the veneer surface and at
the veneer-substrate interface, appropriate thermal conduc-
tivity and heat capacity properties could be assigned to a
50 �m thick layer assumed to separate the specimen and the
bench plate. With these same boundary conditions, cooling
curves were obtained for the thermal expansion specimens

and bilayer specimens employed in the present study. The
calculations included radiative and convective heat loss via
surfaces exposed to air at ambient temperature and included

https://doi.org/10.1016/j.dental.2019.01.019
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Table 1 – Thermal expansion of the Y-TZP and fast and slow cooled porcelain blocks.

Material Property Y-TZP Slow cooled porcelain Fast cooled porcelain

Tg 560 ◦C 580 ◦C
CTE below Tg 10.5 ppm/K 9.3 ppm/K Heating 7 ppm/K

Cooling 9.4 ppm/K
CTE above Tg 10.5 ppm/K 24.6 ppm/K Heating 51 ppm/K

Cooling 36 ppm/K

Fig. 2 – Thermal expansion of the slowly cooled porcelain
(VM9) upon heating to 920 ◦C as measured with the optical
dilatometer. CTE and Tg in Table 1 are estimated by fitting
the lines as shown. The deviation from linear behavior at
approximately 750 ◦C marks the onset of flow of the
porcelain under its own weight. The maximum elongation
c
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Fig. 3 – Thermal expansion of the initially rapidly cooled
porcelain specimen during heating to 660 ◦C and final
cooling from 660 ◦C. The temperature-time multiple
thermal cycling between 450◦ and 660 ◦C prior to final
cooling is indicated in the insert. Note the significant
differences in the slope of the initial heating and final
cooling curves as well as the change of slope between 450◦
orresponds to a viscosity of approximately 108 Pa s.

 ten-second period of convective air cooling for the transfer
rom the furnace to the bench.

.  Results

.1.  Thermal  expansion  of  porcelain  and  zirconia

he thermal expansion of the slowly cooled porcelain, is
hown in Fig. 2. The porcelain exhibits four distinct regimes;
inear expansion below 450 ◦C; a slight increase in expansion
oefficient to 600 ◦C; a considerable increase to 720 ◦C; above
his temperature, viscous relaxation under the own weight of
he upright bar that leads to maximum elongation at ∼820 ◦C.
he standard linear coefficients of thermal expansion of the
orcelain and zirconia and Tg for the porcelain derived from
hese data are given in Table 1.

The initial thermal expansion and final contraction curves
f the porcelain specimen that was initially cooled rapidly
re shown in Fig. 3. There is a substantial difference between
he slopes of the initial heating and final cooling curves with
he sample contracting by an additional ∼25 �m during final
ooling. The rapid initial heating rate of 10 ◦C/min may have
esulted in a small temperature gradient through the block but
his is not expected to be the major cause of the substantial
imensional hysteresis observed. This is a dimension reduc-

ion of 0.16% which corresponds to a density increase of 0.48%
or the porcelain. Notice there is also a significant reduction
n the slope of the initial re-heating curve between 450 ◦C and
and 575 ◦C on the initial heating curve.

575 ◦C before the slope increases. The Tg on the heating curve
appears to be at ∼580 ◦C whereas on the cooling curve it is
∼560 ◦C. The CTE of the initially rapidly cooled porcelain on
heating and final cooling between 50 and 450 ◦C are listed in
Table 1.

3.2.  Porcelain/Y-TZP  bilayer

The deflection response of the initially slowly cooled
porcelain–zirconia bilayer upon heating at 2 ◦C/min to 900 ◦C
and cooling at the same rate is shown in Fig. 4(a). The gra-
dient of the deflection versus temperature upon heating is
initially negative until a temperature of ∼500 ◦C whereupon
it changes to a steep positive gradient to 650 ◦C when it again
reverses before coming to a plateau at ∼700 ◦C with a deflec-
tion of +30 �m.  On cooling there is slight positive gradient that
commences at ∼700 ◦C, which increases significantly between
∼650 and 550 ◦C before becoming negative and following a
similar curve to that observed during heating.

