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Abstract

Objective: To analyze the influence of restoration design (partial-coverage restora-

tion vs. crown) and ceramic layer thickness on the performance and failure loads of

CAD/CAM-fabricated lithium disilicate (LDS) reconstructions on molars after fatigue.

Materials and Methods: Seventy-two posterior monolithic CAD/CAM-fabricated

LDS restorations (IPS e.max CAD, Ivoclar Vivadent) with different occlusal/buccal

ceramic layer thicknesses (1.5/0.8, 1.0/0.6, and 0.5/0.4 mm) and restoration designs

(PCR: non-retentive full-veneer/partial-coverage restoration, C: crown,) were investi-

gated and divided into six groups (n = 12, test: PCR-1.5, PCR-1.0, PCR-0.5; control:

C-1.5, C-1.0, C-0.5). LDS restorations were adhesively bonded (Variolink Esthetic DC,

Ivoclar Vivadent) to dentin-analogue composite dies (Z100, 3M ESPE). All specimens

were subjected to thermomechanical loading (1.2 million cycles, 49 N, 1.6 Hz, 5–

55�C) and exposed to single load to failure testing. Failure analysis was performed

with light and scanning electron microscopies. Data were statistically analyzed using

ANOVA, Tukey-Test, and t-test (p < 0.05).

Results: Eight crown samples (C-0.5) and one PCR specimen (PCR-0.5) revealed

cracks after fatigue, resulting in an overall success rate of 87.5% (crowns: 75%, PCRs:

96.88%). Direct comparisons of PCRs versus crowns for thicknesses of 0.5 mm

(p < 0.001) and 1.0 mm (p = 0.004) were significant and in favor of PCRs. Minimally

invasive PCRs (0.5 and 1.0 mm) outperformed crowns with the identical ceramic
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thickness. No difference was detected (p = 0.276) between thickness 1.5 mm PCRs

and crowns.

Conclusions: Minimally invasive monolithic CAD/CAM-fabricated posterior LDS

PCRs (0.5 and 1.0 mm) resulted in superior failure load values compared to minimally

invasive crowns. Minimally invasive crowns (0.5 mm) are prone to cracks after

fatigue.

Clinical Significance: Minimally invasive CAD/CAM-fabricated LDS PCR restorations

with a non-retentive preparation design should be considered over single crowns for

molar rehabilitation.

K E YWORD S

ceramics, computer-aided design, fatigue, full-veneer, partial-coverage restoration

1 | INTRODUCTION

Nowadays, the most frequent reconstructive treatment in the

United States is still the single-tooth restoration with annual growth

rates of up to 8% for single crowns worldwide.1–3 In times of digital

dentistry, the steadily evolving Computer-Aided Design (CAD)/Com-

puter-Aided Manufacturing (CAM) technology leads to a trend toward

monolithic restorations in all material classes.4–7 Monolithic recon-

structions fulfill the potential to avoid chipping and delamination

problems, which are common in veneered bi-layer systems, while

reducing tooth substance removal and production costs at the same

time.8–12

Increased prevalence of severe tooth wear caused by bio-

corrosive defects, such as erosion, abrasion, attrition or combinations

of these, especially in young patients, accelerated the development of

minimally invasive treatment concepts.13,14 To rehabilitate the poste-

rior dentition in a minimal invasive approach, occlusal veneers evolved

as the preferred treatment choice.15–18 If defects additionally involve

buccal and cervical areas, clinicians must choose between a full

coverage-crown preparation or an occlusal restoration with an acces-

sory Class V composite filling. Drawbacks of this treatment approach

are the increased reduction of sound tooth structure for full-crown

preparations and the reduced longevity of Class V fillings in the worn

dentition.19,20 Partial-coverage restorations (PCR) or so called “full-
veneers”, which include occlusal, labial and if necessary proximal areas

offer a minimally invasive treatment alternative for such teeth.21,22

With the benefit of superior esthetics in patients with a strong visibil-

ity of premolars and first molars, these PCRs may serve as an esthetic

indirect restoration while preserving as much tooth substance as pos-

sible.23,24 Moreover, social-network content and video-calls (“zoom-

boom”), especially during the COVID-19 pandemic, have increased

critical self-perception of one's own smile and outward appearance as

well as the wish for esthetic self-improvement of patients.25,26 A

recent survey by the British Orthodontic Society underlies this: 62%

of orthodontists recorded an increase in demand for esthetic treat-

ments during COVID-19.26

Lithium disilicate glass-ceramics (LDS) offer superior

esthetics27,28 and a reliable clinical long-term survival.29–31 The clini-

cal performance of LDS CAD/CAM crowns is high, with survival

rates of 93% after 6 years32 and 80.1% after 15 years.33 CAD/CAM-

fabrication of LDS reconstructions provides a standardized

manufacturing process and enables an improvement of cost and time

effectiveness.34 Nonetheless, the manufacturers' guidelines suggest

a minimum restoration thickness of 1.0 mm for posterior crowns and

partial-coverage restorations to avoid restoration fractures during

clinical service.34–37 Compared to traditional crown preparations

with a recommended occlusal reduction of 1.5–2 mm, minimally

invasive preparation designs require a less invasive tooth

preparation.38–41 LDS CAD occlusal veneers with an average occlu-

sal reduction of 0.4–0.6 mm in the central groove and 1.0–1.3 mm

at the cusp tips presented a survival rate of 100% after 3 years.42

High survival rates of 96.49% after 16.9 years were also reported for

LDS posterior crowns and partial-coverage restorations (IPS e.max

Press) (≥1 or < than 1 mm).31

Yet, in-vitro literature is controversial if LDS CAD crowns with a

minimally invasive layer thickness of 0.7–1 mm are clinically applica-

ble.4,39,43–45 The limited evidence of in-vitro studies, which are avail-

able on monolithic LDS (IPS e.max CAD and IPS e.max Press) crowns

with a reduced layer thickness of 0.5 mm reported a high variability of

failure loads (values between 369.2 ± 117.8 and 827 ± 318 N34,46,47).

In contrast, minimally invasive LDS occlusal veneers (IPS e.max Press

and IPS e.max CAD) showed extraordinary results in a systematic

review on in-vitro and clinical studies.15,48–50 Nevertheless, clear rec-

ommendations for a minimally invasive preparation design for cases in

which defects involve occlusal as well as buccal or cervical areas are

currently missing. Therefore, the aim of this in-vitro study was to eval-

uate the fatigue survival and failure load of CAD/CAM fabricated LDS

standard (1.5 mm), thin (1.0 mm), and ultrathin (0.5 mm) PCRs com-

pared to crowns on molars after thermomechanical loading. The

research hypotheses were that (i) the restoration design (PCR

vs. crown) and (ii) ceramic layer thickness would affect the failure load

of posterior CAD/CAM LDS restorations.
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2 | MATERIALS AND METHODS

In this in-vitro study a total of 72 specimens were randomly divided

into two groups according to the type of restoration (Test: full-

veneer/partial-coverage restoration (PCR) vs. control: crown (C)) and

further subdivided according to occlusal/buccal ceramic layer thick-

ness (0.5/0.4, 1.0/0.6, and 1.5/0.8 mm), resulting in subgroups of

n = 12 specimens. The test-set up is displayed in Figure 1.

2.1 | Specimen preparation

To standardize test specimens, a maxillary first molar of a typodont

model (frasaco-model, frasaco, Tettnang, Germany) was used to simu-

late a realistic clinical condition. Before preparation, two silicone

impressions (TwinDuo, Picodent, Wipperfürth, Germany) were made

to control tooth substance removal in a bucco-palatal and mesio-distal

direction.

A single experienced prosthodontist performed the master die

preparations for the type of restoration designs (PCR vs. crown) and

different ceramic layer thicknesses (0.5, 1.0, and 1.5 mm). In total six

master dies were prepared. Preparation was performed with a 4.5

optical enlargement, coarse and fine diamond burs (no. 370314

035, no. 8370314 035, no. 879314 012, and no. 8879314

012, Komet, Lemgo, Germany) at high speed and under constant air-

water-spray cooling. The PCR preparation design was non-retentive

(no occlusal/proximal box preparation) and involved occlusal, buccal,

and proximal areas in the corresponding thickness (Group 0.5:

0.5/0.4 mm; Group 1.0: 1.0/0.6 mm; Group 1.5: 1.5/0.8 mm). To facil-

itate adhesive cementation and seating of PCRs two diagonal shallow

notches (0.2 mm depth) were additionally prepared (Figures 2 and 3).

The buccal area received a chamfer finish line in the respective thick-

ness (Figure 3). The full-coverage crown preparation was performed

accordingly without notches (Figure 3). Preparation depth was con-

trolled with silicone keys and a periodontal probe.

To generate 72 dentin-analogue abutments, a resin-based com-

posite (Filtek Z100, 3M ESPE, Neuss, Germany) with an elastic

modulus of 18 GPa,51 which is similar to that of human dentin with

16–18 GPa,52 was chosen. Impressions of the six master dies were

obtained with a polyvinylsiloxane material (Identium, Kettenbach,

F IGURE 1 Test set-up.

F IGURE 2 Preparation and restoration designs of (A) Full-veneer/Partial-coverage restoration and (B) Complete crown.
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Eschenburg, Germany). Consequently, the negative forms were

filled with the resin-based composite in 1.5 mm thick layers and

LED-light curing was conducted for 20 s (Bluephase G4 with

1200 mW/cm2, Ivoclar Vivadent, Schaan, Liechtenstein). The

dentin-like resin dies were then stored in distilled water at 37�C for

3 to 5 weeks in an incubator (Universalschrank UF55, Memmert,

Schwabach, Germany) to allow hydration and continuous polymeri-

zation.53 Subsequently, all resin dies were embedded in a self-

curing epoxy resin (RenCast® CW20/ Ren® HY 49, Huntsman

Advanced Materials, TX, USA) to imitate the elasticity of bone.54,55

2.2 | Fabrication of all-ceramic CAD/CAM
restorations

The six master preparation dies were scanned in occlusion of the

upper and lower typodont models using a laboratory scanner

(PrograScan PS5, Ivoclar Vivadent). All reconstructions were designed

with their respective thicknesses in a dental CAD software (exocad

Dental CAD, exocad, Darmstadt, Germany). The virtual spacer was set

at 50 μm. Datasets were calculated in a CAM software (PrograMill

CAM Software, Ivoclar Vivadent) and milled out of partially crystalized

lithium disilicate CAD/CAM blocks (IPS e.max CAD LT, Ivoclar Viva-

dent) in a five-axis milling machine (PrograMill PM7, Ivoclar Vivadent

AG). Finally, crystallization and glazing of all restorations were per-

formed (Programat EP 3010, Ivoclar Vivadent). All restorations were

fabricated by the same master dental technician according strictly to

manufacturer's recommendations. Before cementation, the restora-

tions' thicknesses were verified with a caliper (Kroeplin GmbH,

Schlüchtern, Germany).

2.3 | Adhesive cementation

Prior to adhesive cementation, the intaglio surfaces of all lithium disili-

cate restorations were etched with 4.9% hydrofluoric acid (IPS

Ceramic Etching Gel, Ivoclar Vivadent) for 20 s and afterwards thor-

oughly rinsed with air-water spray and dried with oil-free air stream.

Subsequently, a primer was applied for 60 s (Monobond Plus, Ivoclar

Vivadent).

Resin dies were first pretreated with pumice powder (Picodent,

Wipperfürth, Germany), rinsed with air-water spray, dried with an

oil-free air stream, and cleaned with 70% ethanol. Afterwards dentin-

analogue abutments were pretreated with a light-curing dental adhe-

sive (Adhese Universal, Ivoclar Vivadent). The adhesive was applied

for 20 s on the surface of the resin die, gently air-dried and light-cured

for 20 s (Bluephase G4 with 1200 mW/cm2, Ivoclar Vivadent).

