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Objectives: To investigate the edge chipping resistance (ECR) of four lithium silicate ceramics at different
thicknesses and points of loading after various surface treatment, firing and aging protocols.

Methods: 288 rectangular specimens were cut from CAD/CAM ceramics (lithium-di-silicate: Amber Mill, Amber
Mill Direct, IPS e.max CAD; lithium-alumino-silicate: CEREC Tessera) in three thicknesses (1.5 mm, 2 mm, 3 mm)
and underwent different surface treatments (polishing, glazing, no surface treatment) and/or firing protocols
(high translucency, medium opacity). Specimens were bonded to 4 mm thick dentine analogues and loaded 0.25
mm or 0.30 mm from the edge using a Vickers diamond indenter. ECR was determined initially, after thermo-
cycling (5/55 °C, 10,000 cycles) and after hydrothermal aging (134 °C, 0.2 MPa, 120min). Force when chipping
occurred was recorded and ECR calculated. Data were analyzed with Kolmogorov-Smirnov, Kruskal-Wallis,
Mann-Whitney U, Friedmann and Wilcoxon tests (p < 0.05).

Results: For 7/18 groups, glazed and medium opacity fired Amber Mill showed higher ECR than all other groups.
In comparison with polishing or exclusive firing, a surface treatment with glazing led to the highest ECR. The
influence of specimen thickness and point of loading was negligible. While aging reduced the ECR in 50 % of the
glazed groups, the ECR of those groups remained among the highest.

Significance: With the majority of groups showing no impact of the specimen thickness, a reduced restoration
thickness of 1.5 mm seems to present limited disadvantages and should thus be considered for minimal invasive
treatments. With regards to ECR, glazing can be recommended as the preferred surface treatment method for
CAD/CAM lithium silicate ceramics.

1. Introduction pre-crystallized materials and is associated with a reduced fracture

toughness, yet better machinability (Lohbauer et al., 2024).

Dental restorations made of monolithic lithium silicate ceramics
present an array of favorable properties, such as appealing esthetics,
favorable wear behavior, chemical resistance, as well as high biocom-
patibility (Anusavice, 1992). Indications for all-ceramic lithium silicate
restorations are broad, including monolithic crowns, bridges up to the
second premolar, inlays and onlays as well as veneers (Zhang and Kelly,
2017). Lithium silicate ceramics can be subclassified as
lithium-di-silicate, lithium-meta-silicate, lithium-alumina-silicate and
lithium-di/alumina-silicate due to differences in the chemical compo-
sition, microstructure, crystallinity and mechanical properties
(Stawarczyk et al., 2021). A crystalline phase containing high pro-
portions of lithium-meta-silicate crystals is mainly found in
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Glass-ceramics containing lithium-alumina-silicate exhibit a low ther-
mal expansion coefficient, as well as a high thermal impact resistance
and translucency due to their grain size being smaller than the wave-
length of visible light (Li et al, 2023). So-called advanced
lithium-di-silicate ceramics (ALD), containing lithium-di-silicate and
lithium-alumina-silicate crystals, are reported to possess a higher wear
resistance in the material itself and towards antagonistic tooth struc-
tures, as well as a lower surface roughness, yet lower fatigue failure
compared to conventional lithium-di-silicate ceramics (Rosentritt et al.,
2022; Freitas et al., 2023).

In the digital workflow, lithium silicate ceramics are milled from
CAD/CAM blocks. The use of diamond grinding tools during CAD/CAM
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machining can effectuate surface damages in the material and cause an
increased surface roughness, which can lead to an increased fatigue
property, resulting in the chipping or fracture of the restoration (Alao
et al., 2021; Coldea et al., 2015). Local structural defects act as starting
points for microcrack formation, making it possible for liquids to
penetrate and cause the formation and propagation of cracks (Chen
et al., 1999). Due to the ceramics’ brittleness and their low ability to
withstand tension, stress applied to said area can lead to the immediate
formation of cracks without prior plastic deformation. The ceramic
material, compromised in its flexural strength by the cracks, tends to
rapidly propagate cracks even under loads that are significantly below
the actual flexural strength of the material and therefore is prone to
fracture and failure (Joshi et al., 2014). This aspect is notable for thin
restoration margins, both during milling, try-in, insertion and clinical
usage of the restoration. Therefore, the ability of a ceramic to resist
crack initiation and propagation plays a significant role in the occur-
rence of chippings that can result in reduced esthetics, discolorations or,
in the worst case, the failure of the entire restoration (Zhang et al., 2009;
Quinn et al., 2014; Mores et al., 2017). For this reason, optimal surface
treatments are essential to produce an even surface, increase the mate-
rial’s flexural strength and hence reduce the fracture probability (Chen
et al., 1999; de Jager et al., 2000).

Depending on the product, lithium silicate restorations are milled in
a pre-crystalized or fully crystalized state and subsequently processed by
exclusively polishing the restoration or undergoing a crystallization
firing, a process that can be paired with glazing. In this context, a surface
treatment with polishing is supposed to reduce the depth of preexisting
cracks and produce a smooth surface free of porosities (Asai et al., 2010).
The same goal is pursued during crystallization firing, which previous
studies have shown to induce “healing” of cracks generated by CAM
grinding (Denry, 2013; Fairhurst et al.,, 1992; Lu et al., 2023). This

Table 1
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processing step can be performed using different firing protocols pro-
vided by the respective manufacturer. For Amber Mill, two firing pro-
tocols exist that allow freedoms in the esthetic design of the restoration
by supposedly resulting in high translucency or medium opacity. In the
process of glazing, the restoration is strengthened by the penetration of
the glazing compound into defects or cracks, thus reducing the depth of
surface inhomogeneities (de Jager et al., 2000; Fairhurst et al., 1992). In
addition, compressive stress within the ceramic can be generated
through the application of glazing material, with possesses a lower co-
efficient of thermal expansion than the ceramic, which counteracts the
formation and propagation of cracks and increases the material’s
strength (Salmang and Scholze, 2007).

