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This study evaluated the biaxial flexural strength (BFS) and hardness of four resin-matrix ceramic CAD/CAM materials
namely, Vita Enamic (EN), Lava Ultimate (LU), Cerasmart (CS), Crystal Ultra (CU) and one glass-matrix ceramic material,
Vitablocs Mark Il (VM?2). Disc-shaped specimens (12 mm in diameter and 1.2 mm in thickness) were prepared from the CAD/
CAM materials and were accordingly allocated into two groups. One group was used for baseline measurements and the
other group was subjected to ageing by thermal-cycling (TC) for 10,000 cycles. The BFS and hardness was evaluated by
a universal testing machine and a Vickers hardness tester, respectively. A two-way ANOVA, one-way ANOVA with Tukey's
post hoc test, and Student s t-test (= 0.05) were used to analyse the data (o = 0.05). The highest and lowest BFS was seen
in CS and VM2 and the difference in the BF'S among the materials was statistically significant (p < 0.05). The comparison
between the baseline and TC groups showed significant difference in the BFS for EN (p < 0.001), LU (p < 0.001), and CS
(p < 0.012) but no difference was seen for VM2 (p = 0.238) and CU (p < 0.159). The Vickers hardness number (VHN) ranking
of the materials for the baseline and TC specimens, was VM2 > EN > LU > CS > CU and VM2 > EN > LU > CU > CS,
respectively. Following the TC, all the materials showed a significantly lower VHN (p < 0.05) except for VM2 (p = 0.727).
The CS material had the highest BF'S among the baseline and TC groups; however, it had the lowest hardness among the
materials in the baseline group and had comparable values to CU after the TC. Ageing by thermal-cycling significantly
lowered the BFS of the CAD/CAM materials except for VM2 and CU, and lowered the hardness of the resin-matrix ceramic

materials.
INTRODUCTION

In recent years, a wide array of ceramic dental
materials have become available for routine clinical
practice [1]. Ceramic materials are either classified into
resin-matrix ceramics, glass-matrix ceramics or po-
lycrystalline ceramics [2]. Resin-matrix ceramics are
made up of an organic matrix that is densely packed with
ceramic particles, and were developed to combine the
benefits of both ceramic and composite resin materials.
They combine the strength and aesthetic properties
of ceramics and the elasticity and low abrasiveness of
composite resins [3-7]. Specifically, the manufacturers’
motive for developing resin-matrix ceramic materials
was to create a material that more closely simulates the
modulus of elasticity of dentin than conventional cera-
mics, to develop a material which is easier to mill and
modify than certain groups of glass-matrix ceramics
or polycrystalline ceramics, and to enable the repair or
adjustment with composite resins [2]. Resin-matrix cera-
mics are recommended in areas to minimise the stress
peaks during function, such as in implant prostheses [8, 9].

The fracture of the ceramic restorations is one
of the most commonly reported mechanical failures.

Different reasons could lead to the fracture, such as the
inadequate strength, improper design of the restoration
and technical problems during machining [10]. The fle-
xural strength is one of the predictors of a material’s
mechanical properties and is commonly used to classify
and rank dental materials. The flexural strength is the
extent to which the material can withstand stress or load,
and predicts the nature of the material’s microstructure
[11]. Commonly, the flexural strength can be tested by
uniaxial or biaxial strength tests. However, the biaxial
flexural strength (BFS) test is the commonly employed
method as it can simulate the multiaxial loading during
mastication in the oral cavity. It has also shown that the
BFS eliminates premature failure from edge defects
parallel to the direction of load, which gives reliable
defect detectability [12-14].

Hardness is the resistance to permanent indentation
or penetration, and is considered as a second predictor
of the mechanical properties of dental materials [15].
The hardness of ceramic materials can affect the wear
resistance and ability to finish and polish the material,
and its machinability [2, 5, 7]. The hardness can be
tested by different methods such as Knoop, Vickers and
Martens hardness tests. However, Vickers hardness tests
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has been the commonly employed method by resear-
chers for hardness testing of dental materials [16-20].
Resin-ceramic materials have been demonstrated to ha-
ve a lower hardness than glass-matrix and polycrystalline
ceramics [17-21]. Furthermore, the hardness of resin-
ceramic materials is directly proportional to the weight
of the ceramic component in the resin-ceramic material [19].

