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ARTICLE INTFO ABSTRACT

Article history: Objective. To investigate the effect of firing protocols on flexural strength, surface roughness,
Received 27 January 2015 and crystalline structure of a leucite-based glass ceramic.

Received in revised form Methods. Discs produced by automated machining were distributed into five groups (n=30)
18 April 2015 according to the applied firing protocols, conducted above (790°C) or below (575°C) the
Accepted 24 October 2015 ceramic transition temperature (Ty) (625 & 20 °C): C - control, no heat treatment; G790 - glaze

firing (790°C) for 1.5min (manufacturer-recommended); G790-SC - G790 modified by slow
cooling; EGF790-SC - extended G790 for 15 min, with slow cooling; and EF575-SC — extended

Keywords: firingbelow T, at 575 °C for 15 min, with slow cooling. Discs were subjected to biaxial flexural
Glass ceramic tests and results were assessed using Weibull analysis. Surface roughness was measured
Leucite before and after treatments. One specimen from each group was used for X-ray diffraction
CAD/CAM (XRD).

Machining Results. Highest values of characteristic strength (oco) were obtained for EGF790-SC
Roughness (211.7 MPa). Regimens EF575-SC, G790-SC, and G790 produced o, values (167.9, 157.7, and
Thermal cycle 153.7 MPa, respectively) lower than the control (C) (187.7 MPa). The Weibull modulus (m)
Glaze was statistically similar between groups. All treatments reduced the mean roughness (Ra)
Biaxial flexure strength of the specimens. Extended cycles (EGF790-SC, EF575-SC) decreased the mean amplitude

(Rz). XRD revealed no crystalline phase transformation and slight changes in size of leucite
crystallites.
Significance. Increased values of fracture strength and decreased surface roughness for a
leucite-reinforced glass ceramic are achieved by extended glaze firing after machining. Crys-
talline structure is not modified. Glaze cycles, manufacturer-recommended or modified by
slow cooling, and firing below Ty, significantly reduce fracture strength.
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1. Introduction

Clinical studies involving leucite-reinforced glass ceramic
restorations report survival rates between 76 and 97%, with
bulk fracture being one of the main reasons for failure of these
restorations, totaling 3-11% of failures [1-4]. Cohesive chip-
ping of the ceramic is mentioned in the literature, but this has
not been considered as a failure, since this type of defect does
not prevent functioning of the restorations [1,2,4].

Glass ceramics are widely used in indirect restorations
that require aesthetic appeal, because they mimic the den-
tal tissues and provide a mechanical strength that is greater
than that of feldspathic ceramics. The improvements in the
mechanical properties of these materials are a result of the
higher content of crystals, such as leucite [5-7], and the
development of prefabricated ceramic blocks for CAD-CAM
(Computer Aided Design, Computer Aided Machining) sys-
tems, produced using a standardized process that results in a
more homogeneous material [8,9]. However, even with these
fracture toughness advances, the ceramic components main-
tain their brittle behavior, accumulating residual stresses as a
result of the machining process, and are thus susceptible to
different failures [10-12]. On the other hand, it is believed that
machining might introduce thin compressive stresses to the
surface of the ceramic with a positive effect on its strength
[13,14]. Thus, an understanding of these effects is essential
for predicting possible failure mechanisms and assessing the
reliability of restorations made by CAD-CAM systems.

Different heat treatments have been employed for glass
ceramics in an attempt to control residual stresses [15,16],
while potentially reducing some of the damage accumulated
during the various steps of fabricating the restorations. These
treatments are conducted at temperatures near the glass
transition temperature (T,), where the material viscosity is
reduced, and structural rearrangements promote relaxation
of internal stresses in the ceramic [17,18]. However, cycles
that reach temperatures close to the material softening point
[19,20], in order to promote healing of possible defects, have
also been reported. A relevant aspect in firing treatments for
glass ceramics is the way in which the cooling stage is con-
ducted, since it is the rate (fast or slow) at which this process
occurs that will determine how much tension will be released
or accumulated [16,21]. Below Ty, the glass behaves as a solid
and all structural contraction reverts to residual stress locked
inside the material [22]. Higher cooling rates usually result
in thermal contraction and solidification being non-uniform
because of temperature gradients, leading to the development
of stresses [23], and possible weakening of the material.

