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Evaluation of Mechanical 
Behavior of CAD/CAM 
Polymers for Long-term 
Interim Restoration 
Following Artificial Aging

ABSTRACT
Mechanical properties are crucial parameters for the clinical performance of long-

term CAD/CAM interim restorations. This study aimed to evaluate and compare fracture 
toughness (FT), flexural strength (FS), flexural modulus (FM), microhardness (H), and the 
brittle index (BI) of three different long-term interim restorative materials after simulated 
ageing. CAD-Temp; VCT, Everest C-Temp; CT, and PEEK; PK were the materials used. 
Specimens were divided into subgroup A (control group) with no thermocycling, and 
subgroup B subjected to 5000 thermocycles between 5 and 55 °C for 30 seconds. FS, 
FM, FT, H, microstructure, and the brittle index were evaluated. The data was examined 
using two-way ANOVA and Tukey’s test for post-hoc comparisons. In the VCT group, FS, 
FT, and H were significantly reduced (p <0.05) after thermocycling. In the PK group, 
no statistically significant differences (p >0.05) were detected between the aged and 
non-aged groups. As for the CT group, the tested properties were significantly reduced  
(p <0.05) after simulated aging condition. The PK group recorded appropriate mechanical 
behavior both before and after simulating aging, in addition to its better machinability 
than other materials. The CT group had better mechanical properties before and after 
ageing, despite the significant reduction in mechanical properties after aging.

 INTRODUCTION
Interim restorations are an essential part of fixed prosthodontics and 

dental implantology because they provide aesthetics, mastication, and 
protection for soft and hard tissues for a period of time while the definitive 
prosthesis is being made. These restorations should be able to withstand 
masticatory stresses, be aesthetically acceptable, resist degradation, and 
provide enough marginal adaptation, in addition to wear resistance, color 
stability, rigidity, ease of production, and repairability.1

Interim prostheses are fabricated either by traditional or CAD CAM 
techniques. Because of its color stability and high mechanical properties, 
conventional polymethyl methacrylate (PMMA) was the most utilized polymer. 
However, due to heat generation during the polymerization, pulp damage 
and shrinkage may deform restoration. As a result, bis-acryl resin composites 
have overtaken PMMA. Recently, CAD/CAM highly cross-linked PMMA has 
gained popularity for fabricating interim restorations with high precision 
and reduced time.2-6 These restorations are produced from high-density 
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preprocessed resin polymer blocks which have been reported 
to have higher mechanical properties, marginal quality, and 
better color stability than the conventionally processed resin. In 
addition, it has been reported that the milled CAD/CAM PMMA 
was shown to have superior strength to the auto-polymerized 
PMMA and traditional bis-acrylic based materials.7-10 

Long-term interim restorations are crucial issue in case of 
oral implantation treatment or when comprehensive occlusal 
reconstruction is required especially when subjected to pro-
longed functional stresses.11 The type of materials,12-14 ease of 
processing and bonding,15-17 mechanical properties and oral 
environmental conditions18 are necessary factors to be con-
sidered when selecting long-term interim restorative mate-
rials. While CAD/CAM PMMA restorations appear to be very 
promising materials, their long-term survival rate might be 
compromised in the oral environment. As a result, new ma-
terials such as fiberglass reinforced polymer, and Poly ether 
ether ketone have been released to address this problem, 
with claims of improved mechanical properties and durabil-
ity.7,1,20 However, there is little information on their long-term 
mechanical durability. 

 Interim restorative materials should be strong enough 
to prevent fracture, as repair will consequently demand an 
additional appointment. Furthermore, these materials are 
routinely exposed to oral circumstances such as rapid tem-
perature changes and repetitive occlusal force. The thermal 
stresses could degrade the materials’ surfaces and compro-
mise their mechanical properties when hot and cold beverag-
es are consumed in the oral cavity. As a result, the mechanical 
properties of long-term interim restorations are critical issues 
that may alter their durability when subjected to thermal and 
masticatory stresse.18

Understanding mechanical properties is crucial for validating 
manufacturers’ claims, evaluating newer materials on the mar-
ket, and comparing them to others to find the best material 
for long-term interim restorations. Hence, fracture toughness, 
flexural strength and hardness become extremely valuable 
mechanical properties, particularly in long span prostheses, in 
patients with parafunctional patterns, or when the patient must 
use the interim restoration for an extended period. Therefore, 
this study aimed to assess and compare fracture toughness, 
flexural strength, flexural modulus, microhardness, and the 
brittle index of three different types of CAD/CAM polymers 
used for long-term interim restorations following simulated 
aging. The null hypothesis proposed that these materials have 
similar mechanical properties and the simulated aging condi-
tions would have no effect on these properties.

MATERIAL AND METHODS
Three types of CAD/CAM polymer; Polyacrylate polymer (CAD-

Temp; CT), fiber-glass-reinforced polymer (Everest C-Temp; ET), 
and Poly ether ether ketone PEEK (BioHPP; BH) were used in 
this study for fabrication of interim restorations (Table 1). Ac-
cording to the power analysis (size effect=2.34, α-two tailed=. 
05), a sample size of twenty specimens in each group was re-
quired to obtain a 0.95 power using a 0.05 significance level.

SPECIMEN PREPARATION AND GROUPING
Sixty bar-shaped specimens were cut from each CAD/CAM 

polymer block (n=20) with the desired dimensions for each 
test by an ISOMET (Techcut4, Allied, USA). The edges of the 
specimens were chamfered to prevent stress concentration. 
A digital caliper (Mitutoyo Corporation, Tokyo, Japan) was 
used to ensure uniform specimen dimensions. Different grit 
sizes (600-2000 grits) of silicone carbide papers were used to 

Table 1. Materials used in the study.

Product Composition/ Manufacturer Indication Lot. No.

