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metal-ceramic, graphene doped PMMA and PMMA before and after ageing: 
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A B S T R A C T   

Objectives: To evaluate the fracture strength and linear elongation at break of three-units fixed partial dentures 
(FPDs) fabricated with traditional and new materials for fixed prosthodontics before and after ageing. 
Methods: Sixty models of three-units FPDs were fabricated and cemented onto a Co-Cr model simulating the 
replacement of a maxillary second premolar. The samples were randomly divided into 3 groups: metal-ceramic 
(MCR), graphene-doped polymethylmethacrylate (PMMA-GR) and polymethylmethacrylate (PMMA). Half of the 
samples were directly subjected to fracture test, while the remaining half underwent an ageing process and then a 
fracture loading test using an electrodynamic testing machine. Fracture load and elongation at break values were 
taken and statistically analysed. 
Results: Significant differences were detected between the different materials (p<0.05). All groups showed a 
reduction of the fracture load and elongation at break values after ageing, but not statistically significant, except 
for PMMA group (p = 2.012e-19) (p = 3.8e-11). 
Conclusions: MCR and PMMA-GR three-units FPDs showed higher fracture strength and lower elongation at break 
compared to PMMA. MCR and PMMA-GR had higher resistance to ageing processes compared to PMMA. 
Clinical significance: PMMA-GR could be considered a material for long-term provisional restorations as its me
chanical behaviour and ageing resistance are more like MCR than PMMA.   

1. Introduction 

The materials used for fixed prosthodontics are fundamental in 
determining the success of oral rehabilitation [1,2]. Depending on its 
mechanical, biological and aesthetic properties a given material may be 
considered suitable for either definitive or temporary three-unit fixed 
partial dentures (FPD) [3,4]. A series of options have become available 
in the past few years. 

Consisting of a metal framework usually made of CoCr alloy (more 
rarely a noble alloy) coated by veneering porcelain ceramics, metal
–ceramics [1] are the primary option for posterior FPDs and they are 
preferred to all-ceramic materials [5,6]. To develop a chemical bond 

between metal and ceramic, the porcelain used is to have not only a 
sufficiently low sintering temperature, but also a Coefficient of Thermal 
Expansion (CTE) and a Coefficient of Thermal Contraction (CTC) 
compatible with those of the metal alloy [1]. Thus, a surface oxide layer 
of the base metals creates a chemical bond with the porcelain [1]. The 
bonding force can be influenced by the formulation of the alloy, its 
manufacturing technique and other factors such as the framework 
design that could be deformed at porcelain sintering temperatures [7]. 
Regarding the manufacturing techniques, CoCr frameworks for FPDs can 
be fabricated through both the conventional lost wax casting and the 
more recent computer-aided design/computer-aided manufacturing 
(CAD/CAM) [8–10]. The casting process is complex, and can determine 
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the creation of rough surfaces and internal defects with uncontrollable 
dimensional accuracy of the prosthesis, which may hinder its mechan
ical performance [8]. CAD/CAM metal frameworks should be evaluated 
for mechanical properties like fracture strength, especially as regards the 
ceramic coating, since chipping represents the first mechanical 
complication of tooth supported FPDs [5,6]. 

Poly methyl methacrylate (PMMA) is a synthetic polymer conven
tionally prepared by free radical addition through chemical processes 
(powder/liquid) and polymerization of monomer methyl methacrylate 
[1,11]. During this process, a variable amount of uncured monomers in 
the final polymer inevitably remains, dependently on the operator and a 
series of parameters such as the quantity of monomer solution added, 
possible impurities thereof, ambient temperature, and pressure condi
tions [3,11]. The residual monomers may be associated with mucosal 
irritation, tissue inflammation, cytotoxicity, and reduced mechanical 
properties [12,13]. The reduced hardness and stiffness of conventionally 
fabricated PMMA makes it a short-term reliable material [14,15]. 
Furthermore, the poor antimicrobial property and porosity enhance the 
risk of polymer deterioration, which is in turn linked to the increased 
release of monomer as well as the onset of mucosal infections, sustained 
by Candida albicans and other pathogens [14,16]. PMMA blocks for 
CAD/CAM are instead industrially polymerized with optimized tem
perature and pressure, allowing the production of high-density polymers 
endowed with standardized superior mechanical properties, hardly 
influenced by the operator compared to conventional ones [3,17]. In 
addition, several strategies were also applied to ameliorate properties 
such as Young modulus, flexural strength and elongation at break, by 
incorporating different types of nanoparticles like titanium dioxide [18], 
silver/silica nanocarrier, and carbon nanotubes [19,20] in the PMMA 
structure. 

