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Abstract

Transparent CAD/CAM monolithic ceramics are increasingly used in dentistry due to
their combination of high strength, esthetics, and durability, achieved through high yttria
content and multilayered systems. This study evaluates the mechanical behavior of four
widely used CAD/CAM ceramics, correlating their performance with microstructural
characteristics. Bar-shaped specimens (n = 10 per material, for each test) of ZOLID®
FX ML (ZF), IPS EMAX® CAD (MC), EMAX® ZIRCAD (ZM), and KAT-ANA® STML
(KS) (all A2 shade) were prepared and sintered according to manufacturers” protocols.
Flexural strength and elastic modulus were measured using three-point bending, and
Vickers hardness was determined separately. Statistical normality was confirmed with
the Kolmogorov-Smirnov test. Flexural strength ranged from 252.8 & 39.8 MPa (MC)
to 547.6 + 125.7 MPa (ZM), elastic modulus from 65.8 = 6.5 GPa (MC) to 94.1 £ 5.8 GPa
(KS), and hardness from 4.2 + 0.2 GPa (MC) to 9.6 £ 0.6 GPa (ZF). High-elastic-modulus
materials (KS, ZM) can better resist deformation under occlusal loads, improving long-term
stability of posterior crowns, bridges, and implant-supported restorations. High hardness
(ZF) provides superior wear resistance and preserves occlusal anatomy over time, making
it suitable for thin-shell restorations and high-stress functional surfaces. Materials with
lower modulus and hardness (MC) are more suitable for intra-coronal restorations or thin
veneers where stress shielding and material compliance are advantageous. These findings
support material selection based on mechanical demands, and further clinical studies are
needed to confirm long-term performance.

Keywords: monolithic ceramics; flexural strength; Yttria-stabilized Zirconia; elastic
modulus; Vickers hardness; three-point bending

1. Introduction

Monolithic Zirconia ceramics represent a significant evolution in dental materials,
offering a solution to the clinical limitations associated with veneered Zirconia restorations.
For decades, bi-layered Zirconia restorations were favored for their esthetics; however,
frequent chipping and delamination of the veneering layer have compromised their long-
term success and patient satisfaction. Furthermore, the need for extensive tooth reduction
to accommodate the veneering porcelain posed an additional clinical drawback [1]. To
address these issues, monolithic Zirconia was introduced as a single-phase alternative
that eliminates the weaker veneer while delivering superior fracture strength and wear
resistance [2].
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Despite the enhanced mechanical reliability of monolithic Zirconia, early formulations
suffered from high opacity, limiting their esthetic application in anterior regions. Recent
material innovations have focused on increasing translucency through the incorporation
of higher yttria content (4-8 mol%), promoting the formation of cubic Zirconia grains [3].
These cubic phases enhance light transmission due to their isotropic refractive properties,
resulting in highly translucent Zirconia systems that visually approximate lithium disilicate
glass-ceramics [4-8].

However, while esthetics have improved, the shift in microstructure may reduce
mechanical strength and aging resistance, raising concerns regarding their long-term per-
formance [9,10]. So current research suggests that high-translucency monolithic Zirconias
should be used strategically according to clinical demands—e.g., high-strength variants for
posterior use, and ultra-translucent grades for anterior restorations [11,12]. Many systems
boast flexural strengths exceeding 1000 MPa, supporting more conservative tooth prepa-
rations without sacrificing structural integrity [12]. Nonetheless, the rapid proliferation
of these materials on the market has outpaced independent scientific validation. Not
all commercially available products have been assessed under standardized conditions,
particularly ISO 6872:2015(E) protocols [13], making comparisons difficult and impeding
the development of evidence-based guidelines.

Short-term clinical outcomes are encouraging, with reported survival rates of 97.6%
(95% CI: 94.3-99.0) for implant-supported monolithic Zirconia crowns over three years [14],
and 91-100% for multi-unit restorations in shorter studies [15]. However, these data are
limited by heterogeneity and follow-up duration, emphasizing the need for continued
laboratory and clinical validation [11,16].

