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ABSTRACT

Objective: This study investigated the influence of restoration type (partial-coverage versus crown) and ceramic-layer thick-
ness on the fatigue behavior and failure load of monolithic composition-gradient multilayer zirconia (4Y-PSZ/5Y-PSZ) molar
restorations.

Material and Methods: Seventy-two CAD/CAM-fabricated monolithic zirconia restorations (IPS e.max ZirCAD-Prime-
Esthetic, Ivoclar-Vivadent) were assigned to six groups (n=12), based on restoration type—partial-coverage restoration (PCR) or
crown (C)—and ceramic thickness (occlusal/buccal: 0.5/0.4, 1.0/0.6, or 1.5/0.8 mm). All restorations were adhesively bonded to
standardized dentin-analogue dies. Specimens underwent thermomechanical fatigue (1.2 million cycles, 49N, 1.6 Hz, 5°C-55°C),
followed by single load to failure testing. Data were analyzed using ANOVA, Tukey's post hoc test, and independent t-tests
(=0.05).

Results: All specimens survived fatigue. Evident cracks were observed post-fatigue; one each in PCR-0.5 and C-0.5 groups,
resulting in an overall success rate of 97.22%. Mean failure loads (N) were: PCR-0.5: 2047, PCR-1.0: 2018, PCR-1.5: 2777, C-0.5:
695, C-1.0: 1957, C-1.5: 3503. Ultrathin (0.5mm) PCRs demonstrated significantly higher failure loads than ultrathin crowns
(p<0.001), whereas crowns at 1.5mm thickness outperformed PCRs (p=0.005). No significant difference was observed at
1.0mm thickness (p =0.634).

Conclusion: At ultrathin thicknesses (0.5 mm), partial-coverage designs showed superior failure loads over crowns. Both resto-
ration types are mechanically viable at 1.0mm and 1.5mm thicknesses.

Clinical Significance: Composition-gradient multilayer-zirconia demonstrates high fatigue resistance and is well-suited for
minimally invasive, non-retentive PCR molar restorations. However, a minimum thickness of 1.0 mm should be maintained for
single crowns.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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1 | Introduction

Minimally invasive restorative approaches are gaining increas-
ing importance in contemporary fixed prosthodontics, partic-
ularly for preserving sound tooth structure while maintaining
mechanical integrity [1].

Partial-coverage restorations (PCRs) have emerged as a con-
servative alternative to full-coverage crowns, particularly in
posterior regions subjected to high biomechanical stresses and
loads [2, 3]. The clinical success of these restorations, however,
is influenced by multiple factors, including material properties,
restoration design, and thickness [2, 4, 5].

Occlusal veneers with non-retentive preparations provide a min-
imally invasive solution for restoring occlusal surfaces compro-
mised by bio-corrosive defects [6]. When such defects extend to
buccal and cervical regions, conventional treatment approaches
such as full-coverage crowns or occlusal restorations combined
with Class V fillings are often used; however, they involve ex-
tensive tooth reduction and may exhibit compromised long-term
performance [7-9]. In such cases, extended PCRs covering oc-
clusal, buccal, and proximal surfaces—also referred to as “full
veneers”—offer a tissue-preserving alternative that supports
both functional and esthetic rehabilitation in a single restoration
[10, 11].

Lithium disilicate glass-ceramics (LDS) are widely regarded as
a material of choice for minimally invasive restorations, primar-
ily due to their favorable adhesive bonding properties and clini-
cal long-term evidence [12, 13].

However, recent advances in zirconia ceramics offer esthetic
alternatives with improved durability [14-19]. Increasing the yt-
tria content—from 3mol% yttria-stabilized tetragonal zirconia
polycrystals (3Y-TZP) to 4mol% and 5mol% partially stabilized
zirconia (4Y-PSZ and 5Y-PSZ)-along with a higher cubic phase
and reduced alumina content, has enhanced translucency and
optical appearance [20-24].

This improvement in esthetics, however, comes at the cost of
reduced mechanical strength and fracture toughness [25-31].
To address this trade-off and balance the positive mechanical
and optical properties of different zirconia compositions, mul-
tilayer zirconia disks with strength and translucency gradient
technology have been developed to mimic the natural tooth
structure [32-35]. These typically combine a highly translu-
cent 5Y-PSZ incisal/occlusal layer with a high-strength 3Y-
TZP or 4Y-PSZ cervical layer to withstand functional loads
[14, 36-39].

Consequently, yttria-gradient multilayer zirconia ceramics offer
a versatile and esthetic solution suitable for a wide range of in-
dications—from single crowns to multi-unit bridges—making
them a viable alternative to LDS ceramics in minimally invasive
restorations. Their high strength renders them particularly ad-
vantageous in posterior regions with increased masticatory load
or parafunctional activity [40, 41].

In vitro studies evaluating minimally invasive occlusal onlays
with non-retentive designs made from materials such as LDS,

3Y-TZP, 4Y-PSZ, and 5Y-PSZ zirconia have demonstrated that
minimal ceramic thicknesses of 0.3-0.6 mm are feasible [42-44].
Currently, only limited data are available on occlusal veneers
made from gradient multilayer zirconia [43, 45]. However, so
far, no studies have investigated the minimally invasive layer
thicknesses required for composition-gradient multilayer zirco-
nia in partial-coverage restorations involving both occlusal and
buccal surfaces.

This evidence gap underscores the need for further investiga-
tion. While clinical trials provide the highest level of evidence,
they are costly and time-intensive [46, 47]. In contrast, advanced
in vitro models allow controlled simulation of the oro-facial
environment [48, 49]. Fatigue testing and accelerated aging in
moist environments, which are known to significantly compro-
mise ceramic strength, can provide predictive insights into long-
term material performance [50-53]. Such fatigue data serve as
a valuable baseline for long-term clinical performance, and cy-
clic thermomechanical loading has been validated to reproduce
clinically relevant failure modes [48, 54, 55].

Therefore, the present study aimed to evaluate the fatigue per-
formance and failure load of composition -gradient multilayer
zirconia restorations in molar applications. A standardized
preparation and loading protocol with two restoration types—
partial-coverage (PCR) and crown (C)—was investigated at
three ceramic thicknesses (0.5mm, 1.0mm, and 1.5mm). The
research hypothesis was that (i) restoration type and (ii) ceramic
thickness would not significantly affect the failure loads under
simulated masticatory conditions.

2 | Material and Methods

In this in vitro study, 72 specimens were randomly assigned
to two restoration types: partial-coverage (PCR, test) and full-
crown (C, control). Each group was further stratified by ceramic
thickness (occlusal/buccal: 0.5/0.4 mm, 1.0/0.6 mm, 1.5/0.8 mm),
resulting in six subgroups (n =12). The experimental setup is il-
lustrated in Figure 1.

2.1 | Specimen Preparation

To simulate a clinically relevant scenario, a maxillary first molar
from a typodont model (Frasaco, Tettnang, Germany) was used
as the basis for all preparations. A single experienced prostho-
dontist performed all preparations under 4.5x magnification,
using coarse and fine diamond burs (no. 370314 035, no. 8370314
035, no. 879314 012, and no. 8879314 012, Komet, Lemgo,
Germany) with continuous air-water spray cooling.

