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KEYWORDS Abstract Objective: The goal of this study was to investigate the flexural strength, Young’s mod-

Liibtion chelfemics ulus and Weibull modulus of two heat-pressed and one CAD/CAM processed lithium disilicate

Ceramics; (LD) ceramics.
CAD-CAM,; Material and methods: A total of 45 specimens with dimensions 16 x 4 x 1.2 + 0.2 mm were
Heat press fabricated out of three LD ceramics. For heat-pressed LD specimens, acrylate polymer blocks were

cut and divided into two groups (n = 15 per group); a GC LiSi Press LD group (LP) and an IPS
e.max Press group (EP). Specimens for each group were pressed corresponding to the manufac-
turer’s recommendations. For the CAD-CAM Group (EC), IPS e.max CAD blocks were cut to
obtain specimens (n = 15) to the desired dimensions. Flexural strength and Young’s modulus tests
were executed using a universal testing machine. A one-way ANOVA and post-hoc Tuckey’s tests
were applied to analyze the results (p < 0.05).

Results: Regarding flexural strength, the EC group showed higher statistically substantial differ-
ence than the EP and LP groups (p = 0.001), while there was no pronounced difference between the
EP and LP groups (p = 0.065). For Young’s modulus test, all the three tested groups had no sta-
tistically substantial difference (p = 0.798).

Conclusion: The IPS e.max CAD group had higher mechanical performance than the IPS e.max
Press and GC LiSi Press groups.
© 2020 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

* Corresponding author. Due to its esthetic appearance and favorable mechanical prop-
E-mail address: aalthobity@iau.edu.sa (A.M. Al-Thobity). erties, dental ceramics have become the material of choice in
Peer review under responsibility of King Saud University. restoring partial loss of the coronal tooth structure (Robert

Kelly, 2004). Ceramics can be categorized based on their com-
position into polycrystalline, crystalline based with glass fillers,
glass-based with crystalline fillers, and glass-based ceramics.
Incorporation of crystals in ceramics is to enhance the mechan-
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ical properties while the glass matrix confers the esthetics mer-
its (Teixeira et al., 2007; Vichi et al., 2011).

The most common example of the glass-based with crys-
talline fillers category is lithium disilicate (LD) glass ceramics.
This material was introduced with a composition of 30% glass
matrix and 70% highly interlocked needle-shaped LD
(Li2Si205) crystals (Plengsombut et al., 2009). These crystals,
which are randomly oriented within the matrix, have the major
role in arresting the propagation of the crack, and then sub-
stantially increase the flexural strength of the LD (Holand
et al., 2000; Holand et al., 2007; Huang et al., 2017). LD mate-
rial is characterized by good mechanical and chemical proper-
ties, excellent esthetic outcomes, biocompatibility, and ease of
fabrication (Dupree et al., 1990).

Heat pressing and computer-aided design and manufactur-
ing (CAD/CAM) are the techniques available for fabrication
of LD restorations. For the heat pressing technique, LDs are
usually manufactured completely crystalized and offered in
the form of ingots that under heating become viscous and
pressed with a lost wax technique. For the CAD/CAM tech-
nique, the LDs are prepared by manufacturers in the form of
partially crystalized (Li,SiO3) blocks that require firing after
milling the restoration to reach the final crystallization stage
(Li,S1,05). The firing cycle improves the LD mechanical prop-
erties and the esthetic appearance (Bischoff et al., 2011; von
Clausbruch et al., 2000; Wen et al., 2007). The crystallization
process usually occurs in two main phases; nucleation and
crystal growth (Huang et al., 2015). The final microstructure
of the LDs includes highly interlocked crystals with dimen-
sions of 5 pm in length and 0.8 um in diameter (Denry and
Holloway, 2010; Holand et al., 2006).

Various articles have investigated the mechanical properties
of LD materials (Furtado de Mendonca et al., 2019; Lien et al.,
2015; Zhang et al., 2014). Recently, (Furtado de Mendonca
et al., 2019) assessed the flexural strength of CAD/CAM LD,
hybrid polymer-infiltrated ceramic network materials, zirconia
reinforced lithium silicate and hybrid high-performance poly-
mer composite resin. They found that the LD significantly pre-
sented the highest flexural strength value. Another study
investigated the flexural resistance of different heat pressed
and CAD/CAM LD materials with various translucencies.
They found that there was no substantial difference in the flex-
ural strength between the heat pressable and CAD/CAM LD
materials. The medium translucency groups had the highest
flexural strength in both the heat pressable and CAD/CAD
LD groups with values of 379.7 MPa and 397.46 MPa, respec-
tively (Fabian Fonzar et al., 2017).

