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mechanical properties of fully crystallized lithium

silicate-based ceramics

Hanan Al-Johani, BDS, MSD, PGDip,” Julfikar Haider, BSc, MA, PhD,” Nick Silikas, BSc, MPhil, PhD,

Computer-aided design and
computer-aided manufacturing
(CAD-CAM) lithium silicate-
based glass-ceramics (LSCs)
have become popular in the last
decade because of their excellent
esthetics and mechanical per-
formance."” Machinable 1.SCs
are composed of binary quartz
and lithium dioxide phases
produced by controlled crystal-
lization throughout complex
multistage temperature-depen-
dent processes, and LSCs have
been classified accordingly as
partially or fully crystallized
blocks.”” Many derivatives of
fully crystallized chairside LSCs
blocks are commercially avail-
able with differing manufacturer
guidelines concerning additional
heat treatments.” Nonetheless,
because of the high machin-
ability and brittleness indices of
fully crystallized L.SCs,” correc-
tive firing may be necessary to

and Julian Satterthwaite, BDS, MSc, PhD®

ABSTRACT

Statement of problem. The influence of different firing protocols on the topographical, optical, and
mechanical properties of fully crystallized computer-aided design and computer-aided manufacturing
(CAD-CAM) lithium silicate-based glass-ceramics (LSCs) for dental restorations remains unclear.

Purpose. The purpose of this in vitro study was to investigate the effect of different firing
regimens on the surface roughness, gloss, Martens hardness, indentation modulus, biaxial flexural
strength, and crystalline structure of fully crystallized CAD-CAM LSCs and the effect of their
interposition on the irradiance of a light-polymerization unit.

Material and methods. Three fully crystallized CAD-CAM LSC blocks were evaluated (N=150): lithium
disilicate (Initial LiSi Blocks; LS), zirconia-reinforced silicate (Celtra Duo; CD), and lithium aluminum
disilicate (CEREC Tessera; CT). Specimens were allocated to 5 subgroups according to their firing
protocol. LSC roughness (Sa) was measured with an optical profilometer, and gloss (GU) was detected
with a gloss meter. Martens hardness (HM) and indentation modulus (E;;) data were obtained from a
hardness testing machine. The irradiance of a light-polymerization unit and transmittance of LSCs were
measured with an instrument (Managing Accurate Resin Curing-Light Collector; BlueLight analytics, Inc)
subsequent to ceramic interposition. Crystalline phases were analyzed by X-ray diffraction, and biaxial
flexural strength (o) was determined by the ball-on-3-ball method in a universal testing machine
followed by Weibull analysis to calculate characteristic strength (o) and Weibull modulus (m). Two-way
ANOVA and Tukey HSD post hoc tests (a=.05) were used to analyze the data.

Results. Statistically significant differences were found among different treatment groups based
on Sa, GU, HM, and E; values (P<.001). Delivered irradiance was significantly reduced following CT
(P<.01) and glazed LSC (P<.005) interposition. CD displayed highest biaxial flexural strength and
reliability after 1 firing cycle (0=568.2 MPa, m=16.8)

Conclusions. The type of material and firing regimens had a significant effect on the
topographical, optical, and mechanical properties of fully crystallized CAD-CAM LSCs. Glazing
significantly reduced delivered irradiance, Martens hardness, and biaxial flexural strength. (J
Prosthet Dent 2024;131:741.e1-e11)
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Clinical Implications

Clinicians should consider the number of firing
cycles of fully crystallized CAD-CAM LSC
restorations cautiously. While surface glazing
improved the surface texture of LSCs, it decreased
their strength, negatively affecting long-term
clinical performance.

eliminate milling-induced defects or subsequent to ex-

tensive intraoral occlusal adjustments.” Repeated firing of
fully crystallized LSCs has been reported to alter color sta-

s 8-10 11,12 11
bility, translucency, opalescence,  surface tex-
ture 1314 . 115 1,14
re, microstructure, hardness, flexural
Vi ), | 3, . ), .
strength, """ Weibull modulus,'”"" fatigue re-

sistance,” fracture toughness, “1° and bond strengths to

resin cements.”” " Glazing is often recommended to opti-
mize esthetics and texture after surface characterization or
CAD-CAM machining.”"”* Autoglazing is achieved by
heating ceramic restorations in separate firing cycles to melt
the most superficial layer, whereas overglazing consists of
applying a thin layer of a low-fusing glass and then firing
the ceramic restoration, crystallizing and glazing it in a
single step.”"”"**