Six master dies were prepared to represent the two restoration
types—partial-coverage restorations (PCR) and full-coverage
crowns (C)—at three occlusal/buccal ceramic thicknesses:
0.5/0.4mm, 1.0/0.6mm, and 1.5/0.8 mm. The PCR design fol-
lowed a non-retentive approach, involving occlusal, buccal,
and proximal surfaces without box preparations (“full-veneer
design”) [10, 11]. To aid seating and cementation, two shallow
diagonal notches (0.2mm depth) were incorporated into each
PCR preparation. A chamfer finish line at the cervical margin
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FIGURE1 | Test-setup.

A

FIGURE 2 | Non-retentive preparation design of (A) Full-veneer/
Partial-coverage and (B) Crown.

was applied in the respective buccal thickness (Figure 2). Crown
preparations followed the same dimensional criteria but omit-
ted notches. Preparation depth was verified using silicone keys
(TwinDuo, Picodent, Wipperfiirth, Germany) and a periodon-
tal probe.

To replicate dentin-like properties, impressions of the master
dies were taken using a polyvinylsiloxane material (Identium,
Kettenbach, Eschenburg, Germany), and 72 abutment dies were
fabricated from a resin-based composite (Filtek Z100, 3M ESPE,
Neuss, Germany) with an elastic modulus (~18 GPa) closely
matching that of natural dentin [56, 57]. The material was ap-
plied in 1.5mm layers and cured for 20s per layer using an LED
light-curing unit (Bluephase G4, Ivoclar Vivadent, Schaan,
Liechtenstein; 1200 mW/cm [2]).

Following fabrication, the resin dies were stored in distilled
water at 37°C for 3 to 5weeks to promote hydration and ongoing
polymerization [58]. Finally, each specimen was embedded in a
self-curing epoxy resin (RenCastCW20 / Ren HY 49, Huntsman,
TX, USA) to simulate the elastic support of alveolar bone [59, 60].

2.2 | Fabrication of All-Ceramic CAD/CAM
Restorations

The six master dies were scanned in occlusion using a lab scan-
ner (PrograScan PS5, Ivoclar Vivadent). Restorations were

n=72

digitally designed at their designated thicknesses in CAD soft-
ware (Dental CAD, exocad, Darmstadt, Germany), with a virtual
spacer of 50 um. All restorations were fabricated from a compo-
sition of multilayer zirconia (IPS e.max ZirCAD Prime Esthetic,
Ivoclar Vivadent), which features a seamless gradient structure
composed of 4Y-PSZ in the dentin zone and 5Y-PSZ in the incisal
zone. The incisal zone measures 3 mm, followed by a 4 mm tran-
sition zone (no discrete layers), with the remainder consisting of
the dentin zone [61].

The occlusal surface of each restoration was positioned within
the transition layer, 3.3mm from the top surface of the blank
(Figures 3 and 4). Designs were finalized using CAM software
(PrograMill CAM, Ivoclar Vivadent) and milled from pre-
sintered multilayered zirconia blanks (IPS e.max ZirCAD Prime
Esthetic, Shade A2) using a five-axis machine (PrograMill PM?7,
Ivoclar Vivadent). All restorations were fabricated by a single
master dental technician in accordance with the manufacturer's
guidelines, and layer thickness was verified using a precision
caliper (Kroeplin GmbH, Schliichtern, Germany).

2.3 | Adhesive Cementation

Adhesive cementation was performed in strict accordance with
the manufacturer's instructions [61]. The intaglio surfaces of
all gradient multilayered zirconia restorations were air-particle
abraded using 50 um aluminum oxide at 1bar for 10s, followed
by the application of a phosphate monomer-containing ceramic
primer (Monobond Plus, Ivoclar Vivadent) for 60s [62]. Resin
dies were pretreated with pumice (Picodent, Wipperfiirth,
Germany), rinsed with air-water spray, dried with oil-free air,
and cleaned with 70% ethanol. A light-curing adhesive (Adhese
Universal, Ivoclar Vivadent) was applied to the dies for 20s, air-
dried, and light-cured for another 20s (Bluephase G4, Ivoclar
Vivadent; 1200mW/cm [2]). Adhesive cementation was per-
formed using a dual-cure resin cement (Variolink Esthetic
DC, Ivoclar Vivadent). Proper positioning was guided for PCR
restorations by the diagonal occlusal notches. After excess ce-
ment removal, margins were covered with glycerin gel (Liquid
Strip, Ivoclar Vivadent) and light-cured for 20s from each side.
To ensure complete polymerization, all specimens were stored
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FIGURE3 | Crowns of each thickness (0.5mm, 1.0mm, and 1.5mm) 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 crown.
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FIGURE4 | Full-veneers/Partial-coverage restorations of each thickness (0.5mm, 1.0mm, 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 Full-veneer/

Partial-coverage restoration.

in distilled water at 37°C for 24h (Universalschrank UF55,
Memmert) [63].

2.4 | Fatigue Analysis

All specimens were subjected to cyclic mechanical loading com-
bined with thermocycling (5°C-55°C in distilled water, 120s
dwell time) using a chewing simulator (CS 4.8, SD Mechatronik,
Feldkirchen-Westerham, Germany). To simulate natural masti-
cation, a 49N occlusal load was applied to the disto-palatal cusp
for 1.2 million cycles at 1.6 Hz, with steatite spheres (r=3mm;
Hoechst CeramTec, Wunsiedel, Germany) moving 0.5mm hor-
izontally from the cusp to the central fissure [64]. This in vitro
setup mimics an aging process equivalent to five years of clinical
use under artificial conditions [50, 65-67]. A transilluminating

detection probe (DIA Stick, I.C. Lechner GmbH & Co KG,
Stockach, Germany) was used to inspect the specimens at least
twice daily for cracks, fractures, or debonding. Survival and
success rates were calculated based on damage: specimens with
no damage were considered as successes, those with cracks
or debonding but still functional were rated as survivals, and
those with catastrophic fractures were classified as non-survival
[11, 68, 69].

2.5 | Single-Load-To-Failure Testing

Following fatigue, all specimens underwent single-cycle load-
to-failure (SLF) testing using a universal testing machine (Zwick
Z010/TN2S, Zwick Roell, Ulm, Germany). A steel ball (r=3 mm)
applied axial load at the same contact point used during fatigue,
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XK

Failure modes after single load to failure testing: (I) Crack formation within the ceramic. (IT) Cohesive fracture within the ceramic,

FIGURE 5

intact tooth. (III) Fracture within ceramic and tooth structure. (IV) Serious/longitudinal tooth fracture involving the root.

with a crosshead speed of 1.5mm/min. A video camera moni-
tored failure progression. Failure was defined as a visible crack,
fracture, or a>20% drop in maximum load (Fmax) without a
visible event. The maximum load at failure was recorded using
the system's software (TestXpert III, Zwick Roell).

2.6 | Failure and Fractographic Analysis

Failure mode and fracture origin were first assessed using a po-
larized light microscope (AxioZoom V.16, Zeiss, Oberkochen,
Germany). Z-stack imaging (ZEN Core 3.3, Zeiss) was used to en-
hance depth of field by merging images at different focal planes.
Representative fracture patterns were further examined via qual-
itative fractographic analysis using scanning electron microscopy
(Vega 3, Tescan, Kohoutovice, Czech Republic). Failure modes
were categorized as follows: (I) Crack formation within the ce-
ramic; (IT) cohesive ceramic fracture with an intact tooth; (IIT)
combined fracture of ceramic and tooth structure; and (IV) severe
longitudinal tooth fracture extending into the root (Figure 5).