In the following, it is investigated how different treatment protocols,
such as polishing, the application of glazing material and subsequent
firing, exclusive firing or different firing parameters as well as artificial
aging affect the edge chipping resistance (ECR) of four different lithium
silicate ceramics, three of which being lithium disilicate ceramics
(Amber Mill, Amber Mill Direct and IPS e.max CAD) and one lithium
alumina silicate ceramic (CEREC Tessera). The null hypotheses were
that different lithium silicate ceramics, different treatment protocols,
specimen thicknesses, measuring distances and aging protocols would
not influence the ECR.

2. Material & methods

Rectangular-shaped specimens (N = 288) measuring 12 x 14mm
with a thickness of 1.5 mm, 2 mm and 3 mm were cut (Secotom-50;
Struers, Ballerup, Denmark) from CAD-CAM blocks of 4 different ma-
terials (Table 1, Fig. 1) by using a diamond cutting disc (Diamond Cut-
off Wheel M1D13; Struers) under water cooling at a rotation speed of
3300U/min and a feed speed of 0.03 mm/s. All specimens were polished

— Materials, lot numbers (LOT-#), abbreviations (Abbr.), subgroups, manufacturers, compositions, treatments, types of ovens and firing parameters.

Material & LOT-#  Treatment Abbr. Manufacturer Composition (in % Oven Firing parameters
by weight)
Lithium- Amber Mill (AM) Glazing (IPS e.max AM- Hass Bio, SiO,: >65.0Li,0: Ivoclar Closing time: 03:00 minTemperature
di- EBEO60H0902 CAD Crystall./Glaze G&HTF Gangneung-si, >10.00ther oxides Programat EP increase rate: 60 °C/minHolding
silicate Spray) and firing for South Korea and colorants: 5010 temperature: 815 °CHolding time: 15:00
high translucency <25.0 min
Glazing (IPS e.max AM- Ivoclar Closing time: 03:00 minTemperature
CAD Crystall./Glaze G&MOF Programat EP increase rate: 60 °C/minHolding
Spray) and firing for 5010 temperature: 860 °CHolding time: 15:00
medium opacity min
Amber Mill Direct  Polishing AD-Pol Hass Bio, Si05: >65.0Li,0: - -
(AD) Gangneung-si, >10.00ther oxides
JBEO60F2001 South Korea and colorants:
<25.0
Glazing (IPS e.max AD-G&F Ivoclar Closing time: 03:00 minTemperature
CAD Crystall./Glaze Programat EP increase rate: 45 °C/minHolding
Spray) and firing 5010 temperature: 815 °CHolding time: 01:00
Firing AD-F min
Lithium- CEREC Tessera Glazing (Dentsply CT-G&F Dentsply Sirona, SiO4: 55.0-70.0 Dekema Closing time: 01:00 minTemperature
alumina-  (CT)16015174 Sirona Universal Konstanz, LiO,: 5.0-20.0 Austromat increase rate: 55 °C/minHolding
silicate Spray Glaze Fluo) and Germany ZrOy: 3.0-20.0 654 press-i- temperature: 750 °CHolding time: 02:00
firing Other oxides: dent min
0.0-30.0
Firing CT-F Dekema Closing time: 01:00 minTemperature
Austromat increase rate: 55 °C/minHolding
654 press-i- temperature: 750 °CHolding time: 02:00
dent min
Lithium- IPS e.max CAD Glazing (IPS e.max EC-G&F Ivoclar, Schaan, Si0, 57.0-80.0; Ivoclar Closing time: 06:00 minTemperature
di- (EC)YB54FX CAD Crystall./Glaze Liechtenstein Li»0 11.0-19.0 Programat EP increase rate 1: 90 °C/minHolding
silicate Spray) and firing K50 0.0-13.0; P,05 5010 temperature 1: 830 °CHolding time 1:

0.0-11.0

ZrO, 0.0-8.0; ZnO
0.0-8.0

Al,03 0.0-5.0; MgO
0.0-5.0

Coloring oxides
0.0-8.0

00:10 minTemperature increase rate 2:
30 °C/minHolding temperature 2:
850 °CHolding time 2: 07:00 min
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Fig. 1. Study design.

(Abramin; Struers) under water cooling using P500-grit silicon carbide
paper (SiC Paper #500, Struers). Thereafter, specimens were cleaned in
distilled water for 3 min in an ultrasonic bath (L&R Transistor Ultrasonic
T-14; L&R, New Jersey, USA). Specimens underwent different surface
treatments and firing protocols.

Amber Mill (Hass Bio, Gangneung-si, South Korea) (AM) specimens
were coated with glazing spray (IPS e.max CAD Crystall./Glaze Spray,
Ivoclar, Schaan, Liechtenstein) and crystallized according to the man-
ufacturer’s instructions (Austromat 654 press-i-dent, Dekema, Freilass-
ing, Germany). For one group of AM specimens, the firing protocol for
the translucency grade “high translucency” was applied (hereafter
referred to as AM-G&HTF), while the other group received firing
following the firing protocol for the translucency grade “medium
opacity” (AM-G&MOF).