For the initially rapidly cooled bilayer specimen the
response to heating and cooling to 900 ◦C at 2 ◦C/min is shown
in Fig. 4(b). The gradient of the deflection versus temperature

is steeply negative to 400 ◦C becomes even steeper to ∼580 ◦C
(Tg upon heating). Above 580 ◦C the slope becomes very steep
and positive till the temperature reaches ∼650 ◦C where it

https://doi.org/10.1016/j.dental.2019.01.019
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Fig. 4 – (a) Bilayer deflection upon heating and cooling to
900 ◦C for the initially slow cooled specimen. (b) Bilayer
deflection for the initially rapidly cooled specimen. (c)
Corrected deflections for (a) and (b) based upon the
assumption that the zirconia substrate is under no stress
from the porcelain at temperatures above 700 ◦C (>Ts) and

28 ppm/K. For the rapidly cooled sample, the much stronger
as such there is zero deflection of the bilayer.

changes slope and becomes negative again before plateauing
at ∼700 ◦C with a deflection of +80 �m.  Upon cooling the gra-
dient becomes positive below 700 ◦C then it rapidly increases
before going through a turning point at ∼480 ◦C (Tg upon cool-
ing) with a negative gradient that persists till below 100 ◦C but
with a far less steep slope than the initial heating curve. If
the cooling curve is extrapolated back to room temperature,
which was not done because of the time to cool at such low
temperature differences from ambient, then a negative offset
deflection of ∼125 �m is estimated.

If one makes the assumption (as did Twiggs et al. [32]) that
the plateau regions in Fig. 4(a and b) above 700 ◦C, are regions
where the viscosity of the porcelain has become so low that

is it has reached the softening temperature Ts for the rates of
heating used, consequently no longer are differences in CTE
able to cause deflection of the zirconia elastic beam. That is
5 ( 2 0 1 9 ) 574–584

these plateau deflections of the bilayer are indicative of zero
defection of the elastic zirconia substrate and so may be used
as the basis to superimpose the curves shown in Fig. 4(a and
b) enabling the residual deflection of the bilayer beams at
room temperature as shown in the corrected bilayer deflec-
tion, Fig. 4(c). The plots in the latter curves suggest that the
bilayer was deflected upon initial cooling with the fast initial
cooled bilayer having a much greater deflection (−80 �m) than
the more  slowly cooled sample (−30 �m).  This figure also sug-
gests that for the initially rapidly cooled bilayer upon reheating
and slowly cooling the residual deflection is much greater
(�150 �m).

The coupling temperature or the set temperature (see
Scherer [36]) at which the onset of stress develops upon cool-
ing is expected to be cooling-rate dependent and for the
2 ◦C/min cooling curves this occurs at ∼700 ◦C but is more
evident at 660 ◦C when the slope of the curves increases.
The observations shown in Fig. 4(c) are almost identical to
that proposed by Asaoka [35] for the slowly cooled bilayer
as there is no difference between the reheating and cooling
response.

3.3.  XRD  Results

The powder diffraction intensity (Fig. 5(a)) shows the small
leucite 400 and 420 peaks at 2� = 27.25 and 30.5◦, respectively
with evidence of several other crystalline components, on
the broad amorphous background. The differences between
rapidly and slowly cooled specimens in the 2� ranges about
these peaks are shown in Fig. 5(b and c). The fraction of crys-
talline leucite in the rapidly cooled specimen, as estimated
from peak area intensities, was less than 4% with less than an
extra 2% leucite in the slowly cooled specimen. This approach,
as shown by Ong et al. [40], results in a higher estimate of the
volume fraction of leucite than from estimates derived from
peak height ratios.

3.4.  Bilayer  deflection  simulation

Simulation of the bilayer deflection for initial heating based
upon the Timoshenko expression, as presented in Eqs. (1)–(3),
was undertaken. The results are shown in Fig. 6 for the slowly
and rapidly cooled specimens and may be compared with
the results in Fig. 4(a and b). No attempt was made to sim-
ulate the cooling curves as, although these match the slowly
cooled sample, the difference in the case of the rapidly cooled
specimen are significant. The slowly cooled sample could be
matched with just the two values of the CTE for the porce-
lain, below and above Tg. The simulation was made using the
values of E1 (porcelain) of 69 GPa, E2 (Y-TZP) 210 GPa, thick-
ness of porcelain 0.8 mm and Y-TZP of 0.5 mm,  the thermal
expansion of the Y-TZP material (10.5 ppm/K). For the slowly
cooled sample the required mismatch was −2 ppm/K imply-
ing the CTE of the porcelain below Tg was 8.5 ppm/K. For the
region of the curve above Tg and below Ts the required mis-
match was +17.5 ppm/K implying a CTE of the porcelain of
deflection response to temperature change required the use of
two values of the CTE mismatch below Tg. From 20 to 400 ◦C the
mismatch was assigned −7 ppm/K and between 400 and 550 ◦C

