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Abstract 

Objective 

To assess the fatigue properties of four CAD-CAM composites and compare them with lithium 

disilicate glass-ceramic. 

Methods 

The materials studied were: Brilliant Crios (BRI); Cerasmart 270 (CER); Grandio (GRN); and 

Tetric CAD (TET), and a lithium disilicate glass-ceramic (IPS e.max CAD, EMX) as a 

reference. Blocks were cut into bars and used for: 1) 3-point flexural test (n=30/material); and 

2) constructing S-N curves (n=35/material). Fatigue tests were conducted in 36°C water bath 

at a frequency of 1 Hz lasting up to 3x106 cycles. The S-N curves were plotted using the 

Basquin model, assuming a distribution of fatigue life following the Weibull statistics. Digital 

microscopy was used to study the creep of a runout composite sample (CER), and fractured 

surfaces of selected samples were analyzed using laser confocal microscopy and scanning 

electron microscopy. 

Results 

Compared to EMX, CAD-CAM composites have a shorter lifespan but comparable fatigue 

degradation (fatigue to flexural strength ratios) at 5x104 cycles (0.57-0.65 vs. 0.58). Their slow 

crack growth parameter (n) were close, ranging from 10.4-13.3 for CAD-CAM composites and 

14.2 for EMX. Fatigue data of CAD-CAM composites showed less variability than EMX. 

Creep was detected in CAD-CAM composites at 3x106 cycles. 

Significance   

Despite CAD-CAM composites having shorter lifetimes than EMX, they show similar 

resistance to fatigue degradation. Time-dependent factors seem to significantly influence 

composites fatigue at lower stress levels. Thus, extended fatigue testing in water, despite being 

https://www.sciencedirect.com/topics/materials-science/glass-ceramics
https://www.sciencedirect.com/topics/medicine-and-dentistry/computer-aided-design
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time-consuming and costly, is essential for understanding material behavior under clinical 

conditions. 

Keywords: Prosthetic dentistry/prosthodontics, S-N curves, reliability, indirect composites; 

biomaterial(s), materials science(s); creep, IPS e.max 
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Introduction 

The widespread adoption of CAD-CAM technology in prosthetic dentistry has opened a new 

venue for developing a wide range of CAD-CAM restorative materials [1]. In this context, 

industrial CAD-CAM composite blocks attract particular interest due to their better 

machinability compared to ceramics, characterized by a faster milling rate and an increased bur 

lifetime, a higher resistance to edge chipping and damage tolerance, and lastly an ability to be 

milled to extremely low thickness promoting minimally-invasive treatments [2–6]. CAD-CAM 

composites also have a higher damping capacity compared to ceramics [7].  Moreover, they do 

not require any additional firing procedures [8] and can be easily adjusted in-mouth and 

repaired by adding direct composite if required [9]. 

In comparison with light-cured direct composites, CAD-CAM composites are less operator-

dependent and result in more homogeneous restorations with a higher degree of conversion. 

This results in lower monomer release [10] and improved mechanical properties, including 

better wear resistance [11], increased stiffness, and greater hardness compared to direct 

composites [12,13]. However, these materials have inferior mechanical properties compared to 

zirconia and lithium disilicate glass-ceramic materials (LDS) [14]. Attempts to overcome those 

shortcomings have led to the development of a variety of dispersed filler (DF) composite blocks 

differing in their chemical composition and microstructure [8]. DF composite blocks consists 

of inorganic fillers randomly dispersed within an organic matrix and polymerized at high 

temperatures (>100℃) [8].  

It is shown that commercially available CAD-CAM composites vary in quasi-static properties 

[15,16]. However, while the flexural strength test is often used to compare materials as it is 

simple, cost-effective, and widely used in marketing, more reliable in vitro tests are needed to 

predict clinical performance. Indeed, the flexural strength test bears little resemblance to the 
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oral environment, where, over time, restorations fail at relatively low stress levels due to cyclic 

stress (i.e., chewing) combined with chemical degradation (e.g., saliva) [17,18].  

