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Objectives. Understand how cooling protocols control the microstructure and mechanical
properties of veneering porcelains.
Methods. Two porcelain powders were selected, one used to veneer metallic frameworks
(VM13) and one for zirconia frameworks (VM9). After the last firing cycle, the monolithic
specimens were subjected to two cooling protocols: slow and fast. Flexural strength (FS)
was evaluated by three-point beam bending and fracture toughness (Kic) was evaluated by
the single-edge V-notch beam (SEVNB) method. Scanning electron microscopy (SEM) was
performed to determine the leucite crystal volume fraction (%), particle size, and matrix
microcrack density. The results were compared by analysis of variances (ANOVA) and Tukey’s
multiple comparison test.
Results. The mechanical properties were significantly (p <0.05) higher for the VM13 porce-
lain (FS=111.0MPa, K¢ =1.01 MPa.,/m) compared to VM9 (FS=79.6 MPa, K¢ =0.87 MPa.,/m)
regardless of cooling protocol due to ~250% higher volume fraction of leucite crystals. The
slow cooled VM13 and fast cooled VM9 resulted in the highest and lowest mechanical prop-
erties, respectively, while the VM9 slow cooled properties were similar to the VM13 fast
cooled. The SEM revealed that the slow cooling significantly increased the volume frac-
tion of leucite crystals by 33-41 %. Across both porcelains, a significant linear correlation
between both mechanical properties (strength and toughness) and leucite crystal content
was found. Slow cooling was also associated with increased crystal growth resulting in more
matrix microcracking.
Significance. Controlled crystallization using slow cooling can be applied as a means of
strengthening dental porcelains. However, the benefits of slow cooling may be partially offset
by increasing the microcrack density in the glass matrix. To achieve the maximum benefit
of slow cooling, it is recommending to develop heat treatments to produce porcelain with
fine-grained and homogenously dispersed leucite crystals to achieve minimal glass matrix
microcracking.
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1. Introduction

Traditionally, the opaqueness of zirconia has been a limita-
tion for dental restoration applications. High translucency is
desired to allow light transmission through the restoration
and impart a natural tooth-like appearance. Although the
translucency of third generation dental zirconia ceramics has
improved and is now comparable with lithium disilicate glass
ceramics [1], there is still a large demand for enhanced aes-
thetics in anterior teeth requiring a veneering layer to mask
the underlying zirconia framework.

A lower survival rate has been reported for veneered zirco-
nia compared to porcelain-fused-to-metal (PFM) restorations
[2]. The main cause of failure of veneered zirconia is chipping
of the porcelain veneer, and this failure mode is rare in PFM
restorations [3]. Damaged porcelain can significantly decrease
the longevity of restorations, and replacement leads to an
increased cost of restorative therapy. There are several fac-
tors thought to contribute to the high incidence of fracture for
veneering porcelain in all-ceramic restorations. These include
the low mechanical properties of dental porcelain [4,5], ther-
mal expansion coefficient misfit of framework and veneering
porcelain [6-8], and tensile residual stresses generated in the
porcelain during cooling [9-11].

Porcelain is a heterogeneous multiphase material com-
posed of crystalline leucite (K,0-Al,03-4Si0;) embedded in a
glassy matrix [12]. A key function of the leucite crystals is
to help provide thermal compatibility between the veneering
porcelain and the framework. In this regard, several studies
have examined how the porcelain microstructure [13,14] and
the coefficient of thermal expansion (CTE) [15,16] are affected
by the various sintering and cooling protocols encountered
during the fabrication of veneered restorations. While the
glass phase provides the desired translucency, maintaining
a larger amount of glass phase makes porcelains more sus-
ceptible to brittle fracture [17,18]. This is because another role
of the leucite crystals is to reinforce and toughen the porce-
lain, primarily by crack deflection [19]. However, despite this
reinforcement feldspathic porcelain is rarely used as mono-
lithic restorative material due to its low mechanical properties,
except in low load bearing areas and highly aesthetic regions
of anterior teeth.