https://doi.org/10.1016/j.dental.2019.01.019
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Fig. 5 – (a) XRD results for the slow cooled diffraction
pattern of VM9. (b) Comparison of the leucite peaks
following fast and slow cooling after removal of the broad
a
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Fig. 6 – Simulated porcelain-YTZP bilayer deflection upon
reheating of the fast and slow initially cooled specimen
based upon Eqs. (1)–(3). The values assumed for CTE to
morphous background.

14 ppm/K. These imply that the effective CTE of the porcelain
ver these temperature ranges was 4.5 ppm/K and −3.5 ppm/K
espectively. At temperatures between Tg and Ts, i.e. between
80 and 650 ◦C, the mismatch required was +58 ppm/K or an
ffective CTE for the porcelain of 42.5 ppm/K.

.5.  Finite  element  analysis  of  thermal  transients

he temperature gradients and transients induced by bench
ooling of fired specimens evaluated by finite-element anal-
ses of three specimen configurations: (i) the 5 × 5 × 15 mm

hermal expansion specimens, (ii) the 1.3 × 4 × 44 mm beam-
eflection specimens and, for reference, (iii) the 3 × 5 × 15 mm
eneered specimens of Choi et al. [10]. The important dif-
match the experimental observations are listed in the text.

ference is in the cooling rate at which the specimens pass
through the temperature range of the glass transition tem-
perature. Defining this range as 650 ◦C to 550 ◦C, the rates are
calculated as shown in Table 2. In addition, the temperature
gradients across the porcelain and the substrate have been
evaluated as appropriate. For comparison, the cooling rate for
slowly cooled specimens was 1 K s−1 with temperature differ-
ences less than 1 K.

Table 2 Cooling rates and temperature gradients of bench-
cooled specimens as evaluated by finite-element analysis
for thermal-expansion, beam-deflection and reference spec-
imens.

4.  Discussion

The thermal expansion of the Y-TZP material is linear up to
900 ◦C, with the CTE value agreeing with that provided by the
manufacturer and with values in the literature [41]. Over the
range 20–450 ◦C, the thermal expansion of the VM9  is close to
linear and again the CTE matches that stated by the manufac-
turer, namely 9.1 ppm/K. Above 450 ◦C the observed elongation
with temperature depends on the previous rate of cooling. The
length attains a maximum at 820 ◦C the temperature at which
the viscous flow of the porcelain cylinder under its own weight
is balanced by the thermal elongation. This effect is associated
with a viscosity of ∼108 Pa s [25].

It is helpful to consider the conceptual issues to give a
physical perspective as a bilayer visco-elastic/elastic system
is cooled and then reheated.

Consider initially the specific volume of the porcelain in
a bilayer that is free of temperature gradients as it is rapidly
or slowly cooled then slowly reheated. The outcomes are as
shown schematically in Fig. 7(a), with the change in specific
volume change for Y-TZP shown for comparison, with the two
volumes set to be equal at the temperature, Tcouple, at which

the porcelain becomes stiff enough to couple to a substrate.
Immediately before the temperature attains Tg on reheat-
ing a rapidly cooled porcelain, the density increases due to

https://doi.org/10.1016/j.dental.2019.01.019
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Table 2 – Cooling rates and temperature gradients of bench-cooled specimens as evaluated by finite-element analysis for
thermal-expansion, beam-deflection and reference specimens.

Specimen 5 × 5 x 15 mm CTE 1.3 × 4 x 44 mm veneer/substrate 3 × 5 x 15 mm Choi

Cooling rate [K s−1] 650 ◦C–550 ◦C 12 50 24
Temperature difference [K] 157 40/6 28/37
Temperature gradient [K mm−1] 31 50/12 19/25

Fig. 7 – Schematic representations of; (a) the volume change of fast and slow cooled porcelain compared with YTZP. (b)
Porcelain-YTZP bilayer deflection assuming that the Ts temperature is independent of cooling rate. (c) Bilayer deflection
assuming the effective Ts temperature is reduced, especially at the porcelain–zirconia interface, because of the temperature
gradient developed through the bilayer during fast cooling. (d) Bilayer deflection for the rapidly cooled sample upon slow
reheating and re-cooling. (e) Porcelain rapid versus slow cooling with and without the presence of leucite. Notice that the
absence of leucite decreases the CTE below Tg. (f) Bilayer deflection incorporating the concept of fast initial cooling
effectively reducing the Ts temperature and upon reheating reducing the CTE but having major structural densification,
which upon recooling with normal Ts, and the formation of leucite results in a higher CTE of the porcelain and less recovery

of the deflection of the bilayer.

