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Abstract: This study aimed to evaluate and compare the mechanical properties of three CAD-CAM monolithic 

esthetic zirconia (Ceramill® Zolid FX Multilayer (ZF), IPS e.max® ZirCAD MT Multi (ZM), and KATANATM 

STML (KS)) with a CAD-CAM lithium disilicate glass-ceramic (IPS e.max® CAD LT (MC)) as control.  80 

samples (20/group) were milled, sintered, and subjected to a three-point bending test (3-PBT) to measure 

flexural strength and elastic modulus; Vickers indentations were used to measure microhardness. The 

numerical outcomes were analyzed using one-way ANOVA with a statistical significance set at <0.05. Zirconia 

showed superior mechanical properties compared with lithium disilicate (P<0.05). ZM had the highest values 

of flexural strength (P<0.05), KS and ZM showed significantly higher elastic modulus values than ZF (P<0.05), 

and ZF and KS microhardness values were significantly higher than ZM (P<0.05). Monolithic multi-layered 

zirconia had enhanced mechanical properties when compared with lithium disilicate and can be a predictable 

replacement in clinical applications.  

Keywords: Zirconia elastic modulus; Zirconia flexural strength; Zirconia microhardness 

 

1. Introduction 

The introduction of computer-aided designing/computer-aided manufacturing (CAD-CAM) 

technology allowed high-strength ceramic materials to be clinically used, such as alumina and 

zirconia [1]. High-strength ceramics tend to have more opacity which imposes a challenge upon color 

matching; nevertheless, they can obscure existing tooth discolorations. Zirconia is a white crystalline 

oxide of the metal 'zirconium' and is available in three distinct allotropic forms; monoclinic, 

tetragonal, and cubic [2,3]. It has been meta-stabilized in its tetragonal form at room temperature by 

the addition of stabilizing oxides [4]. Stabilized tetragonal zirconia polycrystalline (3Y-TZP) is used 

in dental restorations and usually contains yttria (3 mol%) as a stabilizer.  

To achieve a tooth-like appearance, 3Y-TZP copings for dental restorations still need the 

application of veneering ceramics [5,6]. Even though the esthetics can be partially restored by these 

layers, the total layers lack the fluorescence that natural teeth have [7]. Another drawback of veneered 

zirconia restorations is that the veneering porcelain of a Y-TZP core becomes the weak link of the 

restoration and has a high incidence of chipping, which is considered the most frequently reported 

type of failure [8,9]. The failure rate observed is between 3% and 50% for both tooth or implant-

supported zirconia restorations as reported in different studies [3,10–12].  

Several techniques try to reduce these drawbacks, including modifying core design [13], 

minimal veneering porcelain layer to zirconia core ratio [14], veneering porcelain materials with a 

lower coefficient of thermal expansion (CTE) than zirconia cores [15], and changing layering 

technique using the press-on [16,17] and CAD-on technique [18].  
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Still, these various layering methods have not fully solved the problem, so there was a 

suggestion to extend the core material itself to occupy the full thickness of the restoration, which is 

called full-contour or monolithic. Monolithic zirconia restorations provide acceptable esthetics, 

overcome the chipping of porcelain veneering layers [9,19,20], and help clinicians make less 

destructive tooth preparations [21]. The better translucency and opalescence of the new monolithic 

zirconia systems were achieved by modifications in the microstructure which aim to reduce alumina 

content, grain size, and the number of impurities [22]. 

More recent versions of translucent zirconia have increased the content of yttria around 4 to 5 

mol%, resulting in structures with more cubic polycrystals (approximately 50%) and light 

transmission, allowing them to produce highly translucent monolithic zirconia. This was attributed 

to the cubic phase change resulting in an increase in the volume and the isotropic cube shape [23–26]. 

Translucent zirconia materials have been marketed for all types of anterior and posterior dental 

restorations. There is a lack of studies that investigate the full range of properties of these new types 

of zirconia as addressed recently from a study on optical properties of CAD-CAM ceramic systems 

for monolithic restorations[27]. A PUBMED search for related articles using the captions (monolithic, 

translucent, zirconia, mechanical) revealed 66 results; most of these publications are between 2018 

and 2021 and are peer-reviewed. This search revealed the increased interest in the study of 

mechanical properties of these recent dental ceramics, marketed as 'esthetic'. However, not all 

marketed materials have been backed up by independent scientific published reports, nor did many 

of the published reports use the ISO standards for sample production. This will ensure that the 

esthetic drive for their production is guaranteed along with sufficient mechanical properties which 

might affect their strength and durability in vivo or limit their recommended clinical use. 