Materials consisting of different phases, such as leucite-
reinforced glass ceramics (with two phases, glassy and
crystalline), should be treated with extreme caution because
these phases behave differently during heat treatment [24-26].
This situation requires thermal schemes that meet the
requirements for structural balance between phases. Some
studies show that, depending on the regimen adopted, alter-
ations in the crystals, and even in the constituent phases of
the materials, may occur [27,28].

There are studies showing that routine laboratory thermal
cycles, such as glazing, may be associated with mechanical

and structural changes, which could reduce the fracture
strength of ceramic materials [11,29-32]. Thus, these treat-
ment schemes must be taken into account when trying to
accurately predict the long-term performance of restorations.
However, there is inconsistency in the literature regarding dif-
ferent thermal protocols applied to ceramic materials. Existing
data on the influence of these treatments on structural and
mechanical characteristics of the material are inconclusive.
The present study aimed to investigate the effect of
different firing protocols on the fracture strength of a leucite-
reinforced glass ceramic. The first hypothesis tested was that
cycles that adopt heating baths at temperatures above the
glass transition temperature, followed by slow cooling, would
produce higher values of fracture strength. In addition, we
sought to evaluate the effect of these treatments on surface
roughness and crystalline structure of the ceramic (crystallite
size and phase changes), testing a second hypothesis that pre-
sumed increases in strength values would be associated with
a reduction in surface roughness. A third hypothesis was that
a possible decrease in strength would be associated with an
increase in crystallite size and crystal phase changes.

2. Materials and methods
2.1.  Machining of ceramic discs by CAD/CAM

Discs with 13.5mm diameter and 1.4mm thickness were
obtained by automated machining of leucite glass ceramic
fully-sintered blocks (14 mm x 14 mm x 18 mm) (IPS Empress
CAD C14L, Ivoclar Vivadent AG, Liechtenstein), using a CEREC
inLab MC XL milling unit (Sirona Dental Systems Gmbh,
Germany). A specific pair of diamond burs for glass ceramics
(cylinder pointed bur 12S and step bur 12S, Sirona Dental Sys-
tems Gmbh, Germany) was used for machining under intense
irrigation. The replacement of the pairs of burs was performed
on machine request or failure of a bur.

At the end of the machining process, slight polishing was
manually performed, using 400 and 600 grit silicon carbide
paper on the upper surface of the discs, to achieve a thickness
of 1.4mm (+0.05 mm) and flatten the surface. The bottom side
of the discs was kept unchanged (as-machined) and had its
surface roughness measured. After that, discs were randomly
distributed among the five experimental groups (n=30in each
group), using the Random Allocation version 1.0 program
(developed by M. Saghaei, Department of Anesthesia, Isfahan
University of Medical Sciences, Isfahan, Iran). Statistical anal-
ysis was performed in order to validate the randomization.
No statically significant difference was found in the initial
roughness among the groups (p >0.05 in Kruskal-Wallis test).
Four additional discs were used for complementary micro-
structural analysis.

2.2.  Determination of glass transition temperature (T,)

Differential Thermal Analysis (DTA) [33] was performed to
estimate the T, of the ceramic. The analysis was performed in
a thermogravimetric analysis instrument (Mettler TGA/SDTA
851e) with approximately 20 mg of material at a heating rate
of 1°C/min from room temperature to 1000°C, in an oxygen
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Table 1 - Experimental groups and firing protocols.