2.7 | Statistical Analysis

A power analysis (G¥*Power 3.1.9.7, Diisseldorf, Germany) for
a 2x3 factorial design—restoration type (PCR vs. crown) and
ceramic thickness (0.5, 1.0, 1.5 mm)—determined a sample size
of n=12 per group (n=72 total) to detect medium effect sizes
(f=0.26) with 80% power and a=0.05. Statistical analysis was
performed using SPSS 28 (IBM, Armonk, NY, USA). Levene's
test confirmed the homogeneity of variances. ANOVA was used
to assess main effects and interactions, followed by Tukey post
hoc tests (per design) and two-sample t-tests (per thickness)
where appropriate. Significance was set at p<0.05 (95% CI).
Results were visualized using boxplots.

3 | Results
3.1 | Fatigue Performance

All restorations exhibited wear facets at the contact area due to
steatite ball movement during cyclic loading. Both restoration
types showed a 100% survival rate, with no debonding or cat-
astrophic fractures observed during or after fatigue. However,
not all specimens remained free of damage: one crown of Group
C-0.5 and one restoration in Group PCR-0.5 developed visible
cracks during fatigue (Figure 6), resulting in an overall success

rate of 97.22%. Detailed success rates by ceramic thickness are
presented in Table 1.

3.2 | Single Load to Failure

Failure load values after SLF are summarized in Table 2 and illus-
trated in Figure 7. The mean failure loads (N) are ranked as fol-
lows: C-1.5 (3503)>PCR-1.5 (2777)>PCR-0.5 (2047)>PCR-1.0
(2018) > C-1.0 (1957) > C-0.5 (695).

Both restoration type [F (1,66) = 5.72, p=0.02, partial eta? = 0.80]
and ceramic layer thickness [F (1, 66)=117.63, p<0.001, par-
tial eta?=0.78] had a statistically significant effect on failure
load. These main effects were qualified by a crossed interac-
tion between restoration type and ceramic layer thickness [F (2,
66)=40.14, p<0.001, partial eta?=0.55], reflecting the fact that
the relative failure load advantage for crowns vs. PCRs at the
1.5mm thickness level was reversed into a relative disadvantage
at 0.5mm.

Post hoc Tukey tests, computed per restoration design, showed
that increasing ceramic thickness strongly improved failure load
in crowns (C-0.5 vs. C-1.0: p<0.001; C-0.5 vs. C-1.5: p<0.001;
C-1.0 vs. C-1.5: p<0.001). In PCRs, the thickest variants also
demonstrated significantly higher failure loads than did thinner
variants (PCR-0.5 vs. PCR-1.5: p<0.001; PCR-1.0 vs. PCR-1.5:
p <0.001), whereas no difference was observed between 0.5 mm
and 1.0mm thicknesses (p =0.983). Post hoc t-tests comparing
restoration designs at each ceramic thickness level revealed that
ultrathin PCRs (0.5mm) had significantly higher failure loads
than ultrathin crowns (t=-12.55, p<0.001), while at 1.5mm
thickness, crowns outperformed PCRs (t=3.12, p=0.005). No
significant difference between restoration designs was found at
1.0mm thickness (t=-0.48, p=0.63).

3.3 | Failure and Fractographic Analysis

Fatigue failure analysis identified radial cracks in one specimen
each from Group C-0.5 and Group PCR-0.5, originating from
the intaglio cementation surface beneath the contact point. The
cracks were confined to the ceramic layer and did not reach the
occlusal surface (Figure 7).

Post-SFL analysis revealed two distinct fracture modes:
crowns in Groups C-1.5 and C-1.0 predominantly exhibited
severe longitudinal fractures with involvement of the resin
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FIGURE 6 | Light microscope images of 0.5mm thick gradient multilayered zirconia restorations showing cracks (small arrows) and wear facets
(circle) after fatigue exposure. Bold arrow indicates direction of sliding movement during fatigue. (A and B) C-0.5 Sample No. 10: One crack after
802,485cycles; (C and D) PCR-0.5 Sample No. 10: One crack after 551,960 cycles.

TABLE1 | Success rates after simulated fatigue exposure of 5years.

Intact and unharmed Success rate of
Group specimens after fatigue Success rate restoration design Overall success rate
C-1.5 12/12 100% Crowns 97.22%
C-1.0 12/12 100% 97.22%
C-0.5 11/12 (one crack after 802,485 cycles) 91.67% 35/36
PCR-1.5 12/12 100% PCRs
PCR-1.0 12/12 100% 97.22%
PCR-0.5 11/12 (one crack after 551,960 cycles) 91.67% 35/36

TABLE 2 | Failure load results of all tested groups [N=Newton]. Min=minimum; 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; Max = maximum; SD = Standard deviation.

Group name Min 1st Qu Median Mean 3rd Qu Max SD
C-1%5 2540 3104 3380 3503 3902 4800 628
C-1.0 1370 1783 1890 1957 2130 2420 274
C-0.5 393 553 594 695 837 1101 224
PCR-1.5 1900 2453 2015 2777 3100 3370 509
PCR-1.0 1606 1798 1974 2018 2238 2700 346
PCR-0.5 1665 1857 2047 2047 2236 2470 298
544 Journal of Esthetic and Restorative Dentistry, 2026
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TABLE 3 | Occurrence of failure modes for each group in %.
Failure modes were classified as follows: (I) crack formation within the
ceramic, (IT) cohesive fracture within the ceramic, intact tooth, (IIT)
fracture within ceramic and tooth structure, (IV) serious/longitudinal
tooth fracture involving the root.

Failure mode (%)

Group name I 1I 111 v
C-1.5 0 0 25.0 75.0
C-1.0 0 0 333 66.7
C-0.5 0 83.4 16.7 0

PCR-1.5 0 8.3 75.0 16.7
PCR-1.0 0 0 91.7 8.3
PCR-0.5 0 16.7 83.3 0

die (Type IV), while ultrathin crowns in Group C-0.5 mainly
showed cohesive ceramic fractures with intact dies (Type II).
In contrast, PCR specimens, regardless of thickness, primar-
ily demonstrated combined ceramic and die fractures (Type
III) (Table 3). Detailed fractography analysis of representative
specimens from each group is presented in Figures 8-13. Light
microscopy provides a buccal overview of the bulk-fractured
specimens, while SEM micrographs reveal fractography fea-
tures, including hackle lines, indicating the possible fracture
origin and the crack propagation.

4 | Discussion

This in vitro study investigated the fatigue performance of
composition strength-gradient multilayer zirconia restorations

in N) of tested groups. Statistical significance (p <0.05) is indicated by an asterisk in front of the p-value.

under simulated masticatory loading, with a focus on resto-
ration type (PCR vs. crown) and ceramic thickness (occlusal/
buccal 0.5/0.4mm, 1.0/0.6 mm, 1.5/0.8 mm). The results provide
valuable insights into the applicability of ultrathin zirconia ce-
ramics in minimally invasive prosthodontic procedures.

The research hypothesis was rejected, as both restoration type
and ceramic thickness significantly influenced failure load. All
specimens survived fatigue testing (100% survival rate), with a
high overall success rate (97.2%). Only two specimens developed
visible cracks during fatigue—one from group C-0.5 (crack at
802,485 cycles) and one from group PCR-0.5 (crack at 551,960 cy-
cles). These results align with recent clinical studies reporting
high survival rates (99.1%-100%) for monolithic zirconia single
crowns in posterior regions after 3-7years of service [16, 18].
Early clinical evidence indicates that zirconia veneers in the an-
terior dentition demonstrate excellent performance, with 100%
survival after up to three years [17, 19]. However, so far no clini-
cal data are available for monolithic zirconia PCRs.