In particular, the incorporation of nano-sized graphene oxides (nGO) 
(less than 1 wt%) into the formulation of polymeric materials has shown 
to improve considerably the material resistance in relation to weight and 
dimension [21], the elastic modulus, toughness, tensile and flexural 
strength, reducing, at the same time, the formation of clefts and their 
diffusion [22]. The tests of cytotoxicity and the reduced oxidative stress 
damage induced in human cells by these new materials compared to 
conventional PMMA made them eligible and safe for being used in the 
oral cavity [23]. Hence, the incorporation of graphene oxides (nGO) into 
PMMA has recently been applied in the dental field to fabricate complete 
and removable partial dentures, dental composites and fixed dental 
prosthesis on teeth and implants [24–26]. 

An increase in the antimicrobial properties of graphene-doped 
PMMA was also observed [27,28]. This property may be useful to pre
vent the occurrence of secondary caries and biodeterioration of the resin 
compounds in opposition to the lack of buffering capacity that affected 
polymeric materials [29], which leads to an enhanced growth of harbour 
acidogenic and acid-tolerant species [30,31]. In this sense, 
graphene-doped PMMA have shown interesting characteristics in 
exhibiting an anti-adhesive effect against microbial species in artificial 
saliva due to the presence of hydroxyl and carboxylic groups that, on the 
other side, improve the hydrophilicity of PMMA [27,28]. In this view, 
the amount of water absorbed by the material could be enhanced in 
presence of saliva and other fluids. However, no evaluation on the me
chanical resistance of aged graphene-doped PMMA was found in liter
ature on three-units FPDs especially in comparison to provisional and 
definitive restoration materials. 

Then, the aim of this in vitro study was to evaluate the fracture 
strength of metal-ceramic, graphene-doped PMMA and PMMA CAD- 
CAM systems for three-units FPDs before and after ageing. The first 
null hypothesis was that there would be no differences in fracture 
strength and linear elongation at break amongst all the tested materials. 
The second null hypothesis was that there would be no differences in 
fracture strength and linear elongation at break between aged and non- 
aged materials. 

2. Materials and methods 

2.1. Digital design and manufacturing of the models 

Sixty models with a first maxillary molar and a first premolar pre
pared for a three-units FPD were digitally designed and fabricated in 
cobalt-chromium alloy through industrial manufacturing (newAncorvis, 
Bargellino, Italy), using a five-axis milling machine (Mikron MILL S 400 
U milling system, Biel, Switzerland). The abutments were distant 11.5 
mm measured from the lateral preparation walls of the abutments, 
height 4.5 mm, the chamfer preparation width was 1 mm, the total 
occlusal convergence angle was 6◦ and the occlusal preparation design 
of the abutments was flat. 

2.2. Digital design and manufacturing of the specimens 

A sample size calculation was performed based on the study of Lopez- 
Suarez et al. [32] assuming 5% alpha error and 80% study power. Based 
on comparison of means, the required sample size was calculated to be 8 
per group, increased to 10 to account for laboratory processing errors. 