Amber Mill Direct (Hass Bio) (AD) specimens were divided into three
groups: specimens of the first group were polished by hand using dia-
mond polishing wheels (Diapro R17DPmf, Diapro R17DP; EVE Ernst
Vetter, Keltern, Germany) (AD polished). Specimens of the second group
were glazed (IPS e.max CAD Crystall./Glaze Spray) and subsequently
fired (Austromat 654 press-i-dent) (AD-G&F). Specimens belonging to
the third group were solely fired (Austromat 654 press-i-dent) (AD-F).

Specimens made of CEREC Tessera (Dentsply Sirona, Hanau, Ger-
many) (TE) were either glazed (Universal Spray Glaze Fluo, Dentsply
Sirona, Konstanz, Germany) and fired (CT-G&F) or soley fired (Austro-
mat 654 press-i-dent) (CT-F).

EC Specimens were all glazed (IPS e.max CAD Crystall./Glaze Spray)
and fired (Austromat 654 press-i-dent) (EC-G&F).

Silicate ceramic specimens were bonded to dentine analogues with a
thickness of 4 mm. Analogues were fabricated from GrandioSO x-tra
(Cuxhaven, Germany) using negative molds. The bonding surface of the
dentine analogue was airborne-particle abraded with 50 pm alumina
(Aluminiumoxid-Edelkorund, Orbis Dental Handelsgesellschaft,
Miinster, Germany) for 10 s. Afterwards the dentin analogues were
cleaned in distilled water in an ultrasonic bath (L&R Transistor

Ultrasonic T-14) and left to dry. Monobond Plus (Ivoclar) was applied to
the surface using a microbrush and left to dry for 60 s. The bonding
surface of the ceramic platelets was treated with 9 % hydrofluoric acid
(Porcelain Etch, Ultradent, Brunnthal, Germany) for 20 s, then cleaned
by rinsing with water and dried before Monobond Plus (Ivoclar) was
applied with a microbrush. A dual-curing luting resin composite (Vari-
olink Esthetic DC, Ivoclar) was used to connect the two components.
Excess luting resin composite was removed before light curing was
performed for 10 s from each side (D-Light Pro, GC International,
Luzern, Switzerland). The bonded specimens were then stored in water
at 37 °C in an incubator (HERAcell 150, Heraeus Precious Metals,
Hanau, Germany) for 24 h.

The ECR was measured (ZHU 0,2; Zwick Roell) (Figs. 2 and 3)
initially, after thermocycling and after hydrothermal aging. 12 mea-
surements at 0.25 mm and 0.3 mm from the edge were performed for
each subgroup at each aging level. To determine the maximum loading
force at which chipping occurs, specimens were firmly clamped in a vice
and subjected to force. The precise location of the applied force and
distance from the edge were verified for each specimen employing an
integrated optical unit with a measuring microscope (magnification x5,
camera resolution: 1.4 megapixels) and the line measurement function
(testX-pert V12.3 Master; Zwick). The force was applied through a
Vickers diamond indenter (o« = 136°) positioned with the diagonals of
the pyramid aligned to the edge of the specimen at a rate of 10 mm/min
until chipping occurred. The maximum force was regarded as the
chipping force referred to as Fp,x. The edge chipping resistance was
calculated by dividing the maximum applied force by the distance to the
edge from the center of the applied force.

For the first aging cycle, specimens were thermocycled in a 5/55 °C
distilled water bath for 10,000 cycles (Thermocycler TCS-10; SD
Mechatronik, Feldkirchen-Westerham, Germany) with a dwell time set
at 20 s. The number of 10,000 cycles is reported to represent approxi-
mately one year in vivo (Gale and Darvell, 1999).

For the second aging cycle, the specimens were subjected to
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(1.5/2/3mm thickness)

/

Vickers indenter

Distances between the
\ / edge and loading point
> > / (0.25 and 0.3mm)
t Edge chipping

Luting composite

Dentine analogue

Fig. 2. Set-up for the edge chipping resistance measurement, showing the two distances between the edge and loading point.

—
300 pm

Dentin analogue

Untreated surface

Ceramic platlets

Glaze layer

Fig. 3. Digital microscopy images of specimens belonging to different material and treatment groups. (A) Lateral surface of a fired CEREC Tessera specimen. (B)

Lateral surface of a glazed IPS e.max CAD specimen.

hydrothermal aging (Euroklav 29-S; MELAG Medizintechnik, Berlin,
Germany) at 134 °C for a total of 2 h at a water vapor pressure of 0.2
MPa, corresponding to roughly 6 years in vivo (Deville et al., 2006).

Fracture assessment of the chipping patterns was conducted by using
a digital light microscope (VHX-970f, Keyence, Osaka, Japan) at 20-
2000x magnification (Zadeh et al., 2021).

Data were descriptively analyzed. The Kolmogorov-Smirnov test
was used to test for a violation of the normal distribution (38 of 143 of
groups showed a deviation from the normal distribution). Therefore, the
effect of the different variables on the ECR was examined with Kruskal-
Wallis and Mann-Whitney U tests. The impact of aging was analyzed by
Friedmann and Wilcoxon tests. P-values below 0.05 were regarded as
statistically significant (IBM Statistics SPSS 29.0, IBM, Amonk, USA).