With the exception of Group C-0.5, all tested specimens demon-
strated failure loads exceeding the normal masticatory force
range in the posterior region (289-700N), indicating adequate
mechanical strength for clinical application in high-load areas
such as molars [46]. Although 0.5 mm crowns showed high sur-
vival and success after aging, their lower failure load (~695N)
nears the upper threshold of physiological and parafunctional
forces (up to 900N), suggesting potential limitations under in-
tensified load conditions [47].

Zirconia restorations are known for their high flexural strength
and fracture toughness [15]; however, restoration thickness
is a critical factor influencing their load-bearing capacity [27].
Thinner restorations provide less bulk to resist crack propaga-
tion, making them more susceptible to mechanical failure under
high occlusal loads [55, 67]. Studies have shown that mechanical
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FIGURE 8 | Representative specimen of the C-1.5 group after the single-load-to-fracture test. Light microscopy shows a buccal overview of the
bulk-fractured specimen, while SEM images at different magnifications demonstrate fractography marks and the wear scar (pointer). The asterisk
indicates the possible fracture origin site, and the dotted arrows indicate the direction of crack propagation.
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FIGURE 9 | Representative specimen of the C-1.0 group after the single-load-to-fracture test. Light microscopy shows a buccal overview of the
bulk-fractured specimen, while SEM images at different magnifications demonstrate fractography marks and the wear scar (pointer). The asterisk
indicates the possible fracture origin site, and the dotted arrows indicate the direction of crack propagation.
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FIGURE 10 | Representative specimen of the C-0.5 group after the single-load-to-fracture test. Light microscopy shows a buccal overview of the
bulk-fractured specimen, while SEM images at different magnifications demonstrate fractography marks. The asterisk indicates the possible fracture
origin site, and the dotted arrows indicate the direction of crack propagation.
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FIGURE 11 | Representative specimen of the PCR-1.5 group after the single-load-to-fracture test. Light microscopy shows a buccal overview of
the bulk-fractured specimen, while SEM images at different magnifications demonstrate fractography marks and the wear scar (pointer). The aster-
isk indicates the possible fracture origin site, and the dotted arrows indicate the direction of crack propagation.
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FIGURE 12 | Representative specimen of the PCR-1.0 group after the single-load-to-fracture test. Light microscopy shows a buccal overview of
the bulk-fractured specimen, while SEM images at different magnifications demonstrate fractography marks. The asterisk indicates the possible
fracture origin site, and the dotted arrows indicate the direction of crack propagation.

FIGURE 13 | Representative specimen of the PCR-0.5 group after the single-load-to-fracture test. Light microscopy shows a buccal overview of
the bulk-fractured specimen, while SEM images at different magnifications demonstrate fractography marks and the wear scar (pointer). The aster-
isk indicates the possible fracture origin site, and the dotted arrows indicate the direction of crack propagation.
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strength decreases non-linearly for monolithic zirconia crowns
with reduced ceramic thickness, especially below 1 mm [27, 67].
This might be attributed to higher tensile stresses at the inta-
glio surface and potential flaws introduced during manufactur-
ing, cementation, or intraoral function (repetitive loading and
damage accumulation), which become more critical as material
thickness decreases [15, 55, 67].

Load-to-failure testing confirmed that both restoration type and
ceramic thickness significantly affected failure loads. As an-
ticipated, increasing ceramic thickness improved load-bearing
capacity in both PCRs and crowns, consistent with prior find-
ings that demonstrate a direct correlation between material
thickness and mechanical strength [11, 67]. Notably, at the low-
est thickness level (0.5mm), PCRs significantly outperformed
crowns (2047N vs. 695N, p<0.001), suggesting a mechanical
advantage of the non-retentive PCR design under ultrathin con-
ditions. This may result from more favorable stress distribution
and lower internal tension during loading, as restoration design
complexity and tooth structure loss critically affect the integrity
of the tooth-restoration system [3].

At a thickness of 1.0mm, no significant differences were ob-
served between the two restoration types, indicating com-
parable fatigue performance in thin-thickness applications.
In contrast, crowns exhibited superior fracture resistance at
1.5mm thickness (p=0.005), suggesting that increased thick-
ness enhances the crown’s ability to withstand compressive and
tensile forces [67]. These findings underscore the complex in-
teraction between design geometry, ceramic thickness, and load
transmission pathways in determining structural performance
[52]. Therefore, PCRs seem to be clinically suitable at all tested
thicknesses, whereas crowns should have a minimum thickness
of 1 mm when applied in molar restorations.

Comparative in vitro studies have yielded complementary
findings for different PCR designs, variation of yttria content
of zirconia and ceramic thickness for crowns. In one investi-
gation, various 3Y-TZP (ZirCAD LT) PCR designs with 1 mm
occlusal thickness were applied to human premolars and sub-
jected to thermomechanical loading (1.2 million cycles, 70N,
1.4Hz), with crowns serving as controls [38]. Despite adher-
ence to the recommended APC bonding protocol (air-particle
abrasion, primer application, composite cement) for zirconia
restorations, one PCR involving occlusal, proximal, and buc-
cal coverage debonded during testing [62]. However, this study
did not include failure load assessment after fatigue. Resin
bonding has been shown to benefit zirconia restorations, espe-
cially in cases with reduced thickness, low mechanical reten-
tion, or high shear forces [23]. Long-term success of zirconia
restorations relies on proper surface pretreatment, including
air-particle abrasion, MDP-based (10-methacryloyloxydecyl
dihydrogen phosphate) primers, and suitable self- or dual-cure
composite cements [23].

Recent investigations on minimally invasive monolithic occlu-
sal veneers fabricated from composition strength-gradient mul-
tilayer zirconia with thicknesses ranging from 0.3 to 0.6mm
(ZirCAD Prime) [43] and 0.5-1.5mm (ZirCAD Prime Esthetic)
[45] demonstrated that all tested specimens exhibited post-
fatigue failure loads (1.2 million cycles, 49N at 1.6 Hz [45] and

98N at 2.4Hz [43]) exceeding both physiological and parafunc-
tional masticatory forces (<900N). Nevertheless, veneers made
entirely of 5Y-PSZ showed isolated failures (one specimen) and
partial failures in 7.8% of specimens after fatigue, whereas 3Y-
TZP, 4Y-PSZ, and 3Y-TZP+5Y-PSZ groups remained intact,
independent of whether bonding occurred to enamel or dentin
[43]. The success rate of the 0.5mm occlusal veneers decreased
to 50% compared with the 1.0mm and 1.5mm groups, as half of
the specimens developed cracks or surface damage after cyclic
loading, indicating that thinner restorations require particular
caution due to their reduced fatigue resistance [45].

Another study tested full-contour molar crowns made from 3Y-
TZP (ZirCAD LT), 4Y-PSZ (ZirCAD MT), and strength-gradient
multilayer zirconia (5Y-PSZ/3Y-TZP) (ZirCAD Prime) and 5Y-
PSZ/4Y-PSZ (ZirCAD MT Multi) with 1.5mm occlusal thick-
ness following artificial aging (1.2 million cycles, 70N, 1.4Hz)
[34]. No fatigue-induced failures were observed confirming the
findings of the present study for 1.5mm crowns. Failure load
values were highest for 3Y-TZP (3708 N) and 4Y-PSZ (3172N),
followed by the multilayer variants (5Y-PSZ/3Y-TZP: 2461 N; 5Y-
PSZ/4Y-PSZ: 2393 N). The authors concluded that the yttria con-
centration at the occlusal surface is the primary determinant of
fracture resistance, irrespective of the supporting zirconia layer
[34]. The higher failure load observed in Group C-1.5 (3503 N) of
the present study compared to the cited study may be attributed
to the specific positioning of the restoration within the gradient
structure of the multilayer zirconia, which influences its me-
chanical strength and fatigue resistance [35].

