
All-ceramic dental materials are a  remark-
able alternative to other restorative materials due 
to their unique biocompatibility and superior es-
thetic appeal [1, 2]. They have excellent esthetics, 
high strength and acceptable fit, especially with 
the introduction of new processing methods  [3], 
such as the Computer-Aided Design/Manufactur-
ing (CAD/CAM) systems. The availability of man-
ufactured blocks has enabled the fabrication of in-
direct esthetic restorations in a  single visit  [4,5]. 
According to the mode of laboratory process-
ing, highly accurate ceramic restorations are ei-

ther pressed, milled, slip-cast or sintered; and ac-
cording to their chemical composition, they can 
be further classified into high- and low-leucite, 
lithium disilicate glass-ceramic and magnesia and 
alumina core reinforced types [6]. Due to the wid-
er range of available CAD/CAM blocks having di-
verse properties, it can be sometimes challenging 
to make the proper selection for specific clinical 
situations [2].

Dental ceramics, known to be brittle in nature 
with low tensile strengths  [7], are extremely sen-
sitive to inherently growing surface defects and 
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Abstract
Background. New blocks for milling crowns using CAD-CAM technology were introduced to the profession. It is 
important to determine mechanical properties of such materials since they are used for the fabrication of crowns 
used in stress-bearing areas.
Objectives. This study determined the flexural strength (FS) and the flexural modulus (FM) of 2 glass-ceramic and 
2 nanoceramic resin composite CAD/CAM blocks used for chair-side crown fabrication
Material and Methods. Rectangular specimens were cut from 4 different CAD-CAM blocks. Specimens were 
3 mm wide, 1.2 mm thick 14 mm long. Specimens were subjected to 3-point bending test following ISO guidelines 
(ISO 6872) at cross-head speed of 0.5mm/min. The  flexural strength (FS) and the flexural modulus (FM) were 
calculated and the data statistically-analyzed with one-way ANOVA and Games Howell multiple comparison tests 
at 95% confidence interval.
Results. Means and SDs of FS (MPa) for VE, LU, E-max, E-max-U, CD, CD-U were: 123.97(14.84), 168.07(16.70), 
334.10(54.3), 128.90(17.6), 177.32(37.54) and 147.61(26.62) respectively. For FM means and SDs were: 17.18(2.03), 
9.75(0.51), 44.8(5.52), 35.14(7.46), 32.96(6.55) and 38.90(8.03) for VE, LU, E-max, E-max-U, CD, CD-U, respec-
tively. ANOVA  revealed a  highly significant difference among group means (p  <  0.0001) for both FS and FM. 
E-max had significantly highest mean FS and FM values among all groups, while VE showed lowest FS and LU low-
est FM means. Firing and or crystallization positively affected both flexural properties of E-max, but only FS of CD.
Conclusions. A wide variability in mean FS and FM was observed among the tested materials. Generally, glass-
ceramic based materials had superior flexural properties (Dent. Med. Probl. 2016, 53, 2, 230–235).
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flaws resulting from exposure to complex stress-
es during function  [1, 8–10]. These defects may 
result in subsequent crack propagation and final 
fracture of the restoration. The  density, location 
and severity of flaws affect the durability of the 
restorations  [8]. The  use of ceramic restorations 
have been limited to low stress-bearing areas in 
an attempt to prevent propagation of defects un-
der stress which can cause catastrophic failure [1].

At least 2  types of flaws develop in ceramics, 
those known as fabrication defects as well as sur-
face cracks [11]. Conventional laboratory fabrication 
procedures and clinical restoration adjustments ini-
tiate the development of subcritical flaws and dif-
ferent defects within the cut materials. Similarly, 
different finishing procedures of ceramic restora-
tions may cause surface roughness to occur, thus 
concentrating stresses in the restoration and conse-
quently reducing their fracture resistance [12]. Sev-
eral test methods have been employed for brittle ma-
terials. Among them flexural testing proved to be 
a  practical and cost-effective method to examine 
mechanical strength of brittle materials either us-
ing the transverse (3- and 4-point flexure strength) 
tests [13–16] loading rectangular beam-shaped spec-
imens to fracture, or the biaxial flexure test [17].