Groups (n=30)

Glaze firing Glaze firing Extended glaze Extended firing Control (C)
(G790)2 modified by slow firing (EGF790-SC) below Ty
cooling (G790-SC) (EF575-SC)
Machined Yes Yes Yes Yes Yes
Initial temperature 403°C 403°C 403°C 403°C =
Temperature increase rate ~ 100°C/min 100°C/min 100°C/min 100°C/min -
Final temperature 790°C 790°C 790°C 575°C =
Heating bath dwell time 1.5min 1.5min 15min 15min -

Cooling rate

Vacuum

Fast. Immediate
furnace opening at
the end of heating

Yes
From 450°C to
789°C, for 3min 20 s

Slow. The oven
remained closed
until the material
reached 200°C

Yes

From 450°C to
789°C, for 3min 20 s

Slow. The oven
remained closed
until the material
reached 200°C

Yes

From 450°C to
789°C, for 3min 20 s

Slow. The oven
remained closed
until the material
reached 200°C

Yes

From 450°C to
575°C, for 3min 20 s

3 Glaze firing protocol indicated for IPS Empress CAD by the manufacturer (IVOCLAR VIVADENT). IPS Empress® CAD: Instructions for use labside.

(2006).

atmosphere. The T; was determined by the intersection of
a line halfway between the two baselines (representing the
lower and upper limits of the endothermic reaction) with the
tangent at the inflection point of the curve generated by the
heat flow [34].

The estimated value of T, obtained by DTA was consistent
with that proposed by the ceramic manufacturer (625 =+ 20 °C)
[35]. On this basis, it was possible to establish different firing
protocols in relation to Ty and design the experimental groups.

2.3. Experimental groups: treatments applied to the
ceramic

Experimental groups and firing protocols are described in
Table 1. In the control group (C), the specimens were machined
but did not receive any heat treatment. In the other groups,
the discs were subjected to a thermal schedule performed in
a VITA VACUMAT 6000 MP furnace (VITA — Germany).

The thermal cycle for glazing (which we designate as
G790), with a mean time of 11 min, strictly follows the man-
ufacturer’s recommendations: initial temperature of 403°C,
pre-heating time of 6 min, temperature rise rate of 100 °C/min,
maintenance of temperature at 790°C for 1.5 min, and a vac-
uum environment for 3min 20s while the temperature is
between 450 °C and 789 °C [35]. The furnace opening is located
at the end of the heating stage, providing abrupt cooling.
The extended schedules (EGF790-SC and EF575-SC) were con-
ducted with the same initial temperature (403 °C), pre-heating
time (6 min), and temperature increase rate (100 °C/min) as the
G790 regimen, but were differentiated by holding the speci-
mens in the heating bath for 15 min, either above (EGF790-SC:
790°C) or below (EF575-SC: 575°C) the T, of the ceramic
(625+20°C). In both the EGF790-SC and EF575-SC regimens,
slow cooling was performed. This stage was characterized by
leaving the furnace closed until the material reached 200°C.
The prolonged heating bath, along with the slow cooling,
resulted in thermal cycles with a mean duration of 1h 30 min
for group EF575-SC, and 2h 20 min for group EGF790-SC. The
glaze cycle modified by slow cooling (G790-SC) differed from

the G790 group only in the slow cooling (to 200°C) step, just
described. This modification added just over 1h to the total
time of the original cycle (group G790).

A vacuum environment was used in order to provide simi-
lar conditions for all groups, as glaze firing requires this during
a certain part of the cycle. Thus, in the extended regimens,
vacuum was applied during the temperature-rise period for
the same period of time (3min 20 s) and from the same tem-
perature (450 °C) as the G790 and G790-SC groups.

The number of specimens per group subjected to mechani-
cal testing was 30, so that the material failure probability could
be determined and the Weibull modulus calculated for the dif-
ferent treatments. An additional specimen from each group
was used for microstructural analysis using X-ray diffraction.