A comparable laboratory investigation evaluated monolithic
zirconia molar crowns with a 1mm occlusal thickness under
identical fatigue conditions and observed a clear decline in fail-
ure load with increasing yttria content: 3Y-TZP (7530N, DD Bio
ZX2)>4Y-PSZ (5000N, DD cubeX2 HS)> 5Y-PSZ (3700N, DD
cubeX?2) [22]. This trend reflects the reduction in the tetragonal
phase in higher yttria-content zirconia, which diminishes trans-
formation toughening—a mechanism wherein stress-induced
tetragonal-to-monoclinic phase transformation at crack tips
produces localized volumetric expansion, generating compres-
sive stresses that impede crack propagation [15, 20, 32]. The no-
tably high failure loads in that study may also be attributed to
the use of metal abutments, which provide higher stiffness than
dentin or composite resin, thereby reducing strain concentra-
tions during loading [22].

Another in vitro study tested 0.5mm thick molar crowns made
of various zirconia compositions—3Y-TZP (DD Bio ZX2), 4Y-
PSZ (DD Cube ONE), 4Y-PSZ multilayer (DD Cube ONE ML),
and 5Y-PSZ (DD cubeX2)—after artificial aging (1.2 million cy-
cles, 50N) [53]. In contrast to the present study, no failures were
observed post-fatigue, with higher failure loads ranging from
1211N (5Y-PSZ) to 3952N (4Y-PSZ ML) compared to the tested
0.5mm crowns, which failed at 695N.

However, direct comparison to the present findings is limited,
as this is the first in vitro study evaluating full-veneer molar
crowns made from composition-gradient multilayer zirconia.
Variability in abutment materials, preparation geometry, load-
ing protocols, and cementation techniques complicate direct
benchmarking across studies [44].
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While, 4Y-PSZ exhibits higher flexural strength and fracture
toughness due to partial retention of the tetragonal phase and
associated transformation-toughening mechanisms, 5Y-PSZ
achieves greater translucency but reduced mechanical reliabil-
ity as a result of its predominantly cubic microstructure [15, 20].
Composition strength-gradient multilayer zirconia combines
4Y and 5Y phases effectively, balancing these opposing prop-
erties within a single material, yielding both enhanced optical
performance and improved fatigue resistance [32]. This graded
architecture may therefore offer superior load-bearing capac-
ity compared with monolithic 5Y zirconia and superior trans-
lucency compared with monolithic 4Y zirconia, providing an
optimal compromise between mechanical and esthetic require-
ments for clinical applications [36].

In addition, resistance to low-temperature degradation (LTD)
remains a key factor influencing zirconia's long-term clinical
performance [31]. It is well established that both 3Y-TZP and
4Y-PSZ exhibit susceptibility to LTD due to the presence of
transformable tetragonal grains, which undergo t— m transfor-
mation [24, 30, 39]. In contrast, 5Y-PSZ, owing to its predom-
inantly cubic phase content, shows resistance to LTD [28, 29].
Therefore, beyond the established balance between esthetics
and strength, incorporating a 5Y top layer in a bilayer or multi-
layer configuration provides an additional advantage by mitigat-
ing aging effects at the restoration surface, thereby contributing
to improved long-term stability and overall restoration survival
under intraoral conditions. A bilayer system combining a 4Y-
PSZ core with a 5Y-PSZ top layer has demonstrated superior
mechanical performance, both before and after aging, relative
to monolithic 5Y-PSZ, without jeopardizing translucency [28].

Failure analysis revealed that PCRs mainly exhibited combined
ceramic and substrate fractures (Type I1I), while crowns tended
to fail with extensive longitudinal cracks (Type IV). This sup-
ports the interpretation that while crowns offer greater struc-
tural robustness (at a thickness of 1.0 and 1.5mm), they may
transmit higher stresses to the underlying substrate during cat-
astrophic failure, potentially compromising the remaining tooth
structure [11].

Despite the strengths of this study, several limitations must be
acknowledged. First, the inherent nature of an in vitro design
limits the extrapolation of results to real-world clinical scenar-
ios. The complex biomechanical and biological interactions in
the oral environment cannot be fully replicated under labora-
tory conditions [49]. Second, resin-based composite dies, which
closely approximate the elastic modulus of natural dentin, were
used in place of extracted human teeth to ensure reproducibility
and standardization over anatomical variability [11]. Moreover,
only one single commercially available composition-gradient
multilayer zirconia system (IPS e.max ZirCAD Prime Esthetic)
was tested. While this approach strengthens internal consis-
tency and isolates the performance of one material, it restricts
the generalizability of the results to other multilayer zirconia
products that may differ in yttria content, gradient architecture,
and sintering behavior [15].

In summary, the findings of this study provide meaningful in-
sights into the fatigue performance of composition-gradient
multilayer zirconia restorations under controlled conditions and

support the clinical potential for minimally invasive restorations,
particularly in posterior regions subjected to high functional
loads. Currently, the manufacturer recommends a minimum oc-
clusal thickness of 1.0mm and restricts its indication to single
crowns. However, the superior performance of ultrathin PCRs
(0.5mm) compared to crowns at the same thickness challenges
conventional design paradigms and underscores the mechanical
viability of conservative restorations when adhesively bonded.

Future research should include a broader range of clinical designs
to better inform decision-making for minimally invasive multi-
layer zirconia restorations and address clinical trials to validate
the in vivo performance and complication rates. Complementary
finite element analysis (FEA) may further elucidate stress distri-
bution patterns and optimize restoration design.

5 | Conclusions

Within the limitations of this current study, it was concluded
that: partial-coverage restorations demonstrated superior fail-
ure load after fatigue compared to full-coverage crowns at
0.5mm, supporting their use in ultrathin, minimally invasive
applications. At 1.0mm and 1.5mm, both designs showed reli-
able performance, with crowns achieving higher failure loads
than partial-coverage restorations at 1.5mm.

The tested composition-gradient multilayer zirconia restorations
exhibited high fatigue reliability, making them suitable for non-
retentive posterior applications. However, a minimum thickness
of 1.0mm should be maintained for single crowns.

Acknowledgments

The authors would like to thank MDT Marc Pauwels for the fabrication
of the restorations of the study, R. Langner for the statistical analysis
and E.A. Bonfante for his advice and interpretation of the fractographic
analysis.

Funding

This study was funded by a research grant from the International
College of Prosthodontists (ICP).

Conflicts of Interest

F.S. has provided lectures sponsored by Ivoclar Vivadent outside of the
submitted work.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

References

1. M. Margvelashvili-Malament, V. Thompson, and K. A. Malament,
“Minimally Invasive Fixed Prosthodontics: A Narrative Review,” Jour-
nal of Esthetic and Restorative Dentistry 37, no. 5 (2025): 1248-1254.

2. L. S. Prott, P. Klein, F. A. Spitznagel, M. B. Blatz, S. Pieralli, and P. C.
Gierthmuehlen, “Survival of Partial Coverage Restorations on Posterior
Teeth-A Scoping Review,” Journal of Esthetic and Restorative Dentistry
37, no. 3 (2025): 642-663.