3. Results
3.1. Impact of the material and treatment on ECR

Within the 1.5 mm thick non-aged group and 0.25 mm distance,
AM-G&HTF, AM-G&MOF, AD-G&F and EC-G&F showed higher ECR (p
< 0.001) (Table 2, Fig. 4). Within 0.3 mm distance, AM-G&MOF had
higher values than AM-G&HTF (p = 0.002). AM-G&HTF, AM-G&MOF
and EC-G&F showed higher ECR than all AD groups, as well as CT-F (p =
0.001-0.034). Within thermal-aged group and 0.25 mm distance, values
for AD-Pol, AD-F, CT-G&F and CT-F were lower than all other groups (p
< 0.001-0.041). AM-G&MOF exhibited the highest ECR, followed by
AM-G&HTF (p = 0.025). Within 0.3 mm distance, AM-G&MOF and EC-
G&F showed higher ECR (p < 0.001-0.037). Within hydrothermal-aged
group and 0.25 mm distance, AD-Pol, AD-G&F, AD-F, CT-G&F and CT-F,
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Descriptive statistics (Minimum (Min), Median (Med), Maximum (Max)) for ECR (N/mm) of the different groups.

Material Treatment Thickness Distance No aging Thermal aging Hydrothermal aging
[mm] [mm] - R .
ECR Min/Med/Max (N/ ECR Min/Med/Max (N/ ECR Min/Med/Max (N/
mm) mm) mm)
Amber Mill Glazed & HT-Fired (AM- 1.5 0.25 262/369,/803*28acd 261/287/801%*7B¢ 217/279/372A®
G&HTF) 0.3 269/318,/387%Ab¢ 219/278/315%AF¢ 180/230/3364
2 0.25 229/297/3767ABk 245/312/801*YBhde 219/286,/354%A%d
0.3 223/301/358%A%¢ 210/250/341%4 229/256,/305%74
3 0.25 149/246/800%A% 175/209/635**Axabed 199/282/3627A%
0.3 200,/330/668**Ad 229/295/384YA 229/265,/462+2Af
Glazed & MO-Fired (AM- 1.5 0.25 365/416,/802+%A1d 313/375/4617%4% 237/293/3852A%
G&MOF) 0.3 316/387/668**H 181/342/604*APe 269/303/421%A®
2 0.25 335/386/801**AM 265/342/629+*A 233/316/507A%4
0.3 301/403/6697A% 303/370/609%4 218/318/4057A%
3 0.25 199/372/803+2A% 302/365/4607 215/332/403%Af
0.3 281/593/668**AP 223/342/446*A% 281/320/415%%f
Amber Mill Polished (AD-Pol) 1.5 0.25 153/180,/2937Ab 151/166/1817A% 143/167/194%A@
Direct 0.3 130/144/259%A2 136/183/199%4%¢ 182%Aab
2 0.25 155/233/806*2A%° 124/206/339%A%3b¢ 153/200/2324
0.3 154/225/266*A*¢ 152/195/237%A% 162/187/215%A%
3 0.25 156/217/445%2Abe 139/208/2867A%¢ 146,/202/596*2Ac>¢
0.3 176/243/316%A° 172/215/2584% 153/207/254%4
Glazed & Fired (AD-G&F) 1.5 0.25 220/339/806*YB¢ 196/245/35375F 145/181/301%A%
0.3 167/213/287*A% 185/222/2707A® 171/206/300%A2
2 0.25 158/223/364%4% 156/194/233*4 159/182/367**4
0.3 190/280,/372YB#bcd 123/228/2917A%P 130/197/215%A%
3 0.25 239/320,/802+7Bdef 199/270,/327780bed 193/245/28675%4
0.3 181/292/463750¢ 224,254,313 206/227/2652%¢
Amber Mill Fired (AD-F) 1.5 0.25 177/226/240°A% 141/174/197A% 166/168/189*A*
Direct 0.3 222/224/226%A 2047Aabede 2047Aab
2 0.25 153/286/806*25%¢ 154/209/28578%2> 134/181/357%4
0.3 203/214/667*2Aab 166/180/285**4% 169/201/2417A%®
3 0.25 139/214/801 **A%abe 150/207/2755%¢ 141/160/233*2@
0.3 140/214/218%Ab0 159/204/24174F 127/175/318%A
CEREC Tessera Glazed & Fired (CT-G&F) 1.5 0.25 185/213/2467A% 153/189/215%A% 172/188/204%A%
0.3 213/240/268%A¢ 146/197/198*%Aabe 161/185/208%A4
2 0.25 178/223/304A% 200/227/26525%0¢ 195/255,/318%A%
0.3 177/196/2774%2 155/210/249*4 192/224/287AB¢
3 0.25 148/203/2657A%° 159/272/38675¢d 226/259,/325%A¢
0.3 195/219/296%A% 214/246/284°5 202/246,/30575%d
Fired (CT-F) 1.5 0.25 138/184/235%A% 127/175/226%A% 128/148/175%A%
0.3 145/170/195*B2 143/144/177+*A2 -
2 0.25 138/197/801 *2A%P 154/189/253%A% 145/191/24478%
0.3 152/295/669*25%d 156,/183/2807B* 195/210/228%A%b¢
3 0.25 142/174/249%4% 138/196/2624% 133/188/26275%°
0.3 146,/190/235*A% 181/214/300%*@ 170/195/251 %A%
IPS e.max CAD Glazed & Fired (EC-G&F) 1.5 0.25 269/399/802+7APcd 231/257/392#7A® 218/273/418%A%®
0.3 249/325/6677Ad 276/335/376YEed 189/257/3264
2 0.25 257/312/803*%A% 171/255/460A 167/261/370%A%¢
0.3 256,/350/6707A%¢ 178/241/334%A%be 196/232/355%2Aacd
3 0.25 214/364,/802+7A 145/281/3517A% 194/222,/327+7Axcde
0.3 238/436/529*%% 227/343/4505% 180/353/495Y¢

* Deviation from the normal distribution.