structural relaxation, towards the density of the slowly cooled
porcelain. Fig. 7(a) matches the experimental results in Fig. 3

and also the expectation from glass relaxation processes [33].
The Tg observed for rapidly cooled porcelain will be slightly
higher than for slowly cooled porcelain while the CTE well
below Tg is independent of cooling rate.
If we now consider a bilayer situation, for the normal case
in which the CTE of the porcelain is less than the substrate

material, resulting in a slight upward deflection of the cooled
specimen, then porcelain is in compression at room or body
temperature. For the rapidly cooled sample, the porcelain is in
tension at the interface, since the change in specific volume of
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he porcelain on cooling has now become less than the zirco-
ia. This assumes a constant coupling temperature, Tcouple at
hich the porcelain becomes stiff enough, to exert stress on

irconia. The outcome for the deflection response of a bilayer
pon cooling, assuming no temperature gradients, is shown in
ig. 7(b). However, Tholey et al. and Choi et al. [9,10] have mea-
ured up to 100 ◦C temperature difference between the surface
nd interface temperatures of bilayers at comparable cool-
ng rates. If we  acknowledge a large temperature difference
etween the surfaces of the ceramics and their interface and
hat it is only when the interface reaches Tcouple that the bilay-
rs become coupled, then the result is as shown schematically
n Fig. 7(c). That is, the apparent Tcouple is substantially lowered
nd the experimental curve for the rapidly cooled specimen,
ased on an external temperature measurement, is moved to

ower temperatures causing a greater upward residual deflec-
ion of the bilayer upon cooling. This cooling rate response is
recisely what the porcelain fused to metal bilayer analysis of
saoka [35] predicts. Upon reheating, the slowly cooled bilayer

ollows a very similar deflection response to that seen during
he initial cooling.

Upon reheating, the rapidly cooled sample initially fol-
ows  the cooling response, but, prior to attaining Tg, structural
elaxation allows the glass to densify. During densification, the
olume decreases at a rate dependent upon the rate of heat-
ng until Tg has been reached. Above Tg and below Tcouple the
uid-like expansion of the porcelain determines the CTE of
he glass is much greater than Y-TZP resulting in a change of
eflection rate as illustrated in Fig. 7(d). Upon slow re-cooling
f this slowly reheated porcelain, the initial rapid deflection
elow Tcouple will change at Tg to a curve almost parallel
o the slowly cooled sample but, because the specific vol-
me  has decreased (density increased), the resultant residual
eflection upon cooling is much greater than both the slowly
ooled and rapidly cooled specimens as also shown in Fig. 7(d).
he latter behaviour is closely matched by the experimental
eheating and re-cooling results for the bilayer in the “cor-
ected” curve shown in Fig. 4(c).

As shown in Fig. 3, the thermal expansion of the rapidly
ooled porcelain differs substantially between reheating and
ubsequent cooling. The response upon final cooling is very
imilar to that initially measured for the slowly cooled speci-
en. Up to 400 ◦C, a linear expansion with a value of 7 ppm/K
hile between 400 and 550 ◦C, the apparent coefficient of

xpansion is much lower at 5.3 ppm/K. This reduction in CTE
elow Tg is associated with structural relaxation occurring
ithin the glass because at the slow heating rate there is

ufficient time to allow partial densification to occur [36].
he dimensional contraction of the sample, ∼25 �m or 0.16%,
hich, if assumed similar in the orthogonal directions, implies

.48% (3*�l) increase in the density of the porcelain. The
ncrease in density is most noticeable upon reheating between
00 and 550 ◦C, the Tg of the porcelain. As discussed and
llustrated by Scherer [36] (see Fig. 9.11 of his monograph on
oda-lime glass data from Ritland [42]), the density of glass is

 function of the cooling rate. Typically, on a change in cooling
◦
ate from 100 to 0.1 C/h there is a density increase of ∼0.45%.