550

Journal of Esthetic and Restorative Dentistry, 2026

85UB017 SUOWIWIOD BA1E81D) 8|qeotidde 8y} Aq psusnob ae sspile O ‘88N J0 S3|Nn 10} Aeiq18Ul|UO A1 UO (SUONIPUOD-PUR-SWLBY W00 AB 1M ARIq 1 U1 IUO//:SANY) SUONIPUOD PUe SWLIS | 8L 89S *[9202/50/82] U0 AkeidiTauljuO A8]1M HOP[ESSNA Yeuiolqigsepue] pun -SIIseAluN Aq 99002 PRITTTT 0T/I0p/W0o A8 1M ARiq1puljuo//Sdny woiy pepeojumod ‘e ‘9202 ‘0v2880.T



3.P. C. Guess, S. Schulheis, Y. Zhang, and J. R. Strub, “Influence of
Preparation Design and Ceramic Thicknesses on Fracture Resistance
and Failure Modes of Premolar Parital Coverage Restorations,” Journal
of Prosthetic Dentistry 110, no. 4 (2013): 264-273.

4.L.S. Prott, S. Pieralli, P. Klein, et al., “Survival and Complications of
Partial Coverage Restorations on Posterior Teeth-A Systematic Review
and Meta-Analysis,” Journal of Esthetic and Restorative Dentistry 37, no.
3(2025): 620-641.

5.L. Ladino, M. E. Sanjuan, D. J. Valdez, and R. A. Eslava, “Clini-
cal and Biomechanical Performance of Occlusal Veneers: A Scoping
Review,” Journal of Contemporary Dental Practice 22, no. 11 (2021):
1327-1337.

6. M. Alghauli, A. Y. Alqutaibi, S. Wille, and M. Kern, “Clinical Out-
comes and Influence of Material Parameters on the Behavior and
Survival Rate of Thin and Ultrathin Occlusal Veneers: A Systematic Re-
view,” Journal of Prosthodontic Research 67, no. 1 (2023): 45-54.

7. D. Edelhoff and J. A. Sorensen, “Tooth Structure Removal Associ-
ated With Various Preparation Designs for Posterior Teeth,” Interna-
tional Journal of Periodontics and Restorative Dentistry 22, no. 3 (2002):
241-249.

8.J. H. Kim, J. Cho, Y. Lee, and B. H. Cho, “The Survival of Class V
Composite Restorations and Analysis of Marginal Discoloration,” Oper-
ative Dentistry 42, no. 3 (2017): E93-E101.

9. K. Seidel, K. Johannes, E. Herrmann, T. Aini, T. Zahn, and J. F.
Guth, “Quantitative Analysis of Substance Removal During Tooth
Preparation for Full Ceramic Restorations Using Digitally Generated
Preparation Designs,” Clinical Oral Investigations 29, no. 6 (2025):
298.

10. P. C. Gierthmuehlen, A. Jerg, J. B. Fischer, E. A. Bonfante, and F.
A. Spitznagel, “Posterior Minimally Invasive Full-Veneers: Effect of
Ceramic Thicknesses, Bonding Substrate, and Preparation Designs on
Failure-Load and -Mode After Fatigue,” Journal of Esthetic and Restor-
ative Dentistry 34, no. 1 (2022): 145-153.

11. F. A. Spitznagel, L. S. Prott, J. S. Hoppe, et al., “Minimally Invasive
CAD/CAM Lithium Disilicate Partial-Coverage Restorations Show Su-
perior In-Vitro Fatigue Performance Than Single Crowns,” Journal of
Esthetic and Restorative Dentistry 36, no. 1 (2024): 94-106.

12. D. Edelhoff, J. F. Guth, K. Erdelt, O. Brix, and A. Liebermann,
“Clinical Performance of Occlusal Onlays Made of Lithium Disilicate
Ceramic in Patients With Severe Tooth Wear up to 11 Years,” Dental Ma-
terials 35, no. 9 (2019): 1319-1330.

13. M. Margvelashvili-Malament, V. Thompson, V. Polyakov, and K. A.
Malament, “Over 14-Year Survival of Pressed e.Max Lithium Disilicate
Glass-Ceramic Complete and Partial Coverage Restorations in Patients
With Severe Wear: A Prospective Clinical Study,” Journal of Prosthetic
Dentistry 133, no. 3 (2025): 737-746.

14. S. Vardhaman, M. Borba, M. R. Kaizer, D. Kim, and Y. Zhang, “Wear
Behavior and Microstructural Characterization of Translucent Multi-
layer Zirconia,” Dental Materials 36, no. 11 (2020): 1407-1417.

15. P. F. Cesar, R. B. P. Miranda, K. F. Santos, S. S. Scherrer, and Y.
Zhang, “Recent Advances in Dental Zirconia: 15 Years of Material and
Processing Evolution,” Dental Materials 40, no. 5 (2024): 824-836.

16. M. Gseibat, P. Sevilla, C. Lopez-Suarez, V. Rodriguez, J. Pelaez, and M.
J. Suarez, “Performance of Posterior Third-Generation Monolithic Zirco-
nia Crowns in a Complete Digital Workflow: A Three-Year Prospective
Clinical Study,” Journal of Dental Sciences 19, no. 2 (2024): 871-877.

17. M. Yousry, I. Hammad, M. El Halawani, and M. Aboushelib, “Ran-
domized Clinical Trial of Zirconia Laminate Veneers Sintered by Using
Conventional Versus Speed Process: 1-Year Follow-Up,” Journal of Pros-
thetic Dentistry 133, no. 6 (2025): e1471-e1479.

18. M. Valenti, A. Valenti, J. H. Schmitz, D. Cortellini, and A. Canale,
“Survival Analysis up to 7Years of 621 Zirconia Monolithic Single

Crowns With Feather-Edge Margins Fabricated With a Cast-Free Work-
flow Starting From Intraoral Scans: A Multicentric Retrospective
Study,” Journal of Prosthetic Dentistry 129, no. 1 (2023): 76-82.

19. F. Yu, F. Xiang, J. Zhao, N. Lin, Z. Sun, and Y. Zheng, “Clinical Out-
comes of Self-Glazed Zirconia Veneers Produced by 3D Gel Deposition:
A Retrospective Study,” BMC Oral Health 24, no. 1 (2024): 457.

20.7Y. Zhang and B. R. Lawn, “Novel Zirconia Materials in Dentistry,”
Journal of Dental Research 97, no. 2 (2018): 140-147.

21.N. Sen and S. Isler, “Microstructural, Physical, and Optical Char-
acterization of High-Translucency Zirconia Ceramics,” Journal of Pros-
thetic Dentistry 123, no. 5 (2020): 761-768.

22. A. Elsayed, G. Meyer, S. Wille, and M. Kern, “Influence of the Yt-
trium Content on the Fracture Strength of Monolithic Zirconia Crowns
After Artificial Aging,” Quintessence International 50, no. 5 (2019):
344-348.

23. A. Alammar and M. B. Blatz, “The Resin Bond to High-Translucent
Zirconia-A Systematic Review,” Journal of Esthetic and Restorative Den-
tistry 34, no. 1 (2022): 117-135.

24.M. Z. Galli, T. M. B. Campos, E. B. Benalcazar-Jalkh, et al.,
“Processing and Characterization of an Experimental Bilayer First-
Generation 3Y-TZP and Super-Translucent 4Y-PSZ Zirconia Subjected
to Hydrothermal Aging,” Materials Today Communications 46 (2025):
112848.

25. F. Zhang, M. Inokoshi, M. Batuk, et al., “Strength, Toughness and
Aging Stability of Highly-Translucent Y-TZP Ceramics for Dental Res-
torations,” Dental Materials 32, no. 12 (2016): e327-e337.