When considering the bilayer systems of veneered zir-
conia dental crowns, the CTE mismatch between the
infrastructure (CTE~10.5ppm/K) and the veneering porce-
lain (CTE~9.1ppm/K) is thought to contribute to the fracture
of veneered zirconia restoration due to the thermal resid-
ual stress generated between layers [6,8,9]. Because of this,
slow cooling protocols have been recommended to reduce
the amount of residual tensile stress generated in the porce-
lain veneer layer due to the CTE mismatch. The slow cooling
allows time for the molecular rearrangement of the felds-
pathic porcelain and stress relaxation [7,20,21]. Slow cooling
procedures have been shown to reduce the amount of resid-
ual thermal stresses [11,22,23] with the goal of reducing the
occurrence of veneer chipping failures [24].

While many studies [5,11,25-30] have examined the effects
of sintering and cooling protocols on bilayer specimens
(veneer/framework), fewer studies [13,31] have been con-

ducted to investigate the possible effects on the intrinsic
porcelain mechanical properties independent of the resid-
ual stresses induced by the bilayer system. Tang et al. [13]
focused only on the effect of multiple firings while Almeida
et al. did not develop a description of how microstructure
affects mechanical properties [31]. To the best of the authors’
knowledge, there have been no studies examining the effect of
cooling protocols on the microstructure and intrinsic mechan-
ical properties of veneering porcelains. In the present work we
hypothesize that a slower cooling protocol will induce larger
amounts of leucite crystals and enhanced mechanical proper-
ties. Overall, it is thought that enhanced porcelain mechanical
properties should lead to improved longevity of any veneered
dental restoration.

Accordingly, this study examines the effects of cooling pro-
tocols on the mechanical properties and microstructure of
veneering porcelains used both in PFM and veneered zirco-
nia dental restorations. The motivation for using two different
porcelains was to assess a wider range of leucite crystal
content. The correlation between leucite crystal content and
mechanical properties is explored, testing the hypothesis that
the slow cooling protocol results in higher mechanical prop-
erties due to additional leucite crystals in the microstructure.

2. Material and methods
2.1. Specimen preparation

Two porcelain powders were selected, one used to veneer
metallic frameworks (VM13, Vita-Zahnfabrik, Germany) and
one for zirconia frameworks (VM9, Vita-Zahnfabrik, Germany).
Monolithic bar-shaped specimens were prepared for fracture
toughness (4mm x 3mm x 35mm) and for flexural strength
(1.5mm x 2mm x 25mm) tests. The green bodies were pre-
pared by mixing the porcelain powder with distilled water.
The slurries were poured into a 3D printed resin mold (Form 2
printer with Grey Photoreactive Resin, Formlabs, Inc., USA),
condensed using a dental plaster vibrator, and the excess
water was removed by pressing with absorbent, lint free paper.
For fracture toughness samples, a pre-notch was made in the
green body by placing a razor blade in a groove on the 3mm
face of the mold.

The green-body specimens were sintered using a vacuum
furnace (Programat CS2, Ivoclar Vivadent, USA) according to
the manufacturer’s instructions. The specimens were sub-
mitted to four firing cycles (Table 1) that simulates the
multi-layering process to produce a veneered dental crown.
After the glaze firing, the specimens were subjected to two
different cooling protocols: slow and fast. For slow cooling
the furnace was kept closed until the temperature reached
600 °C, while for the fast cooling protocol the furnace door was
opened at the maximum firing temperature.

Unnotched specimens were hand-polished for the deter-
mination of flexural strength. Specimens were glued to
a precision hand-polishing device (Accustop 30, Struers,
Denmark) and sequentially ground and polished using pro-
gressively finer grit silicon carbide sandpapers (LaboPol-5,
Struers, Denmark). The final surface finish was achieved using
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Table 1 - Firing chart for veneering porcelain to zirconia and metal frameworks.

Firing Veneering Framework Pre-drying  Pre-Drying Heatingrate Maximum Holding
porcelain material time (min) temperature (°C/min) firing time (min)
(°C) temperature
(9
VM9 Zirconia 2 500 55 950 1
Washbake VM13 Metal 4 500 75 890 G
R . VM9 Zirconia 6 500 55 910 1
1 dentine VM13 Metal 6 500 55 880 1
R . VM9 Zirconia 6 500 55 900 1
2 dentine VM13 Metal 6 500 55 870 1
VM9 Zirconia 0 500 80 900 1
Claze VM13 Metal 0 500 80 880 2

4000 grit sandpaper and the two long edges of the tensile sur-
face were chamfered at 45°.