A fatigue test in water can properly simulate failure due to subcritical crack growth (SCG), as 

seen in clinical scenarios. The combination of cyclic loading and water-induced degradation 

during the fatigue experiment can result in crack growth from existing flaws [19]. As a result, 

the material is progressively degraded until failure occurs. That is why fatigue tests are now 

highly recommended while performing in vitro studies [20]. 

Crack growth during fatigue commonly theoretically involves three regimes: (Ⅰ) existing cracks 

are considered inactive; (Ⅱ) cracks start to grow steadily with time (slow crack growth); and 

(Ⅲ) crack growth becomes unstable, and the material fails in a short time. The stage II growth 

rate is typically estimated using the Paris power-law relationship (Eq. 1) [21]: 

(Eq ∙ 1)          
da

dN
= C ∙ (∆K)n 

where 
da

dN
  represents the crack growth rate per cycle, ΔK denotes the amplitude of stress 

intensity, and the constants C and n are linked to the material and fatigue setup. The parameter 

'n' determines the sensitivity of fatigue crack growth rate to the change in stress intensity ( 
da

dN
∝

(
KI

KIC
) n). If chemical degradation and/or cyclic nature of loading significantly contribute to 

fatigue crack growth, crack growth rate is less dependent on changes in stress level (lower 'n' 

value). In other words, the material with a low 'n' indicates that it is prone to fatigue 

degradation, and even at significantly low stress, cracks grow due to cyclic loading effects 

and/or chemical degradation. 

Different fatigue methodologies have been used to study dental material, including the 

boundary methodology [22] and dynamic fatigue [23]. However, a large body of literature uses 

the step-stress method or the staircase approach [24], both of which are resource-efficient but 

provide limited insight into material behavior. The staircase method tests a material at narrowly 
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defined stress levels for a fixed number of cycles, so it cannot predict fatigue life across varying 

stresses or assess long-term performance [25]. Step-stress testing applies stresses above real-

world levels and then extrapolates the results to estimate behavior at lower stresses [25]. 

However, that extrapolation assumes consistent material behavior across all stress ranges, 

which may not hold true, since, broadly, materials might exhibit different fatigue characteristics 

at lower stresses than at higher ones [26,27]. 

An alternative strategy is employing the S-N curve, which determines the number of cycles to 

failure at each stress level (within the investigated range). This approach is resource-demanding 

and less frequently used; however, according to ADM guidance on the fatigue of dental 

materials, it provides a more comprehensive understanding of their fatigue performance [28]. 

For example, it offers the advantage of examining how materials behave under different stress 

levels [28], and its logarithmic scale plot enables the calculation of the value of 'n' in Eq. 1 (the 

slope is -1/n). 

Previous investigations reported that the fatigue behavior of a LDS (IPS e.max CAD, EMX; 

Ivoclar Vivadent, Schaan, Liechtenstein), which constitutes a reference material for single-unit 

prostheses, was significantly higher than Lava Ultimate [29–32].  However, to the authors' 

knowledge, no studies have been performed to date on the comparison between many other 

CAD-CAM composites and EMX through S-N curve.  

Therefore, the objectives of this study were to use the S-N curve approach to compare the 

fatigue performance of DF CAD-CAM composites with lithium-disilicate glass-ceramic (LDS) 

(water bath at 36°C, and frequency of 1Hz). The null hypothesis is that the resistance to fatigue 

degradation ('n') does not differ significantly between EMX and CAD-CAM composites.  
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2. Material and methods 

 

2.1. Materials and sample preparation 

Five CAD-CAM restorative materials were studied, including four commercially available 

CAD-CAM composites, and one LDS. The materials, their compositions, and lot numbers are 

shown in Table 1. CAD-CAM blocks were cut into rectangular bars (1.6 x 4.0 x 17 ± 0.1 mm) 

using a low-speed saw (IsoMet; Buehler; Lake Bluff, IL, USA) under continuous water 

cooling. The bars were then polished on one side along their 1.6 mm thickness, sequentially 

with 20- and 10-µm diamond pads under running water at 150-rpm on a polishing machine 

(Struers; Ballerup, Denmark). Final samples thickness after polishing was around 1.5 mm, 

satisfying the recommended span-to-thickness ratio [33,34]. The exact dimension, however, 

was measured immediately before flexural strength testing with a digital caliper (Mitutoyo). 