Building upon prior reports that have characterized the optical behavior of multilay-
ered transparent ceramics, this study provides second part where a detailed mechanical
performance assessment of these materials is reported, particularly focusing on emerg-
ing high-yttria-content Zirconia systems. The findings are relevant not only for dental
applications but also for the broader field of transparent ceramic optimization, where
mechanical integrity under function is equally critical to optical clarity. Specifically, we
compare three CAD-CAM-fabricated, multilayered Zirconia ceramics to a lithium dis-
ilicate control, evaluating their flexural strength, elastic modulus, and hardness under
ISO 6872:2015(E) protocols.

The null hypothesis tested is that no significant mechanical differences exist among
the tested ceramics. The findings contribute to the growing body of data needed to support
evidence-based material selection and underscore the importance of transparency and rigor
in evaluating next-generation ceramic systems for restorative dentistry, and beyond.

2. Materials and Methods
2.1. Sample Selection

Four types of monolithic esthetic CAD-CAM ceramic materials in A2 shade were
examined. Among them, three were highly translucent, multilayered Zirconia disks:

The zirconia and glass-ceramic materials evaluated in this study included ZOLID®
FX Multilayer (ZF; Amann Girrbach AG, Koblach, Austria), IPS EMAX® ZirCAD MT
Multi (ZM; Ivoclar Vivadent AG, Schaan, Liechtenstein), KATANA® STML (KS; Kuraray
Noritake Dental Inc., Tokyo, Japan), and IPS EMAX® CAD LT (MC; Ivoclar Vivadent AG,
Schaan, Liechtenstein). ZOLID® FX Multilayer (ZF) consists of ZrO, + HfO; + Y,03 > 99%
with Y,03 content of 8.5-9.5%, representing a high-translucent, cubic phase—stabilized
zirconia. IPS EMAX® ZirCAD MT Multi (ZM) contains ZrO, 86-93.5% and Y,0O3 6.5-8.0%,
characterized as a medium-translucency zirconia with a tetragonal-cubic mixed phase.
KATANA® STML (KS) comprises ZrO, + HfO, 88-93% and Y,03 7-10%, classified as a
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high-translucent, multi-layered zirconia. The glass-based ceramic material, IPS EMAX®
CAD LT (MC), is composed of SiO; 58-80% and Li,O 11-19%, representing a lithium
disilicate glass-ceramic.

All materials were obtained from identical batch numbers as per the manufacturers’
guidelines.

The sample size was determined using GPower statistical software (GPower Ver.
3.0.10, Franz Faul, Universitit Kiel, Kiel, Germany) with parameters set at a power of
0.75, an « value of 0.23, and an effect size of 0.38 (in-house calculation). ISO 6872:2015(E):
recommends 10-30 samples. A total of 80 samples were prepared, allocating 20 speci-
mens per material—10 for evaluating flexural strength and elastic modulus, and 10 for
hardness testing.

2.2. Sample Preparations

Milling was conducted in the green state to compensate for shrinkage during sintering,
utilizing a CAD-CAM system (K5+, vhf camfacture AG, Ammerbuch, Germany). Polishing
was performed with a grinding device (echo LAB POLI-1X/250, Devco S.r.l.,, Como, Italy)
operating at 300 rpm, using silicon carbide papers of 600, 800, and 1000 grit. Water was
applied during the polishing of lithium disilicate samples, whereas Zirconia was polished
dry, following manufacturer recommendations.

For Zirconia-based materials, polishing was performed in the pre-sintered state rather
than after sintering. Although the manufacturer’s recommendation is to polish Zirconia
after final sintering (which is the clinical case where samples are altered to fit occlusion),
this adjustment was made for research purposes and to standardize sample preparation
across groups. Polishing in the pre-sintered stage was chosen because the material is softer
and easier to finish, and because post-sintering polishing can induce surface alterations
that may mask intrinsic differences in microstructure and mechanical performance. No
further polishing was performed after sintering to avoid introducing such alterations.
In contrast, lithium disilicate CAD/CAM blocks were polished under wet conditions to
reduce the risk of surface microcracking and because the material is temperature-sensitive
during adjustment. These standardized yet material-appropriate protocols ensured that
each ceramic was finished in a way that reflected its clinically relevant processing pathway
while minimizing variability from post-sintering surface alterations.