Consequently, it is paramount to assess the in vitro mechanical properties of these materials to be able 

to predict the clinical performance, limitations, and indications of such esthetic restorative materials 

away from the effects of the in vivo confounding variables.  

So, this in vitro study aimed to evaluate and compare the mechanical properties of a variety of 

CAD-CAM esthetic polycrystalline ceramic systems used for monolithic restorations with a CAD-

CAM glass-ceramic system. Their optical properties have been compared in a predecessor study [27].  

The null hypothesis is that there are no differences in the mechanical properties between three 

CAD-CAM monolithic polycrystalline ceramics nor when compared with a CAD-CAM monolithic 

glass-ceramic.  

2. Materials and Methods 

Four brands of monolithic esthetic CAD-CAM ceramic materials were used (A2-shaded). Three 

brands were polychromatic super-high translucent multi-layered zirconia discs: Ceramill® Zolid FX 

Multilayer (ZF) (Amann Girrbach AG, Austria), IPS e.max® ZirCAD MT Multi (ZM) (Ivoclar 

Vivadent, Schaan, Zurich), and KATANATM STML (KS) (Kuraray Noritake, Japan). The fourth brand 

was lithium disilicate glass-ceramic IPS e.max® CAD LT (MC) (Ivoclar Vivadent, Schaan, Zurich). The 

tested materials are summarized in Table 1. Samples were derived for each brand material from the 

same lot number as specified by the manufacturing company and were designed according to ISO 

no. 6872 testing procedures. 

Table 1. Summary of materials used in the study. 

Material  code  Composition  Manufacturer  Lot No.  

• Zirconia         

Zolid fx ZF  

ZrO2+HfO2+Y2O3: ≥99.0%, Y2O3: 8.5–9.5%, 

HfO2: ≤5.0%, Al2O3: ≤0.5%, and other oxides: 

≤1.0% 

Amann 

Girrbach  

AG , Austria 

 

IPS e.max ZirCAD MT 

Multi 
ZM  

6ZrO₂: 86.0–93.5%, Y₂O₃: 6.5–8.0%, HfO₂: 

≤5.0%, Al₂O₃: ≤1.0%, and other oxides: ≤1.0% 

Ivoclar 

Vivadent, 

Schaan, 

Zurich 

X08568 
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Katana STML KS  
ZrO2+HfO2: 88.0–93.0%; Y2O3: 7.0–10.0%, and 

other oxides: 0.0–2.0% 

Kuraray 

Noritake 

Japan 

EAUVR 

• Lithium disilicate       

IPS e.max CAD (LT A2/ 

b 23) 
MC  

SiO₂: 58.0–80.0%, Li₂O: 11.0–19.0%, K₂O: 0.0–

13.0%, ZrO₂: 0.0–8.0%, Al₂O₃: 0.0–5.0% 

Ivoclar 

Vivadent, 

Schaan, 

Zurich 

Y32216 

As adopted in the sample size determination of the predecessor study [27], "power analysis" 

using G*Power statistical software (G*Power Ver. 3.0.10, Franz Faul, Universität Kiel, Germany) was 

performed to determine the sample size of this study. The number of samples per group was set 

according to power: 0.75, α: 0.23, and effect size: 0.38. Accordingly, a total of 80 samples was set for 

all the materials to be tested. 

Each material comprised 10 samples for the flexural strength and elastic modulus tests and 10 

for the hardness test. Samples were milled from the materials blocks and discs while in their green 

stage, according to the required dimensions using a computer-aided manufacturing (CAM) device 

(K5+, vhf camfacture AG, Ammerbuch, Germany), taking into account the amount of shrinkage that 

occurs during dense sintering.  A polishing device (echo LAB POLI-1X/250, Devco S.r.l, Italy) was 

used to polish the samples (60 seconds at 300 rpm; 600, 800, and 1000 grit silicon carbide (SiC) papers). 

According to the manufacturers' recommendations, water was only used for polishing the samples 

of lithium disilicate. A digital caliper (Insize 1111-75A, Brazil) was used to verify the final dimensions 

(±0.01mm) of the samples.  