The  biaxial flexure test with its disk-shaped 
specimens was proven to be insensitive to speci-
men geometry and independent of flaw direction, 
thus avoiding the effects of edge flaws commonly 
found with rectangular bars of the 3- and 4-point 
flexure tests  [18,  19]. However, the 3-point flex-
ure test has been the standard test used for testing 
strength of ceramics, cements and polymers due 
to its ease of specimen preparation  [20], this is in 
spite of its increased sensitivity and dependence on 
flaws and defects alongside the specimen edges [15, 
19]. In a 3-point bending test, and in contradiction 
to the 4-point flexure test, only the lower surface of 
the specimen located between the 2 supporting roll-
ers under tension [21] is subjected to the maximum 
tensile stress [15], showing even higher failure stress 
values compared to values obtained for the 4-point 
test  [15, 22]. Stress finally results in fracture of the 
specimen due to crack initiation from the central 
undersurface of the beams  [23]. However, each of 
these tests has its limitations and none of them really 
reproduce the complex intraoral stresses that dental 

restorations are subjected to while in use [24]. There-
fore, properties of ceramics should rather not be de-
scribed only by their mean fracture strength [25].

This study aimed to determine flexural strength 
(FS) and flexural modulus (FM) of 2  groups of 
CAD/CAM materials: glass-ceramic and nanoc-
eramic resin composite.

Material and Methods
Sixty bar-shaped specimens (n  =  10/materi-

al) were cut from 4 different CAD/CAM blocks 
(15mm length) using a water-cooled low-speed di-
amond saw (Buehler Ltd., Lake Bluff, IL, USA). 
The  materials comprised 2 nanoceramic resin 
composites (NCRC): Lava-Ultimate (LU) (3M/ES-
PE) and Vita Enamic (VE) (Vita); a partially-crys-
tallized lithium disilicate glass-ceramic: IPS e.max 
CAD (Ivoclar Vivadent), which was tested before 
and after crystallization firing under vacuum (E-
max-U, E-max, respectively); and a zirconia-rein-
forced fully crystallized lithium silicate glass-ce-
ramic, Celtra Duo (Dentsply), which was also test-
ed before and after firing under vacuum (CD-U, 
CD, respectively) in a furnace at 860oC (Table 1).

Specimens were 3 ± .5 mm wide, 1.2 ± .05 mm 
thick and 14 mm long. Specimen dimensions were 
verified with a digital micrometer (Mitutoyo digi-
matic caliper 500-136, Kawasaki, Japan) with an ac-
curacy of ± .01 mm at 3 separate locations. Cut spec-
imens were placed on a 3-point bending test device 
(ISO 6872) with a span of 12 mm distance between 
supports (2 rods of 2mm diameter) [4]. (Fig. 1) Com-
pressive load was applied at the center of the speci-
mens at a cross-head speed of .5 mm/min [14] in an 
Instron universal testing machine (Model 4301, In-
stron Corporation, Canton, MA, USA).

Fracture load was recorded and flexural 
strength (FS) as well as flexural modulus (FM) were 
respectively calculated from equations (1) and (2):

	 FS = 3Fl/2bh2	 (1)
and

	 FM = Flinl3/4 dlin bh3	 (2)

Where: F = ultimate force [N], l = distance be-
tween supports (span length) on the tension surface 

Table 1. Materials used

Material Type of Material Lot/Batch No. Manufacturer

Celtra Duo® (CD) Zirconia-reinforced lithium silicate 18017606 Dentsply

IPS e.max CAD® (E-max) Lithium disilicate glass ceramic N44759 Ivoclar Vivadent

Lava Ultimate® (LU) Nanoceramic resin composite N316515 3M/ESPE

Vita Enamic® (VE) Nanoceramic resin composite 43441 Vita
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[mm], b = mean specimen width [mm], h = mean 
specimen height (thickness) [mm], Flin = force in 
the linear part of the stress/strain curve [N] and 
dlin = corresponding deflection at Flin [mm]

Flexural modulus (FM) was determined from 
the load deformation outlines created during the 
3-point flexural strength (FS) testing with previ-
ously mentioned equations.