Sixty (N = 60) pieces simulating a three-units FPDs for the replace
ment of a second maxillary premolar were designed on a dental CAD 
software program (Exocad DentalCAD v3.1 Rijeka; exocad GmbH, 
Darmstadt, Germany) and milled by a five-axis milling machine (Mikron 
MILL S 400 U milling system, Biel, Switzerland) from prefabricated 
disks. The latter were constituted by a standard structure with round 
connectors of 9 mm2 (3 × 3 mm), an internal space of 50 micrometers for 
the cement layer, similarly to other previous studies [32–34]. Conven
tional prefabricated teeth libraries for first maxillary premolar, second 
premolar and first molar from Exocad software were used for the 
occlusal design of the FPDs. Basing on the materials used and according 
to previous studies for sample calculation [32,33], three groups 
composed of twenty samples each were created:  

• group 1 (MCR), representing the control group. A cobalt-chromium 
alloy was used (Magnum Solare, Mesa, Italy) and it was ceramic- 
veneered according to a ceramic moudling protocol for standard
izing the construction phases [35]. During the CAD phase, to obtain 
the framework, 1.3 mm were cut back from the occlusal surface of 
the FPDs final design to leave space for the feldspathic ceramic 
coating (Super Porcelain EX-3, Kuraray Noritake, Frankfurt, Ger
many). This was subsequently printed on the cobalt-chromium 
framework using verticulator (Transformer System, Udine, Italy) 
from the one FPD fabricated directly from the CAD design. The 
Magnum Solare is composed of Cobalt (Co) 66%, Chrome (Cr) 27%, 
Molybdenum (Mo) and 6% others Si, Mn. Its elastic modulus is 233 
GPa, elongation at break of 11%, a solidus-liquidus temperature of 
1307 ÷ 1417 ◦C, thermal expansion coefficient of (25 ÷ 500 ◦C) 14.3 
× 10–6 K-1 – (25 ÷ 600 ◦C) 14.5 × 10–6 K-1, melting point of 1470 
◦C and maximum cooking temperature of 980 ◦C;  

• group 2 (PMMA-GR). The graphene-doped PMMA disks (< 50 ppm) 
(G-CAM A3 type Monochroma by Graphenano Dental, Paterna, 
Valencia, Spain) were milled and then mechanical polished. G-CAM 
is a thermostable acrylic with a principal base of poly
methylmethacrylate resin doped with graphene. The declared 
properties are: solubility 0.5 µg/mm3, water adsorption 4 µg/ mm3, 
flexural strength 140±7% MPa, elastic modulus 3200±7% MPa, 
compressive strength 155±5 MPa, surface hardness of 88 Shore D 
and residual monomer <0.004% [36–38];  

• group 3 (PMMA). The PMMA disks (Sinergia Disk and Block colour 
A3.5, Nobil Metal SpA) were used for milling and then mechanical 
polished. The Sinergia Disk is a 100% polymethylmethacrylate with 
a solubility in water < 1.7 µg/mm3, a water adsorption < 18 µg/ 
mm3, flexural strength > 100 MPa and an elastic modulus > 2500 
MPa [36–38]. 
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2.3. Luting procedure 

All the samples were cemented with a self-curing resinous cement 
(RelyX Unicem, 3 M, USA) using a standardized technique for each 
group here described:  

a. the abutments of the model were cleaned, dried and sandblasted with 
50 μm aluminium oxide (Al2O3) particles (Polidental Ind. e Com. 
Ltda, Sao Paulo, Brazil). The substrate surface was then rinsed for 20 
s and air-dried for 5 s. A thin layer of metal primer (Metal Primer Z, 
GC Dental, Tokyo, Japan) was placed on the surface with a dispos
able brush. The same treatment was performed for the inner portions 
of the MCR samples;  

b. the inner portions of the PMMA and PMMA-GR FDPs were treated 
with 30 μm silicon dioxide (CoJet-Sand, 3 M, St. Paul, USA), rinsed, 
air-dried and covered with a thin layer of bond (Clearfil Liner Bond, 
Kuraray Noritake, Frankfurt, Germany) that was subsequently 
polymerized for 40 s with a light-cured unit (XL 3000 – 3 M ESPE; 
light output: 500 mW/cm2); 