2.4.  Piston-on-three-ball biaxial flexure test

The fracture strength of the discs was determined using
a piston-on-three-ball test, according to ISO 6872/2008 [36],
usinga universal testing machining (DL-1000 Emic, Brazil). The
bottom surface of the disc - the experimental surface — was
positioned on three steel spheres (2.5 mm diameter, 120° apart
and forming a 10 mm diameter circle), with a load applied at a
rate of 0.5 mm/min, perpendicular to the center of the top sur-
face of the disc, using a cylindrical steel piston with a 1.4 mm
diameter flat tip. A polyethylene strip was placed between the
metallic supports and the disc, and between the disc and the
piston, in order to uniformly distribute the pressure [37]. The
fracture strength, in MPa, was calculated using Egs. (1)—(3):

—0.2387P(X — Y)

o= OBTHXY) o)
el 452
Y= (14) [1+ln(2)1 +(1—v) (%)2 (3)
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where P is the load at fracture (N), d is the disc thickness (mm),
v is Poisson’s ratio (0.25), A is the support ball radius (5mm),
B is the radius of the tip of the piston (0.7 mm) and C is the
specimen radius (6.75 mm).

2.5. Complementary analyses

2.5.1. Measurement of the surface roughness

The roughness of the bottom surface of the discs was mea-
sured after machining (initial roughness) and at the end of
each treatment (final roughness), using a contact stylus pro-
filometer (SJ-410, Mitutoyo, Japan).

The Ra (average surface roughness; um) and Rz (arithmetic
mean peak-to-valley height; wm) values [38] were determined
using the average of three measurements on a path transverse
to the machining direction. The roughness measurement
protocol is defined in ISO 4287:1997 [39]. A distance scale
is established to distinguish waviness from roughness; the
sampling length is equivalent to five times a cut-off value (i¢),
using the Ra values recorded in initial readings as a reference.
The roughness measurements before and after treatment for
the other groups were conducted using i =0.8 mm (the tab-
ulated value for 0.1<Ra <2.0), resulting in a sampling length
of 4mm. In addition to the use of a cut-off length, a Gaussian
filter differentiates between shape defects and the roughness
profile.

2.5.2. X-ray diffraction

X-ray diffraction (XRD) was performed to characterize the
ceramic crystalline structure before and after heat treatment,
and to analyze the effect of the firing protocols on the leucite
crystallites (sub-micrometer particles).

A disc from each thermal regimen was analyzed by XRD
before and after heat treatment (D8 Advance XRD, Bruker AXS
GmbH, Germany), using a wavelength of 1.5416 A (CuKy,), scan
range from 20° to 45°, step size of 0.009° and a time per step of
87.5s. Peaks were identified from the tetragonal leucite values
available for powder diffraction patterns (International Cen-
tre for Diffraction Data/Joint Committee for Powder Diffraction
Studies).

The average size of the crystallites before and after
heat treatment was determined from peak (404), located at
20~ 38° and with FWHM (full width at half maximum)~0.3°,
by the Debye equation, Eq. (4) [40]:

T = 09#
Bcosb

(4)
where Tis the crystallite average diameter, A is the X-ray wave-
length (1.5416 A), ¢ is the peak location angle, and 8 is the
FWHM of the selected peak, in radians. The real value of g,
free of measurement errors, is calculated using Eq. (5):

B = Bu® — Bs? (5)

where By is the measured value of 8 for a ceramic specimen
and Bg is the value obtained with a silicon crystal (crystal size
greater than 1000 A).

2.6. Statistical analysis

The paired t-test (dependent groups) was used to compare the
mean surface roughness values (Ra, Rz) intra-groups, before
and after each heat treatment, since the data presented a nor-
mal distribution (p >0.05 based on the Shapiro-Wilk test).

Weibull statistics [41,42] were used for the analysis of flex-
ural strength, as described by the characteristic strength (og),
which is the strength at which a cumulative probability of
failure of 63.2% exists for a particular group of test speci-
mens, and the Weibull modulus (m), which represents the
variability of the fracture strength value. A small value of m
represents a large range of failure strengths in the group, and
vice versa. The basic form of the Weibull distribution is shown
in Eq. (6):

szl—exp [—(%)m} (6)

where Py is the cumulative probability of failure and ¢ is the
failure stress. From the experimental data, the failure stresses
for biaxial flexure within each group were ranked in ascending
order, and the probability of failure for each stress (Py;) was
calculated by Eq. (7), where i is the rank order (1, 2, 3, ..., 30)
and N is the number of specimens per group:

i—0.5
Poi = )

A rank regression was performed on the bi-axial flexure
strength data to estimate the Weibull parameters oo and m
[36].