Thermal cycling is one of the most widely applied
aging processes in laboratory research, simulating the
thermal changes that occur inside the oral cavity, therefo-
re the clinical performance of the material [22, 23, 24].
Resin-matrix ceramic materials have demonstrated a
significant decrease in hardness values while glass cera-
mics showed no significant changes after thermal-cycling
[25]. The decreased effects in the hardness of resin-matrix
ceramic materials are attributed to the water absorption
of the resin structure during thermal-cycling [26-28].

A variety of resin-matrix ceramic materials have
become available in recent years such as Vita Enamic
(EN), Lava Ultimate (LU), Cerasmart (CS), and Crystal
Ultra (CU). Crystal Ultra is a recently developed hybrid
ceramic material, and is available in the form of blocks
and discs to fabricate full-arch implant supported
prostheses, crowns, bridges and abutments. The manu-
facturer claims that CU has the lowest Young’s modulus
(10 000 MPa) among the currently available resin-mat-
rix ceramic materials. Its flexibility makes the material
recommended to be used for implant dentistry, acting
as a shock absorber to withstand the masticatory forces.
This material is assumed to be lighter than ceramics
and stronger than acrylics, and presents with a Vickers
hardness number which closely matches the dentin
structure [8, 9, 29]. Nevertheless, there are a lack
of studies to demonstrate the physico-mechanical pro-
perties of this material that could also validate the
manufacturer’s claim.

Table 1. Materials used in the study.

Therefore, the objective of this laboratory study
was to evaluate the BFS and hardness of a new material
(crystal ultra) in comparison with contemporary ceramic
and resin matrix ceramic CAD/CAM materials. The
hypothesis was that there is no significant difference in
the BFS and hardness between the tested CAD/CAM
materials. Furthermore, ageing by thermal-cycling will
not have a significant effect on the BFS and hardness of
the tested CAD/CAM materials.

EXPERIMENTAL
Specimen preparation

The mechanical properties (BFS and hardness) of
four different CAD/CAM resin-matrix ceramic materials
with similar clinical indications and one glass-matrix
ceramic material was tested. The sample size and di-
mension were in accordance with previous studies for
the BFS [30] and hardness [25] tests. Table 1 lists the
materials used in the present study.

Thirty disc-shaped specimens measuring 12 mm in
diameter and 1.2 mm in thickness were prepared from
each study material for the BFS and VHN test. The spe-
cimens for VM2, EN, LU and CS were obtained from
12 x 14 x 18 mm CAD/CAM blocks, whereas the speci-
mens for CU were obtained from 15 x 15 x 38.8 mm
CAD/CAM blocks. The blocks were initially milled
using a milling unit (Ceramill Motion 2, Amann Girr-
bach AC, Koblach, Austria) to obtain cylindrical blocks
with a diameter of 12 mm. Then, the blocks were sliced
to the desired thickness of 1.20 mm using an automated
saw (IsoMet 1000 Precision, Buehler, Bluff, IL, USA).
The dimension of each specimen was verified using
a digital micrometre (Digimatic Micrometer; Mitutoyo,
Japan), and any variations in the dimensions were

Material Manufacturer

Composition

Vitablocs
Mark IT (VM2)

Vita Zahnfabrik, H. Rauter GmbH & Co,
Bad Sackingen, Germany

Feldspathic ceramic (56-64 % SiO,, 20-23 % Al,O,,
6-9 % Na,0, 6-8 % K,0)

Lava Ultimate

(LU) 3M ESPE, St. Paul, MN, USA

80 % ceramic (69 % SiO,, 31 % ZrO,) 20 wt. % cross linked po-
lymer matrix (BisGMA", UDMA?, BisEMA® and TEGDMA®)

Vita Enamic Vita Zahnfabrik, H. Rauter GmbH & Co,

86 % feldspathic based-ceramic (58-63 % SiO,, 20-23 % Al,O3,
9-11 % Na,0, 4-6 % K,0, 0-1 % ZrO,), 14 wt. % cross-linked

(VE) Bad Sackingen, Germany polymers (BisGMA", and UDMA? infiltrated into
feldspathic-based ceramic network

Cerasmart . . 71 wt. % silica and barium glass nanoparticles; 29 wt. %

(CS) GC America, Alsip, IL, USA cross-linked polymers (BisMEPPY, UDMA?, and DMA®

Crystal Ulira 70 wt. % ceramic-like inorganic silicate glass filler particles

(gj) Digital Dental, Scottsdale, AZ, USA 30 wt. % cross-linked polymers (BisGMA”, UDMA?, and

BUDMA")

Note: 1) bisphenol-A-glycidyldimethacrylate; 2) Urethane Dimethacrylate; 3) Ethoxylated bisphenol A dimethacrylate; 4) triethyleneglycol-
dimethacrylate; 5) Bisphenol A bis (2-hydroxyethyl ether) dimethacrylate; 6) Dimethacrylate; 7) 1,4-butanediol dimethacrylate
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rectified by replacing the specimen with a new one.