% Indicate significant differences between distances within one aging level, treatment and thickness level.
ABC Indicate significant differences between thicknesses within one aging level, treatment and distance level.
“¥ Indicate significant differences between agings within one Distance level, thickness level and treatment.
abedef 1 dicate significant differences between treatments within one aging level, thickness and distance level.

showed lower ECR than AM-G&MOF, AM-G&HTF and EC-G&F (p =
0.001-0.034). Within 0.3 mm distance, AM-G&MOF exhibited the
highest ECR (p < 0.001-0.045).

Within the treatment "CT-F’, overchipping occurred in all measure-
ments (Fig. 5). The chip extended through the entire thickness of the
ceramic layer. Adhesive fractures between the dentin analog and the
luting composite were observed, leaving the dentin analog underneath
undamaged. Wallner lines, rib shaped marks running perpendicular to
the direction of the crack propagation, and hackle marks, spreading
within the ceramic parallel to crack propagation direction, were
identified.

Within the 2 mm thick non-aged group and 0.25 mm distance AM-
G&MOF had the highest overall ECR, followed by AM-G&HTF and EC-
G&F (p=<0.001-0.022) (Fig. 6). Within 0.3 mm distance, AM-G&MOF

and EC-G&F showed the highest ECR compared to all other treatment
groups (p < 0.001-0.026). Within thermal-aged groups and 0.25 mm
distance, AM-G&HTF and AM-G&MOF showed the highest ECR (p =
0.016-0.033). Within 0.3 mm distance AM-G&MOF showed the highest
ECR (p < 0.001). Within hydrothermal-aged group and 0.3 mm distance,
compared to AM-G&HTF, AM-G&MOF showed higher ECR (p = 0.01)
and also had the overall highest ECR compared to all other groups (p <
0.001-0.015).

Within the 3 mm thick non-aged group and 0.25 mm distance AM-
G&MOF had higher ECR than AM-G&HTF (p = 0.017) (Fig. 7). Within
0.3 mm distance, AD-Pol, AD-F, CT-G&F and CT-F showed lower ECR
than all other treatment groups (p < 0.001-0.011). AM-G&MOF pre-
sented the highest ECR (p = 0.011-0.039). Within the thermal-aged
group and 0.25 mm distance, AM-G&MOF showed the overall highest
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Fig. 4. Edge Chipping results for the four differently treated materials at 1.5 mm thickness.
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Fig. 5. Overchipping in a fired, hydrothermal-aged CEREC Tessera specimen
(1.5 mm thickness, 0.3 mm distance).

ECR (p < 0.001). Within 0.3 mm distance, AD-Pol, AD-F and CT-F
showed lower ECR than all other groups (p < 0.001-0.023), while
AM-G&HTF, AM-G&MOF and EC-G&F had higher ECR than all other
groups (p < 0.001-0.021). Within the hydrothermal-aged groups and
0.25 mm distance, AM-G&MOF showed higher ECR than all other

groups (p < 0.001-0.013), while AD-F showed lower ECR, than all other
groups except CT-F (p < 0.001-0.006). Within 0.3 mm distance, AD-Pol
and AD-F showed lower ECR, than all other groups except CT-F (p <
0.001-0.033).

Fractographic analyses showed that chip geometry increased in size
for specimens with higher ECR, while the formation of smaller chips was
observed for specimens with lower ECR (Fig. 8).

3.2. Impact of the specimen thickness on ECR

In all aging groups, 3 mmys. 2 mmthicknessled to higher ECR at
0.25 mm distance for AD-G&F (p=<0.001-0.006); 3 mmys. 1.5
mmthicknessled to higher ECR at 0.3 mm for AD-G&F (p = 0.007-0.03).

In non-aged groups, 2 mmys. 1.5 mmthicknessled to higher ECR at
0.25 mm distance for AD-F (p = 0.002) and at 0.3 mm distance for AD-
G&F (p = 0.016); 1.5 mmys. 2 mmthicknessled to higher ECR at 0.25 mm
distance for AD-G&F (p = 0.002); 1.5 mmys. 3 mmthicknessled to higher
ECR at 0.25 mm distance for AM-G&HTF (p = 0.018); 2 mmys. 3
mmthicknessled to higher ECR at 0.25 mm distance for AD-F (p = 0.034)
and at 0.3 mm distance for CT-F (p = 0.009).

In thermal-aged groups, 3 mm vs. 2 mm thickness led to higher ECR
at 0.3 mm distance for AD-G&F, CT-G&F and EC-G&F (p = 0.004-0.04);
3 mm vs. 1.5 mm thickness led to higher ECR at 0.25 mm distance for AD-
F (p = 0.043), at 0.3 mm distance for CT-F (p = 0.009) and at 0.25 mm,
as well as at 0.3 mm distance for CT-G&F (p = 0.01); 2 mm vs. 1.5 mm
thickness led to higher ECR at 0.25 mm distance for AD-F and CT-G&F (p
=0.003-0.004); 1.5 mm vs. 2 mm thickness led to higher ECR at 0.25 mm
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Fig. 6. Edge Chipping results for the four differently treated materials at 2 mm thickness.
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Fig. 8. Higher ECR values correlating with bigger chips. Comparison of 3 mm thick, @0.25 mm distance, hydrothermal-aged Amber Mill Direct specimens either (A)

fired or (B) polished.

distance for AD-G&F (p = 0.002) and at 0.3 mm distance for EC-G&F (p
= 0.002); 1.5 mm vs. 3 mm thickness led to higher ECR at 0.25 mm
distance for AM-G&HTF (p = 0.019).