c. a self-curing resinous cement (RelyX Unicem, 3 M, USA) was auto
matically mixed with its PTFE ring and placed on the internal part of 
the restorations;  

d. the three-units FPD was then placed on the corresponding dental 
model and all the complex was positioned in an electrodynamic 
testing machine (MTS Acumen 1 Electrodynamic Test System) that 
applied a constant force of 10 N above the central pit of the inter
mediate element for 5 min (Fig. 1);  

e. the excesses of luting agents were removed using a small brush;  
f. the models were all placed in a bath of distilled water for 48 h to 

obtain the complete cement polymerization. 

Subsequently, one half of the sample (n = 10, half of every five 
sample groups) underwent thermal and mechanical cycles while the 
remaining 30 underwent directly through fracture loading test. 

2.4. Ageing phase 

The ageing phase consists of two steps. The first step consisted in 
placing the samples in a distilled water bath carrying out 30,000 thermal 
cycles from 5 to 55 ◦C with a dwell time of 30 s (Thermo-cycler The 
1100/1200; SD Mechatronik GMBH, Feldkirchen- Westerham, 
Germany). 

In the second phase, the samples were fixed in the electrodynamic 
testing machine (MTS Acumen 1 Electrodinamic Test System) to 
perform 6550 mechanical cycles. A variable force from 40 N to 400 N at 
the frequency of 1.6 Hz was applied orthogonally to the occlusal plane 
according to the average occlusal force at maxillary premolars and 
molars positions [32,39,40]. 

The metal pin inserted into the electromechanical machine was held 
in place by a self-tightening chuck and measured:  

- Total length: 23 mm;  
- Tip length: 5 mm;  
- Tip diameter: 2.5 mm;  
- Rounded tip. 

2.5. Fracture loading test 

After the mechanical cycles, fracture was induced using a specific 
function of the MTS Acumen called “fracture load test” (Fig. 2). The 
machine used to carry out the mechanical and fracture tests was asso
ciated with a software (MTS Test Suite Multipurpose) that registered, 
organized and transferred the data relating to number of cycles and force 
value at which fracture occurred in an Excel file. In addition to this, the 
machine calculated the tip displacement in vertical direction related to 
the force exerted; this proved the linear elongation at break of the ma
terial, that represents the deformation of the sample before the fracture. 

The fracture was registered by the electrodynamic testing machine in 
the moment of the drastic fall of the load curve and a visible breakage of 
the prosthesis occurred. For MCR group, only the fracture of the ceramic 
coating was considered. These values were organized in Excel (Office 
16) and MATLAB R2022a for statistical processing. 

2.6. Statistical analysis 

The normal distribution of the sample was evaluated using the 
Shapiro-Wilk test. The Kruskal-Wallis non-parametric test with a post- 
hoc Bonferroni correction was performed to assess the statistical dif
ference in fracture strength and elongation at break between the 
different materials and groups. A p ≤ 0.05 was considered statistically 
significant. A Weibull modulus was also calculated to determine the 
reliability of the data before and after ageing. For brittle ceramic ma
terials, the maximum stresses sustained by the samples before fracturing 
could vary. This variation is related to the presence of defects in the 
samples responsible for crack generation and, in turn, fractures. If the 
fracture load values are evenly distributed and show little variation, 

Fig. 1. Three-units FPD sample on the metal alloy base during the cementa
tion phase. Fig. 2. Three-units FPD sample after fracture loading test.  
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then the Weibull modulus will be high. However, if the measured values 
exhibit higher variability and are not evenly distributed, the Weibull 
modulus will be lower. 

3. Results 

All FPDs survived thermal and mechanical cycles without showing 
cracks or fracture failures and underwent the fracture loading test. 
However, from the statistical analysis the following samples were 
excluded:  

• Three samples from the aged PMMA, as they showed an elastic 
behaviour that determined the activation of the safety system by the 
testing machine during the mechanical cycles;  

• three outliers, one from the aged MCR, one from not aged MCR and 
one from the not aged PMMA-GR, because their values were more 
than 1.5 interquartile ranges above the upper quartile or below the 
lower quartile. 