CAD-Temp

-83–86 wt.% PMMA, 
14 wt.% micro filler (silica), 

Pigments (<0.1%).
- VITA Zahnfabrik

Multi-unit, fully or partially 
anatomical long-term temporary 

bridges with up to 2 pontics.
38590

Everest C-Temp

-Fiber glass-reinforced polymer.
- High performance endless molecular

  Polymer chain plastic.
- KaVo, Biberach, Germany

Long-term temporary 
restoration up to 6 units. 6946

Bre CAM Bio HPP

-Poly ether ether ketone, 
20 wt% titanium dioxide ceramic
 filler and Aluminum oxide sand

 (50 µm mean particle size)
- Bredent GmbH &co., Senden, 

Germany 

4-part posterior bridge up to two pontics. 56654456

P23
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finish specimens under copious water-cooling followed by a 
3-minute ultrasonic cleaning in deionized water then polished 
by diamond paste (Buehler, Düsseldorf, Germany). Follow-
ing that, the specimens were distributed into two subgroups 
(n=10). Subgroup A: specimens were evaluated at room tem-
perature for 24 hours to serve as a control, while subgroup B: 
specimens were subjected to 5000 -times thermocycles (SD 
Mechatronic GmbH, Feldkirchen Westerham, Germany) at be-
tween 5 and 55 °C for 30 seconds.

FLEXURAL STRENGTH TESTING
Twenty bar-shaped specimens (25 mm × 2 mm × 2 mm3) 

were produced from each material in accordance with ISO 
10477:2020 (Dentistry-Polymer-Based Crown and Bridge Ma-
terials).21 The universal testing machine is calibrated once a 
year. Specimens were put into a specimen holder apparatus 
with a support span of 20 mm on a universal testing machine. 
Following insertion, the load was applied to the specimens’ 
middles at a crosshead speed of 1.0 mm/min. The following 
mathematical formulas were used for measurement: flexural 
strength σs (MPa) and flexural modulus Εƒ (GPa).21-23 

Flexural strength (σs) =  

Flexural modulus (Εƒ ) = 

4 
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where P (N) is the maximum load at fracture, L is the roller span (20 mm), B is the bar width, D is the bar height, and 

d is the deflexion corresponding to load P. 

Fracture toughness testing 

The fracture toughness (KIc) was determined using the single-edge notch-three-point bending (SENB) test. Twenty 

bar-shaped specimens (25 mm × 5 mm × 2 mm) were prepared from each material. To produce the notch, specimens 

were placed in a customized flat holder. The holder is fitted into a precision cutting machine. A V-shaped notch 

perpendicular to the specimen's long axis was made in the specimen's middle with a diamond cutting disc (0.3 mm 

thick) as a beginning notch 0.5 mm deep. To achieve a controlled and smooth notch, the created notches were filled 

with diamond polishing paste, finished using a razor blade attached to a custom machine with uniform back-and-forth 

movements, after which it was ultrasonically cleaned for 5 minutes. The blade was replaced after every four 

specimens. The notch depth ranged from 0.8 to 1.2 mm.24-26 An optical stereomicroscope with a magnification of 40x 

(Olympus SZ61, Tokyo, Japan) was used to measure the depth of the notch and evaluate the specimens for defects. A 

defective specimen was replaced with a new one. The specimens were loaded into a three-point bending in a universal 
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from each material. To produce the notch, specimens were 
placed in a customized flat holder. The holder is fitted into 
a precision cutting machine. A V-shaped notch perpendicu-
lar to the specimen’s long axis was made in the specimen’s 
middle with a diamond cutting disc (0.3 mm thick) as a begin-
ning notch 0.5 mm deep. To achieve a controlled and smooth 
notch, the created notches were filled with diamond polishing 
paste, finished using a razor blade attached to a custom ma-
chine with uniform back-and-forth movements, after which it 
was ultrasonically cleaned for 5 minutes. The blade was re-
placed after every four specimens. The notch depth ranged 
from 0.8 to 1.2 mm.24-26 An optical stereomicroscope with a 
magnification of 40x (Olympus SZ61, Tokyo, Japan) was used 
to measure the depth of the notch and evaluate the speci-
mens for defects. A defective specimen was replaced with a 
new one. The specimens were loaded into a three-point bend-
ing in a universal testing machine (AGS-1000A; Shimadzu CO., 
Kyoto, Japan) with a crosshead speed of 1.0 mm/min, at room 
temperature, and the notch was positioned centrally beneath 
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Using the following equation,27 the fracture toughness, 
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Where 𝐾𝐾𝐢𝐢𝐢𝐢 is the fracture toughness, while g is a function of the ratio a/W, Pmax is the maximum load to failure (N), 
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and a is the depth of the notch. 
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microhardness. A diamond indenter was used to make five indents in each specimen for 20 seconds under a 9.8 N 

force, in the center of the specimen and at least 0.5 mm apart. The major diameters of the Vicker’s indent (d1 and d2) 
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for each specimen 25,29 : 𝐻𝐻 = 	1.8544 )
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microhardness tester (Buehler Micro Met II, Buehler Ltd., Lake Bluff, IL, USA) was used to determine the surface 

microhardness. A diamond indenter was used to make five indents in each specimen for 20 seconds under a 9.8 N 

force, in the center of the specimen and at least 0.5 mm apart. The major diameters of the Vicker’s indent (d1 and d2) 

were measured with an optical micrometer [25,28]. The following equation was used to calculate the Vickers hardness 

for each specimen 25,29 : 𝐻𝐻 = 	1.8544 )
3.

 where H is the hardness (MPa), P is the applied load (kg) and d is the mean 

indentations diagonal length (mm). 

 Brittle Index (BI) testing 

The following equation was used to calculate the brittleness index (B) for each specimen 30-32: B =	 W
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the hardness (GPa) and 𝐾𝐾ic is the fracture toughness.  
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Three additional representative specimens from each material (10 mm × 10 mm × 1 mm) were produced and cleansed 

with 96% ethanol in an ultrasonic bath for two minutes, then air-dried. For the qualitative investigation of each 
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indentations diagonal length (mm). 
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 where H is  

the hardness (GPa) and 𝐾𝐾ic is the fracture toughness.  