All pretreated restorations were then adhesively bonded with a

dual-curing composite cement (Variolink Esthetic DC, Ivoclar Viva-

dent) to the resin dies. Excess cement was carefully removed with

foam pellets and LED light-curing was performed for 20 s from each

side (Bluephase G4, Ivoclar Vivadent) under oxygen protection (Liquid

Strip, Ivoclar Vivadent). Specimens were then again stored in distilled

water for 24 h at 37�C in an incubator (Universalschrank UF55) to

allow further polymerization of the adhesive interface before fatigue

testing.56

2.4 | Fatigue analysis

All specimens were subjected to cyclic mechanical loading with simul-

taneous thermocycling (5–55�C in distilled water, dwell time 120 s) in

F IGURE 3 Preparation design of a maxillary first molar with respective silicon keys; (A–C) Non-retentive partial-coverage restoration.
(A) Group 0.5 (occlusal 0.5 mm/buccal 0.4 mm); (B) Group 1.0, (1.0/0.6 mm) and (C) Group 1.5 (1.5/0.8 mm); (D–F) Complete crown restoration,
(D) Group 0.5 (0.5/0.4 mm); (E) Group 1.0 (1.0/0.6 mm) and (F) Group 1.5 (1.5/0.8 mm).
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a mouth motion fatigue simulator (CS 4.8 professional line, SD Mecha-

tronik, Feldkirchen-Westerham, Germany) (Figure 4). An occlusal load

of 49 N was applied to the disto-palatal cusp of the restoration for

1.2 million chewing cycles at a frequency of 1.6 Hz. To simulate

aspects of natural mastication, steatite spheres (r = 3 mm, Hoechst

CeramTec, Wunsiedel, Germany) were moved 0.5 mm horizontally

downwards from the disto-palatal cusp to the central fissure.57,58 This

in-vitro test-set up is reported to simulate 5-years of clinical behavior

under artificial conditions.59–61 Specimens were vertically positioned

and loaded without angulation. During thermodynamic loading, speci-

mens were visually inspected, aided by a transilluminating crack

detection probe (DIA Stick, I.C. Lechner GmbH & Co KG, Stockach,

Germany), for cracks, fractures, or debonding twice a day. A survival

and success rate after dynamic loading was computed. Specimens,

which were unscathed after fatigue were rated as success and sam-

ples with evident cracks or debonding, but still in function (in situ)

were rated as survival. Samples with catastrophic bulk fractures (frac-

tures where the entire ceramic restoration was fractured and split into

two or more pieces) were rated as non-survival.15,62,63

2.5 | Single-load-to-failure testing

After fatigue, all specimens were subjected to a single cycle load-

to-failure test (SLF) in a universal testing machine (Zwick Z010/TN2S,

Zwick Roell, Ulm, Germany) (Figure 5). Load was applied through a

steel ball with a diameter of 6 mm, which was aligned at the same

contact point as during thermomechanical fatigue. The vertical cross-

head speed was set at 1.5 mm/min. A video camera was placed to

observe all specimens during SLF testing and to follow possible failure

evolution of samples. Failure was defined as either a visible crack or

fracture or a 20% drop in the maximum load (Fmax) without an obvious

event. Specimens were axially loaded until a failure occurred and the

maximum load-to-failure force was recorded with the corresponding

test software (TextXpert III, Zwick Roell).

2.6 | Failure analysis

Samples were first analyzed using a polarized light microscope

(AxioZoom V.16, Zeiss, Oberkochen, Germany) to determine the

mode of failure and fracture origin. Z-stack mode (ZEN Core 3.3,

Zeiss) was used to gather multiple images with different depths and

merge layers within the same image to increase the depth of field.

Most representative fracture types were further subjected to

qualitative fractographic analysis using environmental scanning elec-

tron microscopy (Quanta 600 FEG ESEM).

2.7 | Statistical analysis

A power calculation (G*Power 3.1.9.7, Düsseldorf, Germany)

for a 2 � 3 factorial design with factors (i) restoration design

(PCR vs. crown) and (ii) ceramic layer thickness (0.5, 1.0, and 1.5 mm)

was performed with respect to statistical testing via ANOVA. A sam-

ple size of n = 12 per group (n = 72 in total) was determined to

enable detecting effects of at least medium size (Cohen's effect size

of f = 0.26) with 80% power and a two-sided type-I error of p < 0.05

for the two factors and their interactions.

Data were statistically analyzed with SPSS 28 (IBM Corp.,

Armonk, NY, USA). The Levene Test was applied to test for homoge-

neity of variance before using ANOVA to test for main effects and

interactions of the two factors of interest (restoration design

and ceramic layer thickness). The influence of ceramic layer thickness

was further analyzed post-hoc using Tukey tests following separate

one-way ANOVAs per restoration design. The influence of restoration

design was separately analyzed post-hoc for each layer thickness level

via two-sample t-tests. The level of significance was set at p < 0.05

(95%-CI) for all tests. Data were graphically presented in boxplots.

3 | RESULTS

3.1 | Cyclic fatigue loading

All restorations showed wear scars in the contact area after fatigue

exposure, as a result of the movement of the steatite ball during cyclic

mechanical loading. The overall survival rate was 100% for all lithium

disilicate reconstructions. No debonding of reconstructions occurred

during or after dynamic fatigue loading, but not all specimens with-

stood fatigue application unscathed. Eight crowns of Group C-0.5

(after 35,025, 2� 43,757, 112,196, 386,388, 396,393, 444,262, and

901,591 cycles) and one restoration of Group PCR-0.5 (after

362,856 cycles) showed evident cracks after fatigue (Figure 7).

The overall success rate yielded in 87.5%. The success rate for

PCRs was 96.88% and for crowns 75%. The success rates of PCRs and

crowns according to ceramic layer thickness are displayed in Table 1.

3.2 | Single load to failure

The results obtained from the SLF testing are summarized in Table 2

and graphically displayed in Figure 6.

Both restoration design (PCR vs. crown) and ceramic layer thick-

ness (0.5 mm vs. 1.0 mm vs. 1.5 mm) showed significant main effects

with respect to failure load (preparation design: F(1.66) = 19.76,

p < 0.001, thickness: F(2.66) = 22.91, p < 0.001). However, a statisti-

cally significant interaction between the two factors (restoration

design and ceramic layer thickness) could not be detected (F(2.66)

= 1.24, p = 0.296).

Regarding the comparisons of ceramic layer thickness levels sepa-

rately for each restoration design, post-hoc Tukey tests revealed sig-

nificant differences for crowns, which were in favor of thicker crowns

compared to thinner crowns (C-0.5/C-1.0 p = 0.005, C-0.5/C-1.5

p < 0.001, C-1.0/C-1.5 p < 0.001). However, no significant differences

were detected for layer thicknesses of PCRs (PCR-0.5/PCR-1.0
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p = 0.283, PCR-1.0/PCR-1.5 p = 0.277), aside from the direct com-

parison for ceramic layer thicknesses of PCR-0.5 and PCR-1.5 where

a significant difference in favor of the standard (1.5 mm) thickness

(p = 0.011) was observed.

Post-hoc t-tests for separate comparisons between restoration

designs for each level of ceramic layer thickness with respect to resto-

ration design (PCR vs. C) revealed significant differences for thick-

nesses of 0.5 mm (C-0.5/PCR-0.5: t(22) = �4.11, p < 0.001) and

1.0 mm (C-1.0/PCR-1.0: t(15.43) = �3.18, p = 0.006) in favor of

PCRs. PCRs with a minimally invasive design and layer thickness out-

performed crowns with the identical ceramic thickness. No statisti-

cally significant difference between PCRs and crowns was found for a

1.5 mm ceramic layer thickness (C-1.5/PCR-1.5: t(22) = �1.12,

p = 0.276).

3.3 | Failure and fractographic analyses

Failure analysis after fatigue revealed seven samples of Group C-0.5

and one sample from Group PCR-0.5 with radial cracks starting from

the intaglio cementation surface beneath the contact point during

cyclic loading. The radial cracks spread sideways and upwards. In

C-0.5 crowns, radial cracks penetrated through the ceramic layer and

progressed relentlessly around the lateral walls under the influence of

slow crack growth during moist cyclic loading (Figure 7C,D).10,11 How-

ever, the radial crack in sample PCR-0.5 remained contained within

the ceramic layer (Figure 7A,B). In one sample of Group C-0.5, hoop

stresses along the axial walls of the crown lead to crack formation

during fatigue.36

After SLF predominately catastrophic ceramic bulk fractures of

both PCRs and crowns with involvement of the dentin-analogue dies

for thickness of 1.5 and 1.0 mm into 2–3 main fragments were

observed. Groups PCR-1.5, PCR-1.0, and C-1.5, showed exclusively

F IGURE 4 Schematic drawing of the fatigue simulator (CS 4.8 professional line, SD Mechatronik, Feldkirchen-Westerham, Germany) with
eight sample chambers and simultaneous thermocycling. A total load of 5 kg (=equals 49 N) was applied to the samples, as the vertical guide rail
and the sample holder weight together another 1 kg.

F IGURE 5 Schematic drawing of the universal testing machine
(Zwick Z010/TN2S, Zwick Roell, Ulm, Germany) for single cycle load-
to-failure testing (SLF).

SPITZNAGEL ET AL. 99

 17088240, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jerd.13169 by C

ochrane G
erm

any, W
iley O

nline L
ibrary on [23/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



catastrophic ceramic bulk fractures (100%) with involvement of the

resin abutment die (PCR-1.5: 83.3%, PCR-1.0: 75%, C-1.5: 100%),

whereas Group C-1.0 showed mainly ceramic bulk fractures (83.3%)

and two ceramic fractures with partial detachment of the crown

(16.7%) and an intact die. Samples of Group PCR-0.5 and C-0.5

revealed both mixed catastrophic ceramic bulk fractures (PCR-0.5:

50%, C-0.5: 33.3%) and extended “chipping” fractures within the

ceramic (PCR-0.5: 50%, C-0.5: 66.6%) after SLF.

Resin dies remained intact more frequently with a thinner thick-

ness of 0.5 mm (PCR-0.5: 75%, C-0.5: 83.3%), compared to thicker

thicknesses of 1.0 mm (PCR-1.0: 25%, C-1.0: 25%), and 1.5 mm (PCR-

1.5: 16.7%, C-1.5: 0%).

During detailed fractographic analysis, telltale markings were

observed, comprising hackle and arrest lines, which may allow to

determine the origin of fracture.

A detailed fractographic analysis of representative specimens of

each Group is presented in Figures 8 and 9.

4 | DISCUSSION

The present laboratory study aimed to analyze the influence of resto-

ration design and ceramic layer thickness on fatigue and fracture

resistance of posterior monolithic CAD/CAM LDS restorations. The

tested research hypotheses were accepted, as both restoration design

and ceramic thickness showed significant effects on failure loads.

Clinically, maximum masticatory forces in a range of 289–700 N

have been reported for the posterior dentition.14 Regardless of resto-

ration design and ceramic layer thickness all specimens withstood this

occlusal load threshold with mean failure load values of 1193–

2883 N. Although not all of the specimens (especially for Group

C-0.5) withstood dynamic loading unscathed, all samples were still in

TABLE 1 Success rates after simulated fatigue exposure of 5 years.

Group Intact and unharmed specimens after fatigue Success rate

Success rate of

restoration design Overall success rate

PCR-1.5 12/12 100% PCRs

96.88%

35/36

87.50%

PCR-1.0 12/12 100%

PCR-0.5 11/12 (one crack after 362,856 cycles) 91.66%

C-1.5 12/12 100% Crowns

75.00%

(28/36)
C-1.0 12/12 100%

C-0.5 4/12 (eight cracks after 35,025 cycles,

2� 43,757 cycles, 112,196 cycles, 386,388 cycles,

396,393 cycles, 444,262 cycles and 901,591 cycles)

33.33%

TABLE 2 Failure load results of all
tested groups [N = Newton].

Group name Min 1st Qu Median Mean 3rd Qu Max SD

PCR-1.5 2210 2386 2660 2883 3380 4990 782

PCR-1.0 1340 2041 2370 2451 2861 3640 646

PCR-0.5 1400 1645 1840 2023 2400 3260 594

C-1.5 1560 2186 2500 2566 2946 3650 598

C-1.0 1400 1610 1775 1798 1986 2290 296

C-0.5 708 959 1165 1193 1428 2010 369

Note: 1st Qu = 25% of data was below this value; Median = 50% of data was below this value; 3rd

Qu = 75% of data was below this value.

Abbreviations: Max, maximum; Min, minimum; SD, standard deviation.