In hydrothermal-aged groups, 3 mm vs. 2 mm thickness led to
higher ECR at 0.3 mm distance for AD-G&F and EC-G&F
(p=<0.001-0.011); 3 mm vs. 1.5 mm thickness led to higher ECR at 0.25
mm distance for AD-G&F and CT-F(p = 0.005-0.019) and at 0.3 mm
distance for CT-G&F and EC-G&F (p = 0.044-0.045); 2 mm vs. 1.5 mm
thickness led to higher ECR at 0.25 mm distance for CT-F (p = 0.01).

3.3. Impact of the measuring distance on ECR

A measuring distance of 0.3 mm versus 0.25 mm led to a higher ECR
for non-aged 2 mm thick AD-G&F (p = 0.015); thermal-aged 3 mm thick
AM-G&HTF (p = 0.015), 1.5 mm thick EC-G&F (p = 0.013) and 3 mm
thick EC-G&F (p = 0.024) specimens; as well as hydrothermal-aged 3
mm thick EC-G&F specimens (p = 0.006).

A measuring distance of 0.3 mm versus 0.25 mm led to a lower ECR
for non-aged 1.5 mm thick AD-G&F (p = 0.002); as well as thermal-aged
2 mm thick AM-G&HTF (p = 0.01) and 3 mm thick AM-G&MOF (p =
0.043) specimens.

3.4. Impact of the aging regimen on ECR

Thermal aging led to lower ECR than no aging for 1.5 mm & 2 thick

at 0.25 mm distance and 3 mm thick at 0.3 mm AM-G&MOF (p =
0.004-0.008), 1.5 mm & 3 mm thick at 0.25 mm distance and 2 mm
thick at 0.3 mm distance AD-G&F (p = 0.007-0.034), and 1.5 mm & 3
mm thick at 0.25 mm distance and 2 mm & 3 mm thick at 0.3 mm
distance EC-G&F (p = 0.003-0.041).

Hydrothermal aging led to lower ECR than no aging for 3 mm thick
at 0.3 mm distance AD-F (p = 0.002), and 2 mm & 3 mm thick at 0.3 mm
distance and 3 mm thick at 0.25 mm distance EC-G&F (p =
0.005-0.016). Hydrothermal aging led to lower ECR than no aging or
thermal aging for 1.5 mm thick at 0.3 mm distance and 2 mm thick at
0.25 mm distance AM-G&HTF (p = 0.018-0.041), 1.5 mm thick at 0.25
and 0.3 mm distance and 3 mm thick at 0.3 mm distance AM-G&MOF (p
= 0.003-0.008), and 1.5 mm & 3 mm thick at 0.25 mm distance and 2
mm & 3 mm thick at 0.3 mm distance AD-G&F (p = 0.005-0.023).
Hydrothermal aging led to higher ECR than no aging for 3 mm thick at
0.2 mm distance CT-G&F (p = 0.002).

4. Discussion

The aim of this study was to examine the influence, that different
treatment protocols and artificial aging have on the ECR of four lithium
silicate ceramics. The null hypotheses, that different lithium silicate
ceramics, treatment protocols, specimen thicknesses, measuring dis-
tances and aging protocols do not influence the ECR, had to be rejected.

By bonding ceramic specimens to the dentine analogue composite
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(GrandioSO x-tra) clinical conditions were approximated, with evidence
showing that the bonding of ceramic restorations to underlying sub-
strate, dentine or dentine analogue, lowers failure probability by
decreasing the probability of crack initiation (Wang et al., 2006; Burke
et al., 2002). Literature investigating the effect of bonding ceramics to a
dentine analogue on ECR is scarce, yet evidence suggests that adhesive
cementation of the ceramic material to simulated dentine, especially for
lower distance from loading point to edge, leads to higher ECR values
(Taufer and Della Bona, 2019). GrandioSO x-tra was selected as dentine
substitute due to its approximate elastic modulus to dentine, that has
been shown to possess values of around 15 GPa (Rees and Jacobsen,
1993; Leprince et al., 2014).

For 7/18 groups (with varying thickness, distance and aging), AM-
G&MOF showed higher ECR than all other groups. AM represents a high-
performing material with good mechanical properties, especially when
fired according to the MOF protocol. While AM-G&HTF overall showed
favorable values, firing AM according to the HTF protocol resulted in
lower ECR than MOF for 13/18 groups. Hence, MOF is recommended
unless an esthetically demanding restoration is to be fabricated in the
visible area of the dental arch, where high translucency is of particular
esthetical importance (Kelly, 1997). As of today, literature about the
esthetic properties of firing AM according to the two different protocols
proposed by the manufacturer are lacking, calling for further research to
conclusively determine if HTF represents an esthetic advantage.

Within the material AD, a variation in treatment regarding polishing
or firing did not lead to changes in ECR for all but one group, whereas
G&F led to higher ECR for half of the groups when compared to pol-
ishing and higher ECR for 8/18 groups compared to solely firing.