Glaze sprays are offered in nonfluorescent and
fluorescent forms; the fluorescent form is preferred to
mimic the natural dentition and avoid metameric color
mismatch.”” *” Evidence of the toughening potential of a
glaze is inconsistent as, theoretically, the lower coeffi-
cient of the thermal expansion of glazes as opposed to
that of ceramic substrates should yield strengthening
compressive stresses that minimize surface flaws.”*”’
Nonetheless, glazing ceramics has been reported not to
affect strength significantly”’ nor be detrimental if lateral
cracks emerge from extreme compressive stresses upon
cooling of the glaze layer.”" * Furthermore, the removal
of glaze during intraoral adjustments releases its favor-
able strengthening stresses and exposes the underlying
rough ceramic substrate.”'

The topography of a ceramic restoration affects its
esthetic, biological, and mechanical properties;
smoother surfaces appear natural and are less prone to
pigmentation, plaque retention, and the wear of op-
posing substrates.”” "’ Hardness is the ability to resist
indenter penetration and can be quantified by visual
methods that measure indentation dimensions.””"*
Recently, the Martens hardness test has been used to
quantify the indentation resistance of dental ceramics
through objective force- or depth-controlled set-
tings.Jl .

The light attenuation of a light-polymerizing unit
depends on the composition, thickness, translucency,
and shade of the interposing substrate.”* Identification
and quantification of crystal phases by X-ray diffraction
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can enhance the understanding the crystalline trans-
formations of ceramics after heat treatments.””** The
ball-on-3-ball apparatus enables the measurement of
the biaxial flexural strength of rectangular-shaped spe-
cimens, and its loading approach creates a stress field of
mirror-symmetry and minimal friction, mimicking oc-
clusal forces.”” "

Studies on the influence of different firing protocols
on the behavior of fully crystallized CAD-CAM LSCs are
sparse. This study aimed to determine whether different
firing treatments would alter the delivered irradiance,
light transmission, surface roughness, gloss, hardness,
indentation modulus, biaxial flexural strength, and
crystalline structure of fully crystallized CAD-CAM
LSCs. The null hypothesis was that different firing re-
gimens would not affect the properties of interest in the
same materials and that the same firing regimens would
generate similar changes in each property of different
materials.

MATERIAL AND METHODS

Three fully crystallized CAD-CAM LSC blocks were
investigated in this study (N=150): lithium disilicate,
zirconia-reinforced silicate, and lithium aluminum dis-
ilicate (Table 1).””" Blocks were sectioned with a preci-
sion cutting machine (IsoMet 1000; Buehler) into
12x12x1.5 +0.05-mm specimens, polished with 400-,
800-, 1000-, and 1200-grit silicon carbide disks (Meta-
serv 250; Buehler) and cleaned ultrasonically for 10
minute. The specimens were randomly allocated into 5
subgroups by simple computerized randomization (IBM
SPSS Statistics, v29.0; IBM Corp) to their assigned
treatment protocols (Table 2) per manufacturers’ firing
schedules (Table 3). In subgroups GF1 and GF2, the
glaze spray was held 8 cm away from specimens to apply
a uniform glaze layer with adequate thickness (con-
firmed with digital calipers to be 200 +10 pum, having a
frosty appearance in daylight and displaying fluores-
cence under UV light).” Surface roughness was ana-
lyzed with an optical profilometer (Talysurf CLI 1000;
Taylor Hobson Precision) equipped with an 400-pm
chromatic length aberration and a 0.25-um cut-off
length. Six measurements were obtained per specimen
from a scanning area of 2.5x2.5 mm, and average
roughness values were computed and reported in terms
of the Sa roughness parameter (um) according to the
International Organization for Standardization (ISO)
25178-71:2017 standard,”™ where Sa is the arithmetic
mean height deviation within a surface area. Gloss was
detected by a gloss meter (IG-331; Horiba) with a 20-
degree projection angle as specified by the ISO
2813:2014 standard for high gloss surfaces.”* The spe-
cimens were placed in a custom mold to ensure centered
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Table 1.Experimental materials