The upper and lower limits of the 95% confidence intervals
for oo and m were calculated according to ENV 843-5:1996 [43].
Differences were considered significant when the confidence
intervals failed to overlap.

3. Results

The characteristic strength (o) and Weibull modulus (m) of the
tested groups are given in Table 2. The glazing regimens (G790
and G790-SC) show similar characteristic strengths, but are
significantly lower than the control group (C). Extended firing
below T4 (EF575-SC) achieves higher strength than both glaz-
ing cycles (G790 and G790-SC); however, these values are lower
than for the control group (C). Extended glaze firing (EGF790-
SC) produces the highest flexural strength values, which are
greater than those of the other tested groups (G790, G790-
SC and EF575-SC) and are even significantly higher than the
control group (C). The strength values scatter is similar for
all groups, since there is no significant difference in m val-
ues (Table 2).The intra-group comparisons, between before
and after roughness for the same firing treatment, are shown
in Table 3. In each group, the heat treated discs served as
their own control, before undergoing heat treatment. All heat
treatments significantly reduce the mean roughness (Ra) of
the specimens. The mean amplitude, represented by the Rz
parameter, presents a statistically significant reduction only
for extended firing schedules (EGF790-SC and EF575-SC).The
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Table 2 - Means and 95% confidence intervals (CI) of characteristic strength (o¢) and the Weibull modulus (m) for the
experimental groups.

Groups (n=30)

@ G790 G790-SC EGF790-SC EF575-SC
00 —MPa (CI=95%)  187.7 (181.1-194.4)° 153.7 (148.8-158.6)¢ 157.7 (153.3-162.0)¢ 211.7 (206.7-226.9) 167.9 (163.0-172.8)°
m (CI=95%) 12.0 (8.4-15.5) 13.3 (9.3-17.1) 15.5 (10.9-20.0)? 18.1 (12.7-23.2)? 14.7 (10.3-18.9)

Different superscripts (a—d) indicate groups with statistically significant differences (95% ClIs do not overlap).

Table 3 - Mean and standard deviation of surface roughness values (Ra and Rz), before and after treatments, and

intra-group comparisons (paired t-test at 5% significance level).

Groups Treatment stage Ra (um) (standard deviation)  p-Value?® Rz (um) (standard deviation)  p-Value?

e Before 1.47 (0.24) e 9.59 (1.73) e
After 1.41 (0.24) : 9.24 (1.58) .

T Before 1.46 (0.30) a6 9.59 (1.45) i
) After 1.38 (0.29) : 9.05 (1.76) :

T Before 1.54 (0.29) a6E 10.03 (1.72) 550
i After 1.47 (0.25) : 9.39 (1.45) :

EFS75.SC Before 1.45 (0.27) 0.000 9.46 (1.58) 0001
i After 1.38 (0.28) ’ 8.97 (1.78) ’

@ p<0.05 indicates difference between groups.

X-ray diffraction analysis does not indicate any changes in the reduction on the order of 0.8nm for group G790-SC to an
crystalline phase of the material after the heat treatments, increase of 2.1 nm for group EGF790-SC.

since the leucite remains in its stable tetragonal crystalline
arrangement (Fig. 1).

The sizes of the leucite crystallites, before and after the 4, Discussion
thermal cycles, determined from the width of XRD peaks, are
given in Table 4. The mean crystallite size, before treatment, Thermal schemes ranging from routine laboratory procedures,
is 28.8nm. The variation with thermal cycle ranges from a such as glazing, to more complex firing protocols, such as
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Fig. 1 - X-ray diffraction plot related to cycles: G790 (green), EGF790-SC (blue), EF575-SC (red) and G790-SC (black), after heat
treatments. Vertical red lines above the 2-Theta axis indicate the location of peaks for tetragonal leucite in powder
diffraction patterns (International Centre for Diffraction Data/Joint Committee for Powder Diffraction Studies).
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Table 4 - Size of the leucite crystallites (nm), before and after heat treatment, and size variations (nm and %) after

treatment. Data taken from peak at 26 ~37.9°, corresponding to tetragonal leucite (4 04). (One sample from each

treatment group.).