n the present case the cooling rate varied from approximately
0–0.03 ◦C/s for the rapid and slowly cooled sample; i.e. similar
ange to that employed by Ritland presumably with compara-
( 2 0 1 9 ) 574–584 581

ble change in density [42]. According to Narayanaswamy [39]
the change in density of a glass is given by

��⁄�o = 3as�Tf

where as is the structural expansivity of “liquid” glass
(˛s = ˛l − ˛g)(∼(24.6–9.2) ppm/K) and �Tf is the difference in
the fictive temperature Tf between rapid cooling and subse-
quent slow cooling. The present results based upon the above
expression suggest that the change in fictive temperature is
approximately 100 ◦K. This value of �Tf is very large, and
the greatest reduction in density would be expected at the
external surfaces of the porcelain as it is here the fictive tem-
perature gradient is greatest [39]. Observations of multiple
cycling between 450 and 660 ◦C (Fig. 3) showed minimal further
change in the expansion response. Another possible contribu-
tion to the increase in the rate of thermal expansion during
re-cooling comes from the increase in the volume fraction of
leucite [26–28]. This issue will be discussed below.

The much lower thermal expansion upon slow reheat-
ing to 400 ◦C of the rapidly cooled porcelain is surprising but
reproducible. A possible interpretation is that there are sig-
nificant thermal gradients during initial cooling, especially
in the range Tcouple to Tg. Such gradients cause the temper-
ing stresses that develop in glassy and visco-elastic materials.
This feature is clearly illustrated in Kingery et al. [25] based on
observations in glass plates by Gardon and Narayanaswamy
[43]. More detailed calculations of the residual stress in glass
by Narayanaswamy [39] show that structural relaxation plays
a key role in the determination of the residual stresses
and is able to predict the resultant density gradients within
tempered glass. If one considers the temperature gradients
present during rapid cooling then these are typically 100 ◦C
between the surface and the centre of the specimen. However,
the bulk of the material is always much hotter than the surface
because of the low thermal conductivity of glassy (porcelain)
materials. In the temperature range below 400 ◦C, on initial
cooling the surface temperature may be 100 ◦C below the inte-
rior when the latter is at Tg. So while the interior cools to
ambient from Tg developing the tempering tensile stresses,
the surfaces have already cooled (Tg-100). That is, the effective
contraction possible is related to {(Tg − 100)/Tg}*�, or for the
present case where Tg is ∼560 ◦C, �g is 9.3 ppm/K the effective
CTE is 7.3 ppm/K, which is closer to what was measured.

The thermal deflection of the porcelain/Y-TZP bilayer
(Fig. 4) again showed substantial differences between rapidly
and slowly cooled specimens. The slowly cooled bilayer
(Fig. 4(a)) showed a reversible response with clearly defined
slopes below and above the Tg as well as minimal further
deflection above Tcouple. The rapidly cooled bilayer (Fig. 4(b))
showed much greater deflection upon reheating with far
greater temperature dependence both below and above the
Tg of the porcelain. Again at Tcouple there is minimal further
deflection. If the data are “corrected’ by assigning the Tcouple

temperature to the temperatures at which the deflections of
cooled samples show minimal further change, then these two

bilayer conditions can be compared as shown in Fig. 4(c).
Considering first the slowly cooled bilayer, there is a small
residual deflection of �30 �m upon cooling to RT indicative of
a compressive strain within the porcelain. An estimate of the
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surface residual compressive stress based upon the measured
deflection, resultant radius of the bilayer and its equivalent
(of either component, see Ref. [44]) thickness is a compressive
strain of 0.44 × 10−3 (porcelain) and 0.167 × 10−3 (zirconia) at
the interface and with the known E of the porcelain (69 GPa)
the stress is 30 MPa and for the zirconia (E = 210 GPa [41]) it
is 35 MPa.  For the rapidly cooled bilayer, the initial deflection
is much larger as shown in the corrected curve in Fig. 4(c)
and is �80 �m.  Based upon the same analysis the magnitude
of the surface compressive stress in the porcelain is 82 MPa
and for the zirconia a tensile stress of 93 MPa. These values
of porcelain residual compressive stress are similar to val-
ues measured by Choi et al. for porcelain–zirconia bilayers
subjected to different cooling rates [10]. The situation upon
subsequent slow re-cooling of the rapidly cooled sample indi-
cates that the residual deflection of the bilayer has greatly
increased because the Tcouple temperature is now unaffected
by temperature gradient though the bilayer and greater struc-
tural relaxation (densification) can occur during cooling. The
resultant deflection is now almost 3 times the value seen
for the rapidly cooled specimen. This suggests a compressive
stress of >100 MPa.  An interesting feature of the present result
is that even with reheating of the bilayer sample to 900 ◦C, well
above the Tcouple temperature, there is much more  substantial
deflection than the initial slow cooled bilayer.