Classification Material Code Manufacturer Chemical Composition (wt%)

Lithium disilicate glass-ceramic Initial LiSi Blocks LS GC Corp 81% SiO,, 8.1% P,0s, 5.9% K0, 3.8% Al,03, 0.6%
Ce0,, 0.5% TiO,

Zirconia-reinforced lithium silicate glass- Celtra Duo cD Dentsply Sirona 58% SiO,, 18.5% Li,0, 10.1% ZrO,, 5% P,0s,

ceramic 1.9% Al,03, 2%Ce0,, 1% Tb,40,

Lithium aluminum disilicate glass-ceramic CEREC Tessera (@) Dentsply Sirona 90% Li,Si;0s, 5% LizPO,, 5% LigsAly5Sis 506

Glaze spray Universal Spray — Dentsply Sirona Silicate glass, isopropyl alcohol, isobutane

Glaze Fluo

propellant, fluorescing agent.

Table 2. Experimental subgroups

Subgroup Description

NF No firing treatment

F1 One crystallization firing cycle

F2 Two crystallization firing cycles

GF1 Coated with glaze spray followed by glaze firing cycle
GF2 Coated with glaze spray followed by glaze firing cycle

and coated with glaze spray for second time followed
by second glaze firing cycle

positioning and covered with an opaque lid to eliminate
external light. Three gloss measurements were made per
specimen from a 3x3-mm area, and mean values were
calculated and reported in Gloss Units (GU), where GU
was the percentage of incident light beam/reflected light
beam, ranging from 0 (absolute nonreflective surface) to
100 (absolute refractive surface). The Martens hardness
and the indentation modulus were measured with a
hardness testing machine (Z2.5; ZwickRoell Ltd) from
the following equations:

HM = [ﬁ]and Er = (1 - Vg)[(Ei,) - (1;:“2)]’

where HM is the Martens hardness (N/mm?), F is the
maximum load (N), Ay(h) is the surface area (mm?) of
the indenter at a distance h from the tip, Ejr is the in-
dentation modulus (kN/mm?), v, is the Poisson ratio of
the ceramic specimens (LS v¢=0.198, CD v,=0.22, and
CT v,=0.229)", v; is the Poisson ratio of the indenter
(v;=0.07),”” E, is the reduced modulus of the indentation
contact, and E; is the modulus of the indenter. Six in-
dentations were made per specimen in a force-con-
trolled setting (10-N load) for a 20-second dwell time,
and average HM and E;r values were automatically

Table 3.LSC firing schedules

computed by a software program (TestXpert; Zwick
GmbH Co).”® Delivered irradiance (mW/cm?) was re-
corded by a spectrophotometer (Managing Accurate
Resin Curing-Light Collector; BlueLight analytics Inc)
coupled with an analysis software program and a light-
emitting diode light-polymerization unit (Elipar S10; 3M
ESPE) during a 20-second light exposure cycle. The
light-polymerization unit was fixed to obtain zero dis-
tance between its tip and the ceramic specimen, with the
ceramic specimen centered on the bottom MARC-LC
sensor and treated ceramic surfaces facing the light
polymerization unit tip. Subsequently, ceramic specimen
transmittance T(%) was measured by the equation:
T= II—;, where [; is the transmitted light beam intensity
and I is the incident light beam intensity of the LCU
(1600 mW/cm?).””

The crystalline phase composition of 1 specimen per
subgroup was identified by X-ray diffraction (X'pert
Powder;  PANalytical), ~with  Cu-Ka  radiation
(A=0.51054 A, 45kV, and 40 mA), and diffraction profiles
were collected in the range of 10<20<140 degrees, with a
0.013-degree step size and scan speed of 89 seconds per
step. The Scherrer formula™ was used to estimate
average crystallite sizes from diffraction peak widths
pertaining to each crystalline phase by using the equa-
tion D = kA/Bcos6, where, k is a geometrical constant
(0.89), A is the wavelength of the X-ray, B is the full
width at half maximum of the diffraction peak, and 6 is
the diffraction angle.