The samples were fully crystallized/sintered based on the following manufacturers' 

specifications: for the ZF group, (Furnace: Ceramill Therm, Amann Girrbach, Austria) heating rate of 

8°C/min till 1450°C, holding time of 120min, and cooling rate of 10°C/min;  for the ZM group, 

(Furnace: inFire HTC speed, Dentsply Sirona, USA) heating rate of 10°C/min till 900°C, holding time 

of 30min, then 3°C/min till 1500°C, holding time of 120min, and cooling rate of -10°C/min to 900°C 

and then -8°C/min to 300°C; for the KS group, (Furnace: Ceramill Therm, Amann Girrbach, Austria) 

heating rate of 10°C/min till 1550°C, holding time of 120min, and cooling rate of -10°C/min; and for 

the MC group, (Furnace: Programat P5010 Ivoclar Vivadent, Zurich) heating rate of 90°C/min till 

820°C, holding time of 10min, then 30°C/min till 840°C, holding time of 7min, and cooling rate of 

0°C/min.  

Flexural strength and elastic modulus  

Testing of flexural strength and elastic modulus was done according to the ISO standard 687228). 

Materials were milled into bars (N=40/n=10) to end into the following dimensions after firing 

18×4×3mm, with a 45-degree chamfer edge [28]. Distilled water was used at 37°C to store these bars 

for 24h, then the samples were subjected to load in a 3-PBT (16mm span) using a universal testing 

machine (Computer control electromechanical universal testing machine, Jinan corp., China) at a 

crosshead speed of 1.0mm/min (Figure 1).  

 

Figure 1. Test sample loaded in a universal testing machine. 

The flexural strength (σf) was determined in MPa from the following formula (Equation (1)) [29]:  
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𝜎𝑓=3𝑃𝐿2𝐵𝐷2 (1) 

where P stands for the breaking load (newton), L for the roller span (16 mm), B for the sample width 

(millimeter), and D for the sample thickness (millimeter).  

The elastic modulus (Em) was calculated in GPa from the following formula (Equation 2) using 

data obtained from 3-PBT [29,30]:  

𝐸𝑚= 𝑃𝐿3 4𝐵𝐷𝑑3 (2) 

where d stands for the deflection corresponding to load P.  

Vickers microhardness  

Cuboidal samples (N=40/n=10) of 18×14×5mm from each material were fabricated. After 

polishing and sintering as described previously, storage of all samples in distilled water was carried 

out at 37°C for 24h. After that, the samples were placed in a microhardness indenter (Microhardness 

tester, Matsuzawa Seiki CO. LTD, Japan). A Vickers diamond indenter with a load of 300g and a 

dwell time of 10sec was used according to the specifications of ASTM C1327 [31] (Figure 2). Five 

indentations were carried out for each sample around its center, at least 0.5mm apart. The diameters 

of the Vickers indentations (d1 and d2) were assessed using an optical microscope (Figure 3), and the 

following formula (Equation 3) was used to calculate the hardness [31]:  

Hardness=0.0018544×𝐿𝑑1×𝑑2 (3) 

where L stands for the load (newton) and d1 and d2 are the indentation diagonal length (millimeter). 

 

Figure 2. (a) Microhardness tester, Matsuzawa Seiki CO. LTD, Japan (b) Tested sample under the 

microscope lens (c) Diamond indenter touching the sample Surface. 

 

Figure 3. Measurement of indentation size under the microscope using a green filter . 

Means and standard deviations were calculated for each mechanical property (flexural strength, 

elastic modulus, and hardness) within each material group. Measured data were analyzed 

statistically by using statistical software (SPSS Statistics v.25.0; Chicago, USA). Normalities of 

distributions were explored using the Kolmogorov-smirnov test and the groups were found to be 

distributed normally. Flexural strength, elastic modulus, and Vickers microhardness data were 

analyzed using one-way ANOVA. To adjust for multiple comparisons, the Bonferroni correction test 

was used for elastic modulus and hardness whereas Games-Howell multiple comparison test was 

used for the flexural strength. Statistical significance was set at P<0.05.  
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3.Results 

Flexural strength values ranged from 252.7 to 547.5MPa (Table 2, Figure 4). The analysis revealed 

a significant difference in flexural strength among the tested groups (P<0.05). When adjusting for 

multiple comparisons, the flexural strength of the ZM group [547.5(±125.6)MPa] was noted to be 

significantly higher (P<0.05) than the ZF [462.4(±22.7)MPa] and KS [431.8(±60.4)MPa] groups, which 

were also significantly higher (P<0.05) than the MC [252.7(±39.7)MPa] group. However, no significant 

flexural strength difference was noted between the ZF and KS (P=0.47) groups. 

 

 

Figure 4. Bar graph of tested groups' flexural strength means in MPa. 

Elastic modulus values ranged from 65.7 to 94.1GPa (Table 2, Figure 5). KS [94.1(±5.8)GPa] and 

ZM [93.9(±5.08)GPa] groups showed significantly higher (P<0.05) elastic modulus than ZF 

[83.9(±6.4)GPa] group, which were also significantly higher (P<0.05) than the MC [65.7(±6.4)GPa] 

group. No significant difference was found between the KS and ZM (P=1.00) groups. 