F IGURE 6 Boxplot of Failure Loads (Fmax in N) of tested Groups
(* indicates outlier for Group PCR-1.5 and 0 indicates outlier for
Group C-0.5). Statistical significance (p < 0.05) is indicated by asterisk
in front of p-value.
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function and therefore subjected to single load to failure testing as

in previous studies.24,50,62,63 So far, neither clinical studies nor labora-

tory investigations could show that pre-damaged reconstructions

exhibit a shorter service life or failure loads than non-damaged resto-

rations.29,48,63 A possible explanation might be that resulting cracks,

depending on their locations, may require much larger driving forces

to propagate across an anatomic restoration.6 This behavior is similar

to cracks observed in human enamel, which do not necessarily result

in an immediate increase in failure rates of the compromised

teeth.37,63

The success rates of PCRs and crowns were 96.88% and 75%. A

systematic review of clinical studies, which compared onlays and full-

coverage crowns confirmed high survival rates of 93.5% and 95.38%

with no statistical difference between the groups after five years.40

Another recently published review with meta-analysis, found equally

survival and success rates for both treatment options of onlays/partial

crowns and complete crowns after one and 3 years of service.41 Clini-

cal long-term studies of heat pressed and CAD/CAM-fabricated

monolithic LDS crowns, occlusal veneers with a shoulder preparation

and partial-coverage restorations reported also high survival rates of

80.1%–96.75% after 15–16.9 years, 100% after 11–13 years and

95.27% after 16.9 years of function.29,31,33,48

The results of the present in-vitro study showed that PCRs

revealed higher failure load values compared to complete coverage

crowns. Minimally invasive PCRs outperformed the corresponding

full-coverage crowns with the identical layer thickness for ultrathin

(0.5 mm) and thin (1.0 mm) reconstructions. For standard thick resto-

rations (1.5 mm), the restoration design does not seem to have a sig-

nificant influence on failure loads. A possible explanation might be

due to the complexity of the different restoration designs, as any loss

of tooth structure weakens the tooth-restoration system.21

Direct comparisons to previously published in-vitro studies in the

literature are difficult, since the investigated preparation design of

full-veneers on molars has not been analyzed elsewhere. Moreover,

methodological differences in study set-ups and fatigue protocols can

highly impact the outcome of obtained fracture strength values.16

Equivalent failure load values for CAD/CAM fabricated 1.0 mm

LDS occlusal veneers with a rounded shoulder or a minimally invasive

chamfer of 2395 and 2408 N were recorded after simulated artificial

aging (1.25 million cycles, 50 N, 1 Hz).17 A study which compared

standard thickness (1.5 mm) CAD/CAM LDS molar crowns to two

overlay designs with a chamfer, observed lower fracture forces of

1018 N for crowns and 436–813 N for the overlays.23 However,

specimens were subjected to a higher load of 275 N and a higher

number of loading cycles (2 million, 1 Hz) during aging.23

Monolithic CAD/CAM fabricated LDS molar crowns were also

tested in different ceramic layer thicknesses (0.5–1.5 mm) and various

fatigue protocols.28,34,39,47

Lower and partly unsatisfactory failure load values of 470 N

(without fatigue) and 369 N (with fatigue) for 0.5 mm, 801 N (without

fatigue) and 889 N (with fatigue) for 1.0 mm, 1107 N (without fatigue)

and 980 N (with fatigue) for 1.5 mm LDS molar crowns were observed

with a similar aging protocol (1.2 million cycles, 108 N).47 Yet, the

study loaded the specimens in a 30� angle, perpendicular to one cusp

and with a higher load during fatigue (108 N) which might explain the

lower fracture values.47 Two studies where no cyclic fatigue protocol

was applied recorded lower failure load values of 827 N (0.5 mm),

1228 N (0.7 mm), 1503 N (1.0 mm) and 1440–1499 N (1.5 mm) for

non-aged monolithic CAD/CAM LDS crowns as in the present

study.34,39 The same resin material (Z100) was used as an abutment in

one of the studies simulating the elastic modulus of dentin as in the

present investigation.39 A study with a prolonged fatigue application

(5 million cycles, 275 N) lead to slightly lower failure load values of

980 N (0.8 mm), 1162 N (1.0 mm) and 1540 N (1.5 mm) compared to

the obtained results of the present study.28

Ceramic bulk fractures are still the most common complication

for onlays, PCRs, and crowns in clinical observations.40,41 Failure

modes after SLF revealed more bulk fractures with involvement of the

F IGURE 7 CAD/CAM LDS
restorations revealing cracks
(small arrows) and wear (circle)
after fatigue. Bold arrow indicates
direction of sliding movement
during fatigue. (A + B): PCR-0.5;
(C + D) C-0.5.
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resin die for thicker layer restorations (both 1.5 and 1.0 mm), whereas

with ultrathin (0.5 mm) restorations, failures where restricted to cohe-

sive ceramic fractures without involvement of the dentin-analogue

abutment. Accordingly, thinner restorations could provide a “stress
shielding protection” for the underlying tooth structure if failure

occurs, while thicker restorations could possibly damage the abut-

ment. If the restoration needs to be renewed, this could be beneficial,

since tooth substance will be preserved. Other in-vitro studies with

minimally invasive LDS restorations on human premolars and molars

confirmed the observed failure modes with mainly cohesive ceramic

fractures without involvement of the tooth for thin restorations.24,49

In depth fractographic analysis with telltale markings such as

hackle lines and compression curls showed that the fracture origin

after SLF started for both types of restorations mainly from the load-

ing area. The loading area is the site that had the worst combination

of tensile stresses and flaw severity, which then ultimately lead to

fracture.11 The evolution of restoration failures occur as a damage

competition and accumulation, either resulting from repetitive loading

and crack initiation during fatigue or as a result of mechanical over-

load during SLF.11

Limitations of the present study could be related to the use of

composite dies instead of human teeth. This did not allow the

F IGURE 8 Representative
scanning electron microscopy
(SEM) micrographs of fractured
monolithic LDS crowns of C-0.5
(A, B), C-1.0 (C, D) and C-1.5 (E,
F). (A, C) and (E) are overviews of
the respective LDS crowns and
(B, D, F) detailed pictures
showing the indentation area

(black asterisks) and origin that
lead to bulk fracture of the crown
with involvement of the
underlaying resin die. (B) shows
sample C-0.5 (same as in
Figure 5C,D), with crack (white
asterisk) that was already present
during fatigue. Dotted lines
showing the direction of crack
propagation; several arrest lines
are visible (pointer) with their
concave portion directing toward
the origin of failure from the
loading area. (D) is a
magnification of a specimen from
Group C-1.0 where several arrest
lines (pointer) and hackle lines
(white dotted lines) are visible,
which indicate the direction of
crack propagation (black dotted
lines) from the occlusal surface
toward the margins. In (F) surface
wear of C-1.5, which occurred
during fatigue from the steatite
sphere (white asterisk), origin of
failure (black asterisk), arrest lines
(pointer) and hackle lines (white
dotted lines) are clearly apparent.
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investigation and impact of enamel and dentin as a bonding substrate

on the load to failure and fatigue behavior of the monolithic LDS

PCRs and crowns. However, the utilization of dentin-analogue abut-

ments enabled a high standardization and a systematic analysis of the

restorations, without variances in size, age and storage of human

teeth. Moreover, a mid-term fatigue protocol was applied instead of

long-term fatigue (up to 5 million cycles), which could have potentially

led to more cracks or even bulk fractures during cyclic loading. Yet,

the employed technique is nevertheless described to be sufficient to

detect early failures of reconstructions and widely used in the dental

literature.3,60

Since zirconia is presently promoted for minimally invasive tooth-

borne restorations, future studies should consider and investigate the

proposed restoration design of a full-veneer for this material as

well.7,12,18 Especially translucent zirconia and multilayer strength-

gradient zirconia materials could be interesting candidates for mono-

lithic and minimally invasive posterior reconstructions.

To the best of our knowledge this is the first laboratory study,

which systematically investigated the proposed full-veneer/partial-

coverage design with monolithic CAD/CAM fabricated LDS restora-

tions on molars with different ceramic layer thicknesses. Full-veneer

restorations can be a valuable addendum in the rehabilitation of

F IGURE 9 Representative
SEM pictures of fractured
monolithic LDS PCRs of Groups
PCR-1.5 (A, B), PCR-1.0 (C, D)
and PCR-0.5 (E, F). (A, C) and
(E) are overviews of the
respective PCRs and (B, D, F)
detailed micrographs showing the
indentation area (black asterisks)

and origin of failure. Specimens
of Group PCR-1.5 (A, B) and
Group PCR-1.0 (C, D) showed a
complete bulk fracture with
involvement of the resin
abutment, where hackle lines
(white dotted lines) indicate the
direction of crack propagation.
Black asterisk indicates the
loading area that lead to fracture
of the restoration. (E) and
(F) display the same sample of
Group PCR-0.5 as in Figure 5A,B
with partial detachment of the
restoration and “chipping
fracture”. White asterisk
describes the loading area with
radial crack (black pointer)
occurred during cyclic fatigue
loading. (F) is a magnification of
(E) where the white pointers
highlight cracks initiating at the
occlusal surface and propagating
downwards to the cementation
surface and resin die, eventually
leading to cohesive “chipping”
fracture.
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posterior dentition, especially for full-mouth cases, caused by

advanced tooth wear or bio-corrosive defects. Occlusal and cervical

defects that need to be restored can be combined in a minimally inva-

sive single all-ceramic restoration.24

The results of this in-vitro study highlight the superior mechanical

performance of minimal invasive full-veneers in comparison to single

crowns. Minimally invasive full-veneers should be given preference

over full-coverage crowns, whenever possible according to defect

configuration. However, it must be noted that manufacturer's recom-

mended minimum layer thickness of adhesively luted LDS crowns

is 1.0 mm.

Three-dimensional extended finite element analysis (XFEM) might

further enlighten the difference in stress distribution and crack propa-

gation behavior in full-veneers and their beneficial mechanical behav-

ior in comparison to crowns.6 Moreover, clinical trials in a prospective

or randomized setting are needed to confirm the results of this in-

vitro study.

5 | CONCLUSIONS

Based on the results of this in-vitro study, it was concluded that:

The restoration design (partial-coverage restoration vs. crown)

and the ceramic layer thickness (1.5, 1.0, and 0.5 mm) affected

the failure load of posterior CAD/CAM lithium disilicate

restorations.

Minimally invasive full-veneers resulted in higher failure load

values than full-coverage restorations.
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1. Introduction

During the last decades, tooth wear has grown into an oral 
health problem with pathological progression and an increasing 
global prevalence ranging between 26.9% and 90% in permanent 
teeth[1,2]. In modern society, pathological tooth wear has a mul-
tifactorial etiology[3,4], often related to the presence of bruxism 
combined with chemical processes caused by lifestyle changes such 
as acid-related food, drink habits and gastro-esophageal reflux[4–6]. 
Since younger patients are mainly affected, extensive preparations 
resulting in further loss of sound tooth substance should be avoided. 
With continuous advancements in adhesive technology and com-
puter-aided design and computer-aided manufacturing (CAD-CAM) 

materials, minimally invasive concepts with non-retentive restora-
tion designs were introduced[7]. Although several in vitro studies 
have confirmed that the thickness of occlusal veneers composed of 
lithium disilicate (LDS) can be successfully reduced to 0.7 mm and 
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Abstract

Purpose: To investigate the effect of ceramic material (lithium disilicate, LDS vs. composition-gradient multilayered zirco-
nia [4Y-PSZ and 5-PSZ], Z) and ceramic layer thickness (0.5 mm, 1.0 mm, and 1.5 mm) on fatigue performance and failure 
load of occlusal veneers on molars.
Methods: Seventy-two CAD-CAM-fabricated occlusal veneer restorations (IPS e.max CAD; IPS e.max ZirCAD Prime Es-
thetic, Ivoclar Vivadent) were divided into six groups (n=12, LDS-1.5, LDS-1.0, LDS-0.5; Z-1.5, Z-1.0, Z-0.5). Restorations were 
adhesively cemented (Variolink Esthetic DC, Ivoclar Vivadent) to dentin-analogue composite dies (Z100, 3M ESPE) and 
exposed to thermomechanical fatigue (1.2 million cycles, 49 N, 1.6 Hz, 5-55° C). Single-load-to-failure was tested with a 
universal testing machine. Data were analyzed using ANOVA with Tukey post-hoc tests and t-tests (P < 0.05).
Results: The overall success rate across all materials and layer thicknesses was 91.7%. Half of the specimens of group Z-0.5 
revealed cracks after chewing simulation. Occlusal veneers fabricated from LDS withstood significantly higher failure loads 
than gradient multilayered zirconia veneers in all tested thicknesses. The mean failure load values led to the following 
ranking: 3194 N (LDS-0.5)>2683 N (LDS-1.0)>2338 N (LDS-1.5)>1744 N (Z-1.5)>1310 N (Z-0.5)>1198 N (Z-1.0).
Conclusions: Ultrathin LDS occlusal veneers outperformed thin and standard thick counterparts, as well as gradient 
multilayered zirconia veneers at all thickness levels. Ultrathin gradient multilayered zirconia occlusal veneers were prone 
to cracks during thermomechanical fatigue. Individual mechanical properties need to be considered when aligning the 
restoration within the multilayered zirconia blank.
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WHAT IS ALREADY KNOWN ABOUT THE TOPIC?
» Minimally invasive occlusal veneers are viable alternatives to 
conventional full-coverage restorations. While 4Y-PSZ zirconia shows 
promising results, failures have been reported in 5Y-PSZ veneers. No 
study has investigated the behavior of occlusal veneers fabricated 
from the transition layer of multilayered zirconia (4Y- and 5Y-PSZ).