Scanning Electron Microscopy evaluation 

Three additional representative specimens from each material (10 mm × 10 mm × 1 mm) were produced and cleansed 

with 96% ethanol in an ultrasonic bath for two minutes, then air-dried. For the qualitative investigation of each 

 is the fracture toughness. 

SCANNING ELECTRON MICROSCOPY EVALUATION
Three additional representative specimens from each mate-

rial (10 mm × 10 mm × 1 mm) were produced and cleansed 
with 96% ethanol in an ultrasonic bath for two minutes, then 
air-dried. For the qualitative investigation of each material, 
specimens were mounted on metallic stubs, gold sputter-
coated, and then examined under a SEM (Jeol-JSM-6510, To-
kyo, Japan) with an original magnification of 100 and 500 x.33,34 

STATISTICAL ANALYSIS
The normality and equal variance assumptions were ful-

filled according to the Shapiro–Wilk test and Levene’s test. 
Subsequently, statistical analyses (SPSS 22.0; IBM statis-
tics) of the flexural strength, flexural modulus, fracture 
toughness, and hardness were analyzed using two-way 
ANOVA to determine statistically significant differences.  
A One-way ANOVA was conducted for the BI values of the 
three different materials. Tukey’s significant difference test 
was used for post-hoc comparisons. A two-way ANOVA was 

4 
 

A: specimens were evaluated at room temperature for 24 hours to serve as a control, while subgroup B: specimens 

were subjected to 5000 -times thermocycles (SD Mechatronic GmbH, Feldkirchen Westerham, Germany) at between 

5 and 55 °C for 30 seconds. 

Flexural strength testing 

Twenty bar-shaped specimens (25 mm × 2 mm × 2 mm3) were produced from each material in accordance with ISO 

10477:2020 (Dentistry-Polymer-Based Crown and Bridge Materials).21 The universal testing machine is calibrated 

once a year. Specimens were put into a specimen holder apparatus with a support span of 20 mm on a universal testing 

machine. Following insertion, the load was applied to the specimens' middles at a crosshead speed of 1.0 mm/min. 

The following mathematical formulas were used for measurement: flexural strength σs (MPa) and flexural modulus 

E" (GPa).21-23  

Flexural strength (𝜎𝜎$) = 	
()*
+,-.

   

Flexural modulus( 𝐸𝐸0) =	 )*1

2,-13
 

where P (N) is the maximum load at fracture, L is the roller span (20 mm), B is the bar width, D is the bar height, and 

d is the deflexion corresponding to load P. 

Fracture toughness testing 

The fracture toughness (KIc) was determined using the single-edge notch-three-point bending (SENB) test. Twenty 

bar-shaped specimens (25 mm × 5 mm × 2 mm) were prepared from each material. To produce the notch, specimens 

were placed in a customized flat holder. The holder is fitted into a precision cutting machine. A V-shaped notch 

perpendicular to the specimen's long axis was made in the specimen's middle with a diamond cutting disc (0.3 mm 

thick) as a beginning notch 0.5 mm deep. To achieve a controlled and smooth notch, the created notches were filled 

with diamond polishing paste, finished using a razor blade attached to a custom machine with uniform back-and-forth 

movements, after which it was ultrasonically cleaned for 5 minutes. The blade was replaced after every four 

specimens. The notch depth ranged from 0.8 to 1.2 mm.24-26 An optical stereomicroscope with a magnification of 40x 

(Olympus SZ61, Tokyo, Japan) was used to measure the depth of the notch and evaluate the specimens for defects. A 

defective specimen was replaced with a new one. The specimens were loaded into a three-point bending in a universal 
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also applied to detect the interaction between the two inde-
pendent variables (material type and aging). For all statistical 
tests, the level of significance was set at 5%. Additionally, FS 
data was entered into a Weibull analysis to calculate Weibull 
modulus (m), characteristic flexural strength (σ0). 

RESULTS
Table 2 shows the means and standard deviations of flex-

ural strength, flexural modulus, fracture toughness, and hard-
ness before (control) and after simulated ageing. The two-
way ANOVA showed statistically significant differences in FS, 
FM, FT, and H among the three different materials (VCT, CT, 
PK) either before (control) or after simulated aging (p <.05). 
Regarding the VCT group, FS, FT, and H were significantly 
reduced (p <.05) after aging conditions, while there was no 
significant difference between FM values either before or af-
ter aging (p=.23). Regarding the PK group, no statistically sig-
nificant differences were detected in the values of FS (p=.16), 
FM (p=.98), FT (p=.41), and H (p=.44) between the aged and 
non-aged groups. As for CT group, the tested properties were 
significantly reduced (p<.05) after simulated aging condition. 
One-way ANOVA indicated a statistically significant difference 
in the BI values of the three different materials. Independ-
ent variables (material type, and aging) and their interactions 
were significantly affecting (p<.001) the tested properties val-
ues as shown by the two-way ANOVA table (Table 3).

The surfaces of CAD-Temp (VCT), C-Temp (CT), and PEEK (PK) 
under SEM showed variations in the surface microstructures 
(Figure 1). VCT showed spherical areas of widely varying ex-
tensions that well obviously embedded in the resin matrix 
material (Figures 1a and b). While CT group showed irregu-
lar shaped long fibers intervening between them spherical 
shaped fillers particles with homogenous distribution with-

in the materials (Figures 1 c and d). As for the PK group, it 
showed homogenous topography without voids or morpho-
logical defects (Figures 1 e and f).