Means and SDs were calculated and data sta-
tistically analyzed with one-way ANOVA  at 95% 
confidence interval and Games Howell multiple 
comparison tests (IBM SPSS Statistics 20).

Results
Means and standard deviations of FS (MPa) 

and FM (GPa) for tested materials are presented 
in boxplot charts (Figs. 2 and 3). ANOVA revealed 
a highly significant difference between the means 
(p <  .0001) for FS and FM. Further analysis with 
Games-Howell test revealed E-max’s mean FS val-
ue (334.1 ± 54.3 MPa) to be significantly highest 
(p <  .001). However, FM mean value (44.8 ± 5.54 
GPa) was not significantly higher than that of CD 
(p > .05). Both nanoceramic resin composites, Vi-
ta Enamic (VE) and Lava Ultimate (LU), had sig-
nificantly lower FM means of 17.18 ± 2.03 GPa and 
9.75 ± 0.51 GPa, respectively.

Discussion
Flexural strengths and flexural moduli of 

4  tooth-colored restorative CAD/CAM materials, 
glass ceramics and nanoceramic resin composites, 
were tested. Specimens were cut from different 
CAD/CAM blocks, which were manufactured by 
industrially standardized processes. These blocks 

are superior to conventional powder: liquid meth-
ods, as they provide products of more uniform 
microstructure and minor porosity [26] with bet-
ter resistance to crack growth and possessing en-
hanced mechanical properties [4].

Both glass ceramics, Celtra Duo and IPS e-
max CAD, were tested after firing (CD), (E-Max) 
and also without firing (CD-U), (E-Max-U) to de-
termine the effect of firing on their flexural prop-
erties. Obtained FS values of fired IPS e.max CAD 
(E-Max) were consistent with data reported by 
Thornton 2014 (FS: 359.87 ± 30.93 MPa) [27], while 

Fig. 1. Compressive load was applied in Instron

Fig. 2. Means and standard deviations of FS (MPa)

Fig. 3. Means and standard deviations of FM (MPa)
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mean FM values (44.80  ±  5.52 GPa) of the same 
material were slightly lower (FM: 69.29 ± 5.19 GPa).

Flexural properties differed significantly be-
tween materials having different microstruc-
tures [10]. Highest FS and FM values were record-
ed for crystallized E-Max (334.1 ± 54.3 MPa and 
44.8  ±  5.54 GPa, respectively). These values are 
significantly higher than those of the rest of mate-
rials for FS (p < 0.0001). But for mean FM values, 
IPS e.max CAD only differed significantly from 
means for both nanoceramic resin composites, 
(VE): 17.18 ± 2.03 GPa and (LU): 9.75 ± 0.51 GPa.

The increase in flexural properties of partial-
ly-crystallized (E-Max-U) lithium disilicate fol-
lowing crystallization under vacuum at 860°C is 
most probably due to the change in structure and 
development of a higher crystalline content of fin-
er highly interlocked lithium disilicate crystals, 
embedded in the glassy matrix of E-Max [28, 29]. 
According to the manufacturer, the partially-
crystallized lithium disilicate material, IPS e.max 
CAD has a 40 vol% of 0.2–1.0 mm crystal size, and 
70 vol% of 1.5 mm grain size [30]. The structure of 
crystallized E-max resulted in significantly high-
er FS proving the importance of crystallization 
for that type of material. An increase in FM val-
ues from 35.14 ± 7.46 GPa to 44.80 ± 5.52 GPa be-
fore and after crystallization can be attributed to 
the newly developed interlocking structure of the 
elongated lithium disilicate crystals  [30]. The  in-
crease in FS may also be attributed to the devel-
opment of tangential compressive stresses within 
the material leading to crack deflection, a condi-
tion which resists crack propagation [14].