26. C. Hai Lim, S. Vardhaman, N. Reddy, and Y. Zhang, “Composition,
Processing, and Properties of Biphasic Zirconia Bioceramics: Relation-
ship to Competing Strength and Optical Properties,” Ceramics Interna-
tional 48 (2022): 17095-17103.

27.N. Karbasian, A. Fathi, P. Givehchian, et al., “Comparative Assess-
ment of Flexural Strength of Monolithic Zirconia With Different Thick-
nesses and Two Sintering Techniques,” Cllinical and Experimental
Dental Research 10, no. 3 (2024): €856.

28. E. O. Sousa, L. M. M. Alves, T. M. B. Campos, et al., “Experimen-
tal Bilayer Zirconia Systems After Aging: Mechanical, Optical, and
Microstructural Characterization,” Dental Materials 41, no. 4 (2025):
391-401.

29. E. O. Sousa, T. M. B. Campos, E. T. P. Bergamo, et al., “Nanomechan-
ical and Microstructural Properties of Experimental Bilayered Zirconia
Ceramics After Hydrothermal Aging,” Ceramics International 50, no. 19
(2024): 36418-36427.

30. L. F. Carvalho, E. T. P. Bergamo, T. M. B. Campos, et al., “Char-
acterization of a Hydrothermally Aged Experimental Alumina-
Toughened Zirconia Composite,” Dental Materials 40, no. 9 (2024):
1464-1476.

31. V. Koenig, S. Bekaert, N. Dupont, et al., “Intraoral Low-Temperature
Degradation of Monolithic Zirconia Dental Prostheses: Results of a Pro-
spective Clinical Study With Ex Vivo Monitoring,” Dental Materials 37,
no. 7 (2021): 1134-1149.

32. N. Kolakarnprasert, M. R. Kaizer, D. K. Kim, and Y. Zhang, “New
Multi-Layered Zirconias: Composition, Microstructure and Translu-
cency,” Dental Materials 35, no. 5 (2019): 797-806.

33. M. Michailova, A. Elsayed, G. Fabel, D. Edelhoff, I. M. Zylla, and B.
Stawarczyk, “Comparison Between Novel Strength-Gradient and Color-
Gradient Multilayered Zirconia Using Conventional and High-Speed
Sintering,” Journal of the Mechanical Behavior of Biomedical Materials
111 (2020): 103977.

34.Z. Badr, L. Culp, I. Duqum, C. H. Lim, and Y. Zhang, T AS“Sur-
vivability and Fracture Resistance of Monolithic and Multi-Yttria-
Layered Zirconia Crowns as a Function of Yttria Content: A Mastication

Journal of Esthetic and Restorative Dentistry, 2026

551

85UB017 SUOWIWIOD BA1E81D) 8|qeotidde 8y} Aq psusnob ae sspile O ‘88N J0 S3|Nn 10} Aeiq18Ul|UO A1 UO (SUONIPUOD-PUR-SWLBY W00 AB 1M ARIq 1 U1 IUO//:SANY) SUONIPUOD PUe SWLIS | 8L 89S *[9202/50/82] U0 AkeidiTauljuO A8]1M HOP[ESSNA Yeuiolqigsepue] pun -SIIseAluN Aq 99002 PRITTTT 0T/I0p/W0o A8 1M ARiq1puljuo//Sdny woiy pepeojumod ‘e ‘9202 ‘0v2880.T



Simulation Study,” Journal of Esthetic and Restorative Dentistry 34, no.
4(2022): 633-640.

35. A. Winter, A. Schurig, A. L. Odenthal, and M. Schmitter, “Impact
of Different Layers Within a Blank on Mechanical Properties of Multi-
Layered Zirconia Ceramics Before and After Thermal Aging,” Dental
Materials 38, no. 5 (2022): e147-e154.

36. L. M. Schonhoff, N. Limkemann, R. Buser, R. Hampe, and B. St-
awarczyk, “Fatigue Resistance of Monolithic Strength-Gradient Zir-
conia Materials,” Journal of the Mechanical Behavior of Biomedical
Materials 119 (2021): 104504.

37. M. Rosentritt, V. Preis, A. Schmid, and T. Strasser, “Multilayer Zir-
conia: Influence of Positioning Within Blank and Sintering Conditions
on the in Vitro Performance of 3-Unit Fixed Partial Dentures,” Journal
of Prosthetic Dentistry 127, no. 1 (2022): 141-145.

38.S. Gupta, A. Abdulmajeed, T. Donovan, L. Boushell, S. Bencharit,
and T. A. Sulaiman, “Monolithic Zirconia Partial Coverage Resto-
rations: An in Vitro Mastication Simulation Study,” Journal of Prostho-
dontics 30, no. 1 (2021): 76-82.

39. M. M. Marun, T. M. B. Campos, L. M. M. Alves, et al., “Effect of Hy-
drothermal Aging on the Physical, Optical and Mechanical Properties
of an Experimental 3Y/4Y Zirconia Bilayer System,” Next Materials 8
(2025): 100717.

40.S. Vardhaman, M. Borba, M. R. Kaizer, D. K. Kim, and Y. Zhang,
“Optical and Mechanical Properties of the Multi-Transition Zones of a
Translucent Zirconia,” Journal of Esthetic and Restorative Dentistry 37,
no. 2 (2025): 525-532.

41. T. Strasser, M. Wertz, A. Koenig, T. Koetzsch, and M. Rosentritt,
“Microstructure, Composition, and Flexural Strength of Different Lay-
ers Within Zirconia Materials With Strength Gradient,” Dental Materi-
als 39, no. 5 (2023): 463-468.

42. A. Toannidis, D. Bomze, C. H. F. Hammerle, J. Husler, O. Birrer,
and S. Muhlemann, “Load-Bearing Capacity of CAD/CAM 3D-Printed
Zirconia, CAD/CAM Milled Zirconia, and Heat-Pressed Lithium Disil-
icate Ultra-Thin Occlusal Veneers on Molars,” Dental Materials 36, no.
4(2020): €109-el16.

43. N. Fulde, S. Wille, and M. Kern, “Fracture Resistance and Wear Be-
havior of Ultra-Thin Occlusal Veneers Made From Translucent Zirconia
Ceramics Bonded to Different Tooth Substrates,” Journal of Esthetic and
Restorative Dentistry 37, no. 6 (2025): 1463-1473.

44. E. B. S. Valenzuela, J. P. Andrade, P. da Cunha, H. R. Bittencourt,
and A. M. Spohr, “Fracture Load of CAD/CAM Ultrathin Occlusal Ve-
neers Luted to Enamel or Dentin,” Journal of Esthetic and Restorative
Dentistry 33, no. 3 (2021): 516-521.

45. L. S. Prott, M. Harlass, A. Marksteiner, et al., “Fatigue Performance
and Failure Load of Minimally-Invasive Occlusal Veneers Made of Lith-
ium Disilicate and Composition-Gradient Multilayered Zirconia: An in
Vitro Study,” Journal of Prosthodontic Research (2025): JPR_D_25_00068.

46.F. A. Fontijn-Tekamp, A. P. Slagter, A. Van Der Bilt, et al., “Biting
and Chewing in Overdentures, Full Dentures, and Natural Dentitions,”
Journal of Dental Research 79, no. 7 (2000): 1519-1524.