Polishing of EMX was done first using 1000-grit silicon carbide paper, then with the diamond 

pads in the partially crystalline blue phase, following the same procedure as CAD-CAM 

composites. Polished EMX was then crystalized in a dedicated furnace (Programat; Ivoclar 

Vivadent) at 820°C for 10 s (heating rate: 90°C/min), followed by 840°C for 7 min (heating 

rate: 30°C/min), according to the manufacturer’s recommendations. For crystallization firing, 

the samples were placed on the firing tray following manufacturer recommendations, i.e. using 

a firing paste (IPS Object Fix) to stabilize and secure them. The polished surface of samples 

was not in contact with this paste. 

2.2. Flexural strength testing  

Bars were tested in a 3-point bending device (15 mm span width), with the polished surface in 

tension, using a universal testing machine (Instron model 5565) controlled with software 

(Bluehill; Instron; Instron Canada Inc., Burlington, ON). The cross-head speed was 1 mm/min, 

and experimentations were conducted in ambient conditions (in air at room temperature). 
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Flexural strength data were not used to derive fatigue parameters directly; they were mainly 

used to set fatigue stress levels. 

The flexural strength (FLS), σf, was calculated according to the following formula: 

Eq ∙ (2)           σf =
3 × F × L

2 × w × c2
 

Where F (N) is the load at fracture, L is the span (mm), w is the width of the specimen (mm), 

and c is the thickness of the specimen (mm).  

 

 

2.3. Flexural fatigue testing 

A total of 35 specimens per material were exposed to cyclic fatigue via a square waveform at 

a frequency of 1 Hz while submerged in a water bath maintained at 36°C. To prevent the 

specimens from slipping during the test, a minimum load of 3 N was applied. The stress level 

was defined to strike the best balance between providing relevant insight into the fatigue 

behavior of dental materials, expected to survive for many years in service, and conducting 

experiments within practical time and cost constraints. In this perspective, earlier studies and 

FLS data were used to mainly focus on high cycle fatigue life (>103–104 cycles) and allow 

long-term monitoring within the resource constraints [29,30,35–37].  

The CAD-CAM composites were assessed at stress levels of 173 MPa (n=10/material), 152 

MPa (n=10/material), 130 MPa (n=10/material) and finally 108 MPa (n=5/material). This 

sample size is notably larger than the typical three to five specimens used at each stress level 

in materials engineering [38–40]. For EMX, the stress levels were 260, 240, 220, and 200 MPa, 

with 10 samples tested at the higher stress levels and 5 at the lowest level (200 MPa). It is 

noteworthy that in addition to these 35 samples, EMX had three samples that failed before 

reaching the defined stress level (not included in analysis). The experiments were performed 

in four custom-modified fatigue machines (two Instron model 5542 and two Instron model 
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3304) coupled with an electromagnetic actuator (Kendrion) and Bluehill software. In addition, 

one more ElectroPuls E1000 (Instron) with WaveMatrix2 software was used. To prevent any 

potential bias, specimens from each material were evenly and randomly distributed across all 

fatigue machines at each stress level. 

2.4. Statistical analysis of flexural strength (FLS) 

Welch’s ANOVA combined with Games-Howell post hoc tests were used to compare mean 

FLS. These tests are robust to unequal variances, in contrast to ANOVA and Tukey’s post hoc 

test [41,42]. Tests were performed using the Pingouin [43], Statsmodels [44], and Scikit-

Posthocs [45] libraries in Python (version 3.11.4, Anaconda Inc.). The Weibull analysis of the 

material’s strength was done using ordinary linear regression with a mean rank probability 

function (Eqs.3 and 4). The 90% confidence intervals on Weibull parameters were established 

following the recommendations of Bütikofer et al. [46]. The determined parameters were used 

to calculate the stress levels at which 10%, 50%, and 90% of samples are expected to fail, 

referred to as FLS10, FLS50, and FLS90, respectively. The Weibull analysis was conducted 

using Microsoft Excel. 

Eq ∙  (3)          log [log[
1

1 − F̂(𝜎i)
]] = m log 𝜎i − m log σ0 

Eq ∙  (4)           F̂(𝜎i) = [
Ri

n + 1
]   

Where F(σi) is failure probability, Ri is the rank of the sample with the strength of σi when 

sorted in an ascending order, and n represents the overall number of samples. 