The biaxial flexural strength of the LSCs was de-
termined by the ball-on-3-ball method in a universal
testing machine (Z020; ZwickRoell Ltd) (Fig. 1). The
specimens were situated between stainless steel balls of

Material Firing Cycle Standby Closing Heating Firing Holding Vacuum Drying
Temp. Time Rate Temp. Time (On/Off) Time
(°C) (min.) (°C/min.) (°C) (min.) (min.)
LS First crystallization cycle 480 4:00 45 750 1:00 On 2:00
Second crystallization 450 4:00 45 730 1:00 On 2:00
cycle
cD First crystallization cycle 500 3:30 60 820 1:00 Off 2:00
Second crystallization 500 3:30 60 770 1:00 Off 2:00
cycle
cT First crystallization cycle 400 3:30 60 760 1:30 Off 0:00
Second crystallization 400 3:30 60 760 1:30 Off 0:00
cycle
LS, CD, CT Glaze cycle 400 2:00 55 760 2:00 Off 0:00

Al-Johani et al
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Figure 1. Schematic representation of ball-on-3-ball biaxial flexural strength test; Left: Preload (small white arrow) applied via loading cell before
plunger removal to ensure simultaneous contact with loading balls. Right: Plunger removed and guide lowered, yielding free rotation of loading
balls (orange arrow) and stress field with mirror symmetry (red dashed line). Upon applying compressive load (large white arrow), biaxial flexural

strength o (MPa) computed.

equal radii with 3 loading balls on the tensile side and a
support ball on the compressive side, with the surfaces
of the treated specimens facing away from the tensile
stresses. A 20-kN compressive load cell was used to
apply a preload of 10 N and then proceeded at 0.5 mm/
minute crosshead speed until specimen fracture. The
flexural strength o (MPa) was determined as the max-
imum stress created on the specimen’s tensile side at
fracture and was calculated from the following equation:
0 = 8Fnax/t?, where t is the thickness of the specimen,
Frnax is the force at fracture, and & is a function derived
from finite element analysis'’ based on the radii of the
support balls (R,), specimen thickness (t), and Poisson
ratio (v). & was calculated from the equation:

2 3
[(1.30843 + 1.443010)] | 1.78428 — 3.15347(i) n 6.67919(i) - 4.62603(i]
Ra Ra Ra

=g

The Weibull analysis was performed to assess relia-
bility in the flexural strength as a result of different heat
treatment regimens. The Weibull modulus (m) was
calculated from the equation:

Pi(o) =1 — exp[—(cio)m],

where P (o) is the failure probability for a given flexural
strength, o is the fracture strength, oy is the characteristic
strength at 63.2% fracture probability, and m is the Weibull
modulus.”” Upper and lower limits of the 95% confidence

3 = 0.323308 +
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intervals for oy and m were calculated following DIN ENV
843-5:2007."" Sample sizes for roughness, gloss, hardness,
indentation modulus, irradiance, and transmission properties
were obtained from a power analysis software program
(G*power, V. 3.1.3; Heinrich Heine University Diisseldorf).
An eta-squared value of 0.06 was used to estimate effect
sizes that yielded 80% power.”" Sample size for flexural
strength testing was chosen from the ISO 6872:2015 stan-
dard.”” Data normality and homogeneity assumptions were
confirmed by the Kolmogorov-Smirnov test and Levene test
(0=.05). Two-way ANOVA was applied to evaluate the ef-
fects of ceramic material, firing treatment, and their inter-
action (0=.05), and the Tukey HSD post hoc test was used
for pair-wise comparisons (0=.05). A statistical software
program (IBM SPSS Statistics, v29.0; IBM Corp) was used for
all statistical analyses.

RESULTS

The ANOVA table for all analyses is presented in
Table 4. The 2-way ANOVA indicated a significant effect
of material, firing treatments, and their interaction on
mean Sa and GU values (P<.001) (Fig. 2A, B), and a
negative correlation was found between roughness and
gloss (r=-0.715, P<.001). Furthermore, ANOVA de-
tected a significant effect of variables on the delivered
irradiance (P<.001) (Fig. 2C) and T of LSCs (P<.05)
(Fig. 2D). LS and CT specimens coated with 2 glaze
layers exhibited significantly lower delivered irradiance

Al-Johani et al
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Table 4. ANOVA table for surface roughness, gloss, Martens hardness, indentation modulus, delivered irradiance, light transmission, and biaxial
flexural strength df, degrees of freedom