Another feature of the results for the rapidly cooled bilayer
is that CTE found on reheating of rapidly cooled porcelain
up to 400 ◦C is very low, 4.5 ppm/K, which is not related to
structural relaxation effects. Following the argument made
above for the effective CTE of the rapidly cooled bulk porce-
lain, a similar situation would arise for the porcelain in the
bilayer. In fact, in the bilayer the situation would be empha-
sised because there is a greater thermal gradient associated
with the higher heat transfer possible with a thinner specimen
and also even more  of the porcelain would be at higher tem-
peratures since one side of the specimen is YTZP which is also
a poor thermal conductor. For the bilayer, the present results
suggest that the temperature difference is greater than for a
uniform porcelain specimen and that a greater volume of glass
remains hot thereby contributing to an even lower interface
contraction for the porcelain. In addition, the temperature at
the porcelain–zirconia interface determines the temperature
for the coupling between the materials and this will determine
when deflection of the bilayer, because of thermal expan-
sion mismatch, begins. This interpretation is supported by the
subsequent slow re-cooling where the slope of the deflection
temperature curve as shown in Fig. 4(b and c) is very simi-
lar to that of the originally slowly cooled bilayer and having
comparable thermal expansion.

An alternative explanation of the results shown in Figs. 3
and 4 (b), both for the fast cooled porcelain cylindrical sam-
ple and the fast cooled bilayer, is to consider the behaviour
of the porcelain to be related to the nucleation of additional
leucite during cooling. If we consider that during initial spec-
imen firing at 900 ◦C there is limited leucite present in the
porcelain and that as shown by Mackert et al. [26–28] a sub-

stantial increase (9–56%) develops upon slower cooling with
similar cooling protocols as used in the current experiments.
As shown by Mackert et al., in a slowly cooled sample there is a
considerable volume fraction increase of leucite resulting in a
5 ( 2 0 1 9 ) 574–584

much greater CTE up to 450 ◦C. For the rapidly cooled samples,
however, only a limited volume fraction of leucite is present in
the VM9 porcelain. Upon reheating these rapidly cooled sam-
ples, the initial CTE would be lower than the slowly cooled
samples because there was less leucite present. However,
upon re-cooling these samples from 900 ◦C, at a much slower
rate than the initial cooling curves, considerably more  leucite
may be formed resulting in a much higher CTE. The situation,
according to Palmer et al. [45] from neutron powder diffraction
data, is that the atomic positions and “thermal” displacements
are more  complex as there appears to be an order-dependent
component. Additional work by Newton et al. [46] consider two
ordering parameters, associated with the K atom position, one
of which they link to the tetragonal c/a ratio and the other to
the volume change. From their analysis one concludes that
leucite does not order fully even at low temperature rather
it only achieves about 90% order. The role of rapid quench-
ing on such ordering is poorly understood, but it is considered
that it may be “frozen-in” with consequences for the resultant
expansion of the leucite present.

Taylor and Henderson [47] have determined the lattice
dimensions and unit cell volume of leucite crystals using X-ray
diffraction observations at temperatures from RT to 1000 ◦C,
which covered the tetragonal to cubic phase transformation
at 690 ◦C. Taking the data from Taylor and Henderson the CTE
of leucite is very temperature sensitive and to a good approx-
imation at temperatures below Tg of the porcelain is given by

˛L = 0.1513T + 4.5468

where T is the temperature in ◦C. Then using the simple rule
of mixtures for the expansion of the glass leucite composite,
namely [36]

˛p = ˛0 (1 − VL) + ˛LVL

where �p is the CTE of the porcelain, �0 is the CTE of the glass,
VL is the volume fraction of leucite. We can now estimate the
increase in the leucite volume fraction, VL, upon recooling
from the difference in thermal expansion.