Finally, 54 fractured samples underwent through statistical analysis. 
Mean fracture load with their standard deviation values were 1304 

±20 N for MCR, 1159±74 N for PMMA-GR and 1286±19 N for PMMA. 
The same values for aged materials were 1244±10, 1146±70, 269±48 N 
for MCR, PMMA-GR and PMMA, respectively. Linear elongation at break 
values were 0.34±0.08 mm for MCR, 1.04±0.11 mm for PMMA-GR and 
1.13±0.17 mm for PMMA while for aged groups were 0.53±0.25, 1.05 
± 0.11, 0.02±0.13 mm. All these values were summarized in Table 1. 

The Shapiro-Wilk test revealed that the average distribution was 
normal for PMMA-GR, aged PMMA-GR and aged PMMA but not for MCR 
groups and non-aged PMMA, so, a Kruskal-Wallis non-parametric test 
with a post-hoc Bonferroni correction was performed (p = 0.05). This 
test highlighted statistically significant differences between groups of 
materials both in fracture load and linear elongation at break values. 
MCR showed a statistically relevant higher fracture strength than PMMA 
(P = 0.0004) and PMMA-GR (P = 0.0003). A statistically significant 
difference was also observed between PMMA and PMMA-GR (P =
0.0002). 

For linear elongation at break, MCR had a statistically lower values 
compared to PMMA-GR (P = 0.0003) and PMMA (P = 0.0002) and a 
significant difference was also found between PMMA-GR and PMMA (P 
= 0.0275). 

All the materials revealed a reduction of the fracture load values after 
ageing; a statistically significant difference before and after ageing was 
found in MCR (P = 0.0003) and PMMA group (p = 0.0006). Only PMMA- 
GR did not show significant differences after thermocycling (P =
0.5676). The groups of materials differ to each other for fracture load 
values, even after ageing: MCR was significantly higher than PMMA-GR 
(p = 0.0003) and PMMA (p = 0.0004), while PMMA was significantly 

lower than PMMA-GR (p = 0.0002). 
After ageing, values of linear elongation at break raised for MCR and 

PMMA-GR while for PMMA reduced; a statistically significant difference 
before and after ageing was found for PMMA group (p = 0.0006), while 
no statistically relevant differences were found for MCR (p = 0.1223) 
and for PMMA-GR (p = 0.7440). 

Comparing materials after ageing for the elongation at break, 
PMMA-GR showed significantly higher elongation than MCR (p =
0.0003) and PMMA (p = 0.0275), and PMMA was also significantly 
lower than MCR (p = 0.0002). 

The Weibull modulus (Table 2), associated with an average resis
tance value, showed that PMMA-GR aged shows less variability in 
measurements respect to the same unaged material (Fig. 3). MCR follow 
the same trend, the Weibull modulus of the unaged ones is lower than 
the aged (Fig. 4). Regarding PMMA, an opposite behaviour was observed 
when compared to the other two materials (Fig. 5). After ageing process 
the Weibull modulus appears to be lower than the unaged samples 
resulting from a higher variability of the data. 

4. Discussion 

In this study, the fracture strength and the linear elongation at break 
values of metal-ceramic, graphene-doped PMMA and PMMA used for 
posterior three-units FPDs before and after thermocycling were 
evaluated. 

Based on the results, the first and the second null hypotheses were 
rejected, since statistically significant differences across all the groups 
were detected. Fracture load values of MCR group were significantly 
higher than those obtained in the two resin groups both before and after 
ageing, as expected considering the higher mechanical properties of the 
ceramic material sustained by the metal framework [41]. The higher 
fracture strength of PMMA group compared to PMMA-GR, before 
ageing, could be explained by the fact that the filler raises the toughness, 
the flexural strength, the wear resistance and the elastic modulus [21] 
reducing, at the same time, the deformation under compressive load of 
the material that becomes more fragile. This was partially in accordance 
with another work where the tensile strength of non-aged G-CAM 
compared to that of PMMA was found to be only slightly increased [42], 
while in our study the difference was relevant. 