A newly introduced LD material, which is available in the
market, has not been well investigated in the literature in terms
of flexural resistance properties. Therefore, the goal of this
study is to investigate the flexural strength, Young’s modulus
and Weibull modulus of three different LD materials. The null
hypothesis was that the flexural strength and Young’s modulus
would not be substantially different among the three groups.

2. Materials and methods

2.1. Specimen preparation

This in vitro investigation was conducted to explore the flexu-
ral strength and elastic modulus of three LD materials using a
total of 45 specimens. Three groups (n = 15, each group) were

included. Specimens of two groups were fabricated using a
heat pressing technique, and one group was made up of
CAD/CAM technology (Table 1). For the heat pressing spec-
imens, a total of 30 blocks of acrylate polymer material (IPS
AcrylCAD, Ivoclar Vivadent, Schaan, Liechtenstein) were
used and cut using a low-speed diamond saw with water cool-
ant (ISOMET 5000 Linear Precision Saw, Buehler Ltd, IL,
USA) to get 30 specimens with dimensions of 4.0 x 1.2 x 16.
0 £ 0.2 mm (ISO6872, 2015).

These specimens were then randomly distributed into two
groups (n = 15). The LP group included specimens that were
fabricated using GC LiSi Press LD ingots (GC Initial LiSi
Press, GC Corp, Tokyo, Japan). In the second group (EP
group), specimens were made using IPS e.max Press ingots
(IPS e.max Press, Ivoclar Vivadent, Schaan, Liechtenstein).
Sprueing for five specimens in each cycle was done using a 3-
mm long, 3-mm diameter wax wire (wax wire, BEGO GmbH,
Bremen, Germany) attached to the ring base (IPS Investment
Ring System200 gr., Ivoclar Vivadent, Schaan, Liechtenstein).
Specimens were kept 5 mm away from each other and at least
10 mm from the borders of the silicone ring. Investing, pre-
heating, pressing of specimens were performed using a pressing
furnace (Programat EP5010, Ivoclar Vivadent, Schaan, Liecht-
enstein) according to the manufacturers’ directions for each
material (Table 1).

For the CAD group (EC group), blocks of lithium disili-
cates (IPS e.max CAD, Ivoclar Vivadent, Schaan, Liechten-
stein) were used. Obtaining of specimens (n = 15) was per-
formed by cutting the blocks using a low-speed water-cooled
diamond saw (ISOMET 1000, Buehler, Lake Bluff, Illinois)
into rectangular specimens with dimensions of 4.0 x 1.2 x 16.
0 £+ 0.2 mm. The final crystallization was applied following the
manufacturer recommendations using a furnace (Progra-
mat P510, Ivoclar Vivadent, Schaan, Liechtenstein). The crys-
tallization parameters included the firing temperature and the
holding time for each LD ceramic material were mentioned in
Table 1.

Finishing and polishing of all specimens were performed
using #600, #1200, and #2400 grit carbide sandpapers under
running water using a polishing machine (Struers, Ballerup,
Denmark). The dimensions were verified using an electronic
measuring device (extra large LCD screen digital caliper,
Neiko tool) with an accuracy of 0.01 mm. Specimens were
stored at the room temperature for 48 h.

2.2. Flexural strength

A three-point flexure test was applied to determine the flexural
strength values of the tested groups using the equation
FS = 3FI2bd2 following ISO 6872 (ISO6872, 2015). F was
the fracture load, / pointed to the test span (14 mm), » was
the specimen width, and d indicated the specimen thickness.
Each specimen was loaded to fracture using a universal testing
machine (Instron 8871; Instron Co., Norwood, MA, USA)
with crosshead speed of 0.5 mm/min.

2.3. Young’s modulus

The Young’s modulus values were obtained from the slope of
the most convenient region at the load deflection curve. The
equation E = FI3/4bh3d was used; where E is the Young’s
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Table 1 The tested groups and materials used in this study.

Tested Material Manufacturer Firing Holding Composition Shade Patch
Groups Temperature Time (min) Number
(°C)

EP group IPS e.max Ivoclar Vivadent, Schaan, 910 15 Si02, Li20, K20, P205, ZrO2, HT V20844
Press Liechtenstein ZnO Al

LP GC LiSi GC Corp, Tokyo, Japan 897 20 Si02, Al203, Li20, K20, ZrO2, HT- 1,703,061

Group Press Na20, P205, ZrO2 ES8

EC group 1PS e.max Ivoclar Vivadent, Schaan, 850 Si02, Li20, K20, P205, ZrO2, HT S44682
CAD Liechtenstein ZnO, A1203, MgO Al

modulus, F is the load to fracture value (N), / is the test span
(14 mm), b is the width, / is the thickness of the bar shaped
specimen, and d is the deflection related to the load (F)
(ISO6872, 2015).