WHAT THIS STUDY ADDS?
» Lithium disilicate occlusal veneers exhibited significantly higher 
failure loads than multilayered zirconia veneers fabricated from the 
transition layer in all thickness levels. Ultrathin (0.5 mm) multilay-
ered zirconia veneers were prone to crack formation under fatigue, 
emphasizing the importance of material selection based on material 
properties.
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less[8–10], manufacturers do not recommend reducing the thickness 
to less than 1 mm[11].

Due to its beneficial esthetic and mechanical properties, LDS 
is a widely used ceramic material for the fabrication of occlusal ve-
neers[12]. Its glassy matrix facilitates excellent bondability, while its 
flexural strength (400-600 MPa) is moderate compared to traditional 
dental zirconia (3Y-TZP; 3 mol% yttria stabilized zirconia polycrystals; 
800-1200MPa)[13]. With improvements in the translucency of dental 
zirconia, an increased yttria content (4Y-PSZ and 5-PSZ, respectively, 
4 mol% and 5 mol% yttria partially stabilized zirconia) resulted in a 
higher amount of cubic phase particles and, thus, in reduced flex-
ural strength (between 500-900 MPa)[13–15]. These mechanical and 
esthetic modifications made the translucency and strength of ultra-
translucent zirconia more akin to that of LDS and these ceramics 
more suitable for the fabrication of occlusal veneers[16,17]. Despite 
material advancements, the use of zirconia for occlusal veneers is 
currently not endorsed by manufacturers and remains outside the 
scope of approved clinical indications[18].

Recently, multilayered zirconia discs with a strength and color 
gradient merging the properties of different zirconia compositions 
were introduced to the dental market[19,20]. Especially in the poste-
rior area where higher masticatory forces occur, these composition-
gradient multilayered zirconia ceramics may be a preferable choice 
compared to LDS. Restoration success, however, depends on several 
factors, such as preparation design, occlusal forces, type of cement, 
restoration thickness, mechanical properties, and applied bonding 
techniques[7]. It is well known that conventional etching-silane 
treatment is not effective for the bonding of zirconia. Instead, air-
particle abrasion is recommended to promote mechanical retention 
and decontaminate the bonding surface[21,22]. A previous finite 
element analysis reported that when bonded to enamel, the load 
bearing capacity of minimally invasive LDS onlays (0.6-1.4 mm) can 
exceed 70% of that of zirconia[23]. In the challenging condition of an 
ultrathin occlusal veneer when the bonding area is low, the prepara-
tion design non-retentive, and the thickness reduced by up to 0.5 
mm, LDS may benefit from its excellent bondability and occlusal 
veneers composed of LDS may withstand higher failure loads than 
their multilayered zirconia counterparts.

Studies comparing the failure load of occlusal veneers made 

of gradient multilayered zirconia are limited[24]. No research has 
yet evaluated the use of multilayered zirconia composed of 4Y-PSZ 
and 5-PSZ for the fabrication of occlusal veneers. Furthermore, little 
is known about the transition layer. Whether it exhibits a strength 
gradient between 4Y-PSZ and 5-PSZ remains elusive, since it is 
technologically challenging to experimentally determine strength 
gradients in the transition zone. Consequently, further investigation 
is needed to assess the behavior of these restorations, particularly 
when fabricated with reduced layer thickness from the transition 
layer.

This in vitro study aimed to investigate the mechanical behavior 
of occlusal veneers fabricated from gradient multilayered zirconia 
(4Y-PSZ and 5-PSZ) and LDS in varying thicknesses (0.5 mm, 1.0 mm, 
and 1.5 mm). The tested research hypotheses were that (i) ceramic 
material and (ii) ceramic layer thickness would affect fatigue perfor-
mance and the failure load of posterior occlusal veneer restorations.

2. Materials and Methods

A total of 72 specimens were divided into two groups (Lithium 
disilicate, LDS: IPS e.max CAD, Ivoclar Vivadent, Schaan, Liechten-
stein; Composition-gradient multilayered zirconia, Z: IPS e.max 
ZirCAD Prime Esthetic, Ivoclar Vivadent) according to the type of 
ceramic material. Both groups were further divided into subgroups 
(n = 12) according to their ceramic layer thickness (0.5 mm, 1.0 mm, 
and 1.5 mm) (Fig. 1).

2.1. Specimen preparation

A maxillary first molar of a typodont model (Frasaco-model, 
Frasaco, Tettnang, Germany) was prepared to obtain three master 
dies with an occlusal reduction of 0.5 mm, 1.0 mm, and 1.5 mm. The 
preparation design was non-retentive (occlusal reduction exclu-
sively) with two additional diagonally set shallow notches (0.2 mm 
depth) that were prepared to facilitate restoration positioning dur-
ing adhesive cementation (Fig. 2). The preparation was performed 
by an experienced prosthodontist using diamond burs (no. 8370314 
035, no. 370314 035, no. 8801314 023, Komet, Lemgo, Germany) 
under 4.5-fold magnification and with high-speed instrumentation 
under air-water-spray cooling. Before preparation, silicone impres-
sions (TwinDuo, Picodent, Wipperfürth, Germany) were taken and 

Fig. 1. Test-set up. LDS: lithium disilicate; Z: composition-gradient multilayered zirconia.
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sectioned in a bucco-palatal direction to control the exact tooth 
substance removal. A periodontal probe was used to verify the 
preparation depth.

To fabricate 72 dentin-analogue abutments, impressions of 
the three master dies were taken using a polyvinylsiloxane material 
(Identium, Kettenbach, Eschenburg, Germany). The resulting nega-
tive molds were then filled with 1.5 mm-thick layers of a resin-based 
composite (Filtek Z100, 3M ESPE, Neuss, Germany), which has an 
elastic modulus of 18 GPa – comparable to that of human dentin (16-
18 GPa)[25,26]. Each layer was light cured for 20 s (Bluephase G4 with 
1200 mW/cm2, Ivoclar Vivadent). Resin dies were immersed in distilled 
water and stored in an incubator (Universalschrank UF55, Memmert, 
Schwabach, Germany) at 37° C for 3 to 5 weeks. Afterwards, all resin 
dies were placed into a self-curing epoxy resin (RenCast CW20/ Ren 
HY 49, Huntsman Advanced Materials, TX, USA).

2.2. Fabrication of occlusal veneer restorations

After the scanning of typodont models including the three dif-
ferent master dies (PrograScan PS5 v3.2, Ivoclar Vivadent), occlusal 
veneer restorations were designed with respective thicknesses 
(Dental CAD 3.1 Rijeka, Exocad GmbH) (Fig. 3). ZirCAD Prime Esthetic 
blanks consist of two different raw materials: the dentin part made 
of 4Y-PSZ and the incisal part made of 5Y-PSZ. The incisal zone is 3 
mm, followed by a seamless transition zone of 4 mm (no discrete 
layers), while the rest of the disc height is formed by the dentin 
zone[18]. All restorations were positioned in the transition layer of 
the gradient multilayered zirconia blank, 3.3 mm from the upper 
border of the blank to the top surface of the veneer (Fig. 4). Resto-
rations were finally evaluated in a CAM software (PrograMill CAM 
Software v5.2.008.00, Ivoclar Vivadent) and milled in a five-axis mill-
ing machine (PrograMill PM7 v98.130, Ivoclar Vivadent) out of either 
partially crystalized LDS CAD/CAM blocks (IPS e.max CAD LT, Ivoclar 
Vivadent) or biscuit fired translucent multilayered gradient zirconia 
blanks (IPS e.max ZirCAD Prime Esthetic, Ivoclar Vivadent). A single 

master dental technician fabricated all restorations in accordance 
with the manufacturer’s guidelines. During the fabrication process, 
layer thickness was carefully controlled with a caliper (Kroeplin 
GmbH, Schlüchtern, Germany).

2.3. Adhesive cementation

Following the manufacturer’s instructions, the intaglio surfaces 
of all LDS restorations were etched with 4.9% hydrofluoric (HF) acid 
(IPS Ceramic Etching Gel, Ivoclar Vivadent) for 20 s, thoroughly air-
water sprayed, and dried with an oil-free air stream. A silane coupling 
agent (Monobond Plus, Ivoclar Vivadent) was applied and dried gen-
tly for 60 s. The intaglio surface of all gradient multilayered zirconia 
restorations was air-particle abraded with 50 μm aluminum oxide at 
a pressure of 1 bar for 10 s, and a special ceramic primer containing 
functional phosphate monomers (Monobond Plus, Ivoclar Vivadent) 
was applied for 60s. Resin dies were cleaned using pumice powder 
(Picodent, Wipperfürth, Germany). Then the surface was rinsed with 
air-water spray, dried using oil-free air, and treated with 70% ethanol. 
A light-curing dental adhesive (Adhese Universal, Ivoclar Vivadent) 
was applied for 20 s. Afterwards, resin dies were air-dried again and 
light-cured for 20 s (Bluephase G4 with 1200 mW/cm2, Ivoclar Viva-
dent). For adhesive cementation, a dual-curing resin-based compos-
ite cement (Variolink Esthetic DC, Ivoclar Vivadent) was applied to the 
intaglio surface of the restoration. A secure positioning was ensured 
by the diagonal set of occlusal notches. After the removal of excess 
cement, restoration margins were covered with glycerin-gel (Liquid 
Strip, Ivoclar Vivadent) and light-curing was performed for 20 s from 
each side (Bluephase G4, Ivoclar Vivadent). To achieve a complete 
curing[27], specimens were subsequently stored in distilled water 
for 24 h at 37° C in an incubator (Universalschrank UF55, Memmert).

2.4. Fatigue analysis

All specimens were exposed to cyclic mechanical loading with 
simultaneous thermocycling (5-55° C, dwell time 120 s) in a dual-
axis chewing simulator (CS 4.8 professional line, SD Mechatronik, 
Feldkirchen-Westerham, Germany) with a load of 49 N at 1.6 Hz for 
1.2 million cycles. This in vitro test set-up mimicked an aging process 
equivalent to 5 years of clinical use under artificial conditions and 
has been validated as a reliable method for assessing fatigue[28–30]. 
Steatite spheres (r = 3 mm, Hoechst CeramTec, Wunsiedel, Germany) 
that moved 0.5 mm laterally downwards from the disto-palatal 
cusp to the central fissure during fatigue simulation were used as 
antagonists[31,32]. During thermodynamic loading, specimens were 
inspected twice a day for cracks, fractures, or debonding. Survival 
and success rates after fatigue exposure were calculated. Unharmed 
specimens were rated as ‘success,’ whereas specimens that experi-

Fig. 2. Non-retentive preparation design of occlusal veneer including an 
occlusal reduction and two additional diagonally set shallow notches.

Fig. 3. Restoration design of occlusal veneers in respective thicknesses; A) 0.5 mm, B) 1.0 mm, 
and C) 1.5 mm.
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enced evident cracks or debonding but were still in function were 
assessed as ‘survival’. Non-survival was when catastrophic fractures 
occurred[10,33].

2.5. Single-load-to-failure testing

After fatigue exposure, all specimens underwent single-cycle 
load-to-failure (SLF) testing in a universal testing machine (Zwick 
Z010/TN2S, Zwick Roell, Ulm, Germany). A steel ball indenter (r = 
3 mm) was applied axially (crosshead speed of 1.5 mm/min) at the 
area of the abrasion, i.e., at the same contact point as loaded during 
thermomechanical fatigue. Specimens were loaded vertically until a 
fracture occurred. The maximum failure-load was captured through 
the corresponding test software (TextXpert III, Zwick Roell). In addi-
tion, a video camera was used to record the procedure of SLF testing. 
Failure was considered either as a visible crack or fracture, or a 20% 
reduction in maximum load (Fmax) without a visible event.