 

Table 2 – Statistical analysis, mean, and standard deviation of flexural strength, elastic modulus, and hardness of all tested 

materials. 

Materials Flexural strength (MPa) a Elastic modulus (GPa) Hardness (GPa) a 

MC 252.796 (39.787) c 65.768 (6.454) c 4.124 (0.240) c 

ZF 462.463 (22.701) 83.905 (6.469) 9.623 (0.649) b 

KS 431.800 (60.433) 94.131 (5.811) b 9.584 (0.335) b 

ZM 547.579 (125.696) b 93.951 (5.090) b 8.387 (0.452) 

Mean values of each property (±Sdev). A superscript uppercase letter (a) was used when material groups were significantly different (P<0.05) from each other, (b) if a 

specific group is significantly higher, or (c) if that group was significantly lower after adjusting for multiple comparisons 
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Figure 5. Bar graph of tested groups' elastic modulus means in GPa. 

Vickers microhardness values ranged from 4.12 to 9.62GPa (Table 2, Figure 6). The analysis 

revealed that a significant difference in Vickers microhardness was noted among the groups (P<0.05). 

When adjusting for multiple comparisons, the Vickers microhardness of the ZF [9.62(±0.64)GPa] and 

KS [9.58(±0.33)GPa] groups were noted to be significantly higher (P<0.05) than the ZM 

[8.38(±22.7)GPa] group, which was also significantly higher (P<0.05) than the MC [4.12(±0.24)GPa] 

group. However, no significant Vickers microhardness difference was noted between the ZF and KS 

(P=1.00) groups. The MC group significantly had the lowest microhardness among all tested 

materials (P<0.05).  

 

Figure 6. Bar graph of tested groups Vickers microhardness means in GPa. 

4. Discussion 

The null hypothesis of this study was rejected, as the differences in the mechanical properties of 

the tested materials were statistically significant. This in vitro study evaluated and compared the 

mechanical properties of three commercially available CAD-CAM multi-layered zirconia ceramics, 

marketed as 'esthetic zirconia', with lithium disilicate glass-ceramic as a control. so far, no previous 

study has compared these specific materials together in terms of their mechanical properties.  

For this present study, flexural strength was examined because it is considered a proven test to 

compare the mechanical behavior of brittle materials; that are significantly stronger in compression 
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than tension, such as ceramics [32]. The test adopted in this study was 3-PBT; one of the 

recommended methods by ISO 6872;2015. The results of the study showed that the ZM group has a 

statistically significant higher flexural strength [547.5(± 125.6)MPa] among the tested materials, while 

the MC group has the lowest [252.7(± 39.7)MPa]. There is no significant difference between ZF 

[462.4(± 22.7)MPa] and KS [431.8(± 60.4)MP] groups. 

Different zirconia systems do not necessarily behave in a similar pattern, and the microstructure 

seems to play an important role in the zirconia material behavior. Also, the mechanical properties for 

each material brand differ according to the optical properties; as the final shade variation is mainly 

based on microstructure; e.g., Ceramill® Zolid FX (Amann Girrbach AG, Austria) zirconia has two 

subtypes: Ceramill® Zolid FX white and  Ceramill® Zolid FX multilayer; IPS e.max® ZirCAD (Ivoclar 

Vivadent, Schaan, Zurich) zirconia has five different subtypes: IPS e.max® ZirCAD Prime, IPS e.max® 

ZirCAD MT Multi, IPS e.max® ZirCAD MT,  IPS e.max® ZirCAD LT, and IPS e.max® ZirCAD MO; 

KATANATM (Kuraray Noritake, Japan)  zirconia has four different subtypes: KATANATM STML, 

KATANATM UTML, KATANATM HTML, and HT. The control group IPS e.max® CAD (Ivoclar 

Vivadent, Schaan, Zurich) glass-ceramic has five subtypes: IPS e.max® CAD HT, IPS e.max® CAD 

MT, IPS e.max® CAD LT, IPS e.max® CAD MO, and IPS e.max® CAD I. Each brand subtype has a 

slightly different microstructure and thus different mechanical properties and indications. This wide 

variation in the microstructure of each ceramic material brand might explain the variation in the 

results obtained from different studies.   

In this investigation, the obtained flexural strength values were generally less than those claimed 

by the manufacturing companies, i.e., 850MPa for ZM, 700(±150)MPa for ZF, 748MPa for KS, and 

360MPa for MC. However, the mean values obtained are within the threshold recommended by ISO 

for clinical indications. Few data are available in the literature regarding multi-layered zirconia 

ceramics to be directly compared with this study outcome.  