A similar influence of the glazing material can be seen for CT, in
which glazed specimens showed a higher ECR than unglazed, fired
specimens in more than half of the groups. These findings have impli-
cations for the clinical use and long-term durability of restorations made
from AD and CT, as the mechanical properties are enhanced through the
homogenization of the surface and the glazing materials’ migration into
initial and propagating microcracks, leading to a strengthening of the
ceramic (de Jager et al., 2000; Fairhurst et al., 1992; Emslander et al.,
2015). Glazing therefore represents the recommended surface treatment
over polishing or solely firing for both AD and CT. These findings are
supported by several investigations, that reported enhanced mechanical
features of ceramic materials through crystallization or glaze firing
compared to surface polishing (Chen et al., 1999; Badawy et al., 2016).
Previous investigations have furthermore shown that polishing and
glazing influence the surface roughness, translucency parameter, opal-
escence parameter and contrast ratio of the material and therefore op-
tical properties of the ceramic (Awad et al., 2015; Kurt et al., 2020). In
this context, glazing seems to be the preferred method of treatment to
provide smooth and esthetic surfaces (Fasbinder and Neiva, 2016).
Regarding long-term esthetic results, it has also been shown that glazed
lithium-di-silicate specimens were more resistant to discoloration than
polished specimens (Saleh et al., 2024). While polishing can help to
diminish surface flaws, achieving optimal polishing manually is chal-
lenging, as it can be difficult to eradicate all surface defects due to the
complex geometry of prosthetic restorations, especially in occlusal areas
(Karan and Toroglu, 2008). Then again, polishing is generally more
cost-effective than glazing, requiring less specialized equipment, and
offers significant time savings as it can be completed more quickly than
glazing, which involves initial furnace heating, the application of the
glazing material and subsequent firing and cooling times (Sasahara
et al., 2006). Depending on the glazing material, furnace and firing
protocol and if glazing is done simultaneously to crystallization or
separately, the process typically takes around 15-30 min. While these
factors highlight the advantages of polishing or exclusive firing of sili-
cate ceramics, particularly in time-sensitive or cost-conscious settings, it
must be considered that the mechanical properties of materials pre-
treated this way may be inferior to those with glazed surfaces (Mota
et al., 2017).
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Overall, the lithium-di-silicate ceramics AM and EC showed contin-
uously high ECR values and can be considered suitable materials for
clinical use. With AM-G&MOF presenting the overall highest ECR values
in 7/18 groups and a higher ECR than EC-G&F in 10/18 groups, the
novel material AM shows promising results in comparison with the well-
researched EC (Taufer and Della Bona, 2019; Brandeburski and Della
Bona, 2020). The more novel composition examined in the
lithium-alumina-silicate CT, on the other hand, represented lower ECR
values. This may be explained by lithium-alumina-silicate tending to
have comparatively low bending strengths and fracture toughness
values of around 200 MPa and 1.5 MPa m'/? (Zhang et al., 2018). The
properties of lithium-alumina-silicate glass-ceramics are, among other
factors, influenced by the ratio of AI** to Li * ions in their crystallization
phases, with mass ratios of Al;03/Li2O above 5 leading to the material
having favorable chemical durability and low thermal expansion, but
low mechanical performance (Zhang et al., 2018). Therefore,
lithium-alumina-silicate ceramics with mass ratios shifted slightly more
towards the proportion of Li;O exhibit more favorable mechanical
properties.

The increased chip sizes in correlation with a higher ECR of the
respective material and treatment group may potentially be explained
by the fact that materials with a high ECR absorb and dissipate more
energy before fracturing, leading to larger chip formations. In contrast,
materials with a lower ECR may fracture more easily, resulting in
smaller chips due to less energy being absorbed before failure.

The number of groups, where a higher specimen thickness led to a
higher ECR, was triple that of groups, where a lower thickness resulted
in a higher ECR (24 vs. 8 out of 144 total comparisons). While material
thickness did not result in a change of ECR for AD-Pol and had little
impact on ECR of AD-F, over half of the AD-G&F treated groups showed
higher ECR when specimen thickness was higher. Possibly, the glaze
layer in AD-G&F specimens forms a compressive surface layer, that
becomes more effective at resisting edge chipping as specimen thickness
increases due to an enhanced support from the underlying material. The
finding, that the mechanical properties are related to the material
thickness, is in line with previous investigations that examined the
relation between ceramic thickness and fracture resistance or edge sta-
bility (Chen et al., 2014; Pfeilschifter et al., 2018). Restorations with
thin margins therefore seem to be at higher risk of fracture or chipping
and sufficient material thickness should be considered during tooth
preparation and manufacturing to avoid damage or failure of the
restoration.

With the high majority of 112/144 comparisons showing no impact
of material thickness on ECR and specimens even exhibiting an
increased ECR with a reduced material thickness for 8/144 comparisons,
a material thickness of 1.5 mm may, however, present limited or no
disadvantages compared to a thickness of 2 mm or 3 mm. This finding
was evident for AM-G&HTF treated groups, where a reduction of the
material thickness either did not influence ECR or — for a smaller pro-
portion of samples — led to higher ECR. A possible explanation for this
phenomenon could be that thinner material thicknesses might show
different stress distributions, potentially contributing to an increased
ECR. This theory could be explained by the finding that tensile stress
concentration at the luting surface of the ceramic layer is a predominant
factor controlling the failure of ceramic restorations and the observation
that a lower ceramic thickness leads to lower stress concentrations at the
adhesive interface (Dong and Darvell, 2003; Tribst et al., 2019). Though
said findings could lead to the conclusion that through a reduced
restoration thickness and minimally invasive preparation design tooth
structure could be preserved, these explanations are preliminary and
require further investigation to validate their accuracy. Future research
should focus on identifying the precise mechanisms leading to increased
ECR with decreasing material thicknesses. Detailed analyses of material
inhomogeneities, stress distributions, and microstructural properties in
thin versus thick samples would be of particular interest.