2.6. Failure analysis

Failure analysis was conducted with a polarized light microscope 
(AxioZoom V.16, Zeiss, Oberkochen, Germany), aiming to identify the 
failure mode and fracture origin. Failure modes were categorized as 
follows: (I) Crack formation within the ceramic. (II) Cohesive fracture 
within the ceramic, intact tooth. (III) Fracture within ceramic and 
tooth structure. (IV) Serious/longitudinal tooth fracture involving the 
root (Fig. 5)[34].

2.7. Statistical analysis

A power calculation using G*Power 3.1.9.7 (Düsseldorf, Germany) 
was conducted for a 2 x 3 factorial design examining two factors (i) 
ceramic material (LDS versus gradient multilayered zirconia) and (ii) 
ceramic layer thickness (0.5 mm, 1.0 mm, 1.5 mm) with respect to sta-
tistical testing via ANOVA. The analysis determined that a sample size 

Fig. 5. Failure modes after single load to failure testing: (I) Crack formation within the ceramic. (II) 
Cohesive fracture within the ceramic, intact tooth. (III) Fracture within ceramic and tooth struc-
ture. (IV) Serious/longitudinal tooth fracture involving the root.

Fig. 4. Veneers of each thickness (0.5 mm, 1.0 mm, and 1.5 mm) were placed within the transition 
layer of the gradient multilayered zirconia blank, maintaining a distance of 3.3 mm from the upper 
border of the blank to the top surface of the veneer.



L. Prott,  et al. / J Prosthodont Res. 2025; **(**): ****–**** 5

of n = 12 per group (n = 72 in total) would provide sufficient power 
(80%) to detect at least medium-sized effects (Cohen’s effect size of f 
= 0.26) with a two-sided type-I error of P < 0.05 for both factors and 
their interactions.

Data analysis was performed with SPSS 26 (IBM Corp., Armonk, 
NY, USA). Prior to ANOVA, the Levene test checked for homogeneity 
of variance. ANOVA was then applied to assess the main effects and 
interactions of ceramic material and layer thickness. The effect of 
ceramic layer thickness was further analyzed by separate one-way 
ANOVAs per material type, followed by post-hoc Tukey tests. The 
impact of ceramic material was examined separately for each layer 
thickness level using post hoc two-sample t-tests, preceded by Lev-
ene tests to assess the equality of variances. The level of significance 
was set at P < 0.05 (95%-CI) for all tests. Boxplots were generated for 
descriptive analysis of the data.

3. Results

3.1. Fatigue performance

All restorations showed wear scars after fatigue testing, located 
in the area between the mesio- and distopalatal cusps as a result 

of the steatite ball’s lateral sliding motion during cyclic mechanical 
loading. After thermo-mechanical ageing, the tested specimens had 
an overall survival rate of 100%. No debonding or ceramic fractures 
occurred during or after dynamic fatigue loading. However, half 
of the specimens (6/12) of group Z-0.5 (2x after 95,107 cycles, after 
381,053 cycles, 630,042 cycles, 656,903 cycles, and 840,513 cycles) 
showed cracks after chewing simulation (Fig. 6), resulting in an over-
all success rate of 91.7%. Survival and success rates of occlusal veneer 
restorations are displayed in Table 1.

3.2. Single load to failure

The mean failure load values led to the following ranking: 3194 
N (LDS-0.5) > 2683 N (LDS-1.0) > 2338 N (LDS-1.5) > 1744 N (Z-1.5) > 
1310 N (Z-0.5) > 1198 N (Z-1.0) (Table 2). The factor material (LDS vs. Z) 
showed a significant main effect with respect to failure load [F(1,66) 
= 73.9, P < 0.001], whereas ceramic layer thickness (0.5 mm vs. 1.0 mm 
vs. 1.5 mm) did not [F(2,66) = 1.4, P = 0.247]. However, the interaction 
between the two factors (material and layer thickness) was statisti-
cally significant [F(2,66) = 6.2, P = 0.004].

Post-hoc t-tests for separate comparisons between ceramic 
materials (LDS vs. Z) for each level of ceramic layer thickness revealed 

Fig. 6. Light microscope images of 0.5 mm thick gradient multilayered zirconia occlusal veneers 
(group Z-0.5) showing cracks (small arrows) and wear facets (circle) after fatigue exposure. The 
bold arrow illustrates the sliding direction during fatigue exposure. A+B): Z-0.5-10 after 381,053 
cycles; C+D) Z-0.5-7 after 95,107 cycles.

Table 1. Success and survival rates after simulated fatigue exposure of 5 years

Group Intact and unharmed 
specimens after fatigue

Success rate Overall success rate Overall survival rate

LDS-1.5 12/12 100%

91.7% 100%

LDS-1.0 12/12 100%

LDS-0.5 12/12 100%

Z-1.5 12/12 100%

Z-1.0 12/12 100%

Z-0.5 6/12 (six cracks after 2x 
95,107 cycles, 381,053 cycles, 

630,042 cycles, 656,903 
cycles, and 840,513 cycles)

50%

LDS: lithium disilicate; Z: composition-gradient multilayered zirconia.
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significant differences on all layer thickness levels (1.5 mm, 1.0 mm, 
0.5 mm) in favor of LDS compared to Z (LDS-0.5/Z-0.5: t(22)= -5.7, P < 
0.001; LDS-1.0/Z-1.0: t(12.8) = -5.3, P < 0.001; LDS-1.5/Z-1.5: t(22)= -3.7, 
P = 0.001) (Fig. 7). Effects of layer thickness were further analyzed by 
separate one-way ANOVAs for each ceramic material group (LDS and 
Z), followed by Tukey’s post-hoc tests. In the LDS group, thickness 
may have an effect [F(2,33) = 3.1, P = 0.057], driven by a significant 
difference in favor of ultrathin (0.5 mm) veneers compared to their 
standard thick (1.5 mm) counterparts (P = 0.046), with no other 
significant differences according to Tukey post-hoc analysis. For Z, 
thickness also had a significant effect [F(2,33) = 7.1, P = 0.003], but this 
time, Tukey post-hoc tests revealed significant differences in favor of 
standard thick (1.5 mm) compared to both thin (1.0 mm) (P = 0.003) 
and ultrathin (0.5 mm) (P = 0.02) occlusal veneers (Fig. 8).

3.3. Failure analysis

Failure analysis after fatigue revealed six specimens of group 
Z-0.5 with radial cracks beginning from the intaglio cementation 
surface beneath the contact area. However, they did not propagate 
to the occlusal contact surface. After SLF, failure modes III (fracture 
within ceramic and tooth structure) and IV (serious/longitudinal 
tooth fracture involving the root) were identified as dominant failure 

modes (Fig. 9), with mode IV exclusively occurring in group LDS-0.5. 
In addition to mode III, specimens of group LDS-1.0 were susceptible 
to failure mode II (cohesive fracture within the ceramic, intact tooth). 
Only one specimen of group LDS-0.5 and one of group Z-0.5 frac-
tured in mode I (crack formation within the ceramic) (Table 3).

4. Discussion

The present in vitro study aimed to analyze the effect of ceramic 
material and ceramic layer thickness on fatigue performance and 
failure load of posterior occlusal veneer restorations. The tested 
research hypotheses were not rejected, as ceramic material and 
ceramic layer thickness had a statistically significant influence on 
failure loads. All tested specimens withstood failure loads above 
physiological chewing forces that clinically range between 289-700 
N in the posterior dentition and, thus, revealed higher loading forces 
than generally required[35]. Nevertheless, half of the specimens of 
group Z-0.5 did not withstand fatigue exposure unscathed.

Failure analysis identified all occurring cracks as radial cracks 
developing at the internal cementation surface beneath the contact 
point without reaching the occlusal surface. The limited bonding 
quality of zirconia compared to LDS may be of major relevance in the 

Table 2. Failure load results for all tested groups

Group name Min 1st Qu Median Mean 3rd Qu Max SD

LDS-1.5 1785 2068 2245 2338 2607 3500 424

LDS-1.0 1030 2091 2745 2683 3274 4510 931

LDS-0.5 1157 2532 3040 3194 3855 5090 1041

Z-1.5 1450 1521 1617 1744 1967 2669 351

Z-1.0 985 1026 1100 1198 1370 1930 271

Z-0.5 984 1010 1099 1310 1610 2530 472
N: Newton; Min: minimum; 1st Qu: 25th percentile; Median: 50th percentile; 3rd Qu: 75th percentile; Max: maximum; SD: standard deviation, 

LDS: lithium disilicate; Z: composition-gradient multilayered zirconia.

Fig. 7. Boxplot of failure loads (Fmax in N) shows statistically significant differences between LDS 
and composition-graded multilayered zirconia occlusal veneers in different layer thicknesses. Sta-
tistically significant results (P < 0.05) are marked with an asterisk before the P value. LDS: lithium 
disilicate; Z: composition-gradient multilayered zirconia.
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condition of an ultrathin occlusal veneer compared to a single crown 
due to the smaller bonding area and the non-retentive preparation 
design. The critical load for tensile stress-activated flexural radial 
cracking is predominantly determined by the thickness and flexural 
strength of the ceramic material[36]. Consequently, radial cracks pose 
a risk to thin layers with abraded internal surfaces and are reported to 
be one of the major causes for bulk fractures[37,38]. Air-particle abra-
sion was used to modify the intaglio zirconia surface, which is suffi-
cient to cause mechanical retention and decontaminate the bonding 
surface, since it is well known that the conventional etching-silane 
approach is ineffective for zirconia[21,22]. However, an adjustment 
of sandblasting parameters is important to avoid excessive micro-
cracks, which may weaken the ceramic material[17]. Therefore, air-
particle abrasion with alumina or silica-coated alumina particles (50 
μm to 60 μm) at a low pressure (below 2 bar) is recommended[22]. In 
contrast to zirconia, bonding to LDS ceramics involves HF acid etch-

Fig. 9. Light microscope images showing failure modes after single load to failure testing. Ce-
ramic fractures with involvement of the dentin-analogue dies were identified as the dominant 
failure modes. A) Failure mode III: Fracture within ceramic and tooth structure. B) Failure mode 
IV: Serious/longitudinal tooth fracture involving the root. The bold arrow illustrates the sliding 
direction during fatigue exposure.

Table 3. Distribution of failure modes by group (in %). Failure modes were 
categorized as follows: (I) crack formation within the ceramic, (II) cohesive 
fracture within the ceramic, intact tooth, (III) fracture within ceramic and 
tooth structure, (IV) serious/longitudinal tooth fracture involving the root.

Failure mode (%)

Group name I II III IV

LDS-1.5 100

LDS-1.0 16.7 83.3

LDS-0.5 8.3 58.3 33.3

Z-1.5 100

Z-1.0 100

Z-0.5 8.3 91.6
LDS: lithium disilicate; Z: composition-gradient multilayered zirconia.

Fig. 8. Boxplot of failure loads (Fmax in N) shows statistically significant differences between dif-
ferent thicknesses within the test groups (LDS and Z). Statistically significant results (P < 0.05) 
are marked with an asterisk before the P value. LDS: lithium disilicate; Z: composition-gradient 
multilayered zirconia.
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ing and the application of silane coupling agents. HF etching (typi-
cally 5% concentration for 20-30 seconds) selectively dissolves the 
glassy matrix of LDS, creating microporosities and surface grooves 
that enhance micromechanical retention[39,40]. This is followed by 
silane application, which chemically bonds the silica-rich surface, 
forming covalent linkages that facilitate strong adhesion to the resin 
cement[41]. LDS may derive benefit from this chemical-mechanical 
approach, which reduces the risk of radial crack propagation in thin 
restorations by ensuring more uniform stress distribution[42,43].