 DISCUSSION
Long-term interim prostheses are commonly used in 

implant-supported treatments, periodontal therapy that 
necessitates ongoing monitoring, and maxillofacial reha-
bilitation where the prostheses are subjected to functional 
stresses. Furthermore, they may provide new treatment 
choices in the case of complex comprehensive treatments 
and immediate loading protocols due to their excellent 
mechanical properties.7,1,35 While mechanical properties 
are one of the most important parameters for the clini-
cal success and longevity of long-term CAD/CAM interim  
restorations,11,23 independent studies on these parameters 
are scarce. As a result, the aim of the current was to evalu-
ate and compare flexural strength, flexural modulus, fracture 
toughness, and microhardness of three different types of 
CAD/CAM polymers used for long-term interim restorations 
after simulated aging. Furthermore, the brittle index of these 
materials was determined to better understand the mechani-
cal behavior of these CAD/CAM materials.

While no single property can anticipate a material’s clini-
cal performance, measurements such as flexural strength 
(FS), flexural modulus (FM), fracture toughness (FT), and 
hardness (H) can provide insight into these materials’ be-
havior when subjected to simulated environmental thermal 
stresses. The findings of a three-point flexural test can be 
used to calculate FS, FM, and FT.36,37 The flexural strength of 
a material can be used to determine its resistance to bend-
ing failure. The flexural modulus can be used to measure 
the stiffness of a material that can elastically store energy.37  

Table 2. Mean (standard deviation) values of flexural strength (FS), flexural Modulus (FM), fracture toughness (FT), hardness (H), 
and brittle index (BI) of VCT, CT, and PK interim restoration.

FS FM FT H BI

Non-Aged Aged Non-Aged Aged Non-Aged Aged Non-Aged Aged Non-Aged

VCT
96.47 c1

(± 2.38)
77.39 c2

(± 3.48)
4.01 c1

(± .15)
3.71 c1

(± .04)
1.14 c1

(± .10)
0.89 c2

(± .07)
26.13 c1

(± 2.19)
21.43 c2

(± 1.85)
.22 b

(± .02)

CT
319.16 a3

(± 6.92)
264.71 a4

(± 5.91)
17.30 a2

(± .97)
13.77 a3

(± .95)
2.36 a3

(± .06)
1.85 a4

(± .04)
68.67 a3

(± 2.09)
56.45 a4

(± 2.04)
.29 a

(± .01)

PK
201.48 b5

(± 5.00)
204.46 b5

(± 2.31)
4.45 b4

(± .14)
4.45 b4

(± .13)
1.58 b5

(± .10)
1.55 b5

(± .07)
28.98 b5

(± 1.35)
27.25 b5

(± 1.78)
.17 c

(± .09)

Mean values represented with different superscript lowercase letters (column) for each type of material is significantly different (P<.05) 
Mean values represented with different superscript numbers (raw) for each property is significantly different tests (P<.05)
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The three-point bonding test was carried out in accordance 
with ISO 10477:2020 (Dentistry-Polymer-Based Crown and 
Bridge Materials),21 as it is a typical test for determining flex-
ural strength properties. Fracture toughness is character-
ized as the resistance of a material to crack propagation. It 
is frequently used to describe the fracture resistance of brit-
tle materials. The single-edge notch-three-point bending test 
was used because it is a commonly used method for testing 
fracture toughness, imposing a tensile force on the notch and 
causing fracture through the thickness of the material.24,27 Ac-
cording to ISO 10477:2020 and ISO 13586:2018, the dimen-
sion of the bar-shaped specimens was (25 mm x 2 mm x 2 
mm3) because the loading span should be 10x greater than 
the thickness of the specimen.21,27 When comparing restora-
tive materials, hardness is regarded as an important property. 
The surface hardness of a material is a relative measure of 
its resistance to an external indentation force. The hardness 
testing can predict a material’s wear resistance and ability to 
abrade the opposing structure.13,20,38 

Two-way ANOVA (Table 3) revealed a significant effect (p < 
.001) of the two independent variables (material type, and Ag-
ing) and their interactions on the tested mechanical proper-
ties. Consequently, the two null hypotheses were rejected.

The flexural properties of the three CAD/CAM materials are 
consistent with ISO 10477:2020 standard, which states that, 
the flexural strength should be at least 50 MPa. According to 
the findings of this current study, the flexural properties of 
the tested materials were ranked from highest to lowest as 
follows: CT > PK > VCT. This could be justified due to the differ-
ent composition of the tested materials (Figure 1). CT is a high 
performance, endless molecular polymer chain plastic with 
a long glass fiber content.19 The glass fiber-reinforced com-
posite resins have been reported to have superior mechanical 
properties.26 on the other hand, VCT is an acrylate polymer 
with vinyl groups, which are two carbon atoms that are dou-
ble linked to each other and attached to carbonyl carbon. Be-
cause acrylates’ double bonds are relatively reactive and have 
low strength, they quickly form polymers.8 

 The resin matrix, the geometry, and the quantity of rein-
forced fillers or fibers are all factors that could influence FT 
property. The CT group showed the highest FT values. It has 
been reported that the fracture toughness of long glass fiber 
reinforced composites can achieve better results.26,39 Addition-
ally, the FS, FM, FT, and H values of poly ether-ether ketone 
(PEEK) was significantly higher than those of VITA CAD-Temp. 
This could be attributed to the differences in polymer chemistry 

Table 3. Two-way ANOVA for the dependent variables

Source Dependent Variable
Type III Sum 
of Squares

df Mean Square F Sig.