Although Celtra Duo is also a  glass ceram-
ic, however, it showed statistically none signifi-
cant means for fired (CD); FS: 177.32 ± 37.54 MPa, 
FM: 32.96  ±  6.55 GPa) and unfired (CD-U); FS: 
147.61  ±  26.62 MPa, FM: 38.89  ±  8.03 GPa con-
ditions. The differences in flexural properties be-
tween the IPS e.max CAD and Celtra Duo are 
most probably due to their different composition.

Celtra Duo is composed mainly of silica 
(SiO2), terbium oxide, lithium composition (lith-
ium-meta-silicate, lithium disilicate and lithium-
phosphate crystals), alumina (Al2O3), phosphates, 
ceria (CeO2) and zirconia (ZrO2). The 10% zirco-
nia (ZrO2) content available in a highly dispersed 
form is completely dissolved in a glassy matrix. In-
corporation of zirconia into ceramics is known for 
improving their load resistance compared to that 
of alumina- or lithium-disilicate ceramics  [31]. 
Alumina added to the ceria-stabilized zirconia-
based material was expected to enhance the me-
chanical and physical properties of the material 
as well [32, 33]. The ultrafine nano-sized glass ce-
ramic crystals trapped inside ZrO2 and/or Al2O3 

grains further divide them into finer sized parti-
cles to form sub-grain boundaries. Such fine mi-
crostructure allows for easy and fast processing of 
a zirconia-reinforced lithium silicate, resulting in 
reduced flaw size and increased strength [34]. Nev-
ertheless, Celtra Duo demonstrated lower flexural 
properties when compared to the IPS e.max.

Nano-ceramic resin composites (NCRCs) are 
hybrid materials containing a  polymer, which 
imparts more resilience to the material. NCRCs 
were expected to fracture at higher loads, due to 
their hybrid nature which imparted resilience to 
the material  [35]. However, NCRCs showed low-
er FS compared to the rest of materials assessed, 
with values only differing significantly with E-
Max. NCRCs also had significantly lower FM val-
ues compared to the two glass-ceramic materials 
examined, for both fired and unfired specimens.

These findings were in accordance with a re-
port in the literature that indicated minimal struc-
tural improvement of physical properties of resin 
composites fabricated by CAD/CAM blocks  [36]. 
Another report suggested better mechanical prop-
erties of polymer-ceramic materials, with less brit-
tleness, better edge stability as well as superior ma-
chinability and esthetics  [37]. Nguyen et  al.  [38] 
stated that mechanical properties, including FS, 
hardness and fracture toughness, were signifi-
cantly improved in NCRCs using the method of 
manufacturing pre-polymerized materials under 
high pressure and high temperature.

Due to their polymer incorporation, these 
nanoceramic resin composites show more resil-
ience, with lower tendency to brittle fracture com-
pared to conventional types  [39]. However, their 
elastic moduli, density and fracture toughness of 
VE were reported to lie between those of resin-
based composites and porcelains [40].

Flexural properties obtained in this study for 
(LU) and (VE) were within a  range of values re-
ported by Ilie and Hickel for resin composites (FS: 
ranged from 62.9–160.8 MPa; FM: 2.4–12.5 GPa) 
for both flexural properties [41].

Lava Ultimate revealed significantly high-
er FS values (168.07  ±  16.70 MPa), and insignifi-
cantly lower FM values (9.75 ± 0.51 GPa) compared 
to the values of VE (FS: 123.97 ± 14.84 MPa; FM: 
17.18  ±  2.03 GPa). Differences between both ma-
terials may be due to the different manufacturing 
methods of the blocks, resulting in different organi-
zation of components, the polymers (resin matrix) 
and the nanoceramic particles (ceramic fillers).