For the MC group, the flexural strength values achieved in this study are similar to those stated 

by Zarone et al. [262(±88)MPa] in their narrative review [33]. Goujat et al. in another in vitro study 

reported a lower value [210.2(±14)MPa] which had been obtained from samples of a dissimilar size 

but of similar shape and method to this study34). In contrast, various studies reported higher values 

[348.33(±28.69)MPa] and [381.04(±42.02)MPa] than those obtained in this study [29,35]. Data for ZF 

and KS are still limited. Zadeh et al. [36] and Elsaka [37] reported higher values than the present 

study [557(±88)MPa] and [676(±49.7)MPa], respectively. Paek et al. also reported flexural strength of 

KS [762.16(±200.96)MPa] higher than those reported in this study [38]. No available data was found 

in the literature regarding the ZM flexural strength.  

It appears infeasible to definitively state the ceramic material strength due to the various factors 

impacting measurements, such as the method of testing, sample shape and dimensions, environment 

of testing, polishing procedures, support, and load spans [39]. For example, Leung et al. tested 

samples of size 15×2×2mm with supporting rollers span length at 10mm apart, which is different from 

the present study (sample size of 18×4×3mm with the supporting rollers span length at 16mm apart) 

[40].  

No statistically significant differences between zirconia groups were found in elastic modulus, 

except for the ZF group. The elastic moduli of all zirconia materials were higher than that of lithium 

disilicate material tested, which is also in agreement with recent laboratory studies [24,41]. ZM and 

KS groups have significantly higher elastic moduli than all tested materials and there is no 

statistically significant difference found between them, but the values were variable. These findings 

showed that the force required for zirconia deformation is greater than that of commonly used 

lithium disilicate glass-ceramics. Furthermore, other studies found that better machinability and 

adaptation are present with a lower elastic modulus [42–44].  

In this study, microhardness testing revealed that the MC group had lower values of hardness 

than those for zirconia materials. The hardness of ceramic materials contributes to their ease in 

finishability, polishability, and wear resistance [45]. Also, it is important to measure the hardness of 

dental materials to be able to describe the abrasiveness to which the natural dentition will be 

subjected46). Previous studies have reported that ceramics produced greater opposing tooth structure 
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wear than other restorative materials [47–49]. Also, it is generally confirmed that harder materials 

may cause more severe wear on the antagonist tooth structure [50]. MC microhardness value is 

slightly higher than that of human enamel (3.5GPa) [51,52]. Advantageously, the lower hardness 

values of MC compared to the tested zirconia materials may protect the antagonist tooth structure 

from the wear process. On the other hand, more studies are needed to advocate; as material hardness 

is not the only factor in the complicated process of tooth wear. The results displayed here were lower 

than the data from other in vitro studies. Goujat et al. reported a Vickers microhardness value of 

5.98(±0.94)GPa for MC, on the other hand, Elsaka et al. reported 11.36(±0.61)GPa for ZF [34,37]. 

Furthermore, data provided by manufacturers and previous studies for other zirconia materials were 

available as a dimensionless Vickers hardness number, a unit other than GPa. No data for ZM was 

provided. Results discrepancy could result from variations in the preparation of material samples 

and other external factors (e.g., measuring system, the indenter shape, and applied load) [52].  

One of the limitations of this study is that the protocol which was used for finishing and 

polishing was consistent for all tested materials, due to ease and standardization. Also, this in vitro 

investigation could not completely simulate clinical conditions in which the samples were not 

subjected to cyclic loading and thermal variations. Moreover, the effects of abutment materials and 

cement bonding on the results have not been evaluated in this study. Only in vivo studies will reveal 

the predictable clinical applications, survival rate, and shortcomings of these innovations of 

translucent esthetic zirconia.  

Future research should assess the impact of variable polishing materials and techniques on the 

mechanical properties of monolithic multi-layered zirconia ceramics. In addition, fatigue behavior, 

fractographic analysis, biocompatibility, and aging, have not yet been tested and should be 

investigated. Further studies simulating the variables of the in vivo environment are needed to 

extrapolate definitive clinical recommendations. 

5. Conclusions 

Taking into consideration the limitations of this in vitro study, it could be concluded that multi-

layered esthetic zirconia showed superior mechanical properties when compared with lithium 

disilicate glass-ceramic and thus can be considered as a predictable alternative restorative material in 

cases where both strength and esthetics are needed. Long-term in vivo studies are required to validate 

this extrapolation. 
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