Bar-shaped specimens were used for flexural strength testing in accordance with
ISO 6872:2015, which standardizes geometry to ensure reproducibility and accurate stress
distribution. While they do not perfectly mimic the complex shapes of clinical restorations,
bar specimens provide a baseline for material comparison and allow for a direct comparison
with the existing literature. Final dimensions were verified with a digital caliper (Insize
1111-75A, Insize Co., Ltd., Sao Paulo, Brazil), maintaining a precision of +0.01 mm.

Sintering and crystallization adhered to material-specific protocols (Table 1).

Table 1. The workflow for the study.
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2.3. Flexural Strength and Elastic Modulus Testing

In accordance with ISO 6872:2015(E) standards, bar-shaped specimens were fabricated
with final dimensions of 18 x 4 x 3 mm? and edge chamfered at a 45° angle (Figure 1).
This chamfer reduces stress concentrations at the corners, preventing premature fractures
during testing. Prior to testing, samples were stored in distilled water at 37 °C for 24 h.
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Figure 1. The chamfer edge for bar shaped of the flexural strength samples. Width w = 4.0 mm =+ 0.2 mm
(dimension of the side at right angles to the direction of the applied load), Thickness b = 3.0 mm =+ 0.2 mm
(with 3.0 mm recommended; dimension of the side parallel to the direction of the applied load),
Chamfer ¢ = 0.15 mm.

The flexural strength was determined using a three-point bending test (3-PBT) on
a universal testing machine (Computer-controlled electromechanical universal testing
machine (Jinan Testing Equipment Co., Ltd., Jinan, China) with a 16 mm span and a
crosshead speed of 1.0 mm-min~!.

Flexural strength (o) in MPa was calculated using Equation (1) ISO 6872:2015(E) [13]:
o = 3P1/2wh? 1)

where; P is the breaking load, in newtons; [ is the test span (Centre-to-centre distance
between support rollers), in millimeters; w is the width of the specimen, i.e., the dimension
of the side at right angles to the direction of the applied load, in millimeters; b is the
thickness of the specimen, i.e., the dimension of the side parallel to the direction of the
applied load, in millimeters.

The elastic modulus (Em) in GPa was obtained using 3-PBT and Equations (2) and (3) [17]:

En =SI® x 4bh™3 2)

where [ is the span length (16 mm), b is the sample width w (millimeters), / is the sample
thickness (millimeters), S is the stiffness (Newton/meter), and it was calculated from
the Formula

S =1 3)

where d is the deflection corresponding to load f at a point in the straight-line portion of
the trace.

2.4. Vickers Microhardness Testing

Rectangular specimens measuring 18 x 14 x 5 mm?

were prepared, polished, and
sintered as previously described. After 24 h storage in distilled water at 37 °C, the mi-
crohardness of the samples was evaluated using a Vickers hardness tester (Matsuzawa
Seiki Co., Ltd., Akita, Japan) following ASTM C1327 guidelines [18]. A load of 300 g was
applied for 10 s. Each specimen underwent five indentations, with a minimum spacing
of 0.5 mm between them. The indentation diagonals (d; and d;) were measured using an
optical microscope (Figure 2), and hardness was calculated as follows: in Equation (4);
ASTM C1327.

HV =0.0018544 x N x (d7 x dy)~ ! 4)
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where N represents the applied load (N), and d; and d, denote the diagonals of the
indentation (mm).

Figure 2. Tested and Measurement of indentation size under microscope using green filter.

2.5. Statistical Analysis

Statistical analysis was performed using SPSS Statistics v25.0 (IBM Corp., Armonk,
NY, USA). Descriptive statistics, including means and standard deviations, were calculated
for each mechanical property. The Kolmogorov—Smirnov test was applied to assess data
normality. One-way ANOVA was used to analyze flexural strength, elastic modulus, and
Vickers hardness, with Bonferroni corrections for multiple comparisons. However, flexural
strength was specifically analyzed using the Games-Howell test. Statistical significance
was set at p < 0.05.

3. Results
3.1. Flexural Strength
Flexural strength values ranged from 252.8 to 547.6 MPa (Table 2).

Table 2. Mean (+standard deviation) values and statistical analysis of flexural strength, elastic
modulus and hardness of tested materials.