The specimens were embedded in a vinyl polysi-
loxane putty to prepare the specimen for the polishing
process. The surfaces of the specimens were polished in
a polishing machine (LaboPol-25; Struers) using diffe-
rent grit sizes (400, 600, 800, 1000, and 1200) of
silicon carbide paper (Water Proof SiC Paper; Struers)
at 300 rpm under water. Following polishing, the speci-
mens were cleaned using distilled water in an ultrasonic
bath (Quantrex 90 WT, L&R Manufacturing, Inc.,
Kearny, NJ, USA) for 10 min and air dried for 40 s [30].

The specimens from each study material were
randomly allocated to two groups (n = 15). The first
group served as the baseline and the other group was
subjected to artificial ageing by thermal-cycling (TC).
The specimens in the control group were immersed in
distilled water at room temperature for 24 h before the
BFS test. The specimens in the TC group were aged
by for 10,000 thermal-cycles (CS-4.2, THE-1100, SD-
Mechatronik, Germany) in distilled water. The thermo-
cycler was operated at temperatures between 5 °C and
55 °C with a dwell time of 15 s and a transfer time of 5 s.

Biaxial flexural strength
(BFS) testing

Thirty specimens were used for the BFS test (n =
= 30) and the testing procedure was in accordance with
the technical report of the International Organization
for Standardization for ceramic materials ISO/TR-
6872:2015 [31]. The specimen was symmetrically
placed on three 3.2 mm diameter stainless steel balls
positioned 120° apart in a circle at a diameter of 10 mm
(Fig. 1a) on the sample holder of a universal testing
machine (Instron Machine 5969; Instron Corporation,
Norwood, MA, USA). The specimens were then loaded
by a piston (1.2 mm in diameter) at the centre with
a cross-head speed of 0.5 mm'min™' until fracture
(Figure 1b). The fracture load was recorded and the BFS
was calculated using the following Equation 1 [30].

S=-0.2387P (X — Y)/d? (1)
x = (1 +v) In(ry/rs)* + ([1 = v]/2) (ro/r3)?
Y = (1 +v) 1 +In[r/r])?*+ (1 -v) (r/r;)
where S is the BFS in MPa, P is the fracture load in N;
d is the specimen thickness at the fracture site in mm;
v is Poisson’s ratio (0.25), r; is the diameter of support

circle (5 mm); r, is the diameter of the loaded area
(0.6 mm); and 75 is the diameter of the specimen (6 mm).

Scanning electron microscopy
(SEM) analysis

Following the BFS test, the representative speci-
men from both the baseline and thermal-cycled groups

were subjected to a SEM analysis (JEOL JSM-IT800,
Tokyo, Japan). Prior to the SEM analysis, a specimen

Figure 1. Close view of the piston and the stainless-steel balls
(a) and biaxial flexural strength test setup (b).

from each study material was mounted on an alumi-
nium stub and gold sputter coated (Smart Coater, JEOL
USA, Inc., MA, USA) for 120 s. The SEM analysis was
completed at a voltage of 20 kV, in a vacuum and with a
2500 x magnification.

Hardness (H) test

Ten specimens (n = 10) were randomly allocated
into two groups (baseline and thermal-cycled). The im-
mersion and ageing process for the baseline and TC
groups followed the same procedure as in the BFS test,
respectively. The hardness of the specimens was eva-
luated using a hardness tester equipped with a Vickers
indenter (NOVA 130/240 IMP, INNOVATEST, Ne-
therlands, Europe). Five indentations were performed
for each specimen 2 mm apart under a load of 200 gf
and a dwell time of 10 s. The Vickers hardness number
(VHN) was calculated using the following Equation 2
[25]:
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F
H= 1.854'?

()
where H is the Vickers hardness number, F is the load
(N) and d is the indentation diagonal length (mm).

Statistical analysis

All the data analyses were performed using sta-
tistical software (IBM SPSS Inc., v.22, Chicago, IL,
USA). The normal distribution of the data was tested
by means of the Kolmogorov-Smirnov test and all the
data were distributed normally. A two-way analysis of
variance (ANOVA) was used to evaluate the effect of
the material and ageing on the BFS and hardness. A one-
way ANOVA with Tukey’s post-hoc analysis was used
to test the significant difference between the baseline
and thermal-cycled groups. Student’s t-test was used
to determine the significant difference between two
material groups before and after the thermal-cycling
within each material. A p-value < 0.05 was used to report
the statistical significance of the results.