2.4. Weibull analysis

The variation in the flexural strength of each group was
assessed using the Weibull modulus through the following
equation (Lin et al., 2012):

P(c) = 1 —exp(—a/ap)"

P (o) is the probability of failure; o is the flexural strength
at a given P (0); o represents the characteristic strength; m is
the Weibull modulus, which is the slope of the In (In 1/1 — P)
versus in G plots.

2.5. Statistical analysis

Statistical data were analyzed by using SPSS-20.0, IBM pro-
duct of Chicago, USA. Numeric data in terms of flexure
strength (MPa) and Young’s modulus (GPa) were explored
for normal distribution by using 1-sample Kolmogorov Smir-
nov Test. These data showed a normal distribution and were
presented by mean and standard deviation. One-way analysis
of variance (ANOVA) was applied to compare the means
among the three groups and post-hoc Tuckey’s test to compare
mean differences pairwise if a significant difference was
attained among means (o0 = 0.05).

3. Results

Means and standard deviations (SD) of the three tested groups
are shown in Table 2. This study included three groups (LP,
EP, and EC). The normality test was conducted using One-
Sample Kolmogorov-Smirnov test where all data showed nor-
mal distribution (Table 3). Each group had 15 specimens eval-
uated for flexural strength and Young’s modulus for the three
LD materials. Regarding the flexural strength test, the EC
group showed a higher statistically pronounced difference as
compared to the EP and LP groups (p = 0.001), while there
was no substantial difference between the EP and LP groups
(p = 0.065) (Table 2). The LP group presented the lowest flex-
ural strength mean value (203.54 MPa), and the EC had the
highest value (364.64 MPa).

For Young’s modulus test, data showed that there was no
statistically substantial difference between all three tested
groups (p = 0.798), as shown in Table 2. The lowest elastic
modulus value was shown in the LP group (76.97 GPa), while
the highest value was shown in the EP group (79.77 GPa)
(Table 2).

The statistical analysis of Weibull modulus and distribution
is presented in Table 4 and Figs. 1-3. The EC group had the
highest Weibull modulus value followed by the LP group
and the least value was noticed in the EP group.

4. Discussion

Ceramic materials have evolved recently to convey the esthetic
demands of dentistry. However, these materials are brittle in
nature and risk fracture under the exertion of intraoral func-
tional forces. The evolution of LDs has occurred to improve
the mechanical properties and maintain the esthetic merits.
This study was designed to evaluate the flexural strength and
Young’s modulus of three different LD materials. The null
hypothesis was partially accepted as the EC group presented
a better substantial difference in the flexural strength test as
compared to the EP and LP groups, while there was no signif-
icant difference between the tested groups in Young’s modulus
test. Ohashi et al. (2017) investigated the mechanical properties
of three heat pressing LDA materials, including GC LiSi LD.
They found that LiSi did not differ significantly in biaxial flex-
ural strength when compared to e.max Press. At the
microstructure level, they claimed that LiSi SEM images
showed small LD crystals, sized 1.0-1.5 pm, dispersed densely
in the glass matrix. Differently, SEM images of E.max Press
revealed larger LD crystals, sizes 1.0-4.0 pm. In agreement
with Ohashi and colleagues’ study, the results of the present
study exhibited no significant difference between GC LiSi
(LP group) and e.max Press (EP group) in terms of the flexural
strength test.

Despite the insignificance of the flexural strength values
between LP and EP groups, the EC group had the highest
value among the tested groups (364.64 MPa). Fabian Fonzar
et al. (2017) compared the flexural strength of HT, MT, LT
and MO translucency ingots of IPS E.max Press to IPS
e.max CAD with the same translucency. They reported that
there was no significant difference in the overall comparison
between the CAD and Press main groups. However, the MT
within the IPS e.max CAD groups presented a higher statisti-
cally significant difference in the flexural strength than the HT
and MO. In addition, LT had a higher significant difference
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Table 2 Flexural strength and Young’s modulus of the study’s groups.