For fracture toughness samples, the molded notches were
sharpened using a custom machine to slide a razor blade back-
and-forth across the sample in the presence of 1 pm diamond
paste (DP-Paste M, Struers, Denmark) and lubricant to pro-
duce a sharp V-notch radius of approximately 4.7 + 1.5 pm, in
accordance with ISO standard 23146 [32].

2.2.  Mechanical testing

Flexural strength experiments were conducted on the
unnotched beam specimens in general accordance with ASTM
standard C1161 [33]. The specimens were loaded to fracture
in a three-point bending fixture (span distance = 20 mm; roller
diameter =2.0 mm) at a cross-head speed of 1.0 mm/min using
a computer controlled dynamic test machine (eXpert 5900
MTESTQuattro, ADMET, USA).
Flexural strength was calculated according to:

3PL
= @ (1)
where P is the load at the fracture point, L is the length of the
support span, and b and d are the specimen width and thick-
ness, respectively. Fractured surfaces were platinum sputter
coated and observed under a field-emission scanning electron
microscope (SEM, FEI Nova NanoSEM 230, FEI Company, USA).

Fracture toughness was measured in terms of K¢ using the
single-edge V-notch beam (SEVNB) method according to 1SO
standard 23146 [32]. The specimens were tested in a three-
point bending test arrangement (roller span=30mm,; roller
diameter=5mm). Fracture toughness tests were conducted
using a computer controlled dynamic test machine (eXpert
5900 MTESTQuattro, ADMET, USA) at a displacement rate of
0.5 mm/min until failure.

Kic was calculated from the peak load at fracture according
to the standard stress intensity factor equation for the SEVNB
sample geometry:

_ PS
~ BW3/2

()" [199-  (1- §) {p35-33 (8) +27(8)"}]
2

Ki

X
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where P is the load at the fracture point, S is the length of the
support span, a is the notch crack length, and B and W are the
specimen thickness and width, respectively.

2.3.  Microstructural analysis

The microstructure analyses were performed using the frac-
tured SEVNB specimens. The 4mm wide surfaces were
polished with successively smaller grits down to 4000 grit
and finished using a 0.05um alumina suspension (Buehler
MasterPrep™). After polishing, the surfaces were etched with
9.6% hydrofluoric acid (HF) for 5 s and platinum sputter-coated
for microstructural analysis by SEM.

Twenty SEM images (FEI Nova NanoSEM 230, FEI Company,
USA) at a magnification of 4000x were used to determine the
leucite crystal volume fraction (%) for each porcelain and cool-
ing protocol and to evaluate the effect of the cooling protocol
on the particle size for the VM9 material. The images were
processed using the automated threshold method and the par-
ticle analyzer function in the software package Image]J (Image],
National Institutes of Health, USA).

The particle size was obtained in terms of the surface diam-
eter, ds:

Ap
T

ds =

where Aj is the particle surface area. The surface diameter
assumes that the leucite particles, or clusters of particles,
observed on the surface with area (Ap) represent the diameter
of a spherical object having identical A [34].

The density of microcracks in the glass matrix was deter-
mined using quantitative stereology [35]. Horizontal grid lines
were applied to the micrograph with 1 pm spacing using the
grid analysis tool in Image]. Microcrack intersections with
the test lines were counted manually on twenty micrographs
for each group. The microcrack areal density (La = microcrack
length per unit area) was calculated from the number of micro-
crack intersections with the length of lineal elements using
the relationship:

Ly="1L 3)

where Py, is the number of intersections per unit length of test
line. The total number of counts per image was divided by the
total length of test line (63 lines totaling 4608 um in the scale
of the micrograph) to obtain P;.
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2.4. Statistical analysis

The statistical significance of differences in flexural strength,
fracture toughness, leucite crystal content, and microcrack
density for the porcelains and cooling protocols was assessed
using a two-way analysis of variances (ANOVA) in most cases.
A one-way ANOVA was used for the particle surface diam-
eter since only the VM9 porcelain was examined. Pair-wise
comparisons were performed using Tukey’s post-hoc test
where p<0.05 was considered statistically significant. The
correlation between leucite crystal content and mechanical
properties was investigated using Pearson correlation and a
linear regression analysis.