 

2.5. S-N curve 

2.5.1 Determining life distribution at each stress level 

In the present investigation, the Weibull distribution was selected to represent the fatigue 

lifetime at each stress level. In materials engineering, the Weibull distribution is well 
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established for representing scatter in materials’ fatigue data, including that of composites 

[47,48]. The calculation of the Weibull parameter (N0, m*) follows the method outlined in 

Section 2.4, but cycles to failure was used as a variable instead of FLS. The cycles to failure at 

50% failure probability and the Coefficient of Variation (CV), which shows the spread of the 

data, were calculated for each stress level using Eqs.5 and 6 [49]. 

Eq ∙ (5)           N50% = N0 ∙ (ln 2) 
1

m∗ 

Eq ∙ (6)           CV =
𝜎

𝜇
= √

Γ (
𝑚∗ + 2

𝑚∗ )

(Γ (
𝑚∗ + 1

𝑚∗ ))

2 − 1 

where Γ is the gamma function. 

 

2.5.2 Plotting the S-N curve  

Basquin model [50] was employed for plotting the S-N curve. This model is the most widely 

used one in the context of the S–N curve approach and applies to metals, ceramics, polymers, 

and composites [32,51–56]. The model assumes a power-law relationship between stress level 

(S) and the number of cycles to failure (N) (Eq. 7). Accordingly, a linear relationship exists 

between the applied stress (S) and fatigue life (N) on a logarithmic scale. 

Eq ∙ (7)          S = A × (N)B  

where stress level (S) and number of cycles until failure (N) are correlated by parameters A 

and B.  

2.5.3 Calculating the fatigue strength (FAS) 

The fatigue strength (FAS) at a given number of cycles means that at this stress level and 

number of cycles, there is a 50% probability of failure. In other words, at a given number of 

cycles, 50% of the material samples have residual strength equal to or greater than the FAS at 

that number of cycles. The FAS was calculated using the S-N curve plots. Composites were 
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compared to EMX based on their FAS at 5×10⁴ cycles. The composites were also compared to 

each other based on FAS at 2.5×10⁵ cycles; these number of cycles were selected to avoid 

extrapolation of results. 

2.5.4 Calculating the SCG parameter ('n') 

The 'n' value was determined by analyzing the slope of the revised S-N curve on a logarithmic 

scale, where the slope equals -1/n. In the revised S-N curve, which is only used for calculating 

'n' and not lifespan, data less than 102 cycles were excluded. This was done because 'n' is linked 

to steady crack growth (region II), which is difficult to assume it exists in samples that failed 

less than 102 cycles [57]. The confidence interval of regression line was calculated according 

to Eq. 8 [58]. 

(Eq ∙ 8)          90% CI (slope) = slope ± tα
2

∙ √
∑(yi − ŷ𝑖)2

n − 2
∑(xi − x̅)2

 

where CI is the confidence interval for the slope, t(α/2) is the critical value from the t-distribution 

corresponding to the desired confidence level (90%) and degrees of freedom (n– 2, where n is 

the number of observations), and the square root term is standard error of slope. In this 

equation, yi are the observed values of the dependent variable, ŷi are the predicted values from 

the regression line, xi and x̄ represent the individual and mean values of the independent 

variable. 

2.6. Microscopy analysis: 

Following fatigue testing, representative failed samples (at 108 MPa) of TET and BRI sample 

were examined by stitching images recorded using a laser microscope (VK-X3050, Keyence, 

Chicago, IL, USA; 50×). Then, the samples were analyzed by scanning electron microscopy 

(SEM; S-3000N, Hitachi, Tokyo, Japan) with magnification ranging from 300 to 2500X. 



12 
 

Results 

Significant differences in mean FLS of materials were observed (Welch’s ANOVA, P < 0.001). 

EMX had significantly higher mean FLS than all of the tested CAD-CAM composites. Among 

the four CAD-CAM composites, GRN stood out with the highest value, TET with the lowest, 

while BRI and CER showed no significant difference (Table 2). Moreover, it was found that 

the gap between the strength of EMX and composites was reduced at lower failure probabilities 

and increased at higher failure probabilities. The EMX Weibull modulus was significantly 

lower than that of TET and GRN, but there was no significant difference between EMX, BRI, 

and CER. 