Peak Groups Crystallite size Crystallite size Crystallite size Crystallite size
before (nm) after (nm) variation (nm) variation (%)
G790 28.7 30.7 2.0 6.6
(404) G790-sC 29.1 28.3 -0.8 -1.7
EGF790-SC 28.9 31.0 21 7.6
EF575-SC 28.6 30.1 1.5 45

annealing, have been investigated for possible effects on
the mechanical strength of ceramic materials [11,15,29-32]
and machined ceramic specimens [19,20]. The present study
aimed to analyze the effect of firing protocols on flexural
strength of a leucite-reinforced glass ceramic. The specimens,
with a simplified geometry and produced using automated
machining, provided a simulation of the effects of heat treat-
ments on restorations.

The first hypothesis tested was that cycles that adopt
heating baths at temperatures above the glass transition
temperature followed by slow cooling would produce higher
values of fracture strength in the material. The highest value
of characteristic strength (oo =211.7 MPa) was achieved by the
EGF790-SC schedule, in agreement with the first hypothe-
sis. This scheme (EGF790-SC) appears to have promoted a
favorable stress state, since its mean value of biaxial flexural
strength (211.7 MPa) was larger than that reported by the man-
ufacturer (160 MPa) [44] and was also higher than that obtained
for the control group (187.7 MPa). With the extended dwell time
(15min) at 790 °C, alayer of lower thermal expansion glass may
be formed in the ceramic surface, placing the outer surface
in compression when cooled. Existing compressive stress off-
sets some of the local tensile stress at surface flaws produced
by applied loading, and greater loading is needed to initiate
flaw propagation from the external surface [29,30,32]. This
condition overcomes any possible mechanical disadvantages
associated with the prior relief of compressive stresses during
machining [13,14]. Furthermore, in the EGF790-SC cycle, the
temperature was decreased carefully to avoid development
of stresses produced by the non-uniform thermal contrac-
tion and solidification that results from temperature gradients
[23]. For ceramic materials, strength increases with decreasing
flaw depth and sharpness. During the extended glaze firing,
the depth and shape of cracks on the ceramic surface may
have changed [19,29,30,45], with the crack tips changing from
sharp to round, increasing the stress needed for crack initia-
tion. Therefore, the similar values of the Weibull modulus (m)
found among groups (Table 2) indicate that the distribution
of defects in the material after the heat treatments was not
modified by any of those cycles.

In the G790-SC regimen, the ceramic was held at 790°C for
1.5min, as suggested by the glazing protocols for this ceramic
[35], while in EGF790-SC the ceramic was maintained at this
temperature for 15min. In both groups, slow cooling rates
were then applied. Therefore, these regimens differ only in
the period that the material remained at 790 °C. However, the
G790-SC group does not present an improvement in fracture
strength, contradicting the first hypothesis of the study. The
strength values for the G790-SC group were about 157.7 MPa,
which were significantly lower when compared to those of

group EGF790-SC (211.7 MPa). These findings suggest that the
short dwell time (1.5 min) at 790 °C of the G790-SC schedule is
insufficient for the achievement of the optimal conditions of
viscosity to promote a surface layer with a favorable stress
state and modification of defects on the ceramic surface.
Denry [10] indicated that sub-surface and surface defects
produced during the milling stage might not be minimized
after glazing and eventually become the origin of fractures
of ceramic restorations after some time in service. Therefore,
the selection of a proper temperature range and dwell time
[46] for the glazing of machined glass ceramic restorations is
required to promote a beneficial stress state, with the forma-
tion of a compressive surface layer, and even to induce some
crack-shape modification.