Focusing on aged groups, MCR showed the highest value, followed 
by the PMMA-GR and, after a drastic decrease of fracture load value, by 
the PMMA. It is worth to note that, after ageing, all groups showed a 
decrease in fracture load values (Fig. 6). However, this decrease was not 
statistically significant for the PMMA-GR group compared to the non- 
aged group. This could explain that G-CAM is characterized by a 
significantly lower water sorption, solubility and elution than PMMA, as 
declared by the manufacturer, which leads to a greater conservation of 
the original mechanical properties of the material [42]. Furthermore, 
the reduced residual monomer release in comparison to conventional 
PMMA can be considered as an indirect indicator of an improved poly
merization degree of the material that is strengthened by this process 
[43,44]. After ageing, PMMA samples showed a drastic fall of fracture 
resistance. This was probably due to the low long-term duration prop
erties of the material which are considered as provisional in clinics. The 
water sorption and the solubility or leachability of resin materials may 
explain this behaviour in comparison to PMMA-GR and MCR [45,46]. In 
addition, MCR showed a statistically significant difference comparing 
aged and non-aged groups; yet this difference was significantly lower 

Table 1 
Trade name, composition of the materials, number of samples statistically 
evaluated, mean fracture load and elongation at break values.   

Group 1 Group 2 Group 3  

Magnum Solare 
(MESA) 

G-CAM 
(Graphenano 
Dental) 

Sinergia Disk 
(Nobil Metal)  

Cobalt-chromium 
alloy coated with 
felspathic ceramic 

Graphene-doped 
polymethyl 
methacrylate 

Polymethyl 
methacrylate  

n = 9 n = 9 
(Aged) 

n = 9 n = 10 
(Aged) 

n = 10 n = 7 
(Aged) 

Fracture load 
(N) 

1305 
±2 

1244 
±1 

1159 
±74 

1146 
±70 

1286 
±19 

269 
±48 

Elongation at 
break (mm) 

0.34 
±0.08 

0.53 
±0.25 

1.04 
±0.11 

1.05 ±
0.11 

1.13 
±0.17 

0.02 
±0.13  

Table 2 
Weibull modulus for each group of material.  

SAMPLE PMMA- 
GR 

MCR PMMA PMMA- 
GR Aged 

MCR 
Aged 

PMMA 
Aged 

WEIBULL 
MODULUS 

5 174.7 18.4 5.3 368.2 1.9  
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than that observed in PMMA and it could be speculated that the loss of 
mechanical properties did not owe to the MCR itself, but rather to the 
resin cements used. This consideration is also suggested by the fact that 
the abutment design used in this study maximizes the role of resinous 
cement in the fracture loading test [47,48]. However, as no specific 
analyses were conducted for evaluating this aspect, no certain conclu
sions can be driven on the matter. 

In this study, the vertical displacement of the tip before fracture was 
also registered by the machine and assessed. It could be indirectly 

considered as an indication of the maximum deformation of the sample 
and then of the malleability of the material [49,50]. As expected, before 
the ageing process, the MCR showed the lowest deformation values 
because of the elastic modulus of the ceramic coating [51]. However, it 
is interesting to underline that, before and after ageing, only PMMA and 
MCR groups showed changes of the “deformation” values before fracture 
(Fig. 7). For MCR groups, this behaviour may be linked with the soft
ening of the resin cements after thermocycling [52,53]. As for PMMA, in 
addition to the cement softening, the excursion of the vertical tip was 
extremely low showing a more fragile fracture than the non-aged group, 
in line with the impairment of the mechanical properties of the material. 
This evidence correlates with the corresponding fracture loading values 
found before thermocycling. Interestingly, the PMMA-GR showed no 
difference before and after ageing in terms of deformation before frac
ture, in accordance with the loading values. This could be due to the 
enhanced polymerization process of the PMMA-GR which, therefore, 
leads to a higher stability of the polymer and to a reduced or absence of 
residual unpolymerized monomers leakage that is normally responsible 
for the water sorption phenomena [43,44]. Observing the fracture 
pattern of each material, the weak point of the PMMA-GR in this study 
was the connector, while for PMMA the fracture occurred especially in 
the mesio-distal direction. It can be speculated that this behaviour is 
probably related to the distribution of the graphene particles in PMMA 
matrix that changes the direction of cracks propagation along the 
filler-polymer interface [54,55]. However, in absence of a fractographic 
analysis, it is challenging to estimate the exact origin of the failure for 
each material and where the piston used generated some contact 
damages. 