Lava Ultimate contains a  polymer matrix 
formed of Bis-GMA, UDMA, Bis-EMA and TEG-
DMA monomers  [42], and a high inorganic con-
tent of 80 wt% nanoceramic particles of 4–11 nm 
zirconia and 20  nm silica, as well as 0.6–10  µm 
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nanoceramic particles bonded in clusters. These 
nanoceramic filler particles form 20% of the entire 
resin composite material and are tightly bound in 
a highly cross-linked matrix [43]. Nano-scale par-
ticles dispersed in the matrix of nanoceramic res-
in composites revealed better mechanical proper-
ties [38, 44]. As ceramic particles exist in the form 
of crystal clusters, available microcracks coalesce 
into larger cracks, finally weakening the nano-ce-
ramic  [45]. Enhanced crack propagation signifi-
cantly lowers its FS values compared to those of 
(E-Max) the crystallized lithium disilicate materi-
al. FS values of (LU) were even higher than those 
of (CD-U) (FS: 147.61  ±  26.62 MPa), the unfired 
Celtra Duo glass ceramic and the FS values de-
clared by Thornton (155.31 ± 17.28 MPa) [27].

Vita Enamic has a  dual network structure 
containing high inorganic ceramic contents of 86 

wt% and 14 wt% organic polymers. This struc-
ture is presented as a  hybrid ceramic framework 
with pores existing in a  sintered ceramic matrix 
that become polymer-filled by capillary action af-
ter application of a coupling agent [39]. Presence of 
alumina as one of the dopants was also expected 
to improve fracture strength of the material. How-
ever, (VE) revealed lowest FS values of all materi-
als examined.

Within limitations of this in vitro study it is 
concluded that the highest flexural properties 
were recorded for crystallized lithium disilicate 
glass-ceramic. Firing significantly improved flex-
ural properties of lithium disilicate glass ceramic, 
but had no effect on flexural properties of the lith-
ium silicate glass ceramic. The  lowest FM values 
were recorded for both nanoceramic resin com-
posites.

References
  [1]	 Albakry M., Guazzato M., Vincent Swain M.: Effect of sandblasting, grinding, polishing and glazing on the 

flexural strength of two pressable all-ceramic dental materials. J. Dent. 2004, 32, 91–99.
  [2]	 Cattel M.J., Clarke R.L., Lynch E.J.R.: The transverse strength, reliability and microstructural fatures of four 

dental ceramics-Part I. J. Dent. 1997, 25, 399–407.
  [3]	 Yilmaz H., Aydin C., Gul B.E.: Flexural strength and fracture toughness of dental core ceramics. J. Prosthet. Dent. 

2007, 98, 120–128.
  [4]	 Borba M., De Araújo M., De Lima E., Yoshimura H.N., Cesar P.F., Griggs J.A., Della Bona A.: Flexural 

strength and failure modes of layered ceramic structures. Dent. Mater. 2011, 27, 1259–1266.
  [5]	 Mörmann W.H.: The evolution of the CEREC system. J.A.D.A. 2006, 137, 7S – 13S.
  [6]	 O’Brien W.J.:Dental materials and their selection. Dental materials and their selection. 3rd ed. Quint. Pub. 2002, 

p: 210–224.
  [7]	 Strub  J.R., Beschnidt S.M.: Fracture strength of five different all-ceramic crown systems. Int. J. Prosthodont. 

1998,11, 602–609.
  [8]	 Kelly J.R.: Perspectives on strength. Dent. Mater. 1995, 11, 103–110.
  [9]	 Shareef M.Y., Van Noort R., Messer P.F.: The effect of microstructural features on the biaxial flexural strength 

of leucite reinforced glass-ceramics. J. Mater. Sci. Mater. Med. 1994, 5, 113–118.
[10]	 Borba M., de Araujo M.D., Fukushima K.A., Yoshimura H.N., Cesar P.F., Griggs J.A., Della Bona A.: Ef-

fect of the microstructure on the lifetime of dental ceramics. Dent. Mater. 2011, 27, 710–721.
[11]	 Denry I.L.: Recent advances in ceramics for dentistry. Crit. Rev. Oral. Biol. Med. 1996, 7, 134–143.
[12]	 Jager N., Feilzer A.J., Davidson C.L.: The influence of surface roughness on porcelain strength. Dent. Mater. 