The period for which the material remains heated to a
constant temperature also appears to be critical when the
procedure is carried out below the T4, as with the 575°C
used in the EF575-SC cycle, which presented lower flexural
strength values (Table 2) when compared to the EGF790-SC and
C groups. The ceramics subjected to this regimen (EF575-SC)
apparently remained at that temperature for an insufficient
period during the heating step, not allowing an efficient reduc-
tion in glass matrix viscosity to induce modification of surface
defects or a favorable final stress state. At 575°C (below Tj)
molecular movements are very slow during the glass matrix
solidification process [16], hindering stress adjustments and
preventing surface flaw modification. According to Bertolotti
and Shelby [47], for the glass to release tension, an extended
heating time is required to compensate for the use of a tem-
perature below the glass transition; a similar result was seen
by Fischer et al. [15], where a firing time of 10h below T4 was
necessary to achieve a relaxation of tensions and an increase
in strength of the ceramic.

Another plausible explanation for the reduction in the
strength values (Table 2) in the EF575-SC, G790 and G790-SC
groups is that the firing protocols used, with a lower tempera-
ture and/or shorter heating baths, might have promoted only
the relief of surface compressive stresses caused by machining
[12]. According to Marshall et al. [13], machining introduces
a thin strip of compressive stress on the ceramic surface,
which provides a positive effect on strength. Giordano, Cima
and Pober [11] observed a reduction in the flexural strength
of a conventional feldspathic ceramic after heat treatment,
which was attributed to the reduction of compressive stresses
introduced by polishing. Also, the depth and shape of sur-
face cracks may have remained unaltered, leading to lower
strength.

As outlined in the above discussion, both heating bath
temperature and dwell time influence the flexural strength
of the glass ceramic. However, slow cooling seems not to
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improve flexural strength without sufficient periods of heat-
ing, regardless of being above or below the T, of the glass
ceramic (625 +20°C). Examples are the G790-SC group (790°C),
having the bath above T, but without extended dwell time,
and the EF575-SC group (575 °C), having extended dwell time
but below T,. This indicates that the slow cooling process,
although important in some studies [48,49], has a positive
effect on the fracture strength of the glass ceramic after the
machining process only when associated with adequate tem-
perature and dwell time of the heating bath.

In parallel to the strength studies, we investigated the
effect of heat treatments on the ceramic surface roughness.
Table 3 compares the surface roughness of each group of
discs between its machined-only and heat treated states.
The second hypothesis tested is whether the increase in
strength would be associated to a reduction in surface rough-
ness within a same group, as a result of heat treatment.
The EGF790-SC scheme shows improved strength values
(211.7MPa); it also produces significantly lower values of
surface roughness (Raafter = 1.47 pm; RZyfer =9.39 pm) in com-
parison to the same discs prior to treatment (Rapefore = 1.54 pm;
RZpefore = 10.03 pm), supporting the second hypothesis. How-
ever, this behavior is not as clearly demonstrated in the
other groups. The G790 and G790-SC treatments reduce the
mean surface roughness (Ra) of the ceramic with statisti-
cal significance, but changes in the mean amplitude of the
profile (Rz) do not reach significance, and these treatments
produce the lowest material strengths. The EF575-SC cycle
significantly reduces both the Ra and Rz parameters, but this
improvement in the roughness profile is not accompanied by
improved strength values. Thus, the second hypothesis is par-
tially rejected because the fracture strength of the ceramic
decreases, despite a reduction in surface roughness for the
EF575-SC, G790 and G790-SC groups. It appears that, despite
statistical significant, the reduction of surface roughness of
these levels (~5%) for all groups was not pratically significant
and does not play an important role in strength, as machining
microcracks seem to do.

Few studies have investigated the possibility that ceramics
submitted to heat treatment might present changes in their
roughness parameters and healing of defects. Lenz et al. [45]
suggested that, at temperatures that approximate Ty, the vis-
coelastic behavior of the porcelain may favor the closure of
microcracks and produce higher mechanical strength values.
In the study proposed by Addison et al. [20], the surface rough-
ness of disks made from a feldspathic ceramic machined by a
CAD/CAM system (Vita Mark II) is not influenced by anneal-
ing (900°C for 1h), even though this value is very close to
the softening temperature of the material (914 +8°C). How-
ever, when this ceramic is subjected to the same temperature
(900°C) for a period of 2 h, a reduction in the size of the defect
generated by Vickers indentation in the specimens is detected,
indicating possible surface modification, but is not followed
by an increase in strength of the material [19]. SEM analysis of
specimens obtained from different machinable ceramics (Vita
Mark I, PROCAD, IPS Empress CAD and IPS e.max CAD) reveals
that, independent of the tested ceramic, the glazed surfaces
are homogeneously smooth in comparison to the ribbed sur-
faces of polished samples. However, glazing produces strength
values that are statistically similar to those produced by the