Similar to fatigue performance, SLF testing further demonstrated 
a superior performance of LDS across all layer thicknesses (0.5 mm, 
1.0 mm, and 1.5 mm). A previous study[13] that used dentin-like com-
posite resin as supporting structure reported a higher load-bearing 
capacity of LDS (872 N), surpassing 5Y-PSZ (715 N) and even compa-
rable to 4Y-PSZ (864 N). Although ultra-translucent zirconia exhibits 
significantly lower fracture resistance than traditional conventional 
dental zirconia, both materials share the same elastic modulus (200 
to 210 GPa), which is considerably higher than that of LDS (95 to 105 
GPa) and dental hard tissues (enamel: ~70 GPa, dentin: ~18 GPa). It is 
well known that discrepancies in elastic moduli between ceramics 
and their supporting structures influence the material’s load-bearing 
capacity[13,23]. This effect may have enhanced the performance of 
LDS occlusal veneers, as the elastic moduli mismatch is smaller be-
tween LDS and dentin relative to zirconia and dentin.

5Y-PSZ still has a low alumina content, around 50-80% of cubic 
grains, and a remaining part of tetragonal crystals[44]. Compared to 
Y-TZP, 5Y-PSZ provides an increase in translucency of almost 30% but 
also a significant drop in flexural strength of 50% with values ranging 
between 600 to 800 MPa[44–47]. A previous study that compared 
different layers of multilayered zirconia (IPS e.max ZirCAD MT) 
reported that the cervical zone (4Y-PSZ) had a significantly better 
fracture toughness compared to the incisal zone (5Y-PSZ). Another 
study found that the failure load of 5Y-PSZ crowns differed signifi-
cantly from 4Y-PSZ and 3Y-TZP, with a wide range of fracture forces 
between 1211 N (5Y, (thermocycling and mechanical loading (TCML)) 
and 3952 N (4Y-Multilayer, TCML)[17]. The authors suggested that 5Y-
PSZ should be sharply distinguished from other Y-TZP materials and 
is more comparable to LDS than to “conventional” 3Y-TZP[17]. Com-
pared to single crowns, occlusal veneers have a reduced bonding 
surface and retention, which may have adversely affected the fatigue 
and failure load outcomes of the multilayered zirconia specimens. A 
recently published study investigating the fracture resistance of oc-
clusal veneers made of multilayered zirconia (ZirCAD Prime, 3Y-TZP 
and 5Y PSZ) confirmed the present findings, with failures (one speci-
men) and partial failures (7.8% of all specimens) occurring exclusively 
in veneers within the 5-YTZP layer[24].

In another study, the ceramic material showed no statistically 
significant effect on the failure loads, which ranged from 2182.53 
± 643.77 to 2505.91 ± 723.01 N for LDS (IPS e.max CAD) and from 
1859.88 ± 422.75 to 2285.18 ± 491.06 N for 5Y-PSZ zirconia (Katana 
UTML, Kuraray Noritake Dental Inc., Japan)[48]. The fatigue protocol 
differed from the present one, since 120,000 cycles via a 5.4 mm steel 
piston at a descending speed of 40 mm/s and 1.6 Hz with a previ-
ously performed thermocycling (500 cycles, 5-55°C) were applied, 
making a comparison of both studies difficult[48]. Other in vitro 
studies also reported higher failure loads of 1635 ± 410 N for super 
high translucent zirconia (Ceramill Zolid FX)[49] and 2382 ± 228 N 
for high translucent zirconia (Vita YZ HT)[50] occlusal veneers of 0.5 
mm thickness. Regarding failure loads of LDS, similar failure loads to 

the present results have been reported for IPS e.max CAD ultrathin 
occlusal veneers at 0.3 mm (3591 ± 776 N) and 0.6 mm (2770 ± 598 
N) thickness. However, in that study, restorations were bonded to 
human molars and subjected to mechanical loading with a higher 
load and higher number of cycles (10 million cycles and 200 N)[9]. 
Other studies that applied the same thermomechanical fatigue pro-
tocol reported lower failure load values of 1178 ± 588 N (0.5 mm) and 
1530 ± 440 N (1 mm)[51] as well as 1191 ± 382 N (0.5 mm) and 1851 ± 
631 N (1 mm)[50] for occlusal LDS (IPS e.max Press) veneers. Due to 
differences in preparation design, cementation materials, substrate 
material, study set-ups, as well as fatigue protocols, direct compari-
sons to previously published in vitro studies are difficult, since these 
variables can influence failure load values[9].

The high failure load values observed in 0.5 mm LDS veneers can 
be understood by considering the complex interplay between mate-
rial properties, veneer thickness, and the biomechanics of the tooth-
restoration complex. Firstly, thinner veneers preserve a greater vol-
ume of the natural tooth structure, resulting in an enhanced fracture 
resistance of the tooth restoration complex and a more favorable 
stress distribution within the tooth structure, compared to exten-
sive preparations that result in greater tooth substance loss[52,53]. 
Secondly, thinner LDS veneers have been shown to exhibit greater 
flexural deformation under occlusal loading, thereby augmenting 
compressive stresses at the contact surface. At the same time, thin 
veneers transmit the load to the composite substrate, which, in 
turn, subjects the cementation surface of the veneer to compressive 
stresses. These compressive stress fields simultaneously suppress 
the initiation and propagation of cracks from both the contact and 
flexural surfaces, which is critical for improving the failure load of 
the restoration[54]. Additionally, the interaction between the LDS 
veneer and the underlying tooth, in this case, a dentin-analog com-
posite substrate, plays a critical role. LDS has a lower elastic modulus 
mismatch with natural tooth and composite structures compared to 
materials like multilayered zirconia. This better elastic compatibility 
with dentin and enamel or composites reduces stress concentrations 
at the interface and minimizes the risk of flexural fracture[13].

Limitations of the present study are related to the inherent 
nature of an in vitro study set-up, which cannot fully replicate the 
complexity of real clinical conditions. The results may have been 
influenced by the structural elastic response of the material and the 
specific characteristics of the experimental environment. Typodont 
teeth and a composite resin were used in place of extracted human 
molars to ensure standardization; however, they do not perfectly 
mimic the properties of natural teeth. Pumice powder was used 
instead of phosphoric acid to clean the surface of the resin. These 
choices reflect a standardized in vitro environment rather than adhe-
sive challenges in clinical practice.

Further preclinical studies are necessary to systematically in-
vestigate the failure mechanisms of gradient multilayered zirconia 
materials with reduced layer thicknesses under highly standardized 
conditions. Additionally, clinical studies are needed to assess the 
performance of partial coverage restorations with minimally inva-
sive thicknesses and determine the practical implications of their 
findings. In clinical conditions, the fracture resistance of thin veneers 
supported by natural enamel and dentin may be even higher than 
observed in this in vitro study, due to the smaller elastic modulus 
mismatch between materials. A detailed fracture analysis of speci-
mens that experienced cracks after fatigue and of specimens after 
SLF exposure needs to be conducted to explain the results of this in 
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vitro study in greater detail.

5. Conclusions

The ceramic material (lithium disilicate vs. gradient multilayered 
zirconia) and the ceramic layer thickness significantly affected the 
failure load of occlusal veneer restorations. Occlusal veneers com-
posed of lithium disilicate withstood significantly higher failure loads 
than gradient multilayered zirconia veneers in all tested thicknesses 
(0.5 mm, 1.0 mm, 1.5 mm). Ultrathin (0.5 mm) LDS occlusal veneers 
significantly outperformed their standard-thick (1.5 mm) counter-
parts. Gradient multilayered zirconia veneers in 1.5 mm thickness 
performed significantly better than their thinner (1.0 mm and 0.5 
mm) counterparts.
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Abstract

This in vitro study aimed to evaluate the fatigue behavior of occlusal veneers (OVs) made of
lithium disilicate and composition-gradient multilayered zirconia at different thicknesses,
incorporating both experimental and theoretical analyses to predict long-term performance.
Seventy-two OVs with ceramic layer thicknesses of 0.5 mm, 1.0 mm, and 1.5 mm were
fabricated and adhesively bonded to dentin analog composite abutments. All specimens
underwent thermomechanical fatigue testing, involving cyclic loading (49 N, 1.6 Hz, 1.2 mil-
lion cycles) and thermocycling (5–55 ◦C), simulating five years of clinical function. Fracture
patterns were analyzed using light microscopy and scanning electron microscopy. A fatigue
lifetime model based on plate-on-foundation theory and slow crack growth was applied to
estimate cycles to radial failure. No complete fractures or debonding occurred. However,
50% of 0.5 mm zirconia OVs developed flexural radial cracks from the intaglio surface,
while all lithium disilicate and zirconia veneers ≥1.0 mm remained intact. Theoretical
predictions closely matched the experimental outcomes, indicating that 0.5 mm zirconia
performance aligned with the lower-bound fatigue estimates for 5Y-PSZ. Results suggest
that lithium disilicate offers superior fatigue resistance at minimal thickness, while thin
zirconia is prone to subsurface cracking. A minimum thickness of 0.7 mm is recommended
for zirconia-based OVs.

Keywords: occlusal veneer; ceramic thickness; fatigue fracture; fracture mechanics; zirconia;
lithium disilicate

1. Introduction

In recent years, occlusal veneers (OVs) have emerged as a minimally invasive alterna-
tive to traditional onlays, characterized by a non-retentive preparation design and reduced
layer thickness [1]. Digital workflows, including intraoral scanning, virtual mock-ups
and chairside milling enable the fabrication of ultrathin restorations that deliver excellent
marginal adaptation and structural accuracy while conserving tooth tissue [2]. Previous
in vitro studies have shown that OVs with a thickness of 0.7 mm or less can be successfully
used to restore the occlusal vertical dimension in patients with severe tooth wear [3]. Due to
its favorable esthetic and mechanical properties (adequate flexural strength (400–600 MPa),
an elastic modulus similar to enamel, wear-friendly behavior and reliable bondability),
lithium disilicate glass ceramic is widely used in the fabrication of OVs [4–6]. IPS e.max
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CAD (Ivoclar Vivadent, Schaan, Liechtenstein) consists of a glassy matrix mainly composed
of SiO2, Li2O, P2O5, ZrO2, ZnO, K2O and Al2O3 with lithium disilicate (Li2Si2O5) as the
predominant crystalline phase [7,8]. A recently published systematic review found that
CAD/CAM fabricated composite OVs exhibit fatigue and fracture resistance comparable
of lithium disilicate veneers, offering a less brittle, dentin-like alternative [9]. However,
the only available clinical study reported 3-year survival rates of 100% for OVs fabricated
from lithium disilicate (IPS e.max CAD, Ivoclar Vivadent) compared to 84.7% for those
made of resin–matrix ceramics (Lava Ultimate, 3M Espe) [10]. These findings emphasize
the importance of selecting an appropriate restorative material.

Dental zirconia ceramics have evolved from a largely uniform material with a single
composition and homogeneous microstructure into more advanced, often graded structures,
characterized by variations in yttria and alumina content, as well as differences in grain
type and size [11]. After mechanical and esthetic modifications of the first- and second-
generation of zirconia (3Y-TZP (3 mol% yttria stabilized zirconia polycrystals) with or
without 0.25 wt.% alumina sintering additives, respectively), highly translucent third-
generation zirconia 4Y-PSZ and 5Y-PSZ (4 mol% and 5 mol% yttria partially stabilized
zirconia, respectively) gained significant interest for the fabrication of OVs [12]. With
increasing yttria content, the proportion of cubic grains increased (~10–20% in 3Y-TZP,
~40% in 4Y-PSZ and ~50% in 5Y-PSZ) [13]. This resulted in enhanced translucency, but
at the expense of flexural strength, which decreased from 1000–1400 MPa in 3Y-TZP to
700–1000 MPa in 4Y-PSZ and 400–800 MPa in 5Y-PSZ [14].

In 2015, multilayered fourth-generation zirconia systems were firstly introduced to
mimic the shade gradient of natural teeth through pigmentation; hence, they provide a
color gradient but a uniform composition with no difference in flexural strength between
the enamel and dentin layers [15,16]. More recently, fifth-generation zirconia has been
developed by integrating different zirconia compositions within a single blank to combine
high flexural strength in the dentin region with increased translucency in the incisal or oc-
clusal areas [14]. Previous studies have shown that different layers of these fifth-generation
multilayered zirconia possess distinct compositions, thereby affecting their mechanical and
optical properties and, consequently, the fracture resistance of the final restoration [17,18].
Critical flaws introduced during machining or post-processing handling are located in
different areas of the blank depending on the fabrication method, while the type of zirconia
(3Y, 4Y or 5Y) at the fracture origin also plays a decisive role in fracture resistance [14].
Consequently, true gradient multilayered zirconia materials introduce new challenges to
researchers, dental technicians and clinicians. Moreover, predicting clinical outcomes in
terms of fracture resistance is particularly complex, as intraoral conditions expose restora-
tions to liquid media, temperature fluctuations that cause repeated thermal expansion
and contraction, and cyclic multi-axial loading that generate complex stress fields [19,20].
Manufacturers’ recommendations provide important guidance; however, they are largely
based on extensive laboratory testing with only limited clinical evidence available at the
time of product introduction. Therefore, restoration design and positioning within the
blank must adhere to the manufacturer’s recommendations, while also being guided by
a fundamental understanding of the selected zirconia material [21]. Clinicians should be
aware that any modifications beyond these guidelines fall outside the validated indications.