Parameter Effect Sum of Squares df Mean Square F P
Roughness Material .019 2 .010 126.801 <.001
Treatment 233 4 .058 758.510 <.001
Material x Treatment .008 8 .001 13.116 <.001
Gloss Material 1391.876 2 695.938 80.180 <.001
Treatment 6879.388 4 1719.847 198.145 <.001
Material x Treatment 648.112 8 81.014 9.334 <.001
Martens hardness Material 1503973.474 2 751986.737 55.270 <.001
Treatment 7045782.376 4 1761445.594 129.463 <.001
Material x Treatment 3270874.838 8 408859.355 30.050 <.001
Indentation modulus Material 481.208 2 240.604 22.445 <.001
Treatment 3324.377 4 831.094 77.531 <.001
Material x Treatment 1679.335 8 209.917 19.583 <.001
Delivered irradiance Material 1072574.747 2 536287.373 3758.321 <.001
Treatment 24789.867 4 6197.467 43432 <.001
Material x Treatment 3896.453 8 487.057 3413 .003
Light transmission Material 29.240 2 14.620 1.084 .035
Treatment 53.933 4 13.483 1.000 .015
Material x Treatment 108.154 8 13.519 1.002 .054
Biaxial flexural strength Material 394237.548 2 197118.774 94.109 <.001
Treatment 337217.135 4 84304.284 40.249 <.001
Material x Treatment 93593.542 8 11699.193 5.585 <.001
0.25 100
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[=NF = F1 0 F2 = GF1 1 GF2

Figure 2. Measurements of fully crystallized computer-aided design and computer-aided manufacturing lithium silicate-based glass-ceramic
surfaces after heat treatment. A, Surface roughness Sa (um). B, Gloss (GU) measurements. C, Mean delivered irradiance (mW/cm?). D, Transmission
T(%) Different letters indicate significant statistical differences between heat treatments within same material (P<.05).
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Table 5.Martens hardness (N/mm?) and indentation modulus (kN/
mm?) of fully crystallized computer-aided design and computer-aided

manufacturing lithium silicate-based glass-ceramics after heat
treatment
Group Martens Hardness Indentation Modulus
(N/mm?) Mean (kN/mm?) Mean
+Standard Deviation +Standard Deviation

LS - NF 4425.1 £111.9" 82.2 +3.9"

LS - F1 4312.0+121.37" 80.3 +4.5%

LS - F2 3693.6 +235.4°"2 67.8+5.9%2

LS - GF1 3601.0 +86.2°" 68.3+2.7°'

LS - GF2 3239.5 +101.8°" 59.2 +4.2¢

CD - NF 3255.3+176.3° 63.5+1.6°3

CD-F1 4125.0+125.7%2 81.8 +2.8%

CD-F2 3870.9 +100.1°" 77.1 3.9

CD - GF1 33843 +67.5 64.3+1.9°2

CD - GF2 3294.5 +46.9°" 57.9+1.2¢"

CT-NF 3886.3 +86.9% 73.8 5.3

CT-F1 3835.0 +87.8% 70.4 +2.9%°2

CT-F2 3426.5 +106.62 66.2 £2.2°2

CT - GF1 3432.0 +£50.6°2 61.9+1.1°

CT - GF2 3068.5 +113.4 54.5+1.49"

Different superscript letters indicate significant statistical differences
between heat treatments within same material P<.05).

Different superscript digits indicate significant statistical differences
between materials within same heat treatment (P<.05).

and T. Material type, firing treatments, and their inter-
action significantly altered HM and Er (P<.001)
(Table 5). HM of CD increased after the first firing cycle,
whereas LS and CT were harder in nonfired states. The
crystalline phase X-ray diffraction (XRD) graphs of LSCs
are given in Figure 3, and the crystal sizes in Table 6. The
2-way ANOVA showed a significant effect of all vari-
ables and their interaction on ¢ (P<.001) (Fig. 4). Table 7
presents the o5, m, and R? obtained from plotting the
LSC strength values. Figure 5 illustrates Weibull prob-
ability plots confirming that the dispersion of strength
data fitted within the model (0.841<R?<0.974). The o,
was highest in CD after 1 firing cycle (6,=812.4 MPa)
and lowest in CT after 2 glaze cycles (5p=317.3 MPa).