2000, 16, 381–388.
[13]	 Guazzato M., Albakry M., Ringer S.P., Swain M.V.: Strength, fracture toughness and microstructure of a se-

lection of all-ceramic materials. Part II. Zirconia-based dental ceramics. Dent. Mater. 2004, 20, 449–456.
[14]	 Guazzato M., Albakry M., Ringer S.P., Swain M.V.: Strength, fracture toughness and microstructure of a selec-

tion of all-ceramic materials. Part I. Pressable and alumina glass-infiltrated ceramics. Dent. Mater. 2004, 20, 441–448.
[15]	 Zeng K., Oden A., Rowcliffe D.: Flexure tests on dental ceramics. Int. J. Prosthodont. 1996, 9, 434–439.
[16]	 Guazzato M., Quach L., Albakry M., Swain M.V.: Influence of surface and heat treatments on the flexural 

strength of Y-TZP dental ceramic. J. Dent. 2005, 33, 9–18.
[17]	 Quinn G. D., Morrell R.: Design data for Engineering Ceramics : A review of the flexure test. J. Am. Ceram. Soc. 

1991, 74, 2037–2066.
[18]	 Fairthrust  C.W., Lockwood  P.E., Ringle  R.D. Thompson  W.O.: The  effect of glaze on porcelain strength. 

Dent. Mater. 1992, 8, 203–207.
[19]	 Ban S., Anusavice K.J.: Influence of test method on failure stress of brittle dental materials. J. Dent. Res. 1990, 69, 

1791–1799.
[20]	 Arita K., Lucas M.E., Nishino M.: The effect of adding hydroxyapatite on the flexural strength of glass ionomer 

cement. Dent. Mater. J. 2003, 22, 126–136.
[21]	 Sailer I., Feher A., Filser F., Gauckler L.J., Luthy H., Hammerle C.H.: Five year clinical results of zirconia 

frameworks for posterior fixed partial dentures. Int. J. Prosthodont. 2007, 20, 383–388.
[22]	 Jin J., Takahashi H., Iwasaki N.: Effect of test method on flexural strength of recent dental ceramics. Dent. Ma-

ter. J. 2004, 23, 490–496.



Flexural Properties of Crown Milling Blocks 235

[23]	 White S.N., Miklus V.G., Mc Laren E.A., Lang L.A., Caputo A.A.: Flexural strength of a layered zirconia and 
porcelain dental all ceramic systems. J. Prosthet. Dent. 2005, 94, 125–131.

[24]	 Pallis K., Griggs J.A., Woody R.D., Guillen G.E., Miller A.W.: Fracture resistance of three all-ceramic restor-
ative systems for posterior applications. J. Prosthet. Dent. 2004, 91, 561–569.

[25]	 Ritter E.: Predicting lifetimes of materials and material structures. Dent. Mater. 1995, 11, 142–146.
[26]	 Apholt W., Bindl A., Luthy H., Mörmann W.H.: Flexural strength of Cerec 2 machined and joined In-Ceram 

Alumina and In-Ceram Zirconia bars. Dent. Mater. 2001, 17, 260–267.
[27]	 Thornton I.: Mechanical properties of dental resin composite CAD/CAM blocks. 2014.
[28]	 Guess P.C., Schultheis S., Bonfante E.A., Coelho P.G., Ferencz  J.L., Nelson R.F.A.: All-ceramic systems: 

Laboratory and clinical performance. Dent. Clin. North. Am. 2011, 55, 333–352.
[29]	 Hoeland W., Apel E., van’t Hoen Ch., Rheinberger V.: Studies of crystal phase formation in the early stage 

crystallization of lithium disilicate glass ceramics. J. Non-Cryst. Solids. 2006, 352, 4041–4050.
[30]	 Fischer H., Dautzenberg G., Marx R.: Non-destructive estimation of the strength of dental ceramic materials. 