The measurement distance only had an influence on the ECR in 8/72
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groups, contradicting previous findings, that showed a higher ECR with
an increased measurement distance (Zadeh et al., 2021; Quinn, 2015). A
possible reason for this could be the insufficient difference between the
two measurement distances of 0.3 mm and 0.25 mm, which may have
been too small to have a measurable impact on ECR. If the variation of
the loading point to the restoration margin does, however, not have a
significant influence, this finding is of great clinical relevance con-
cerning preparation designs of, for example, inlays. Future research
should focus on examining larger variations in measurement distances
to investigate the impact of this parameter further.

Specimens underwent artificial aging to simulate temperature fluc-
tuations in the oral cavity, that have been shown to adversely affect the
strength of dental restorations and accelerate crack development (Kim
et al., 2023). Aging was simulated for 10,000 thermal cycles, corre-
sponding to approximately one year of clinical function, and subsequent
hydrothermal aging at 134 °C for a total of 2 h, simulating an additional
6-8 years of in vivo aging (Gale and Darvell, 1999; Morresi et al., 2014).
Aging led to a change in ECR for about a third of the groups.

No differences in ECR after aging were found for all distances and
thicknesses of AD-Pol and CT-F and only one group of AD-F showed
reduced ECR after hydrothermal aging. Previous investigations found a
varying impact of thermocycling on the fracture toughness, that has
been reported to be directly correlated with ECR of dental silicate ce-
ramics (Kim et al., 2023; Fouda et al., 2024). One investigation found no
decline in fracture toughness after thermal aging, supposedly explained
by the high crystalline content in silicate ceramics and therefore
increased hardness and elastic modulus, making the material more
resistant to the damaging effects of thermal changes compared to hybrid
materials like resin nanoceramics (Kim et al., 2023; Fouda et al., 2024).
For groups unaffected by artificial aging, this indicates that the prop-
erties of these specifically treated groups are stable enough not to be
noticeably affected by the aging process or that the duration or condi-
tions of aging were not sufficient to induce significant changes.

Aging led to reduced ECR values for 15/30 a.m.-G&HTF, AM-
G&MOF, AD-G&F and EC-G&F groups. Research has shown a reduced
flexural strength of silicate ceramics following fatigue protocols,
reasoning that thermal shocks and rapid cooling of ceramic surfaces can
induce tensile stress, weakening the material, causing micro-crack for-
mation and subsequent penetration of water (de Pinho Barcellos et al.,
2018; Quinn, 2016; Shafter et al., 2017). In this investigation, changes in
ECR after artificial aging were exclusively observed in groups that
received glazing. The glaze layer might be susceptible to wear, devel-
opment of surface flaws and chemical degradation through thermal
fluctuations over time, diminishing its protective effect and leading to
decreased ECR. While ceramics, including ceramic glazing masses, are
considered minimally soluble (Sagsoz and Polat Sagsoz, 2019), previous
investigations have shown chemical degradation of ceramics attributed
to mechanical and chemical environmental factors (Elshahawy et al.,
2013; Milleding et al., 2002). The wear and degradation process may be
less pronounced in polished or solely fired specimens, which do not have
the additional, more vulnerable layer. Interestingly, CT-G&F displayed
increased ECR values after combined thermal and hydrothermal treat-
ment for one out of six groups, warranting further investigations. For
clinical handling it can be stated that, although the glazed groups
exhibited changes or a decline in ECR after artificial aging, ECR values
for glazed groups were still higher than those of the groups subjected to
other surface treatments and discouraging the use of glaze masses
compared to solely firing or polishing is not recommended. However, it
is essential to investigate whether the observed decrease in ECR con-
tinues with prolonged aging to make long-term predictions and recom-
mendations regarding the use of glazing in ceramic restorations.

Limitations of this investigation include that the shape of the chip-
ping fractures was not consistent across all specimens, with some groups
showing overchipping, leading to a reduced number of measurements or
none for the affected groups. Additionally, the in-vitro set-up must as
well be stated as limiting and the flat-layer configurations of the
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specimens examined oversimplify the geometries of actual dental res-
torations. In clinical reality, critical loads for chipping at increased
distances from the side walls have proven to be lower on the curved
surfaces of anatomically shaped crowns compared to specimens with flat
geometry (Zhang et al., 2013). With preliminary tests not showing a
difference between incisal and occlusal ECR measurement (p = 0.712),
the strength gradient of AD indicated by the manufacturer was not
considered during measurements. Future studies investigating this
property are called for.

5. Conclusion

The conducted investigation highlights the impact of varying surface
treatments, restoration thicknesses, the point of loading and aging of
lithium silicate ceramics on their edge chipping behavior. Within the
limitations of this investigation, the following conclusions can be drawn:
Out of all groups, AM-G&MOF exhibited the most favorable ECR
behavior, surpassing the tried and tested EC-G&F. In groups where
specimens of the same ceramic material underwent varying surface
treatments such as polishing, glazing & firing or exclusive firing, glazed
specimens demonstrated a higher ECR. With a high majority of groups
showing no impact of the specimen thickness on the ECR, a reduced
restoration thickness of 1.5 mm seems to present limited disadvantages
compared to 2 mm or 3 mm. No clear trend could be observed regarding
a change in ECR in dependence of the distance from the point of loading
to the specimen’s edge. Though artificial aging led to a reduction in ECR
in some glazed groups, their ECR values remained comparatively high,
underlining that glazing can be recommended as the preferred method
of surface treatment.
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