RESULTS

Biaxial flexural strength

The two-way ANOVA to test the effect of the mate-
rial and ageing factors on the BFS is presented in Table 1.
The independent factors, namely the material type,
aging, and the interaction between them had a significant
effect on the BFS (p < 0.05).

The mean BFS of the study materials at the baseline
and after the TC are presented in Figure 2. Among the
baseline specimens, the one-way ANOVA showed that the
resin-matrix ceramic CAD/CAM material, namely CS,
had the highest BFS values followed by LU and EN.
The difference in the BFS between these materials was
statistically significant (p < 0.05). The lowest values
were observed with the CU and VM2 materials and the
difference between them was statistically non-significant
(p > 0.05). The BFS of the TC group demonstrated the
highest values for CS followed by LU and the difference

in the BFS between these materials was statistically
significant (p < 0.001). On the contrary, the BFS va-
lues were lower with CU < VM2 > EN; however, the
difference in the BFS between them was non-significant
(p>0.05).

The comparison between the baseline and the TC
groups showed a significant difference in the BFS for EN
(» <0.001), LU (p <0.001), and CS (p <0.012). On the
contrary, no significant difference was found between the
baseline and the TC group for the materials VM2 (p =
=0.238) and CU (p <0.159) (Student’s t-test) (Figure 2).

SEM evaluation

The SEM micrographs of the representative test
specimens comparing the baseline and TC specimens
are presented in Figure 4. The resin-matrix ceramic
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Figure 2. Mean and SD of the biaxial flexural strength test.
“Statistically significant difference between the baseline and
thermal-cycled specimens of the same material group (p <
0.001) (Student t-test); ““Statistically significant difference
between the baseline and thermal-cycled specimens of the
same material group (p < 0.012) (Student t-test). Different
upper case letters indicate a statistically significant difference
between the baseline specimens (p < 0.05) (One-way ANOVA);
Different lower case letters indicate a statistically significant
difference between the thermal-cycled specimens (p < 0.05)
(One-way ANOVA).

Table 1. Two-way ANOVA for the interaction between the material type and the ageing on the biaxial flexural strength.

Source Type III sum of squares df Mean square F Significant
Corrected model 152926.172a 9 16991.797 99.935 <0.001*
Intercept 2899861.501 1 2899861.501 17055.071 <0.001*
Material 143268.430 4 35817.108 210.653 <0.001*
Ageing 7563.868 1 7563.868 44.486 <0.001*
Material* ageing 2093.873 4 523.468 3.079 0.018
Error 23804.099 140 170.029 - -
Total 3076591.773 150 - - -
Corrected total 176730.271 149 - - -

Note: Type Il Sum of Squares infers a significant effect and the interaction of the material and the ageing of the material on the biaxial flexural
strength. DF = Degrees of Freedom (N-1); F value = variation between the sample means/variation within the samples; *Statistically Significant

(p < 0.05)
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materials namely, EN, LU, CS, and CU, demonstrated
pores and microcracks between the inorganic and orga-
nic components in the thermal-cycled groups. CU
specimen showed the least surface changes after TC
compared to the other resin-matrix ceramic materials.
On the contrary, the VM2 specimens had no noticeable
differences between the baseline and the TC groups.

Hardness

The two-way ANOVA to test the effect of the
material and ageing factors on the VHN is presented in
Table 3. The independent factors, namely the material
type and the ageing, and the interaction between these
factors significantly influenced the VHN (p < 0.05).

The mean VHN of the CAD/CAM materials at the
baseline and following TC are presented in Figure 3.
Among the baseline and TC specimens, the VHN
ranking of the materials was VM2 > EN > LU > CS >
> CU and VM2 > EN > LU > CU > CS, respectively.
The feldspathic ceramic material, VM2, demonstrated
the highest VHN at both the baseline and TC to the
resin matrix ceramic materials. There was a significant
difference in the VHN between the five materials at
the baseline and TC (p < 0.05) except for CS and CU
following the TC (p > 0.05).

Following the TC, all the resin matrix ceramic
CAD/CAM materials showed a significantly lower VHN
compared to the baseline VHN (p < 0.05). However,
the feldspathic ceramic VM2 showed no significant dif-
ference in the VHN between the baseline and TC groups
(» =0.727).