Material

Flexural Strength 422721.70 2 211360.85 9684.07 p<.001

Flexural Modulus 1727.22 2 863.61 2707.61 p<.001

Fracture Toughness 11.91 2 5.95 873.18 p<.001

Hardness 18479.75 2 9239.87 2741.27 p<.001

AGING

Flexural Strength 8295.03 1 8295.03 380.06 p<.001

Flexural Modulus 24.52 1 24.52 76.89 p<.001

Fracture Toughness 1.06 1 1.06 155.49 p<.001

Hardness 710.70 1 710.70 210.85 p<.001

Material * AGING

Flexural Strength 8390.44 2 4195.22 192.21 p<.001

Flexural Modulus 38.52 2 19.26 60.39 p<.001

Fracture Toughness .58 2 .29 42.82 p<.001

Hardness 216.00 2 108.00 32.04 p<.001

Total

Flexural Strength 2697457.79 60

Flexural Modulus 5603.46 60

Fracture Toughness 159.81 60

Hardness 105403.56 60
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Figure 1: SEM micrographs (100 and 500 X) of CAD-Temp (a-b) C-Temp (c-d) and PEEK (e-f)
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and degree of crosslinking, and the presence of another inor-
ganic phase. It is a highly cross-linked polymer with 20% ce-
ramic filler (with a grain size of 0.3–0.5 m) that can penetrate 
and seal the area between the PEEK polymer’s chains, limiting 
chain mobility and minimizing water penetration.40,41 Further-
more, PEEK’s semi-crystalline structure (30–35% crystalline) 
could improve the rigidity over VITA CAD-Temp, which lacks 
the inorganic ceramic filler phase.40

 Thermocycling is an in vitro simulation of the oral environ-
ment that has a negative impact on the mechanical properties 
of restorative materials.18 For standardization, two subgroups 
according to the aging conditions were evaluated in this study. 
One group was evaluated after sample preparation within 24 
h at room temperature as a control group. The other group 
was subjected to 5000 thermal cycles to simulate 6 months of 
clinical service.18

In the current study, flexural strength, fracture toughness 
and hardness of the VCT group was significantly reduced after 
thermocycling. This could be explained by its high polymeric 
content(83–86 wt.% PMMA) which liable to penetration of wa-
ter between polymer chains’ gaps and separating them from 
one another, resulting in water absorption and consequently 
cause resin matrix softening which have a negative impact on 
mechanical properties.42 The results of the current study are 
in line with Yao et al.8 and Neim et al.43, they found that 5000 
thermocycles had significantly reduced the flexural strength 
and flexural modulus of CAD-Temp. On the other hand, the 
thermocycling process had no effect on the FM. This result is 
so far difficult to explain as this material revealed water up-
take and solubility that complies with EN ISO 10477 Polymer 
based crown and bridge material according to manufacturer’s 
specification. This might be explained by its ability to retain 
its original capacity to dissipate energy elastically.43 Further-
more, it has been reported that a small moisture content (≤ 
0.69 wt%) has been reported to cause a stiffening effect on 
the polymer network, as evidenced by a distinct shift in the 
β-relaxation peak at higher temperatures.44 

Aging condition significantly decreased flexural properties 
and fracture toughness in CT group. This could be justified 
as follow, since the glass fiber reinforcing effect is to transfer 
stresses from polymer matrix to the fibers, the aqueous envi-
ronment can cause a corrosion effect on the surface of a glass 
fiber due to penetration of water through the polymer matrix, 
resulting in a reduction in the mechanical properties.45 Fur-
thermore, Suzaki et al.46 reported that the flexural properties 
of CAD/CAM fiber reinforced composite resin significantly de-
creased after one week immersion. It is worth to be mentioned 
that comparing fracture toughness values from different stud-
ies are difficult according to ADM guidance article 42 as there is 
variability in 

5 
 

testing machine (AGS-1000A; Shimadzu CO., Kyoto, Japan) with a crosshead speed of 1.0 mm/min, at room 

temperature, and the notch was positioned centrally beneath the crosshead contact, according to ISO 13586:2018.27 

The distance between the two supports was 20 mm.  

Using the following equation 27, the fracture toughness, 𝐾𝐾𝐢𝐢𝐢𝐢 (MPa m0.5) was calculated as follows: 
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Where 𝐾𝐾𝐢𝐢𝐢𝐢 is the fracture toughness, while g is a function of the ratio a/W, Pmax is the maximum load to failure (N), 

S0 is the distance between the center of the rollers (20 mm), W is the specimen width, B is the specimen thickness, 

and a is the depth of the notch. 

Microhardness testing 

Twenty bar-shaped specimens of each material were produced with (14 mm × 4 mm × 4 mm) dimensions. A digital 

microhardness tester (Buehler Micro Met II, Buehler Ltd., Lake Bluff, IL, USA) was used to determine the surface 

microhardness. A diamond indenter was used to make five indents in each specimen for 20 seconds under a 9.8 N 

force, in the center of the specimen and at least 0.5 mm apart. The major diameters of the Vicker’s indent (d1 and d2) 

were measured with an optical micrometer [25,28]. The following equation was used to calculate the Vickers hardness 

for each specimen 25,29 : 𝐻𝐻 = 	1.8544 )
3.

 where H is the hardness (MPa), P is the applied load (kg) and d is the mean 

indentations diagonal length (mm). 

 Brittle Index (BI) testing 

The following equation was used to calculate the brittleness index (B) for each specimen 30-32: B =	 W
XYZ

 where H is  

the hardness (GPa) and 𝐾𝐾ic is the fracture toughness.  

Scanning Electron Microscopy evaluation 

Three additional representative specimens from each material (10 mm × 10 mm × 1 mm) were produced and cleansed 

with 96% ethanol in an ultrasonic bath for two minutes, then air-dried. For the qualitative investigation of each 

 values for the same material in the literature.39

 On the other hand, aging had no statistically significant ef-
fect on PEEK properties in terms of FS, FM, FT, and H values. 
This might be attributed to their low water sorption ability value 
for the PK group. According to the manufacturer’s claims, the 

water sorption values for the PK group are (≤ 6,5 μg/mm³), for 
VCT (≤ 40 μg/mm³), while for the CT group is (9,6 μg/mm3).19,47 
Libermann et al.20 assessed the effects of different aging solu-
tions up to 180 days on water sorption of different CAD/CAM 
polymers. They concluded that storage media had no statisti-
cally significant effect on water sorption of PEEK. Furthermore, 
PEEK showed the lowest water sorption rates. Additionally, 
Neim et al.43 investigated the effect of 5000 thermocycling cy-
cles on the flexural strength and flexural modulus of several 
CAD/CAM restorative materials and discovered that thermocy-
cling has no significant reduction effect on PEEK. Additionally, 
Schwitalla et al.40 found no significant reduction in the flexural 
strength of PEEK polymer after up to 84 days of water storage.