Fractographic analysis, which investigates fracture surfaces to determine crack origin,
direction and failure mode, is increasingly used in dentistry and medicine to access struc-
tural integrity, detect material defects and study fatigue behavior [22]. When combined
with textural analysis, it can provide additional insights into surface microstructure and
wear patterns. These methods can also complement or, in some cases, serve as alternatives
to some forms of imaging, including 3D imaging using Cone Beam Computed Tomogra-



Materials 2025, 18, 4287 3 of 14

phy (CBCT), intraoral scanning and traditional 2D X-rays, especially when 3D imaging is
unavailable, impractical, or as an adjunct for surface-level assessment in post-implantation
follow-up [23]. The physical mechanisms of fatigue in ceramic restorative materials, espe-
cially in restorations cemented to tooth structures under cyclic masticatory loading, have
not yet been thoroughly investigated [24]. In particular, evidence on the fatigue behavior
of fifth-generation, composition-gradient multilayered OVs is scarce and warrants further
research [25]. Therefore, this study aimed to evaluate the thermomechanical fatigue behav-
ior and fracture mechanisms of OVs fabricated from gradient multilayered zirconia and
lithium disilicate, bonded to and supported by a dentin analog substrate.

2. Materials and Methods

2.1. Specimen Preparation

Seventy-two OV specimens were fabricated from two ceramic materials: IPS e.max
CAD LT A2, Ivoclar Vivadent) and composition-gradient multilayered zirconia (Z, IPS
e.max ZirCAD Prime Esthetic A2, Ivoclar Vivadent), each in three different thicknesses
(0.5 mm, 1.0 mm, 1.5 mm). A maxillary molar typodont model (Frasaco-model, Frasaco,
Tettnang, Germany) was used to create standardized, non-retentive master dies, which
were replicated using a resin composite (Filtek Z100, 3M ESPE, Neuss, Germany) to simu-
late dentin analog abutments, with an elastic modulus similar to dentin (~18 GPa). This
material is a visible-light activated, radiopaque composite with a BIS-GMA/TEGDMA
resin matrix. The filler consists of zirconia/silica with an inorganic filler loading of 66 vol%
and particle size range of 0.01–3.5 μm [26]. OVs were designed digitally (Exocad Dental
CAD, Exocad, Darmstadt, Germany) and milled (PrograMill PM7, Ivoclar Vivadent) from
lithium disilicate blocks or zirconia blanks, with zirconia specimens positioned within
the transition layer of the multilayered blank (Figure 1). This alignment should reflect
clinical CAD/CAM positioning, where the occlusal surface is located in the more translu-
cent 5Y-PSZ for esthetics, while the adjacent 4Y-PSZ layer contributes to higher fracture
resistance. IPS e.max CAD blocks were milled (PrograMill PM7 v98.130, Ivoclar Vivadent)
in the pre-crystallized (blue) stage, with a milling time of 38 min. The restorations were sub-
sequently subjected to crystallization firing (Programat EP 3010, P161, Ivoclar Vivadent) to
achieve their final mechanical properties and esthetics. Similarly, IPS e.max ZirCAD Prime
Esthetic was processed in the pre-sintered state, allowing efficient machining (milling time:
11 min), followed by high-temperature sintering (Programat S2, P3, Ivoclar Vivadent) to
obtain its final strength and translucency. Surface treatments were applied according to the
manufacturer’s instructions [7,27]. For adhesive cementation, a dual-curing resin cement
composite (Variolink Esthetic DC, Ivoclar Vivadent) was used, consisting of a urethane
dimethacrylate-based monomer matrix with ytterbium trifluoride and spheroidal mixed
oxide fillers. The filler loading is ~38 vol%, with particle sizes ranging from 0.04–0.2 μm
(mean 0.1 μm) [28]. To simulate five years of clinical use [29–31], all specimens underwent
thermomechanical fatigue testing, involving cyclic loading (49 N, 1.6 Hz, 1.2 million cycles)
and thermocycling (5–55 ◦C, 120 s dwell time) in a chewing simulator (CS 4.8 profes-
sional line, SD Mechatronik, Germany), with periodic inspection for any signs of failure.
Additional details of the methodology can be found elsewhere [32].
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Figure 1. Occlusal veneer (thickness d = 0.5 mm, 1 mm, and 1.5 mm) positioned within the transition
layer of the gradient multilayer zirconia blank, with a 3.3 mm distance from the upper border of the
blank to the top surface of the veneer.

2.2. Fractographic Analysis

For failure analysis, a polarized light microscope (AxioZoom V.16, Zeiss, Oberkochen,
Germany) was used to determine fracture origin and failure modes. Additionally, the
fracture surfaces of the specimens were examined using an environmental scanning electron
microscope (Quanta 600 ESEM, Thermo Fisher Scientific, Waltham, MA, USA). To assess
surface involvement, a backscattered electron (BSE) detector was employed. BSE imaging
provides material (atomic number, Z) contrast, where heavier elements appear brighter.
In this mode, cracks appear as very dark, sharp lines due to the high contrast between
the material and vacuum, with the latter appearing nearly black. The smooth, even
coloring of the abraded area suggests a uniform material composition and indicates no
detectable damage.

2.3. Theoretical Analysis

When a ceramic OV is adhesively bonded to and supported by a compliant dentin
abutment analog, two types of fractures may occur due to masticatory contact with the
opposing dentition: near-field occlusal surface partial cone cracks induced by frictional
sliding contact and far-field cementation surface flexural radial cracks induced by ceramic
flexure [33] (Figure 2). The initial occlusal surface partial cone crack sizes are typically in
the micrometer range, due to a steep decline in stress concentration beneath the Hertzian
contact area [33]. Their propagation is driven by both chemical moist-assisted slow crack
growth and mechanical hydraulic pumping fatigue [33]. Therefore, in tough zirconia and
glass-ceramic materials, the propagation rate of partial cone cracks is relatively slow, and
these cracks are mainly responsible for cusp chip fractures in ceramic restorations [33]. The
flexural radial cracks, however, appear as pop-ins on the millimeter scale, thus immediately
posing a serious threat of catastrophic failure, especially in thin restorations such as OVs.
Here, we focus on the onset of cementation flexural radial fractures in lithium disilicate
and zirconia OVs adhesively bonded to a dentin analog substrate under the influence of
cyclic fatigue loading, as supported by our current experimental fractographic studies.
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Figure 2. Schematic drawing of load application on occlusal veneer, based on the geometry of a
standardized first maxillary molar typodont model. Average thickness d: 0.5 mm, 1 mm, or 1.5 mm;
P: Partial cone cracks; R: Radial cracks.

In axial loading on the inner incline of a molar cusp, the applied load F can be
decomposed into a normal load Fn and a tangential load Ft (Figure 2). Here, only the
normal load component Fn = F cos θ contributes to the flexural radial fracture at the
cementation surface.

Fn = F cos θ (1)

where F = 49 N and θ = 15◦ for the current OV designs under the given loading configuration
(Figure 2). This yields Fn = 47.3 N.

The critical load (FnR) required to initiate a radial fracture from the ceramic intaglio
surface was determined using the plate-on-foundation theory, where the ceramic OV acts
as a plate supported by a cement/dentin analog foundation. The mathematical model
consists of three equations [34,35]:

FnR =
Bσd2

log
(

CE
E∗

) (2)

where E is the elastic modulus of the ceramic, zirconia (=210 GPa) and lithium disilicate
(=95 GPa) [36]; d is the thickness of the ceramic; and σ is the flexural strength of the ceramic.
For lithium disilicate, σ = 462 ± 34 MPa (measured in the authors’ lab using a total of
10 samples) [37]. For zirconia, since the OV is fabricated in the graded zone and positioned
close to the 5Y-PSZ layer, the substantial 5Y-PSZ content would render its flexural strength
similar to that of 5Y-PSZ: σ = 411 ± 107 (measured in the authors’ lab using a total of
10 samples). C (≈ 1) and B (=1.35) are the dimensionless constants [38]; E* represents the
effective modulus of the adhesive cement/dentin analog (Z100) layer, derived from contact
mechanics principles [34,39,40]:

E∗ = Ec

(
Es

Ec

)L
(3)

where Es and Ec are the moduli of cement (7.9 GPa, as reported in a scientific document
from Ivoclar) and dentin-like substrate (18.6 GPa) [41], respectively. L is a dimensionless
function determined experimentally and defined by Equation (4) [34]:

L = exp
{
−
[

α + βlog
(

h
d

)]γ}
(4)
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where α = 1.18, β = 0.33, γ = 3.13 [34]; and h denotes the cement thickness, measured in
cross-sectioned specimens (~40 μm).

However, under fatigue loading, the starting flaw is subject to moisture-assisted slow
crack growth prior to instability. This phenomenon is exacerbated by the applied stress
intensity and can be described by:

σF/σ0 = (t0/tF)
1/N (5)

where σ0 and t0 are reference parameters related to short-term tests, i.e., the intrinsic
flexural strength measured by fast fracture. The time to fracture tF is given by tF = n/f,
where n is the number of cycles to failure and f is the loading frequency (1.6 Hz). N is the
velocity exponent of slow crack growth. For a ceramic layer bonded to and supported by a
compliant substrate, such values for yttria-stabilized zirconia and lithium disilicate have
been previously determined as: N = 25 ± 2 and N = 20 ± 3, respectively [42].

3. Results

3.1. Fatigue Exposure

All restorations exhibited wear scars after fatigue testing, located in the area between
the mesio- and distopalatal cusps due to the lateral sliding movements of the steatite ball
during cyclic mechanical loading (Figure 3). After fatigue exposure, no debonding or
catastrophic ceramic fractures occurred. However, half of the specimens (6/12) of group
Z-0.5 (after 95,107 cycles, 95,296 cycles, 381,053 cycles, 630,042 cycles, 656,903 cycles and
840,513 cycles) developed cracks after chewing simulation (Figure 4). All specimens of
lithium disilicate and thicker groups of zirconia (Z-1.0, Z-1.5) remained intact (Figure 5).
Failure analysis identified cracks of group Z-0.5 as flexural radial cracks starting from the
intaglio cementation surface beneath the contact point. However, despite the fact that
these radial cracks are over a millimeter long (which is large relative to the thickness of the
veneers), they did not propagate to the occlusal contact surface (Figure 6). Parts of these
results have been published elsewhere [32].

 

Figure 3. Occlusal veneer restorations following fatigue loading exhibit superficial wear facets
(circled) resulting from contact with the antagonist. The bold arrow indicates the direction of sliding
during fatigue. (A,B) Lithium disilicate, 0.5 mm thickness; (C,D) Zirconia, 0.5 mm thickness.
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Figure 4. (A–F). 0.5 mm-thick zirconia restorations (group Z-0.5) after chewing simulation. Six out of
12 specimens exhibited cracks (indicated by small arrows) and wear facets (circled). The bold arrow
indicates the direction of sliding during fatigue loading.

Figure 5. Representative specimens after chewing simulation (A) Lithium disilicate, 1.0 mm thickness,
(B) Lithium disilicate, 1.5 mm thickness, (C) Zirconia, 1.0 mm thickness, (D) Zirconia, 1.5 mm
thickness. All specimens exhibited wear facets but showed no cracks or fracture features. The bold
arrow indicates the direction of sliding during fatigue loading.
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Figure 6. Representative SEM pictures in backscattered electron mode showing samples from group Z-
0.5 with wear facets and radial cracks at intaglio surface, indicating the absence of cracks on the outer
surface. (A) Zirconia, 0.5 mm thickness, specimen 9; (B) Zirconia, 0.5 mm thickness, specimen 11.