Table 3 provides the Weibull distribution parameters for different stress levels, which were 

utilized in constructing the S-N curves. The S-N experimental curves, displayed in Fig. 1, were 

used to obtain information regarding the fatigue life of each material (Section 2.5.2).  

CAD-CAM composites generally seemed to have a higher fatigue strength (FAS)-to-FLS ratio 

at 5x104 cycles compared to EMX, and only GRN had a similar ratio. The FAS of composites 

ranged from 121 to 108 MPa, which fell within the range of 49% to 56% of their FLS. The 'n' 

varied between 10.4 and 14.2, with EMX having the highest value and TET having the lowest. 

However, because the confidence interval of the 'n' value of CAD-CAM composites 

encompassed the point estimate of EMX (14.2), they were statistically the same [59]. A similar 

argument is valid when comparing composites (Table 4). 

One of the CAD-CAM composites reached runout (CER at 108 MPa), which showed time-

dependent plastic deformation during the fatigue test. After two months, a portion of this plastic 

deformation was recovered, however, some permanent plastic deformation persisted in the 

material (creep; Fig. 2).  

Fig. 3 shows the fracture surface analysis of two failed samples at low-stress levels. In Fig. 3A, 

a large flaw leads to a sample fracture (the TET sample failed near 105 cycles). In Figs. 3B1 
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and 3B2, the presence of a large flaw and the formation of micro-cracks near the surface in 

tension is depicted, respectively (the BRI sample survived more than 9x105 cycles at 108 MPa). 

When comparing the reliability of materials, EMX showed a higher scatter of fatigue data 

compared to the composites, as evidenced by its higher CV in Fig. 4. Among CAD-CAM 

composites, CV of GRN was comparatively low and stable. However, for the remaining CAD-

CAM composites, a decrease in stress levels leads to a reduction in CV (Fig. 4). 

 

Discussion 

The fatigue behavior of CAD–CAM materials was studied using the S–N curve method (3-

point flexural setup). Tests were conducted using 1 Hz frequency as lower bound of human 

chewing frequency (mean 1.57 Hz; range 0.94–2.15 Hz (5th–95th percentile)) [60], in distilled 

water, and extended up to 3x106 cycles. To avoid extrapolation, the FAS/FLS of composites 

and EMX was compared at 5x10⁴ cycles, and composite FAS was analyzed at 2.5x10⁵ cycles.  

EMX had a longer lifetime compared to CAD-CAM composites. However, fatigue resistance 

of CAD-CAM composites is comparable to that of EMX; and the scatter of their fatigue data 

is less than that of EMX, indicating their higher reliability. Interestingly, it seems that the 

fatigue behavior of CAD-CAM composites, specifically those with higher polymer content, 

including CER, TET, and BRI (Table 1), significantly varies depending on stress levels (Fig. 

4). 

Two pieces of evidence show that CAD-CAM composites and EMX have comparable fatigue 

sensitivity. Firstly, similar FAS/FLS at 5x104 cycles; secondly, comparable SCG parameter 

('n') between CAD-CAM composites and EMX.  As it can be seen in Table 4, the SCG 

resistance of EMX, despite being a ceramic (ceramics typically have 'n' values ranging from 

10 to 100 [21]), is similar to that of CAD-CAM composites (polymers have typical 'n' values 
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below 10 [21]). One reason can be the degradation of the “bridging” mechanism in EMX, 

which can happen after a short interval of cyclic loading [61,62]. Indeed, it is known that in the 

absence of cyclic loading, the intact crystals at the wake of an advancing crack act as bridges 

(in EMX the cracks propagate through glass phase [63]). Therefore, they are restricting the 

crack opening until sufficient energy is reached to overcome the friction between the crystals 

and the crack walls. This energy-consuming mechanism plays a role in high fracture toughness 

and strength of LDS [62,64,65]. However, broadly, during cyclic loading, the repeated relative 

motion of crystals and crack walls can crush the asperities, greatly diminish friction, and 

degrade the bridging mechanism [51,66]. The second reason can be the dissolution of one of 

the phases, because high fatigue sensitivity of EMX is also reported by Liu et al. [67] in the 

dynamic fatigue test (in the absence of cyclic loading). Of note, similar to composites examined 

here, Lava Ultimate also had higher fatigue resistance compared to EMX [29–31]. 