Dent. Mater. 2001, 17, 289–295.
[31]	 Tinschert  J., Natt  G., Mautsch  W., Augthun  M., Siekermann  H.: Fracture resistance of lithium-

disilicate,alumina-, and zirconia-based three-unit fixed partial dentures: A laboratory study. Int. J. Prosthod. 2001, 
14, 231–238.

[32]	 Vaslylkiv O., Sakka Y., Skorokhod V.V.: Low-temperature processing and mechanical properties of zirconia 
and zirconia-alumina nanoceramics. J. Am. Ceram. Soc. 2003, 86, 299–304.

[33]	 Sazaki K., Nakano M., Mimurada J., Ikuhara Y., Sakuma T.: Strain hardening in superplastic codeped Yttria-
stabilized tetragonal zirconia polycrystals. J. Am. Ceram. Soc. 2001, 84, 2981–2986.

[34]	 Nihara K.: New design concept of structural ceramics-ceramic naocomposite. J. Ceram. Soc. Jpn. 1991, 99, 974–982.
[35]	 Kon M., Kawano F., Asaoka K., Matsumoto N.: Effect of leucite crystals on the strength of glassy porcelain. 

Dent. Mater. J. 1994, 13, 138–147.
[36]	 Mörmann W.H, Stawarczyk B., Ender A., Sener B., Attin T., Mehl A.: Wear characteristics of current aes-

thetic dental restorative CAD/CAM materials: two-body wear, gloss retention, roughness and Martens hardness. 
J. Mech. Behav. Biomed. Mater. 2013, 20, 113–125.

[37]	 Mohsen C.: Corrosion effect on the flexural strength and micro-hardness of IPS e-max ceramics. Open. J. Stoma-
tol. 2011, 1, 29–35.

[38]	 Nguyen J.F., Ruse D., Phan A.C., Sadoun M.J.: High-temperature-pressure polymerized resin-infiltrated ceram-
ic networks. J. Dent. Res. 2014, 93, 62–67.

[39]	 Coldea  A., Swain  M.V., Thiel  N.: Mechanical properties of polymer-infiltrated-ceramic-network materials. 
Dent. Mater. 2013, 29, 419–426.

[40]	 Della Bona A., Corazza P.H., Zhang Y.: Characterization of a polymer-infiltrated ceramicnetwork material. 
Dent. Mater. 2014, 30, 564–569.

[41]	 Ilie N., Hickel R.: Investigations on mechanical behaviour of dental composites. Clin. Oral. Investig. 2009, 13, 
427–438.

[42]	 Lauvahutanon S., Takahashi H., Shiozawa M., Iwasaki N., Asakawa Y., Oki M., Finger W.J., Arksor-
nukit M.: Mechanical properties of composite resin blocks for CAD/CAM. Dent. Mater. J. 2014, 33, 705–710.

[43]	 DeLong R., Douglas W.H.: Development of an artificial oral environment for the testing of dental restoratives: 
Bi-axial force and movement control. J. Dent. Res. 1983, 62, 32–36.

[44]	 Mihali S., Bortun C., Bratu E.: Nano-ceramic particle reinforced composite-Lava Ultimate CAD/CAM restor-
ative. Rev. Chem. 2013, 64, 435–437.

[45]	 Mackert Jr. J.R., Williams  A.L.: Microcracks in dental porcelain and their behavior during multiple firing. 
J. Dent. Res. 1996, 75, 1484–1490.

Address for correspondence:
Omar El-Mowafy
Department of Clinical Sciences
Faculty of Dentistry
University of Toronto
124 Edward Street
Toronto
Ontario M5G 1G6
Canada
E-mail: Omar.El-Mowafy@dentistry.utoronto.ca

Conflict of Interest: None declared

Received: 27.01.2016
Revised: 11.02.2016
Accepted: 15.03.2016