polished groups [50]. A complementary analysis using elec-
tron microscopy to investigate possible healing of defects by
heat treatments may help clarify this issue. This type of anal-
ysis requires very well-polished specimens in order to observe
details of cracks before and after heat treatment. However, this
is not feasible in machined specimens due to the large topo-
graphical changes caused by machining. Furthermore, the
effect of machining explored in this study could be influenced
by the necessary polishing procedures.

X-ray diffraction was used to investigate the micro-
structural changes caused by the thermal regimen for each
treated glass ceramics group. Material properties, such as
flexural strength, wear, and aesthetic characteristics, can be
highly dependent on crystal structure [18] and crystallite size
[51]. Thus, control of the crystalline structure, crystalline
phases, and crystallite size (degree of crystallization) are con-
cerns when handling a ceramic material, for instance when
the ceramic is subjected to a firing protocol.

Typically, crystallite size tends to increase with an increase
of treatment temperature, presenting a narrowed X-ray
diffraction peak. When a peak is broadened, a reduction of
particle size is normally inferred [52]. However, a tempera-
ture increase generated by the tested cycles did not cause
changes in the degree of crystallization of the material, reflect-
ing little significant change in crystallite size (Table 4) at the
evaluated peak (404), which did not suffer from narrowing
or enlargement (Fig. 1). The diffraction peak chosen for this
analysis was (404), as a peak located at a smaller 20 would
introduce a greater error in the extracted parameters [40].
Some studies show that, depending on the regimen adopted,
alterations in the constituent phases of the materials may
occur [27,28]. In the present work, none of the heat treatments
results in changes to the crystalline phase of the material,
with the leucite remaining in its stable tetragonal form (Fig. 1).
Thus, the third hypothesis, that possible decreases in strength
values are related to changes in the original crystalline struc-
ture, such as phase changes and increase in crystallite size, is
rejected.

The fact that no thermal regimens cause changes in the
crystalline microstructure of the material shows that the
cycles do not change the composition set by the manufacturer.
The relevance of this information is mainly associated with
the EGF790-SC cycle, which improves the fracture strength
of the glass ceramic without changing its original structure.
It is noteworthy that small variations in composition and
microstructure may provide new mechanical, chemical and
physical properties of a material [18]. The improvement in
fracture strength achieved by this firing (EGF790-SC) appears
to be related to achieving a favorable final stress state, reduc-
ing the surface roughness values and possibly modifying the
shape of cracks on the ceramic surface by heat treatment.

The finishing stages of glass ceramic restorations, which
frequently include the application of stain oxides and glazing,
are important for mimicking tooth structure. Based on the cur-
rent results, the possible deleterious effect of the glazing cycle
on the fracture strength of leucite-based ceramics suggests the
need for studies evaluating the feasibility of employing alter-
native thermal regimens, such as the EGF790-SC cycle - which
uses the same temperature suggested by the manufacturer
(790°C), but an extended period of heating (15 min), followed
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by slow cooling - for glazing restorations. Studies evaluating
the effect on the ceramic’s optical properties of the EGF790-SC
treatment, as a feasible alternative glazing cycle, are needed.
Also, studies addressing the fatigue life of the ceramic sub-
jected to these extended firing regimes should be conducted.

5.

Conclusions

The investigated extended glaze firing treatment improves
fracture strength, decreases the surface roughness, and
does not modify the original crystalline structure of
a hard-machined leucite-reinforced glass. Glaze cycles,
manufacturer-recommended or modified by slow cooling, and
firing below Ty, significantly reduce fracture strength.
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