On the other hand, one advantage of CAD-CAM composites over EMX is their lower data 

scatter, implying higher reliability. The high scatter of data in EMX can possibly be justified 

by the large difference in strength of the samples (Table 2). According to the widely accepted 

assumption of equal ranks, if samples of a material are ranked by strength, their fatigue life 

will follow a similar ranking. Therefore, for example, the first failed sample at 220 MPa 

corresponds to ~249 MPa (~88% of FLS10 in Table 2; failed after ~5 cycles). However, the 

runout sample is corresponding to ~462 MPa (~47% of FLS90 in Table 2; did not fail after 

3x106 cycles). The high scatter of fatigue data for EMX is common and has been observed in 

other studies [29,32]. For example, it can be interpreted from the study by Kristen et al. [61], 

where they found the Weibull modulus of less than one. Moreover, there was a runout of 

2.5x106 cycles, while the lifetime at a 63.3% failure probability was much shorter at about 

8x103 cycles [68]. 
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This justification is particularly relevant for ceramics, as flaws have a paramount importance 

in strength and fatigue behavior (or in the case of CAD-CAM composites fatigue behaviors 

under high stress). However, at lower stress levels, the fatigue behavior of composites became 

significantly more complex, and several factors, besides flaws (Fig. 3A and 3B1), contribute 

to the fatigue performance of CAD-CAM composites including creep (Fig. 2), micro-crack 

formation (Fig. 3B2), water degradation, and silane hydrolysis. Fig. 3 illustrates that these 

phenomena can occur together within a single sample during fatigue testing. The positive 

effects of water sorption or creep on the fatigue behavior of polymer composites have been 

proposed in some studies [69,70], while their negative impacts are documented in others 

[71,72]. These contradictory outcomes might stem in testing conditions, material composition, 

and the duration of fatigue life.   

The influence of time-dependent phenomena such as water sorption and creep might be the 

reason behind lower scatter of fatigue data at lower stresses. In this context, GRN showed 

relatively consistent CV values under both high and low stress conditions (Fig. 4). Similarly, 

Wendler et al. [72] observed that the 'n' values of GRN did not change significantly before and 

after aging, unlike other composites. These observations might attribute to this fact that GRN 

is less affected by water sorption and creep deformation because of its higher filler content. 

The provided explanations highlight the importance of time-dependent phenomena on fatigue 

behavior. Therefore, it can be recommended that if resource constraints necessitate an 

accelerated fatigue test, it is important to adhere to the recommendation in ref. [25] and not 

extrapolate beyond 4 times the test duration when estimating survival time at a lower stress 

level.  

Acknowledging that uncertainty is inherent in fatigue studies, the future aim of this study is to 

reduce the uncertainty of findings. The uncertainty can stem from different factors, including 
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uncertainty of statistical analysis and the interblock variability of CAD-CAM materials, where 

subtle variations in block properties can affect fatigue performance. While increasing the 

number of tested samples is a potential solution, it may not be practical to collect more than 35 

samples used in the present study due to the extended testing time required at low stress levels, 

with each runout sample taking approximately five weeks. Therefore, alternative solutions, 

such as using different test setups, e.g., four-point bending, could be explored in future studies. 

This approach subjects a larger volume of material to the maximum calculated stress level, 

making each sample more representative of the material’s properties. 

Additionally, it could be interesting to compare fatigue performance of materials not only based 

on the S-N curve, but also based on strain–lifetime relation (ε-N curve); which might favorably 

impact the performance of CAD-CAM composites compared to EMX. The reason that the S-

N curve alone may not suffice is that Duan et al. showed that materials with different elastic 

modulus can exhibit significant variations in maximum stress level and stress distribution, even 

under identical loading conditions (e.g., chewing force) [73]. Finally, it would be worthwhile 

to evaluate more advanced fatigue-life models and compare their predictive performance with 

that of the Basquin model. 