DISCUSSION

Manufacturers report the strength measurements
for their products under ideal conditions. While this in-
formation is valuable, how the properties of these mate-
rials change after exposure to various stresses is more
practical for clinicians. Limited independent research has
been published on the strengths and limitations of these
CAD/CAM materials, specifically how their properties
change with ageing. The objective of the present study

was to evaluate the biaxial flexural strength (BFS)
and hardness of resin ceramic CAD/CAM materials.
Furthermore, the study also evaluated the effect of age-
ing by thermal-cycling (TC) on the BFS and hardness
of the tested materials. The results of the study advocate
the rejection of the null hypothesis as the studied CAD/
CAM materials demonstrated a significant difference in
the BFS and hardness at both the baseline and following
the TC.

BEFS test is one of the primary tests to predict the
fracture strength and the long-term clinical performance
of any new material as it simulates the multiaxial forces
that occur during mastication in the oral cavity. The BFS
test has also showed to be more reliable than a uniaxial
flexural strength test because the maximum stresses
occur in the central areas rather than the edges, thus edge
failures are eliminated [12-14]. A piston-on-three-ball
BFS test was used in this study because it is the only
adopted test by International Organization for Stan-
dards (ISO/TR-6872:2015) for dental ceramic materials

700
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200 -

Vickers hardness number (VHN)

100 4-

Base- TC
line
VM2 EN LU CS Cu
Study materials

Base- TC
line

Base- TC
line

Base- TC
line

Base- TC
line

Figure 3. Mean and SD of the hardness test.

“Statistically significant difference between the baseline and
thermal-cycled specimens of the same material group (p < 0.001)
(Student t-test). Different upper case letters indicate a statis-
tically significant difference between the baseline specimens
( < 0.05) (One-way ANOVA); Different lower case letters
indicate a statistically significant difference. (p < 0.05)

Table 3. Two-way ANOVA for the interaction between the material type and the ageing on the Vickers Hardness Number (VHN).

Source Type III sum of squares df Mean square F Significant
Corrected Model 1848130.608a 9 205347.845 324490.428 <0.001*
Intercept 2739768.294 1 2739768.294 4329378.691 <0.001*
Material 1844342.030 4 461085.508 728606.786 <0.001*
Ageing 2860.629 1 2860.629 4520.363 <0.001*
Material* ageing 927.948 4 231.987 366.586 <0.001*
Error 25.313 40 272.633 - -
Total 4587924.215 50 - - -
Corrected Total 1848155.921 49 - - -

Note: Type III Sum of Squares infers a significant effect and the interaction of the material and ageing of the material on the VHN. DF = Degrees
of Freedom (N-1); F value = variation between the sample means / variation within the samples. *Statistically Significant (p < 0.05).
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Figure 4. SEM micrographs of the fractured surfaces following the BFS test. (Continue on next page)
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i) CU — baseline
Figure 4. SEM micrographs of the fractured surfaces following the BFS test.

[32, 33]. The BFS of the materials was tested at a baseline
and following 10,000 TC to simulate the thermal changes
inside the oral cavity.

One commonly used procedure to simulate the phy-
siological ageing encountered by biomaterials in cli-
nical practice is thermocycling [34]. Thermal changes
inside the oral cavity can cause the material to undergo
repeated cycles of expansion and contraction, leading to
mechanical stresses and crack formation. The number of
TCs applied in this study was equivalent to one year of
clinical function based on the assumption of Gale and
Darvell where dental restorations are subjected to abrupt
thermal changes 20 times per day. The temperature set-
tings between 5 °C and 55 °C temperatures and a 15 s
dwell time are the most commonly used thermal settings
in studies, as these temperatures are advocated by the ISO
11405 [22, 35]. For all the tested materials, the results
showed that the BFS decreased after the TC except for
VM2 and CU, and this could be related to the thermal fa-
tigue within the polymer component of the resin-matrix
ceramic materials [26-28]. CU has high polymer/ceramic
ratio, however it has one type of ceramic particles homo-
geneously incorporated and bonded by covalent bond
with the resin matrix, compared to the other hybrid ma-
terials that have different types of ceramic fillers, and
this could justify its non-significant decreased BFS. [26-
28, 43, 46]. The one-way ANOVA test results showed
that CS had significantly higher BFS values among the
tested materials with/without the TC and this is related
to its homogeneously dispersed nanosized ceramic fillers
compared to the other materials. Nanoceramic materials
have also shown to increase the resistance to mechanical
degradation due to the matrix-filler coupling mechanism
[36,37]. On the contrary, VM2 had the lowest values due
its weak glass matrix and irregularly-shaped crystalline
particles that make the material more brittle than the other
materials. Furthermore, the toughening mechanism of
the resin-matrix ceramic materials surpassed the flexural
strength of VM2 [30, 38]. LU had lower BFS values
than CS as its ceramic particles are larger. In contrast,
it had significantly higher BFS values than EN and CU

and this could be related to its high zirconia content that
reinforces the structure of the material [30].