We are now in a position to consider the rapidly cooled
porcelain specimen and the difference in thermal expan-
sion between initial reheating and subsequent re-cooling as
shown in Fig. 3. Assuming that the rapidly cooled sample
has a very small amount of leucite present upon reheating
then upon subsequent re-cooling an additional 7–8 vol% of
leucite is required to increase the averaged thermal expan-
sion (25–450 ◦C) from 7 to 9 ppm/K as observed. This aspect
is shown schematically in Fig. 7(e). However, based upon the
XRD results in Fig. 5 the total amount of leucite present in
VM9, even after slow cooling, is estimated at less than 6% and
far less than that required to cause the changes in thermal
expansion observed.

The above suggested change in the leucite content as a
function of initial cooling rate does not account for the very
low thermal expansion of the porcelain (4.5 ppm/K) over the

temperature range 25–400 ◦C required to match the value
deduced from the bilayer deflection upon reheating after rapid
cooling. This value is well below that for a glass with the same
composition as the porcelain. The reduced “effective” Tcouple
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or the porcelain of the rapidly cooled bilayer and the limited
resence of leucite together provide a basis to rationalise the

ow thermal expansion of the porcelain required upon ini-
ial reheating, especially below 400 ◦C. Upon heating above
00 ◦C structural relaxation is anticipated and observed along
ith the possibility for the nucleation of leucite. Both of these
ay contribute to substantially lower initial expansion of the

ilayer porcelain material. Further precipitation of leucite may
ccur during heating above Tg and would be expected to
nhance the effective expansion of the glass as the thermal
xpansion of leucite becomes very high (80–100 ppm/K) as the
emperature approaches the tetragonal-to-cubic phase trans-
ormation temperature (660 ◦C). On subsequent re-cooling
rom elevated temperature, as in Fig. 4(b), and the higher
ffective thermal expansion of the porcelain, matching the
xperimental results below Tg, maybe related to the presence
f leucite and the Tcouple and Tg not being associated with a
ignificant thermal gradient through the bilayer. The latter is
epicted schematically in Fig. 7(f).

To enable further understanding of this topic additional
nformation, including the measurement of bilayer deflec-
ion during the rapid or slow cooling after firing along
ith thermocouple measurements from the surfaces and
orcelain–zirconia interface are required. Such observations
ould provide a basis to verify whether the schematic con-

epts shown in Fig. 7(d) and (e) are realistic. Interpretation of
ll the results and development of a comprehensive analytical
odel, which includes prediction of the structural and visco-

lastic relaxation of the porcelain plus the presence of leucite
n the bilayer deflection and state of residual stress develop-
ent, requires a follow up of the Scherer analysis along the

ines referred to by Kvam et al. [48].

.  Conclusions

ptical dilatometers enable non-contact assessment of the
TE to well above the Tg, and for bilayer structures the Ts

emperatures and resultant residual deflections are clearly
vident.

Rapidly cooled porcelain (VM9) shows substantially lower
TE on reheating than slow cooled specimens, an effect which

s more  pronounced for the bilayer. For the bulk and somewhat
ore  slowly cooled sample the change in CTE from approx

–9 ppm/K upon slowly reheating and re-cooling may be par-
ially related to an increase of leucite associated with slow
e-cooling.

Relaxation of stresses during heating and development of
tresses during cooling within the bilayer takes place at tem-
eratures well above Tg. The CTE of porcelains above Tg is up
o 3 times that below Tg and the must be considered in any

odelling analysis of the resultant residual stress state of a
ilayer.

Upon slower reheating, rapidly cooled porcelain and bilayer
amples exhibit structural relaxation or glass densification

elow Tg.

Slow reheating and re-cooling of initially slowly cooled Y-
ZP–porcelain bilayer closely follows a classic thermo-elastic
nalysis.
( 2 0 1 9 ) 574–584 583

Initially rapidly cooled bilayers exhibit greater residual
deflection and upon slow reheating and re-cooling the residual
deflection increases. The porcelain CTE required to match the
slower reheating data was much lower (4.5 ppm/K) than com-
parable composition glass (∼7 ppm/K). This behaviour was
rationalised by assuming that the “effective” Ts of the porce-
lain in a bilayer, especially at the porcelain–zirconia interface,
is greatly reduced because of the thermal gradients present
during initial rapid cooling. The subsequent slow re-cooling
of the bilayer enabled some additional leucite formation and
contributed to a higher porcelain CTE below Tg.

Further detailed modelling of fast cooling of bilayers involv-
ing thermo-elastic, structural relaxation and visco-elastic
responses associated with the substantial temperature gra-
dients is required.
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