Materials Flexural-Strength (MPa) 2 Elastic Modulus (GPa) Hardness (GPa) 2
EMAX®CAD 252.8 (39.8) 65.8 (6.5) 42(02)¢
ZOLID®FX ML 462.5 (22.7) 83.9 (6.5) 9.6 (0.6) P
KATANA®STML 431.8 (60.4) 94.1 (5.8) P 9.6 (0.3) P
E.MAX®ZIRCAD 547.6 (125.7) b 94.0 (5.1) P 8.4 (0.5)

(*) material groups were significantly different (p < 0.05) amongst each other, (°) group is significantly higher or
() group was significantly lower after adjusting for multiple comparisons.

Statistical analysis indicated a significant variation among the tested groups (p < 0.05),
with adjustments applied for multiple comparisons. The ZM group (547.6 &= 125.7 MPa) ex-
hibited significantly greater flexural strength (p < 0.05) compared to ZF (462.4 £ 22.7 MPa)
and KS (431.8 & 60.4 MPa). Both ZF and KS also demonstrated significantly higher values
(p < 0.05) than MC (252.7 £ 39.7 MPa). However, no significant difference was observed
between ZF and KS (p = 0.472).
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3.2. Elastic Modulus

Elastic modulus values ranged from 65.7 to 94.1 GPa (Table 1). The KS (94.1 & 5.8 GPa)
and ZM (93.9 + 5.08 GPa) groups exhibited significantly higher elastic modulus values
(p < 0.05) compared to ZF (83.9 £ 6.4 GPa), which in turn had significantly greater values
(p < 0.05) than MC (65.7 + 6.4 GPa). No significant difference was found between KS and
ZM (p = 1.000).

3.3. Vickers Microhardness

Vickers microhardness values ranged from 4.1 to 9.6 GPa (Table 1). A significant
difference was observed across the groups (p < 0.05), with multiple comparison adjust-
ments confirming these distinctions. ZF (9.6 £ 0.6 GPa) and KS (9.6 & 0.3 GPa) exhibited
significantly higher hardness values (p < 0.05) compared to ZM (8.4 = 0.5 GPa), and both
were also significantly harder (p < 0.05) than MC (4.1 & 0.2 GPa). However, no significant
difference was detected between ZF and KS (p = 1.000). Among all tested materials, MC
displayed the lowest hardness value, which was statistically significant (p < 0.05).

4. Discussion
4.1. Flexural Strength

Flexural strength is a crucial parameter for assessing the mechanical behavior of brittle
materials, which are inherently weaker in tension than in compression [19]. The results
revealed substantial differences among the materials, with EMAX® ZIRCAD exhibiting
the highest flexural strength, significantly outperforming ZOLID® FX and KATANA®
STML. All Zirconia-based materials demonstrated significantly greater flexural strength
than EMAX® CAD.

Although the measured flexural strength values were generally lower than the manu-
facturers’ reported values (e.g., E.MAX® ZIRCAD: 850 MPa, ZOLID® FX: 700 + 150 MPa,
KATANA® STML: 748 MPa, and EMAX® CAD: 360 MPa), they remain within clinically
acceptable thresholds as recommended by ISO 6872:2015(E) standards. This is particularly
relevant for clinicians when selecting materials for restorations subjected to high occlusal
forces, such as posterior crowns. The absence of significant differences between ZOLID®
FX and KATANA® STML suggests that these materials may be used interchangeably in
clinical applications where a slight reduction in strength is acceptable, potentially allowing
for greater flexibility in material selection based on esthetic and functional considerations.

Comparing these findings with previous literature, E.MAX® CAD flexural strength val-
ues in this study (210.2-471.2 MPa) align with the range reported in systematic reviews com-
piling data from three-point bending tests [20,21]. However, other studies have reported
higher flexural strength values for ZOLID® FX (e.g., 557 = 88 MPa, 657.35 + 112.02 MPa,
676 + 49.7 MPa), as well as a lower value of 433.54 + 101.56 MPa, which is closer to the
findings of the current study [22,23]. Similarly, KATANA® STML flexural strength has been
reported with wide variation, ranging from 347.22 & 32.73 MPa to 762.16 £ 200.96 MPa,
with differences attributed to testing methodology, sample geometry, and preparation
protocols [24-26].