DISCUSSION

This in vitro study investigated the effects of different
firing regimens on the topographical, optical, and me-
chanical properties of fully crystallized CAD-CAM LSCs.
The null hypotheses that different firing regimens would
not affect the properties of interest in the same materials
and that the same firing regimens would generate si-
milar changes for each property in different materials
were rejected because different firing regimens, regard-
less of the evaluated material, displayed different results
in the tested properties and different materials, regard-
less of the firing regimen, also exhibited different results
in the evaluated properties.

Roughness and gloss are inversely related parameters
frequently used to describe the surface of ceramics after
heat treatment.”’ Ceramic roughness above 0.2 um has

THE JOURNAL OF PROSTHETIC DENTISTRY

been associated with increased bacterial retention, ap-
pearance perception, and antagonistic wear.” " In their
unfired condition, LSCs exhibited minimally different Sa
values (0.15 to 0.18 pm), which could be justified by
compositional differences (Table 1), crystalline size
(Table 6), and density (LS=55vol%, CD=51vol%, and
CT=47vol%)."”*" A second firing further decreased Sa,
consistent with previous studies,”'**"*> and was ratio-
nalized by the crystal size fluctuations depending on
repeated heat treatments (Table 6). Moreover, the LSCs
became smoothest after glazing as a function of the
homogenous unfilled glass coating.”””** The GU of
dental materials should range between 40 and 60 to
mimic that of enamel (40 to 52 GU).”” ™ In the present
study, the gloss meter incident light angle was fixed at
20 degrees’” and so gloss was mainly related to the LSC
surface topography and refractive index. Firing treat-
ment increased GU (Fig. 2B), which is explained by the
corresponding changes of the LSC crystal sizes altering
their light reflection. Nonetheless, all the LSCs displayed
satisfactory gloss (GU>40), regardless of their firing
condition. The minimum irradiance of an LCU needed
for camphorquinone-based resin cement polymerization
is 800 mW/cm? within 20 seconds™ Significant reduction
in the delivered irradiance of the LSCs was attributed to
the glaze coating (Fig. 2C) and to the CT materials,
which could be justified by the presence of virgilite
(LiOA5A10A5Si2A5O6) in CT (Table 1) associated with in-
creased light absorption.” Thus, prolonged polymeriza-
tion times are recommended when cementing LSCs
with light-polymerized resin cements because of the
considerable irradiance decline below the required
threshold (<800 mW/cm?)in all treatment groups.”
Hardness is a significant nondestructive durability
parameter”” that can predict the wear performance of
LSCs. The Martens hardness test detects indentation
resistance simultaneously during an indenter’s loading
and unloading process, overcoming the subjective bias
of traditional optical indentation methods.”" HM sig-
nifies the abrasion resistance of a ceramic while Ejr
quantifies its elastic response upon unloading the in-
denter and determines degrees of quasi-plastic de-
formation in its atomic structures.”” In the present study,
irrespective of treatments, LSCs displayed HM>3000
MPa and E>50 kN/mm? (Table 5), consistent with
previous findings.””*" HM differed among LSCs after
the first firing cycle; however, a similar pattern decline
was found after the second firing cycle and after glazing.
The correlation between the number of firing cycles and
the hardness of ceramics has been reported pre-
viously™' """ and is explained by changes in crystal
density and orientation which alter penetration re-
sistance.

XRD analysis of LSCs provides accurate information
regarding crystal size, composition, and phase that can

Al-Johani et al
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Figure 3. X-ray diffraction patterns obtained for fully crystallized computer-aided design and computer-aided manufacturing lithium silicate-based
glass-ceramics after heat treatment identifying corresponding phase assignments. A, Initial LiSi Blocks. B, Celtra Duo. C, CEREC Tessera.

be directly correlated with optical and mechanical
properties.” When exposed to a higher temperature,
XRD peaks corresponding to crystal structures tend to
narrow, signifying crystal enlargment.”"" Unfired LSCs
presented similar crystal microstructures after different
firing treatments, similar to those reported