5. Conclusion 

The fatigue lifetime of CAD-CAM composites was inferior to that of EMX, but their resistance 

to fatigue degradation (subcritical crack growth; 'n') was comparable. No CAD-CAM 

composites were significantly better or worse than the others. 

Several factors affect the fatigue behavior of CAD-CAM materials over long periods, which 

cannot be fully addressed under quasi-static conditions or short-term fatigue tests. This study 

demonstrates that, over time, the lifetime of CAD-CAM composites is influenced not only by 

flaws, but also by factors such as micro-cracking and creep.  
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To understand how time-dependent phenomena influence the behavior of CAD-CAM 

composites, long-term experimentation under lower stress levels that more closely resemble 

typical clinical conditions is needed. Therefore, even though low-frequency, long-duration 

fatigue tests are costly and time-consuming, they are essential for providing reliable insights 

into the long-term performance of CAD-CAM composites in clinical scenarios. 

6. Declaration of Generative AI and AI-assisted technologies in the writing process 

During the preparation of this work, the authors used ChatGPT in order to improve readability 

and language. After using this tool/service, the authors reviewed and edited the content as 
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Legends of Figures 

Fig. 1. S-N curves of (A) Brilliant Crios (BRI), (B) Cerasmart 270 (CER), (C) Grandio (GRN), 

(D) Tetric CAD (TET), and (E) IPS e.max CAD (EMX). The purple circle in CER and EMX 

indicate the runout sample at 3x106 cycles. 

Fig. 2. Digital microscopy (20x) showing a plastic deformation of a runout sample. The red 

lines show two parallel lines between the support span (the initial state of samples before 

fatigue testing). (A) Cerasmart 270 (CER) at 108 MPa after 3x106 cycles; (B) CER runout at 

https://www.sciencedirect.com/topics/medicine-and-dentistry/computer-aided-design
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108 MPa after two months of recovery. Some of the of the plastic deformation seen in Fig. 2A 

has been recovered, but not completely. 

Fig. 3. Laser confocal microscope shows an overview of the fractured surface, and the SEM 

analysis provides detailed information about the fractured samples. A) Tetric CAD (TET) 

failed at 108MPa (shortest lifetime; red circle shows the flaw that caused the failure); (B) 

Brilliant Crios (BRI) sample survived more than 9x105 cycles with a critical flaw in the 

compression region (red rectangle; B1) and clear tension-side microcracks (yellow rectangle; 

B2). 

Fig. 4. Coefficient of variation (CV) of studied materials at different stress levels, (A) CAD-

CAM composites: Brilliant Crios (BRI), Cerasmart 270 (CER), Tetric CAD (TET) and Grandio 

blocs (GRN), and (B) IPS e.max CAD (EMX). High CV means a high scatter of fatigue life in 

material specimens, implying less consistent behavior of the material.  

Legends of Tables 

Table 1. CAD-CAM blocks used in the study and their compositions  

Table 2. Statistical analysis of FLS 

Table 3. The Weibull parameters for fatigue life of CAD/CAM composites and EMX at 

different stress levels 

Table 4. FAS: fatigue strength obtained from S-N curves, FAS/FLS ratio: fatigue-to-flexural 

strength ratio, 'n': The SCG parameter of studied materials 
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FIGURE 1 
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FIGURE 2 

 

FIGURE 3

 

 



27 
 

FIGURE 4 
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TABLE 1 

Material 

(Abbreviation) 

 
 

Manufacturer LOT 

 

Variants Composition 

 Organic matrix Inorganic fillers 

(filler content 

wt%) 

Cerasmart 270 

(CER) 

GC, Tokyo, 

Japan 

2102251 

2204051 

A1 HT 14 Bis-MEPP, 

UDMA, DMA 

Barium glass (300 

nm), silica (20 nm) 

(71wt%) 

BRILLIANT 

Crios (BRI) 

COLTENE, 

Altstätten, 

Switzerland 

K81183 

L80429 

A2 LT 14 

 

 

Methacrylates Barium glass (<1 

μm), SiO2 (<20 

nm) (71 wt%) 

Tetric CAD 

(TET) 

Ivoclar 

Vivadent, 

Italy 

X09823 

Z0Z0KK 

A2 HT C14 

 