47. S. Varga, S. Spalj, M. Lapter Varga, S. Anic Milosevic, S. Mestrovic, and
M. Slaj, “Maximum Voluntary Molar Bite Force in Subjects With Normal
Occlusion,” European Journal of Orthodontics 33, no. 4 (2011): 427-433.

48. M. Rosentritt, M. Behr, J. M. van der Zel, and A. J. Feilzer, “Ap-
proach for Valuating the Influence of Laboratory Simulation,” Dental
Materials 25, no. 3 (2009): 348-352.

49. A. Zhang, N. Ye, W. Aregawi, et al., “A Review of Mechano-
Biochemical Models for Testing Composite Restorations,” Journal of
Dental Research 100, no. 10 (2021): 1030-1038.

50. S. D. Heintze, A. Eser, D. Monreal, and V. Rousson, “Using a Chew-
ing Simulator for Fatigue Testing of Metal Ceramic Crowns,” Journal
of the Mechanical Behavior of Biomedical Materials 65 (2017): 770-780.

51.J. R. Kelly, P. F. Cesar, S. S. Scherrer, et al., “ADM Guidance-
Ceramics: Fatigue Principles and Testing,” Dental Materials 33, no. 11
(2017): 1192-1204.

52.Y. Zhang, L. Sailer, and B. R. Lawn, “Fatigue of Dental Ceramics,”
Journal of Dentistry 41, no. 12 (2013): 1135-1147.

53. M. Rosentritt, V. Preis, M. Behr, and T. Strasser, “Fatigue and Wear
Behaviour of Zirconia Materials,” Journal of the Mechanical Behavior of
Biomedical Materials 110 (2020): 103970.

54. M. Al-Akhali, M. Kern, A. Elsayed, A. Samran, and M. S. Chaar,
“Influence of Thermomechanical Fatigue on the Fracture Strength of
CAD-CAM-Fabricated Occlusal Veneers,” Journal of Prosthetic Den-
tistry 121, no. 4 (2019): 644-650.

55. N. Nordahl, P. Vult von Steyern, and C. Larsson, “Fracture Strength
of Ceramic Monolithic Crown Systems of Different Thickness,” Journal
of Oral Science 57, no. 3 (2015): 255-261.

56.J. W. Kim, J. H. Kim, V. P. Thompson, and Y. Zhang, “Sliding Con-
tact Fatigue Damage in Layered Ceramic Structures,” Journal of Dental
Research 86, no. 11 (2007): 1046-1050.

57.B.R. Lawn, Y. Deng, I. K. Lloyd, M. N. Janal, E. D. Rekow, and V. P.
Thompson, “Materials Design of Ceramic-Based Layer Structures for
Crowns,” Journal of Dental Research 81, no. 6 (2002): 433-438.

58. M. R. Kaizer, S. Bano, M. Borba, V. Garg, M. B. F. Dos Santos, and
Y. Zhang, “Wear Behavior of Graded Glass/Zirconia Crowns and Their
Antagonists,” Journal of Dental Research 98, no. 4 (2019): 437-442.

59.J. Y. Rho, R. B. Ashman, and C. H. Turner, “Young's Modulus of
Trabecular and Cortical Bone Material: Ultrasonic and Microtensile
Measurements,” Journal of Biomechanics 26, no. 2 (1993): 111-119.

60. R. B. Ashman and J. Y. Rho, “Elastic Modulus of Trabecular Bone
Material,” Journal of Biomechanics 21, no. 3 (1988): 177-181.

61. Ivoclar, “IPS e.max ZirCAD Labside,” 2021.

62. M. B. Blatz, M. Alvarez, K. Sawyer, and M. Brindis, “How to Bond
Zirconia: The APC Concept,” Compendium of Continuing Education in
Dentistry 37, no. 9 (2016): 611-617.

63. L. Blumer, F. Schmidli, R. Weiger, and J. Fischer, “A Systematic Ap-
proach to Standardize Artificial Aging of Resin Composite Cements,”
Dental Materials 31, no. 7 (2015): 855-863.

64. B. Kordass, A. Amlang, A. Hugger, C. Behrendt, and S. Ruge, “Num-
ber and Localization of Occlusal Contact Areas on Natural Posterior
Teeth Without Dental Findings - Evaluations of the Regional Baseline
Study (SHIP-1) With the Greifswald Digital Analyzing System (GEDAS),”
International Journal of Computerized Dentistry 25, no. 1 (2022): 47-56.

65. R. Delong and W. H. Douglas, “Development of an Artifical Oral
Environment for the Testing of Dental Restoratives: Bi-Axial Force and
Movement Control,” Journal of Dental Research 62, no. 1 (1983): 32-36.

66. M. Kern, J. R. Strub, and X. Y. Lii, “Wear of Composite Resin Ve-
neering Materials in a Dual-Axis Chewing Simulator,” Journal of Oral
Rehabilitation 26, no. 5 (1999): 372-378.

67. L. S. Prott, F. A. Spitznagel, E. A. Bonfante, M. A. Malassa, and P.
C. Gierthmuehlen, “Monolithic Zirconia Crowns: Effect of Thickness
Reduction on Fatigue Behavior and Failure Load,” Journal of Advanced
Prosthodontics 13, no. 5 (2021): 269-280.

68. M. Sasse, A. Krummel, K. Klosa, and M. Kern, “Influence of Res-
toration Thickness and Dental Bonding Surface on the Fracture Resis-
tance of Full-Coverage Occlusal Veneers Made From Lithium Disilicate
Ceramic,” Dental Materials 31, no. 8 (2015): 907-915.

69. A. Krummel, A. Garling, M. Sasse, and M. Kern, “Influence of
Bonding Surface and Bonding Methods on the Fracture Resistance and
Survival Rate of Full-Coverage Occlusal Veneers Made From Lithium
Disilicate Ceramic After Cyclic Loading,” Dental Materials 35 (2019):
1351-1359.

552

Journal of Esthetic and Restorative Dentistry, 2026

85UB017 SUOWIWIOD BA1E81D) 8|qeotidde 8y} Aq psusnob ae sspile O ‘88N J0 S3|Nn 10} Aeiq18Ul|UO A1 UO (SUONIPUOD-PUR-SWLBY W00 AB 1M ARIq 1 U1 IUO//:SANY) SUONIPUOD PUe SWLIS | 8L 89S *[9202/50/82] U0 AkeidiTauljuO A8]1M HOP[ESSNA Yeuiolqigsepue] pun -SIIseAluN Aq 99002 PRITTTT 0T/I0p/W0o A8 1M ARiq1puljuo//Sdny woiy pepeojumod ‘e ‘9202 ‘0v2880.T



	Titelblatt_Spitznagel_final
	Spitznagel_fatigue
	Fatigue Performance and Failure Loads of Composition-Gradient Multilayer Zirconia: Partial-Coverage Restorations Versus Single Crowns at Different Thicknesses
	ABSTRACT
	1   |   Introduction
	2   |   Material and Methods
	2.1   |   Specimen Preparation
	2.2   |   Fabrication of All-Ceramic CAD/CAM Restorations
	2.3   |   Adhesive Cementation
	2.4   |   Fatigue Analysis
	2.5   |   Single-Load-To-Failure Testing
	2.6   |   Failure and Fractographic Analysis
	2.7   |   Statistical Analysis

	3   |   Results
	3.1   |   Fatigue Performance
	3.2   |   Single Load to Failure
	3.3   |   Failure and Fractographic Analysis

	4   |   Discussion
	5   |   Conclusions
	Acknowledgments
	Funding
	Conflicts of Interest
	Data Availability Statement
	References