3. Results

Flexural strength, fracture toughness, leucite crystal con-
tent, and glass matrix microcrack density results are shown
in Table 2. The two-way ANOVA revealed that the mean
flexural strength and fracture toughness were both sig-
nificantly (p<0.05) higher for the VM13 (FS=111.0MPa,
Kic =1.01 MPa./m) porcelain compared to VM9 (FS=79.6 MPa,
Kic =0.87 MPa./m). The Tukey’s pairwise comparisons showed
that for the VM13 porcelain, slow cooling resulted in signifi-
cantly higher flexural strength relative to fast cooling (Table 2).
Furthermore, the mean strength of the VM9 porcelain was
higher for the slow cooling protocol, but the difference was
not statistically significant (p>0.05) compared with fast cool-
ing. While the fracture toughness followed an identical trend
to the flexural strength (Table 2), only the fast cooled VM9 and
the slow cooled VM13 showed a significant difference. Overall,
the VM9 slow and VM13 fast cooled samples presented sim-
ilar strength and toughness. The fast cooled VM9 porcelain
presented the lowest mechanical properties.

Representative micrographs used for determining the
leucite crystal content are shown in Fig. 1. The two-way
ANOVA for leucite content revealed a significant effect of
both material and cooling protocol, with a significant (p =0.02)
interaction. The significant interaction suggests that cooling
protocol does not have the same magnitude effect across
both materials. Tukey’s post-hoc test showed that the leucite
content was significantly different for each combination of
material and cooling protocol (Table 2). The volume fraction
of leucite was approximately 250% higher for VM13 compared
to VM9, regardless of the cooling protocol. The slow cooling
protocol increased the volume fraction of leucite by approxi-
mately 33-41 % compared to the fast-cooled groups (Table 2).
Particle diameter was only measured for VM9 (Table 2). For
VM13, the leucite crystals became more of a network and
defining individual particles, or clusters, as spherical objects
was not practical (Fig. 1). For VM9, the particle boundaries
could be clearly identified since the leucite crystals were more
dispersed within the glass matrix (Fig. 1).

The two-way ANOVA for microcrack density showed sig-
nificantly (p=0.027) higher microcrack density for the slow
cooling protocol; however, Tukey’s post-hoc test showed that
there were no pair-wise differences between any of the groups.
The two-way ANOVA also indicated that there was no sig-
nificant difference between the porcelains and no significant

interaction, which enabled the two materials to be grouped
together for statistical comparison. This revealed significantly
greater mean microcrack density for the slow cooled groups
(7.4 mm/mm?) compared with fast cooled ones (4.6 mm/mm?).
The one-way ANOVA for particle size showed that the mean
surface diameter for VM9 slow cooled group was significantly
higher (p=0.016) compared with fast cooled.

The Pearson correlation coefficient showed a significant
positive linear correlation between leucite crystal content
and both the fracture toughness (R?=0.999) and flexural
strength (R? =0.984) (Fig. 2). The p-value for fracture toughness
(p=0.001) and flexural strength (p <0.001) indicate that the cor-
relation is significant. As leucite crystal content increases, the
mechanical properties also increase.

4, Discussion

The flexural strength of 74 MPa measured for the fast cooled
VM9 in the present study is identical to the values of 74-76 MPa
reported for various cooling protocols in Almeida et al. [31].
However, in contrast to that study, there is an apparent effect
of slower cooling in increasing the strength to 85 MPa (Table 2),
although it was not found to be statistically significant. Such
results motivated the further analysis of microstructure to
better understand how it is affected by the cooling protocol,
and how it correlates to mechanical properties. And by study-
ing VM13 in parallel, a wider range of microstructures was
achieved.