3.2. Calculations

Under cyclic fatigue loading (F = 49 N) and utilizing the equations, material properties,
and geometrical and dimensionless parameters described in Section 2.3, Figure 7 plots the
number of cycles to fracture for the two ceramic OVs of varying thickness. The shaded
gray area indicates the predicted lifetime of the zirconia OVs. The dashed line on the left
represents the lower bound of the 90% confidence interval, corresponding to a slow crack
growth velocity exponent of Nlower = 23, whereas the solid line on the right represents
the mean lifetime for Nmean = 25. Similarly, the red shaded area indicates the predicted
lifetime for lithium disilicate OVs, with the lower 90% confidence bound (dashed line) and
mean (solid line) corresponding to Nlower = 17 and Nmean = 20, respectively. Open circles
represent the experimentally determined number of cycles to radial fracture for the 0.5 mm
zirconia OVs. As shown, the experimental data for the six fractured zirconia OVs are all
scattered around the predicted lower bound for this material, providing strong support for
the accuracy of our theoretical prediction.

Figure 7. Theoretical prediction of the critical load for radial fracture as a function of the number of
cycles for ceramic veneers of varying thicknesses bonded to and supported by a dentin analog composite.
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The shaded gray (5Y-PSZ) and red (lithium disilicate) areas represent the predicted lifetime (in
number of cycles), bounded by the lower 10% (dashed lines) and mean (solid lines) N values for
zirconia (Nlower = 23; Nmean = 25) and lithium disilicate (Nlower =17; Nmean = 20). Experimental data
for the six fractured 0.5 mm zirconia OVs (Z-0.5) and their respective number of cycles to fracture
are indicated by open circles. Also shown are the estimated years in service, represented by vertical
solid lines, based on an assumption of 1.2 million cycles corresponding to approximately five years
(5Yrs) [30,31]. Notably, the factor that these six fractured experimental data points are situated around
the lower bound of the 5Y-PSZ lifetime prediction provides some validation of our theoretical model.

Based on mechanical properties, 0.5 mm thick lithium disilicate OVs may survive
up to 1010 cycles—far exceeding any human lifespan. In comparison, OVs made of 5Y-
PSZ developed radial cracks even before 106 cycles in a 5-year simulation. While 0.4 mm
lithium disilicate veneers were estimated to last 10 years, their zirconia counterparts were
predicted to fail before reaching 104 cycles—well below the 5-year benchmark. However,
with increased thickness (>0.7 mm), zirconia veneers may achieve longevity comparable to
or even exceeding, that of lithium disilicate.

4. Discussion

Experimental results showed that only the thinnest zirconia group (Z-0.5) developed
radial cracks under fatigue, while all lithium disilicate and thicker zirconia specimens
remained intact. Computational analysis supported these findings, predicting early failure
for 0.5 mm zirconia veneers but long-term durability for lithium disilicate and thicker
zirconia restorations. An increasing layer thickness improves fracture resistance through
two key mechanisms. First, it reduces flexure and membrane stresses under occlusal loads,
following a squared relationship with thickness. Second, it lengthens the crack propagation
path, particularly significant for radial cracks at the intaglio surface. This effect is especially
relevant for 5Y-PSZ OVs, which are more susceptible to radial cracks at reduced thicknesses
and may experience significant durability improvements with increased layer thickness.
Compared to zirconia, lithium disilicate is more susceptible to long-term weakening due its
higher slow crack growth rate, making it more prone to degradation [43]. Slow crack growth
occurs when water molecules or other corrosive agents weaken the strained ionic/covalent
bonds at the crack tip, leading to a bond breakage that holds the crack walls together [44].
However, slow crack growth is a gradual process that unfolds over time, often taking years
before resulting in fracture [33]. A previous scoping review recommended an occlusal
veneer thickness of 0.7 and 1.0 mm for various ceramic materials [3]. The present findings
support this recommendation, emphasizing that the ceramic layer thickness depends on
material selection and should not be reduced below 0.7 mm when using 5Y-PSZ or the
transition layer of multilayered zirconia (between 4Y-PSZ and 5Y-PSZ) for OV fabrication.

To date, no studies have investigated OVs fabricated from the transition layer of gra-
dient multilayered zirconia composed of 4Y- and 5Y-PSZ. In a recently published in vitro
study, ultrathin OVs (0.3 mm in the fissures/0.6 mm at the cusps) fabricated from different
layers of IPS e.max ZirCAD Prime (3Y, 5Y and transition layer, Ivoclar Vivadent) and IPS
e.max ZirCAD MT (4Y-PSZ, Ivoclar Vivadent) were subjected to thermocycling (7500 cycles,
5–55 ◦C) and chewing simulation (1,200,000 cycles, 98N). OVs made of 3Y-TZP, 4Y-PSZ and
the transition layer (between 3Y-TZP and 5Y-PSZ) showed favourable fracture resistance.
One veneer made of 5Y-PSZ exhibited a chipping and was assessed as failure. Additionally,
7.8% of 5Y-PSZ veneers were rated as partial failures [12]. In the present study half of the
ultrathin zirconia veneer specimens (6 out of 12, 0.5 mm) developed flexural radial cracks
(>1 mm in size) after chewing simulation, indicating that positioning veneers within the
transition layer between 4Y- and 5Y-PSZ does not enhance fracture resistance. Experimen-
tally determining strength gradients in the transition zone presents a technical challenge,
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making the exact mechanical properties of this region difficult to ascertain. Since the veneer
restorations were placed near the boundary of the 5Y-layer, the mechanical properties of
5Y-PSZ were used for the calculations in the present study.

A thorough understanding of failure mechanisms is crucial for optimizing the clin-
ical application of gradient multilayered zirconia in conservative restorative dentistry.
Compared to monolithic zirconia, multilayered zirconia exhibits more complex failure
mechanisms and appears to be more prone to radial cracks. This increased susceptibility
may be attributed to differences in material composition and mechanical properties across
layers, interlayering interfaces and flaw propagation across different layers [14]. Residual
stress can develop within the ceramic material during fabrication, leading to interlayer
variations that create potential stress concentration zones [45]. Additionally, layer interfaces
may act as sites for crack deflection or delamination, contributing to unpredictable failure
patterns. Clinically, radial cracks are more dangerous as they remain beneath the surface
and close upon unloaded, making them difficult to detect through visual inspection [46].
Beyond their mechanical implications, subsurface cracks may also serve as potential sites
of “contamination” in the oral environment. Fluid penetration, bacterial colonization or the
ingress of dietary acids through such cracks could compromise the adhesive interface or
accelerate degradation of both ceramic and luting cement. Since the radial cracks observed
in this study were confined to the intaglio surface, they do not provide an immediate com-
munication pathway to the oral cavity. However, once initiated, such subsurface cracks may
propagate toward the outer surface, weaken the adhesive bond or potentially contribute
to secondary caries [47]. While no data currently confirm this contamination pathway
in occlusal veneers, previous studies have shown that cracks in natural teeth can harbor
extensive bacterial colonization [48,49], indicating a clinically relevant risk that warrants
further investigation. Maintaining an adequate thickness (>0.7 mm) seems to be essential
for the longevity of gradient multilayered zirconia OV restorations, especially given their
high elastic modulus but relatively low flexural strength. This requirement is even more
critical than in 3Y-TZP and 4Y-PSZ zirconia (higher strength) and lithium disilicate (lower
modulus) [3,12]. To minimize the risk of radial crack propagation, it is important to pre-
serve this minimum thickness during preparation and to avoid unintentional reductions
during final adjustments of the OV.

Discrepancies in elastic modulus between ceramics and their supporting structures can
significantly affect the material’s load-bearing capacity [36]. A previous study showed that
the load-bearing capacity of lithium disilicate (872 N) is superior to that of 5Y-PSZ (715 N)
and even comparable to 4Y-PSZ (864 N), when supported by a dentin-like resin composite.
While ultra-translucent 5Y-PSZ zirconia has significantly lower fracture resistance compared
to 4Y-PSZ, both zirconia materials possess a similar elastic modulus (~210 GPa), which
is considerably higher than that of lithium disilicate (~95 GPa) and dental hard tissues
(enamel: ~70 GPa, dentin: ~18 GPa) [36]. Comparable analyses have been applied to other
dental materials exposed to repetitive occlusal loading, such as 3D-printed resins used for
splints and orthodontic devices. In these materials, fractal dimension and texture analysis
revealed that rigid resins maintain surface integrity under compression, whereas flexible
resins exhibited pronounced structural degradation and crack formation. Although their
elastic moduli (~0.7–2.7 GPa) and fracture patterns differ markedly from ceramics, both
materials classes exhibit occlusal force-induced microstructural changes, highlighting the
value of fractal and textural analyses in fatigue assessment [50].

Several limitations of this study arise from its in vitro design. While in vitro testing
is essential for assessing biomechanics, it cannot fully replicate the clinical complexity,
including variable loading directions, chemical challenges and biofilm activity. To maintain
consistency, typodont teeth and resin composite were used as substrates, which minimized
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biological variability (e.g., age, morphology, pre-existing defects and previous clinical
history) and allowed standardized specimen preparation. Nonetheless, these substitutes do
not entirely replicate the mechanical and structural properties of natural teeth. Furthermore,
the theoretical analysis is restricted by the material constants embedded in the equations
(e.g., elastic modulus, strength parameters), which are assumed to be homogeneous and
isotropic. It was also assumed that the ceramic/resin cementcomposite interfaces are
sufficiently strong, so that at the point of ceramic fracture, the entire system remains
bonded together. Such implicit assumptions may not fully reflect the variability of the
clinical conditions. Since previous investigations [12] on occlusal veneers reported fatigue
cracks occurring exclusively in the 5Y-PSZ region, the veneers were positioned in the
4Y/5Y transition zone to explore whether comparable esthetics could be achieved while
potentially enhancing fracture resistance. The mechanical properties, i.e., elastic modulus
and flexural strength, of this zone were inferred based on its proximity to the 5Y layer, as
direct strength measurement across the gradient zone remains technically challenging. This
is because the elastic modulus of 5Y- and 4Y-PSZ is essentially the same, while the strength
of a composition predominantly consisting of 5Y-PSZ is expected to approximate that of
5Y-PSZ, since fracture typically initiates in the weaker of the two materials. Nevertheless,
this assumption introduces some uncertainty but was considered a conservative approach
for evaluating worst-case performance. Fractographic analysis in this study was qualitative,
aimed at verifying fracture origins and supporting the theoretical modeling approach.
A statistical analysis, including comparisons across thicknesses and ceramic materials,
was conducted in a preceding experimental study [32], which provided the basis for the
present lifetime predictions. Finally, the study was limited to materials from a single
manufacturer. While this ensured standardized processing and provided detailed data on
material composition and properties required for the theoretical modeling, it may limit the
generalizability of the findings. Future studies should therefore include materials from
different manufacturers to enable for broader validation.

In clinical situations where high strength is essential and esthetic demands are moder-
ate, such as in the molar region, monolithic zirconia (3Y-TZP or 4Y-PSZ) or lithium disilicate
may be preferred over gradient multilayered zirconia. In esthetically demanding regions,
OVs fabricated from multilayered zirconia can present a promising and viable restorative
alternative. However, with reduced thickness, translucency differences between 3Y-TZP
and 5Y-PSZ become progressively less pronounced. To ensure optimal performance and
long-term durability, it is crucial to use multilayered zirconia with adequate layer thickness
(>0.7 mm).

5. Conclusions

Gradient multilayered zirconia OVs placed in the transition zone between 4Y- and
5Y-PSZ exhibit a higher risk of fatigue-induced radial cracking at reduced thicknesses. In
contrast, lithium disilicate veneers demonstrate superior fracture resistance under simu-
lated oral conditions and may offer enhanced long-term performance. To optimize clinical
outcomes, zirconia-based translucent OVs should maintain a minimum ceramic thickness
of 0.7 mm.
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Abbreviations

The following abbreviations are used in this manuscript:

OV Occlusal veneer
3Y-TZP 3 mol% Yttria-stabilized Tetragonal Zirconia Polycrystals
4Y-PSZ 4 mol% Yttria Partially Stabilized Zirconia
5Y-PSZ 5 mol% Yttria Partially Stabilized Zirconia
CAD Computer-Aided Design
SEM Scanning Electron Microscopy
BSE Backscattered Electron
DC Dual Curing
PM PrograMill
Hz Hertz
GPa Gigapascal
MPa Megapascal
N Newton
μm Micrometer
◦C Degrees Celsius
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