The flexural strength values obtained in this study (547.5 MPa) for ZirCAD ceramic
materials are considerably lower than those reported in another study (1462 £ 105 MPa) [27],
but within the range reported before thermal aging [28,29]. The observed discrepancy could
be attributed to several factors, including differences in composition, sintering conditions,
and testing methodologies [30,31].

Another important consideration is the influence of multilayered Zirconia structures
and their gradient properties. Studies have demonstrated that the flexural strength of
Zirconia varies across layers due to compositional gradients, where the transition from
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tetragonal-rich to cubic-rich phases impacts the mechanical behavior [32,33]. The presence
of weaker layers, particularly those with higher cubic-phase content, may have contributed
to the lower strength values observed in this study. While the current results suggest a
lower flexural strength for the evaluated ZirCAD material, further investigations incorpo-
rating microstructural analysis and controlled sintering parameters are needed to better
understand the factors influencing its mechanical performance.

4.2. Elastic Modulus

The elastic modulus values varied significantly among the tested materials. KATANA®
STML and EMAX® ZIRCAD exhibited significantly higher values compared to ZOLID®
FX and EIMAX® CAD. The lack of significant differences between KATANA® STML and
E.MAX® ZIRCAD suggests that these materials offer similar rigidity, which is crucial in
clinical applications requiring dimensional stability under load.

The elastic modulus of Zirconia-based materials is influenced by Yttria (Y,O3) content,
which determines the crystalline phase distribution. Higher Yttria content stabilizes the cu-
bic phase, increasing translucency while reducing strength and stiffness. Among the tested
materials, ZOLID® FX (8.5-9.5% Y,03), EMAX® ZIRCAD (6.5-8.0%), and KATANA®
STML (7-10%) differ in their Yttria concentrations, which explains the observed mechanical
variations. EMAX® CAD, inherently has a lower modulus of elasticity due to its compo-
sition, resulting in greater flexibility compared to Zirconia materials. This property can
enhance adaptation and longevity, particularly in patients with parafunctional habits such
as bruxism.

These findings align with existing literature, where Zirconia-based materials consis-
tently demonstrate higher elastic modulus values than lithium disilicate ceramics [7,34].
For instance, a study on cubic/tetragonal Zirconia materials also found high elastic modu-
lus values, indicating the material’s suitability for restorations requiring high mechanical
stability [22]. The difference between ZF and KS in our study is comparable to their find-
ings on the mechanical properties of Zirconia, where variations in composition can lead
to different performance characteristics. Moreover, studies suggest that materials with a
lower modulus of elasticity tend to exhibit improved machinability and adaptability, which
can be advantageous in CAD/CAM restorations [34-36].

4.3. Vickers Microhardness

Significant differences in Vickers microhardness were observed among the materials.
ZOLID® FX and KATANA® STML exhibited the highest values, significantly surpassing
E.MAX® ZIRCAD and EMAX® CAD.

The hardness of Zirconia-based materials is influenced by Yttria content and phase
transformation behavior. Higher Yttria levels stabilize the cubic phase, which enhances
translucency but can lower hardness compared to materials with a higher tetragonal phase
proportion, such as EMAX® ZIRCAD. In contrast, the glass-ceramic EMAX® CAD exhibits
the least hardness due to its glass matrix, making it more susceptible to wear but potentially
more enamel-friendly.

The hardness of ceramic materials, also, plays a crucial role in their finishability,
and polishability [37,38]. The hardness value of EMAX®CAD is slightly above that of
human enamel (3.5 GPa) [39] Zirconia materials could be beneficial in protecting opposing
tooth structures from excessive wear. However, further studies are necessary, as material
hardness is not the sole factor in the complex wear process.

The hardness values reported in this study were generally lower than those found
in previous investigations. For instance, Goujat et al. reported a Vickers hardness
of 5.98 & 0.94 GPa for EMAX® CAD, while Elsaka et al. reported 11.36 4+ 0.61 GPa
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for ZOLID® EX [23,40]. Discrepancies in hardness values across studies may result
from variations in sample preparation, testing methods, indentation parameters, and
environmental conditions.