The present study findings are in agreement with
previous studies where the BFS of CS, LU, EN and VM2
was evaluated without TC [30, 39, 40]. Concerning the
TC, one study evaluated the BFS of LU and EN after TC
(5 000 cycles at temperature between 5 °C and 55 °C),
and the results were consistent with this study as the
strength of LU was higher than EN [40]. The BFS of
the new CU material was comparable to VM2, but lower
than other materials at the baseline. CU and CS have
a comparable composition; however, the ceramic par-
ticles of CU are larger than the nanosized ceramic par-
ticles of CS and this could explain its lower BFS. [36,
37] The 70 % ceramic component of CU is based on
silica and is only compared to LU and EN which are
reinforced with zirconia, alumina and other particles.
Alumina and zirconia particles have showed to enhance
the mechanical properties of ceramic materials compared
to silica particles [41, 42]. On the contrary, the BFS of
CU was less affected by the TC than EN giving higher
BFS values despite that they were not significant and this
could be explained by the strong covalent bond of the
silica particles with the resin matrix [43].

The hardness is the second important property to be
tested with any new material, as it affects the polishing ca-
pability of the material and the wear resistance [5, 7, 44].
The test results found that hardness was directly pro-
portional to the weight of the ceramic component in the
materials significantly with and without TC following
previous studies concerning CS, LU, EN, and VM2 [9,
16, 17, 21, 45]. On the contrary, only two studies found
no significant difference between the hardness of EN and
LU and this may be attributed to the differences in the
hardness test [19, 25]. The hardness of CU was lower
than CS in the control groups due to the higher polymer/
ceramic ratio, however they were comparable to the CS
values after the TC. These comparable values could be
attributed to the high bond strength between the CU
silica fillers in the resin-matrix compared to the CS ones
which are composed of silica particles and barium glass
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particles, which, therefore, are less affected by the water
[43]. The water sorption of the barium glass filled resin
has shown to be high as the barium glass fillers could
be damaged by the water, leaving water at the interface
between the fillers and the resin matrix, thus, affecting
the mechanical properties [46]. On the contrary, a lower
hardness has shown to present with few advantages to
dental materials, such as improving the milling process
that results in minimal chipping at the margin and less
bur damage [5, 7, 17]. It was also shown that ceramic ma-
terials with a lower hardness than enamel (VHN-274.8)
presented with less antagonist wear [18, 19, 47-49].

Among the tested materials, a significant difference
in the hardness was found between the baseline and the
TC groups except for VM2. This decreased effect in the
hardness of resin-matrix ceramic materials is related to
the water absorption in the resin structure during the
TC. Water absorption leads to enlargement of the ma-
terial network and hydrolysis of the silane coupling
agent between the fillers and resin matrix [26-28]. These
finding are in agreement with previous studies where
the hardness was evaluated with and without TC for CS,
LU, EN, and VM2 [9, 16, 17, 19, 21, 45]. In the study
of Sonmez et al. [25], the SEM micrographs showed
microcracks and structure deteriorations in the EN and
LU materials after the TC, which is in agreement with
the outcome of the present study.

This study is an in-vitro study that does not com-
pletely simulate the intra-oral environment. The actual
results could vary depending on routine intra-oral
activities. Further studies are required to evaluate pro-
perties of these resin-matrix materials under more
simulated intra oral ageing, such as those including
beverages, tooth brushing, and mastication.

CONCLUSION

CS had the highest BFS values, significantly fol-
lowed by LU, then EN, whereas the new CU and VM2
had the lowest values in the control groups. The same
findings were found after the TC except that EN showed
comparable values to CU and VM2. The hardness of the
tested materials showed significant differences between
the CAD/CAM materials that range from high to low in
the order of VM2 > EN > LU > CS > CU; however, CS
and CU had no significant difference after the TC.

The thermal-cycling had a significant effect on the
BFS of the CAD/CAM materials except for VM2 and
CU, and on the hardness of the resin-matrix ceramic ma-
terials.
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