A previous in vitro study tested G-CAM to determine the influence of 
graphene on the mechanical properties [21]. The results showed that 
G-CAM had a statistically significant higher mechanical resistance in 
compression and a higher elastic modulus compared to conventional 
PMMA. No significant differences were observed in the coefficient of 
friction and hardness. In addition, an added graphene percentage of 
0.027wt% was detected using RAMAN spectroscopy. This percentage 
guarantees a low material cost and satisfactory aesthetic performances 
for dental prosthodontic use. The results regarding mechanical proper
ties are in accordance with our study. 

Another study assessed the fracture resistance of five types of com
plete coverage crowns fabricated from different materials [56]. The 
results showed the doped PMMA had a fracture load quite equal to that 
obtained by a single crown of cubic zirconia and the fracture resistance 
value reported by the authors was also similar to that obtained in our 
study [56]. 

The results of this study are clinically relevant, since they suggest 
that PMMA-GR performs better than conventional PMMA in terms of 
fracture strength, especially after ageing. Therefore, it may be used as a 
material for long-term provisional of posterior maxillary FPDs with 
greater reliability compared to conventional PMMA. Its use as definitive 
restoration, however, ought to be assessed in further studies also 
assessing the colour stability of the material, a high number of me
chanical cycles and different restoration designs. 

This study presents some limitations: first its in vitro design. In the 
oral cavity, restorations are not only affected by vertical occlusal forces. 
Therefore, in addition to a single loading direction, a multi-axial com
posite load should also be performed. In addition, many studies used the 
thermocycling process to simulate ageing to evaluate the long-term 
success of prosthetic rehabilitations by using in vitro experiments [33, 
57–59]. However, the great heterogeneity of materials and the oral 
environment make a real comparison difficult. Secondly, the absence of 
a fractographic analysis, as previously mentioned. Third, the prepara
tion at 6◦ of the abutments in the clinical setting is a challenging task, 
prone to preparation undercuts [60]. This may have enhanced the 
retention and resistance of restorations fabricated and consequently 
affected the fracture resistance of the material itself [61]. 

Additionally, the ageing process and the loading cycles of the 

Fig. 3. Weibull modulus of the fracture load of PMMA-GR with aged and non- 
aged group. 

Fig. 4. Weibull modulus of the fracture load of MCR with aged and non- 
aged group. 

Fig. 5. Weibull modulus of the fracture load of PMMA with aged and non- 
aged group. 
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samples were not performed simultaneously, and the type of material 
ageing may have also influenced the results [62]. The connector di
mensions were standardized but as they influenced the fracture resis
tance of the material [3,63], it could be interesting also to evaluate 
smaller connectors. Additionally, in order to assess the influence of the 
luting agent on the fracture strength of the prosthesis, an evaluation of 
the bond strength of the cement used on each material after roughening 
should also be studied. This, in addition with a multiaxial loading, could 
be the focus of future in vitro research on this topic. 

5. Conclusions 

MCR and PMMA-GR showed higher mechanical properties than 
PMMA. MCR and PMMA-GR seemed not to be influenced by the ageing 
process. Mechanical properties of PMMA were significantly affected by 
the ageing process. 
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