The smoother margins of CAD/CAM polymers when milled 
have been related to the reduced brittleness of polymer-
containing materials, which in turn results in less chipping at 
the margins.4,15,32 The Brittle index is a criterion for estimating 
material machinability that is calculated by dividing hardness 
to fracture toughness. It can demonstrate how prone these 
materials to premature edge chipping. The lower the brit-
tleness index, the higher the machinability.32 In the current 
study, although the brittleness index of all tested materials 
was less than the required value32 (4.3 µm0.5) for adequate 
machinability, PEEK demonstrated the lowest brittleness in-
dex when compared to other materials. The brittleness index 
has been shown to have a high positive association with the 
hardness attribute. It is one of the most crucial characteristics 
to consider when choosing a restorative CAD/CAM material. 
Furthermore, the relationship between hardness and fracture 
toughness may influence the brittleness index.30 

Dentists will need to be able to use chair-side CAD/CAM 
technologies to improve their expertise and ability to perform 
digital restorations. The mechanical properties are particu-
larly important as they may affect the longevity of CAD/CAM 
interim restorations, especially when exposed to environmen-
tal conditions.18 In addition, understanding these properties 
necessitates clinician knowledge and familiarity to evaluate 
newer materials on the market and compare them to others 
to find the best material for long-term interim restorations. 
One of the limitations of this study is that the ageing condi-
tions only simulate six months of clinical service. More studies 
are needed to investigate more clinical service times as well 
as different ageing conditions. Moreover, more research is 
needed to assess their adhesion to tooth structure and dental 
cement. Similarly, clinical performance is required to provide 
dental practitioners with reliable recommendations.

 CONCLUSIONS
Within the limitations of the current study, The PK group 

recorded appropriate mechanical behavior both before and 
after simulating aging, in addition to its better machinability 
than other materials. The CT group had better mechanical 
properties before and after ageing, despite the significant re-
duction their mechanical properties after aging. 

P28



European Journal of Prosthodontics and Restorative Dentistry (2023)  31,  22–30

ejprd.org - Published by Dennis Barber Journals.		  Copyright ©2023 by Dennis  Barber Ltd. All rights reserved. 

• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •EJPRD

COMPETING INTERESTS
The authors declare that they have no conflict of interest in 

this research. The authors are not affiliated or receive benefits 
from the companies mentioned in this research

REFERENCES
1.	 Burns, D.R., Beck, D.A. and Nelson, S.K. Committee on Research in 

Fixed Prosthodontics of the Academy of Fixed Prosthodontics. A re-
view of selected dental literature on contemporary provisional fixed 
prosthodontic treatment: Report of the Committee on Research in 
Fixed Prosthodontics of the Academy of Fixed Prosthodontics. J Pros-
thet Dent 2003; 90:474‑497.

2.	 Stawarczyk, B., Sener, B., Trottmann, A., Roos, M., Ozcan, M. and Ham-
merle, C.H. Discoloration of manually fabricated resins and industri-
ally fabricated CAD/CAM blocks versus glass ceramic: effect of stor-
age media, duration, and subsequent polishing. Dent Mater J 2012; 
31:377–383.

3.	 Burns, D.R., Beck, D.A. and Nelson, S.K. A review of selected dental lit-
erature on contemporary provisional fixed prosthodontics treatment: 
report of the Committee on Research in Fixed Prosthodontics of the 
Academy of Fixed Prosthodontics. J Prosthet Dent 2003; 90: 474-497.

4.	 Nejatidanesh, F., Lotfi, H.R. and Savabi, O. Marginal accuracy of interim 
restorations fabricated from four interim auto-polymerizing resins. J 
Prosthet Dent 2006; 95:364-367. 

5.	 Balkenhol, M., Knapp, M., Ferger, P., Heun, U. and Wostmann, B. Cor-
relation between polymerization shrinkage and marginal fit of tempo-
rary crowns. Dent Mater 2008; 24:1575-1584.

6.	 Alt, V., Hannig, M., Wostmann, B. and Balkenhol, M. Fracture strength 
of temporary fixed partial dentures: CAD/CAM versus directly fabri-
cated restorations. Dent Mater 2011; 27:339-347. 

7.	 Rayyan, M.M., Aboushelib, M., Sayed, N.M., Ibrahim, A. and Jimbo, R. 
Comparison of interim restorations fabricated by CAD/CAM with those 
fabricated manually. J Prosthet Dent 2015; 114:414-419.

8.	 Yao, J., Li, J., Wang, Y. and Huang, H. Comparison of the flexural strength 
and marginal accuracy of traditional and CAD/CAM interim materials 
before and after thermal cycling. J Prosthet Dent 2014; 112:649-657.

9.	 Soliman, T.A. Effect of aging and staining solutions on color stability 
and surface roughness of CAD/CAM provisional restorative material. 
Egyptian Dental Journal 2016; 62:4993-5003.

10.	Karaokutan, I., Sayin, G. and Kara, O. In vitro study of fracture strength 
of provisional crown materials. J Adv Prosthodont 2015; 7:27-31.

11.	Lodding, D.W. Long-term esthetic provisional restorations in dentistry. 
Curr Opin Cosmetic Dent 1997; 4:16-21.

12.	Astudillo-Rubio, D., Delgado-Gaete, A., Bellot-Arcís, C., Montiel-Com-
pany, J.M., Pascual-Moscardó, A. and Almerich-Silla, J.M. Mechanical 
properties of provisional dental materials: A systematic review and 
meta-analysis. PLOS One 2018;13: e0193162.