The slow cooling protocol significantly increased the
leucite crystal content both in VM9 and VM13 (Table 2 &
Fig. 1), and the two-way ANOVA shows a significant effect of
slower cooling rate increasing the flexural strength. Further-
more, there is a significant positive correlation for both the
flexural strength and fracture toughness with leucite content
across both materials (Fig. 2), and VM13 shows significantly
higher flexural strength with slow cooling. This is attributed
to the leucite acting as crystalline reinforcing phase within
the glass matrix which increases the resistance to crack prop-
agation by the crack deflection mechanism [19]. These factors
together lead to the conclusion that slower cooling enhances
leucite crystal content and mechanical properties of veneering
porcelains.

The fact that differences in flexural strength for VM9 did
not reach statistical significance in this, and in one previous
study [31], may be explained by several possible factors. First,
the significant increase in leucite crystal content with slow
cooling is accompanied by a concomitant increase in microc-
rack density (Table 2). Microcracks are the result of the large
CTE mismatch between the leucite (CTE=22ppm/°C) and the
surrounding glass matrix (CTE = 8.6 ppm/°C) [36]. The CTE mis-
match induces residual thermal stresses around and within
the leucite crystals as a result of ~1.2% relative volume con-
traction of the leucite crystals that occurs during cooling [36].
These residual thermal stresses are partly relieved by the
development of microcracks [19,37].

The density of microcracks in the glass matrix should also
be related to the particle size. Although the stresses gener-
ated around the particles are independent of the particle size,
particles must be above a critical size to have enough elastic
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Table 2 - Means of fracture toughness, flexural strength, leucite crystal content, matrix microcrack density and particle

size for two different veneering porcelains and cooling protocols.

Veneering Cooling Mean flexural Mean fracture Mean leucite Matrix Mean particle
Porcelain protocol strength (MPa) toughness crystal content ~ microcrack surface
(MPa./m) (%) density diameter (um)
(mm/mm?)
Fast 74.3+5.3¢ 0.85+0.12% 10.7 +£3.2P 4.7 +4.14 29+1.78
VM3 Slow 85.0+4.98¢C 0.88+0.154B 15.1+4.1¢ 8.2 +4.204 3.34+2.04
Fast 99.1+14.08 0.98+0.1348 27.84+5.28 4.5+4.8% -
VM13 Slow 122.9+£25.54 1.04+0.154 36.9+£5.14 6.7+7.24 -

*Identical letters in the same column indicate no statistically significant difference (p>0.05).

VM13

Fast

Slow

Fig. 1 - Micrographs of the VM9 and VM13 veneering porcelains subjected to slow and fast cooling protocols. Surfaces were
etched with 9.6% hydrofluoric acid (HF) for 5s.
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Fig. 2 - Plot of mechanical properties versus volume fraction of leucite crystal (left: flexural strength; right: fracture
toughness) for the two veneering porcelains used. Data points indicate mean values, error bars indicate the standard
deviation, and the line shows the best linear fit.
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energy stored to initiate a crack and create two new surfaces
[38]. Indeed, Mackert et al. [39] observed a higher frequency of
microcracks around particles larger than 4 pm in diameter.

The leucite crystallization process that occurs upon slow
cooling not only increases the number of crystals but also
promotes crystal growth. The higher measured particle size
for VM9 demonstrates that slow cooling caused more crys-
tal growth than fast cooling (Table 2), which explains the
significantly higher microcracking for slow cooling groups.
Furthermore, in the later stages of cooling, the crystals may
grow in a reduced glass viscosity matrix [40] at temperatures
below the glass transition temperature, Tg. This limits the abil-
ity of the glass to relax stresses, further raising the stresses
around the particles and in the glass matrix. While the par-
ticle sizes were only measured for the VM9 in the present
study, it is noted that VM9 demonstrated larger microcrack-
ing density difference between slow and fast cooling and such
measurements were important for explaining this difference
with cooling protocol.

Microcracks can act as crack initiating stress concentrators
that reduce the porcelain strength [39]. Accordingly, the higher
amount of microcracks in the slow cooled porcelains may par-
tially offset the benefit of the additional leucite crystals. The
magnitude and significance of the role of microcracks is yet
unclear and warrants further investigations. Next, it is clear
from Fig. 1 that the distribution of the leucite crystals in VM9
is not homogeneous. Thus, while the slow cooled condition
gives higher average leucite crystal content, the effectiveness
of the crystals may be partially offset by the presence of rela-
tively unreinforced glassy matrix regions that provide an easy
crack path.