Bis-GMA, Bis-

EMA, TEGDMA, 

UDMA 

Ba–Al–SiO2-

glass (˂1µm), 

silica (˂20nm), 

(71.1 wt%) 

 

Grandio blocs 

(GRN) 

VOCO 

GmbH, 

Cuxhaven, 

Germany 

1806311 

2145165 

A2 HT 14L 

 

UDMA + other 

DMA 

Nanohybrid fillers, 

size of fillers 

unknown, (86 

wt%)  

IPS e.max CAD 

(EMX) 

 

Ivoclar 

Vivadent, 

Schaan, 

Liechtenstein 

Y02977 

Z00447Y 

A2 LT C14 - Lithium 

disilicate glass-

ceramics (LDS) 

Data were completed according to manufacturers' information. Bis-GMA: bisphenol A glycol dimethacrylate; 

Bis-EMA: bisphenol A diglycidyl methacrylate ethoxylated; Bis-MEPP: bisphenol A ethoxylate dimethacrylate; 

TEGDMA: Triethylene glycol dimethacrylate; UDMA: Urethane dimethacrylate; SiO2: Silicon oxide; Ba–Al–

SiO2: barium aluminium silicate glass. 
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TABLE 2 

 

FLS: flexural strength; Mean FLS (SD): average and standard deviation of FLS data; Weibull shape parameter 

(m), Weibull scale parameter σ₀, FLS10, FLS50, and FLS90: stress level where the likelihood of material failure 

is 10%, 50%, and 90%, respectively. For the Weibull modulus, the lack of overlap in the confidence interval is 

considered a statistical difference. Data in a column with different superscripts indicates statistical differences. 

 

  

Materials 

 

Mean FLS 

(SD) 

 

m 

[90% CI] 

σ0 

[90% CI] 

FLS10 FLS50 FLS90 

CER 214c(30) 7.7a, b 

[5.6;10.6] 

227.0c 

[217.8;236.9] 

 

170 216 253 

BRI 218c (25) 

 

8.8a, b 

[6.4;12.0] 

229.8c 

[221.5;238.5] 

 

178 220 252 

TET 193d (20) 10.6a 

[7.7;14.5] 

202.3d 

[196.0;208.6] 

 

163 195 219 

GRN 247b (26) 10.4a 

[7.6;14.2] 

258.5b 

[251.4;267.7] 

 

209 250 281 

EMX 361 a (73) 4.9b 

[3.4;7.2] 

391.2a 

[367.9;420.0] 

249 363 462 
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TABLE 3 

 

(N0): The characteristics fatigue life (63.3%); m*: The Weibull modulus of fatigue life. 

 

 

  

Materials 173MPa 152MPa 130MPa 108MPa 

 N0 m* N0 m* N0 m* N0 m* 

BRI 3.3x103 0.64 1.1x104 0.58 1.9x105 1.09 6.5x105 2.24 

CER 5.1x103 0.43 1.1x104 0.47 8.0x10 0.85 1.4x106 0.96 

GRN 1.2x104 0.69 1.9x104 1.04 1.4x10 1.13 1.3x106 0.97 

TET 4.6x103 0.42 7.8x103 0.73 5.9x104 0.69 3.6x105 1.48 

 260MPa 240MPa 220MPa 200MPa 

 N0 m* N0 m* N0 m* N0 m* 

EMX 2.8x103 0.34 1.6x104 0.25 2.3x104 0.23 6.7x105 0.24 
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TABLE 4 

 

 

 

 

 

 

 

 

Data in a column with different superscripts indicate that statistical analysis suggests significant differences. A 

material whose CI encompasses another material’s point estimate is considered statistically similar.  

 

 

 

Materials 

 

FAS/FLS ratio  

(5 x 104 cycles) 

FAS (MPa)  

(2.5 x 105 cycles) 

'n' [90% CI] 

BRI 0.62 118.3 13.3 [9.5, 22.2]a 

CER 0.62 117.6 12.5 [9.3, 19.1]a 

GRN 0.57 120.6 10.9 [8.4, 15.6]a 

TET 0.65 108.6 10.4 [7.8, 15.9]a 

EMX 0.58 <200 14.2 [8.6,40.0]a 