Al-Johani et al

previously.””*” Conversely, glazing LSCs revealed yt-

trium orthosilicate crystals attributed to the amorphous
glass overcoat.”” The lithium disilicate crystals’ XRD
peak detected an increase in the crystal size in the LS
and CD specimens after 1 firing cycle and in CT speci-
mens after 2 firing cycles, which could be because of the
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Table 6. Crystal size (nm) at each stage of LSC firing treatment (NF, F1, F2, GF1, and GF2) and crystalline size variations (nm) after heat treatments.
Data from XRD peak at 23.9 degrees corresponded to lithium disilicate, data from XRD peak at 22.4 degrees corresponded to lithium phosphate, data
from XRD peak at 26.4 degrees corresponded to quartz, and data from XRD peak at 29.5 degrees corresponded to yttrium orthosilicate

LsC

LS

cD

T

Crystallite

Lithium Disilicate
Lithium Phosphate
Quartz

Yttrium
Orthosilicate
Lithium Disilicate
Lithium Phosphate
Quartz

Yttrium
Orthosilicate
Lithium Disilicate
Lithium Phosphate
Quartz

Yttrium
Orthosilicate

Crystallite Size (nm)

NF

64.4
743
523
N/A

137.7

222
534
N/A

75.2
339
59.1
N/A

F1

67.4
69.8
526
N/A

140.0
20.7
56.7
N/A

71.2
27.6
63.7
N/A

F2

69.4
583
54.0
N/A

133.
27.5
56.0
N/A

79.6
30.8
69.7
N/A

7

GF1

70.6
141.7
46.9
1129

u/D
u/D
u/D
856

u/D
u/D
u/D
104.0

Crystallite Crystallite Size Crystallite Crystallite

GF2 Size Variation Variation Size Variation Size Variation
after F after F2 after GF1 after GF2

u/D 3 5 6.2 —

u/D -45 -16 67.4 —

u/D 0.3 17 -5.4 —

1421 — — — 29.2

u/D 23 -4.0 — —

u/D -15 53 — —

u/D 33 2.6 — —

1014 — — — 15.8

u/D -40 4.4 — —

u/D -63 - 3.1 — —

Uu/D 4.6 10.6 — —

1494 — — — 454

LSC, lithium silicate-based glass-ceramic; N/A, not available; U/D, undetected; XRD, X-ray diffraction.
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Biaxial Flexural Strength (MPa)
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Figure 4. Mean biaxial flexural strength o (MPa) of fully crystallized
computer-aided design and computer-aided manufacturing lithium

LS

CD

CT

[ = NF

F2

GF1

GF2 |

silicate-based glass-ceramics after heat treatment. Different letters
indicate significant statistical differences between heat treatments

within same material (P<.05).

compensation caused by the greater enlargement of
quartz crystals in CT materials (Table 6).

The ball-on-3-ball test is an instrumental testing
method of measuring the biaxial flexural strength of
dental ceramics.”’ The square plate geometry of speci-
mens was chosen based on evidence that verified the
comparable flexural strength values of disks and square
plates.””” Treated ceramic surfaces faced the compres-
sive loading element to simulate the intraoral environ-
ment where polished or glazed surfaces oppose occlusal
loads. The minimum o threshold for monolithic single-
unit anterior and posterior restorations is 100 MPa,””
which was met by all the LSCs (Table 7). However, o
declined significantly after the second firing, possibly as
a result of altered lithium disilicate crystal sizes (Table 6)
causing residual stresses within the surrounding glass
matrix and thus interfering with crystal interlocking.”’
Deteriorating effects of repeated firing have been re-
ported for dental ceramics™” and are credited to di-
minished favorable compressive stresses introduced

Table 7. Characteristic strength o, (MPa), Weibull modulus (m), and coefficient of determination (R?) of computer-aided design and computer-aided
manufacturing lithium silicate-based glass-ceramics after heat treatment by ball-on-3-ball method