13.	Abdulmohsen, B., Parker, S., Braden, M. and Patel, M.P. A study to 
investigate and compare the physicomechanical properties of experi-
mental and commercial temporary crown and bridge materials. Dent 
Mater 2016; 32:200-210.

14.	Alp, G., Murat, S. and Yilmaz, B. Comparison of flexural strength of dif-
ferent CAD/CAM PMMA-based polymers. J Prosthodont 2019;28: e491-
495.

15.	Chavali, R., Nejat, A.H. and Lawson, N.C. Machinability of CAD-CAM ma-
terials. J Prosthet Dent 2017; 118:194-199.

16.	Şişmanoğlu, S., Gürcan, A.T., Yıldırım-Bilmez, Z., Turunç-Oğuzman, R. 
and Gümüştaş, B. Effect of surface treatments and universal adhesive 
application on the microshear bond strength of CAD/CAM materials. J 
Adv Prosthodont 2020; 12:22-32. 

17.	Sismanoglu, S., Yildirim-Bilmez, Z., Erten-Taysi, A. and Ercal, P. Influ-
ence of different surface treatments and universal adhesives on the 
repair of CAD-CAM composite resins: An in vitro study. J Prosthet Dent 
2020; 124: 238.e1-238.e9.

18.	Reeponmaha, T., Angwaravong, O. and Angwarawong, T. Comparison 
of fracture strength after thermo-mechanical aging between provi-
sional crowns made with CAD/CAM and conventional method. J Adv 
Prosthodont 2020; 12:218-224. 

19.	Everest, C. Temp provisional restoration (2016) KaVo Elements for 
KaVo ARCTICA and KaVo Everest. The foundation for reliable long-
term temporary applications: C-Temp. IOP Publishing Physics Web. 
http://dinamed.by/media/Instrukcii2014/ARCTICA_en_Material.pdf.
Accessed 29 August 2020.

20.	Liebermann, A., Wimmer, T., Schmidlin, P.R., Scherer, H., Löffler, P., 
Roos, M. and Stawarczyk, B. Physicomechanical characterization of 
polyetheretherketone and current esthetic dental CAD/CAM polymers 
after aging in different storage media. J Prosthet Dent 2016; 115:321-8. 
e2. 

21.	ISO (2020) ISO 10477 Dentistry-polymer-based crown and veneering 
materials. Geneva: International Organization for Standardization. 
Available at: https:// https://www.iso.org/standard/80007.html

22.	Quinn, J.B. and Quinn, G.D. Material properties and fractography of an 
indirect dental resin composite. Dent Mater 2010; 26:589–599.

23.	Awada, A. and Nathanson, D. Mechanical properties of resin-ceramic 
CAD/CAM restorative materials. J Prosthet Dent 2015; 114:587-593. 

24.	Balkenhol, M., Köhler, H., Orbach, K. and Wöstmann, B. Fracture tough-
ness of cross-linked and non-cross-linked temporary crown and fixed 
partial denture materials. Dent Mater. 2009; 25:917-928. 

25.	Goujat, A., Abouelleil, H., Colon, P., Jeannin, C., Pradelle, N., Seux, D. 
and Grosgogeat, B. Mechanical properties and internal fit of 4 CAD-
CAM block materials. J Prosthet Dent 2017; 119:384-389.

26.	Lassila, L., Säilynoja, E., Prinssi, R., Vallittu, P. and Garoushi, S. Charac-
terization of a new fiber-reinforced flowable composite. Odontology 
2019; 107:342-352. 

27.	ISO (2018) ISO 13586 Plastics — Determination of fracture toughness 
(GIC and KIC) — Linear elastic fracture mechanics (LEFM) approach. 
Available at: https://www.iso.org/standard/67721.html. 

28.	Perea-Lowery, L., Gibreel, M., Vallittu, P.K. and Lassila, L. Characteriza-
tion of the mechanical properties of CAD/CAM polymers for interim 
fixed restorations. Dent Mater J 2020; 39:319-325. 

29.	Soliman, T.A. and Othman, M.S. Mechanical properties of the new ket-
ac universal glass ionomer restorative material: Effect of resin coating. 
Egyptian Dental Journal 2017; 63:1027-1035. 

30.	Porto, T.S., Roperto, R.C., Teich, S.T., Faddoul, F.F., Rizzante, F.A.P., Porto-
Neto, S.T. and Campos, E.A. Brittleness index and its relationship with 
materials mechanical properties: Influence on the machinability of 
CAD/CAM materials Braz Oral Res 2019 ;33:e026. 

31.	Chaysuwan, D., Sirinukunwattana, K., Kanchanatawewat, K., Heness, G. 
and Yamashita, K. Machinable glass-ceramics forming as a restorative 
dental material. Dent Mater J 2011; 30:358–367.

P29

https://pubmed.ncbi.nlm.nih.gov/28024821/
https://pubmed.ncbi.nlm.nih.gov/28024821/
https://pubmed.ncbi.nlm.nih.gov/32128083/
https://pubmed.ncbi.nlm.nih.gov/32128083/
https://pubmed.ncbi.nlm.nih.gov/32376031/
https://pubmed.ncbi.nlm.nih.gov/32376031/
https://pubmed.ncbi.nlm.nih.gov/32376031/
https://pubmed.ncbi.nlm.nih.gov/26141648/
https://pubmed.ncbi.nlm.nih.gov/26141648/
https://pubmed.ncbi.nlm.nih.gov/19249090/
https://pubmed.ncbi.nlm.nih.gov/19249090/
https://pubmed.ncbi.nlm.nih.gov/19249090/
https://pubmed.ncbi.nlm.nih.gov/28552287/
https://pubmed.ncbi.nlm.nih.gov/28552287/
https://pubmed.ncbi.nlm.nih.gov/30617664/
https://pubmed.ncbi.nlm.nih.gov/30617664/
https://www.iso.org/standard/67721.html
https://pubmed.ncbi.nlm.nih.gov/31852856/
https://pubmed.ncbi.nlm.nih.gov/31852856/
https://pubmed.ncbi.nlm.nih.gov/31852856/


European Journal of Prosthodontics and Restorative Dentistry (2023) 31,  22–30

ejprd.org - Published by Dennis Barber Journals.		  Copyright ©2023 by Dennis  Barber Ltd. All rights reserved. 

• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • Mechanical Behavior of CAD/CAM Interim Restoration...

32.	Boccaccini, A.R. Machinability and brittleness of glass-ceramics. J Ma-
ter Process Technol 1997; 65:302–304

33.	Soliman, T.A., Ghorab, S. and Baeshen, H. Effect of surface treatments 
and flashfree adhesive on the shear bond strength of ceramic ortho-
dontic brackets to CAD/CAM provisional materials. Clin Oral Invest ac-
cepted: 2021 Oct 4. doi: https://doi.org/10.1007/s00784-021-04022-3.
Online ahead of print.

34.	Al-Gerny, Y.A., Ghorab, S.M. and Soliman, T.A. Bond strength and el-
emental analysis of oxidized dentin bonded to resin modified glass 
ionomer based restorative material. J Clin Exp Dent 2019; 11:e250-
e256.

35.	ELsyad, M.A., Soliman, T.A. and Khalifa, A.K. Retention and Stability of 
Rigid Telescopic and Milled Bar Attachments for Implant-Supported 
Maxillary Overdentures: An In Vitro Study Int J Oral Maxillofac Im-
plants 2018; 33:e127–e133.

36.	Charlton, D.G., Roberts, H.W. and Tiba, A. Measurement of select physi-
cal and mechanical properties of 3 machinable ceramic materials. 
Quintessence Int 2008; 39:573–579.

37.	Çakmak, G., Yilmaz, H., Aydoğ, Ö. and Yilmaz, B. Flexural strength of 
CAD-CAM and conventional interim resin materials with a surface seal-
ant. J Prosthet Dent 2020; 124:800.e1-800.e7. 

38.	Soliman, T.A., Tubaigy, K.M., Raffat, E.M. and Al-Agha, E.I. In Vitro 
Solubility and Wear Rates of Silorane and Dimethacrylate Resin Based 
Composite Restorative Materials under Different pH Conditions. J Int 
Oral Health 2015; 7:9-13. 

39.	Belli, R., Wendler, M., Zorzin, J.I. and Lohbauer, U. Practical and theo-
retical considerations on the fracture toughness testing of dental re-
storative materials. Dent Mater 2018; 34:97-119. 

40.	Schwitalla, A.D., Spintig, T., Kallage, I. and Müller, W.D. Flexural behavior 
of PEEK materials for dental application. Dent Mater 2015; 31:1377-1384. 

41.	Assunção, W.G., Gomes, E.A., Barão, V.A., Barbosa, D.B., Delben, J.A. 
and Tabata, L.F. Effect of storage in artificial saliva and thermal cycling 
on Knoop hardness of resin denture teeth. J Prosthodont Res 2009; 
54:123–127. 

42.	Zhang, Y. and Xu, J. Effect of immersion in various media on the sorp-
tion, solubility, elution of unreacted monomers, and flexural proper-
ties of two model dental composite compositions. J Mater Sci Mater 
Med 2008; 19:2477-2483. 

43.	Niem, T., Youssef, N. and Wöstmann, B. Influence of accelerated ageing 
on the physical properties of CAD/CAM restorative materials. Clin Oral 
Investig 2020; 24:2415-2425. 

44.	Mohsen, N.M., Craig, R.G. and Filisko, F.E. The effects of moisture on 
the dielectric relaxation of urethane dimethacrylate polymer and com-
posites. J Oral Rehabil 2001; 28:376–392.

45.	Khan, A.S., Azam, M.T., Khan, M., Mian, S.A. and Ur Rehman, I. An up-
date on glass fiber dental restorative composites: a systematic review. 
Mater Sci Eng C Mater Biol Appl 2015; 47:26-39. 

46.	Suzaki, N., Yamaguchi, S., Hirose, N., Tanaka, R., Takahashi, Y., Imazato, 
S. and Hayashi, M. Evaluation of physical properties of fiber-reinforced 
composite resin. Dent Mater 2020; 36:987-996. 

47.	PEEK, BIOHPP, (2013) Bredent UK. The new class of materials in pros-
thetics. https://www.bredent.co.uk/wp-content/uploads/2017/02/Bi-
oHPP-2013.pdf. Accessed 10 july 2021.

P30

https://doi.org/10.1007/s00784-021-04022-3.Online
https://doi.org/10.1007/s00784-021-04022-3.Online
https://pubmed.ncbi.nlm.nih.gov/31001395/
https://pubmed.ncbi.nlm.nih.gov/31001395/
https://pubmed.ncbi.nlm.nih.gov/31001395/
https://pubmed.ncbi.nlm.nih.gov/29203072/
https://pubmed.ncbi.nlm.nih.gov/29203072/
https://pubmed.ncbi.nlm.nih.gov/29203072/
https://pubmed.ncbi.nlm.nih.gov/26361808/
https://pubmed.ncbi.nlm.nih.gov/26361808/
https://pubmed.ncbi.nlm.nih.gov/31686236/
https://pubmed.ncbi.nlm.nih.gov/31686236/
https://pubmed.ncbi.nlm.nih.gov/32546399/
https://pubmed.ncbi.nlm.nih.gov/32546399/
https://www.bredent.co.uk/wp-content/uploads/2017/02/BioHPP-2013.pdf
https://www.bredent.co.uk/wp-content/uploads/2017/02/BioHPP-2013.pdf