Overall, the results of this study suggest that additional
crystallization of leucite should be an effective method to
strengthen veneering porcelains, and perhaps reduce the
propensity for chipping on zirconia frameworks, provided the
benefit is not offset by other factors. If new cooling protocols
are developed to achieve this, ideally the crystals should be
fine grained [41,42] and uniformly distributed with minimal
microcracking to achieve the maximum benefit.

While the nucleation and crystallization of leucite are dif-
ficult to control in highly viscous aluminosilicate glasses such
as porcelain [43], a processing technique using a two-step sin-
tering method combined with a heat treatment (>1100°C for
1h) has been shown to be effective at producing homoge-
nous and fine-grained (0.1+0.2um?) leucite glass-ceramic
[41]. However, for all ceramic bilayer systems, another con-
sideration when annealing at such high temperatures will be
avoiding undesirable phase transitions in the zirconium oxide
framework that may degrade the properties [44].

The fracture toughness of 0.85MPa,/m found for the fast
cooled VM9 in the present study is somewhat lower than the
values of 1.02-1.15 found in Almeida et al. [31]. However, this
may be explained by the testing procedures. In the present
work, the notches for the SEVNB samples were sharpened
using a 1 pm diamond paste, while a 3 pm diamond paste was
used in Almeida et al. [31]. The results to the SEVNB test can
be sensitive to the notch root radius when the radius is above
a critical size [45,46]. While the notch radii in Almeida et al.
[31] were not reported, the finer abrasive used in the present
study are expected to give a sharper final notch, and lower

apparent fracture toughness. While it is unclear if the critical
rootradius was reached to give a minimum fracture toughness
value that represents the true material property, the identical
trends of flexural strength and fracture toughness with leucite
crystal content are clear (Fig. 2) and further supports the above
conclusions.

When considering the ideal cooling protocol for clinical
applications, slow cooling will give more leucite crystals and
improved mechanical properties in porcelains for both zirco-
nia (VM9) and metal (VM13) frameworks. However, another
key consideration is the effect of leucite crystals on the CTE
mismatch. Increasing the crystal content is well known to
increase the CTE of feldspathic porcelains [16]. A positive
mismatch is desirable [30] to achieve compressive stresses
in the veneer. For metal frameworks, the metal CTE is
quite similar to the VM13 porcelain, (ametal ~14.0 ppm/°C
verses aymi3 ~ 13.3 ppm/°C) resulting in a positive mismatch
of A« =0.7 ppm/°C. Further increasing the VM13 leucite crys-
tal content will push the CTE mismatch closer toward zero, or
even negative. This is undesirable since CTE is a temperature
dependent property and even with zero nominal mismatch
at room temperature, the complex thermal firing history may
result in tensile stresses in the veneering material [6] that
would offset any strengthening benefit. On the other hand,
the amismatch between VM9 (aymo =9.1ppm/°C) and Y-TZP
(wy-tzp ~10.5 ppm/°C) is nearly twice (Ae=1.4ppm/°C) that
for VM13 versus metal framework. Thus, compared to PFM
restorations, there is more capacity to utilize slow cooling
on Y-TZP frameworks to increase the mechanical properties
of the veneer without producing unwanted tensile residual
stresses that may occur as Aa approaches zero.

5. Conclusions

Based on a study on flexural strength, fracture toughness and
microstructure analysis of two commercial dental porcelains,
one used to veneer metallic frameworks and one for zirconia
frameworks, the following conclusions can be made:

1 The superior mechanical properties of the slow cooled
groups were attributed to the higher content of leucite
crystals that better promoted crack deflection toughening
mechanisms.

2 The improved mechanical properties of slow cooling are
partially offset by the higher incidence of microcrack densi-
ties compared with fast cooled groups. The microcracks are
attributed to the larger size of the crystals that results due
to enhanced crystal growth during slow cooling.

3 Compared to the PFM veneering porcelain, slow cooling is
better suited for enhancing the mechanical properties of
the porcelain veneer used with zirconia-based framework
since there is more capacity for increasing leucite crystal
content while also maintaining a desirable CTE mismatch
for all-ceramic bilayer systems.
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