Group Characteristic Strength Characteristic Strength o, Weibull Weibull Modulus Coefficient of
oo (MPa) (MPa) [95% CI] Modulus (m) (m) [95% ClI] Determination (R?)
LS - NF 632.7 [588.6-681.7] 8.9 [4.9-12.1] 0.899
LS - F1 651.9 [617.6-689.3] 1.9 [6.6-16.1] 0.858
LS - F2 478.2 [446.9-512.8] 9.5 [5.3-12.9] 0.943
LS - GF1 415.7 [393.5-439.9] 1.7 [6.5-15.9] 0.944
LS - GF2 327 [303.1-353.6] 8.5 [4.7-11.5] 0.966
CD - NF 7134 [651.1-784.0] 7.2 [3.9-9.5] 0.888
CD - F1 8124 [781.9-845.1] 16.8 [9.3-22.9] 0.961
CD - F2 658.5 [633.0-685.8] 16.3 [9.0-22.1] 0.876
CD - GF1 645.5 [592.8-704.8] 7.5 [4.2-10.2] 0.841
CD - GF2 411.6 [379.8-447.2] 8.0 [4.4-10.9] 0.951
CT - NF 327 [301.3-355.8] 7.8 [4.4-10.7] 0.974
CT-F1 502.7 [469.2-539.7] 9.4 [5.2-12.7] 0.929
CT-F2 473.4 [435.5-515.9] 7.7 [4.3-10.5] 0.958
CT - GF1 368.7 [333.3-409.2] 6.4 [3.5-8.6] 0.950
CT - GF2 3173 [289.7-348.6] 7.0 [3.9-9.6] 0.943
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Figure 5. Weibull probability plots for lithium silicate-based glass-ceramics following different heat treatments. A, Initial LiSi blocks. B, Celtra Duo. C,

CEREC Tessera.
during polishing.”””’ A decrease in o after extended
sintering and glazing treatments has also been re-
ported."”?**%7%° While glazing enhances surface tex-
ture, it can generate inherent interface stresses that
initiate microcracks in the underlying ceramics.” "
Weibull statistics are recommended for brittle ma-
terials when o data accurately fit the plotted analysis
model (R*>0.84) (Fig. 5).”” Ceramics with high Weibull
modulus display improved homogeneity and reliability
and less strength variability.'’ In the present study, oy
and m values fell within the previously reported
range'”’; the highest reliability was displayed by CD
after 1 firing cycle (m=16.8, whereas single glazed CT
had the lowest reliability (m=6.4) (Table 7), suggesting a
wide distribution of strength-limiting defects in the
glazed CT materials. Repeated firing decreased LSC
homogeneity as determined by reduced m values in the
F2 treatment groups compared with those in F1. The
glazing smoothening effect (Fig. 2A) has been predicted
to improve o by eliminating surface flaws,”” yet strength
results prove otherwise; glazing reduced the oy of LD
and CD (by 50%) to a greater extent than CT (30%)
(Table 7). Glazing leads to residual stresses within
ceramics because of the thermal expansion mismatch
throughout firing and cooling’”"’; however, this phe-
nomenon should be investigated in studies through fi-
nite element analysis that assesses stress distributions
and fractographic behaviors during dynamic loading.
Limitations of the present study included that all ex-
periments were executed in a dry room-temperature en-
vironment on square plates, as they do not precisely
simulate dental restorations in situ intraorally. Based on the
findings of this study, fully crystallized LSC restorations
should be exposed to 1 sintering cycle, as it limits ma-
chining-induced strength-limiting flaws. However, addi-
tional firing treatments may negatively impact LSC
performance and should be approached with caution.
Furthermore, if minor intraoral adjustments are performed
on glazed LSC restorations that violate the glaze layer

Al-Johani et al

integrity, adequate polishing protocols should be performed
instead of reglazing because of the favorable compressive
stresses generated by polishing in contrast with the weak-
ening tensile stresses that may stem from glazing.

CONCLUSIONS

Based on the findings of this in vitro study, the following
conclusions were drawn:

1. Repeated firing treatments altered the surface to-
pography and gloss of fully crystallized CAD-CAM
LSCs within clinically acceptable values.

. The attenuation of irradiance of a light-poly-
merizing unit was significantly influenced by the
chemical composition of interposed fully crystal-
lized CAD-CAM LSCs in combination with the
presence of a glaze layer.

. The Martens hardness of fully crystallized CAD-
CAM LSCs was significantly reduced after the
second firing cycle and after glazing cycles.

. Limited changes in the crystalline microstructure of
fully crystallized CAD-CAM LSCs were detected
after the firing treatments.

. Glazing fully crystallized CAD-CAM LSCs sig-
nificantly reduced their biaxial flexural strength in
comparison with unglazed ceramics.
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