Additionally, data provided by manufacturers and other studies for various Zirconia
materials are often presented as dimensionless Vickers hardness numbers rather than in
GPa. No data was available for EMAX®ZIRCAD. The discrepancies in results may be
attributed to variations in material sample preparation and other external factors, such as
the measuring system, the shape of the indenter, and the applied load.

4.4. Clinical Implications and Recommendations

The microstructural origins of the mechanical properties directly inform evidence-
based clinical material selection. The exceptional strength and stiffness of EMAX® ZIRCAD
make it the material of choice for the most demanding clinical situations, including long-
span fixed dental prostheses (FDPs), molar crowns, and implant-supported restorations.
Its microstructure is optimized to withstand high cyclic occlusal forces.

Aesthetic-Critical Single Units: ZOLID® FX and KATANA® STML are ideally suited
for single-unit posterior crowns, inlays, and onlays where aesthetic appeal is paramount.
Their strength, close to Class 1 ceramics, supports their recommendation for use as En-
doCrowns and Posterior veneers (Thin crowns). Their graded structure allows technicians
to mimic the natural dentin-enamel complex with a monolithic material. Furthermore,
their superior hardness ensures excellent resistance to wear and the ability to maintain a
polished surface over time, reducing plaque adhesion.

Anterior Restorations and Enamel-Friendly Applications: EEMAX® CAD remains a
superb option for anterior crowns, veneers, and inlays. Its lower hardness is a significant
clinical advantage, as it is less abrasive to opposing natural dentition. This is particularly
important in patients with parafunctional habits or when restoring the antagonist to a
natural tooth.

4.5. Limitations and Future Directions

Despite providing valuable insights into the mechanical performance of monolithic
CAD/CAM ceramics, this study has several limitations. First, only bar-shaped specimens
were tested for flexural strength, elastic modulus, and hardness. While standardized
per ISO 6872:2015(E), these geometries do not fully replicate the complex shapes and
stress distributions of clinical restorations, potentially limiting direct clinical extrapolation.
Second, the study assessed only a few mechanical properties, omitting fracture toughness
and fatigue resistance, which are critical for predicting long-term performance under cyclic
intraoral forces.

Third, polishing and sintering protocols varied among materials (different temper-
atures and speeds), which may affect comparability. Fourth, only A2 shade materials
were tested, limiting the generalizability of results, as shade-dependent translucency or
microstructure variations can influence mechanical properties. Fifth, the study did not
incorporate thermal cycling or cyclic loading, which simulate the oral environment and are
known to impact material durability.

Additionally, the correlation between microstructural differences (grain size, crys-
talline phases, density) and mechanical behavior, although discussed, was not fully ex-
plored in relation to long-term performance. Related optical properties, such as translucency
and color stability, were only considered in previous studies; including them here could
provide a more comprehensive assessment, as microstructural features often influence
both optical and mechanical behavior. Finally, the study was limited to in vitro conditions,
which cannot fully replicate clinical stresses and environmental factors.
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Future research should include testing crown or anatomically shaped specimens, mul-
tiple shades, and a broader range of mechanical properties, including fracture toughness,
fatigue resistance, and wear behavior. Incorporating thermal cycling and simulated oral
forces will enhance the clinical relevance of findings. Furthermore, combining microstruc-
tural analysis with both mechanical and optical characterization will allow for a more
complete understanding of material behavior, guiding selection for durable and esthetic
dental restorations.

5. Conclusions

The mechanical properties of contemporary dental ceramics are a direct manifestation
of their engineered microstructure. The high-strength Zirconia EEMAX® ZIRCAD leverages
a fine-grained tetragonal structure for supreme toughness, while the high-translucency
Zirconias ZOLID® FX and KATANA® STML utilize a cubic-phase-dominated microstruc-
ture to achieve an optimal balance of aesthetics and strength, enhanced by a functionally
graded architecture. Lithium disilicate EEMAX® CAD offers an enamel-friendly alternative
based on an interlocking crystal network. This structure-property relationship provides a
clear scientific rationale for clinicians to select the optimal material based on the specific
biomechanical and aesthetic demands of each clinical case.
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