Parameters LP (Mean + SD)/ EP (Mean + SD)/ EC (Mean + SD)/ P-value
95% Confidence Interval (L/U)  95% Confidence Interval (L/U)  95% Confidence Interval (L/U)

Flexural strength [MPa]  203.54 + 38.68" 249.59 + 75.08° 364.64 + 66.51°¢ 0.001
182.12/224.96 208.01/291.17 327.81/401.47

Young’s modulus [GPa]  76.97 £ 7.20 79.77 £ 9.76 79.33 £+ 17.39 0.798
72.98/80.96 74.37/85.17 69.70/88.96

# Shows non-significant mean difference between group LP vs. EP (p = 0.065).
® Shows significant mean difference between group LP vs. EC (p = 0.001).
¢ Shows significant mean difference between group EP vs. EC (p = 0.001).

Table 3 One-Sample Kolmogorov-Smirnov Test for Data Normal Distribution.

One-Sample Kolmogorov-Smirnov Test

Group Fexural Strength (MPa) Young’s Modulus (GPa)
EC N 15 15
Normal Parameters™" Mean 364.641687 79.32527
Std. Deviation 66.5045646 17.392129
Most Extreme Differences Absolute 0.141 0.150
Positive 0.141 0.150
Negative —0.116 —0.129
Kolmogorov-Smirnov Z 0.546 0.581
Asymp. Sig. (2-tailed) 0.926 0.888
EP N 15 15
Normal Parameters®" Mean 249.585947 79.76740
Std. Deviation 75.0825673 9.763257
Most Extreme Differences Absolute 0.197 0.106
Positive 0.159 0.084
Negative —0.197 —0.106
Kolmogorov-Smirnov Z 0.762 0.411
Asymp. Sig. (2-tailed) 0.607 0.996
LP N 15 15
Normal Parameters™” Mean 203.535507 76.97033
Std. Deviation 38.6813675 7.203360
Most Extreme Differences Absolute 0.078 0.163
Positive 0.074 0.163
Negative —0.078 —0.112
Kolmogorov-Smirnov Z 0.304 0.630
Asymp. Sig. (2-tailed) 1.000 0.822

% Test distribution is Normal.
® Calculated from data.

Table 4 Weibull analysis of strength for the study’s groups.

Tested Groups m c0.05
Estimated SE 95% CI (Low) 95% CI (High)

LP 6.17 0.18 5.79 6.56 219.69

EC 6.36 0.46 5.37 7.35 392.79

EP 3.39 0.28 2.79 3.99 279.02

m value = Weibull modulus; 0.05 = stress levels at 5% probability of failure.

than the MO group. The results of Fabian Fonzar et al. (2017)
study did not agree with the results of the present study, which
may be a result of the different translucency materials used in
both studies, where only HT translucency was used in this
study. However, in Fabian Fonzar et al. (2017) study, the

mean flexural strength value of HT translucency was higher
in the IPS. e.max CAD than the IPS e.max Press, which is
close to the present study’s results. Lupu and Giordano
(2007) reported that HT of the CAD/CAM LD materials in
the pre-crystallized phase includes fewer and larger lithium
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Fig. 3  Failure probability curve of Weibull modulus for EP group.

metasilicate crystals. Nevertheless, it could be noticed that the
flexural strength values of IPS. e.max CAD and the IPS e.max
Press were varied in different studies which could be attributed
to the difference in the composition and the processing tech-
nique. Furthermore, the crystallization of IPS e.max Press is
yielded and controlled industrially while the crystallization of
IPS. e.max CAD accomplished in two phases. The first phase
formulated by the manufacturer where the lithium metasilicate
(Li2Si03) crystals are yielded and the second phase completed
in the dental laboratory by heat treatment where lithium
metasilicate transform into lithium disilicate (Li2Si205) crys-
tals (Zheng et al., 2008).

Fraga et al. (2017) assessed the impact of machining of dif-
ferent CAD/CAM ceramics on their flexural strength and the
surface roughness. They found that polishing ceramics after
machining dramatically improved their flexural strength. In
the present study, all specimens were machined and then pol-
ished to mimic the clinical scenario following the manufacturer
recommendations. Another study evaluated the mechanical
properties of different CAD/CAD lithium silicate ceramics as
received from the manufacturers and after heat treatment.
Authors reported that the average value of the flexural
strength of e.max CAD LD was significantly higher than the
other groups (327.8 + 14) (Alves et al., 2019). This could be
referred to the reduction in the amorphous phase after heat
treatment and the substantial transformation of lithium
metasilicate  (Li2SiO3) crystals into lithium disilicate
(Li2Si205) crystals as well (Alves et al., 2019).

The ceramic blocks are usually provided in a partially crys-
tallized status to be easily milled while containing LD
(Li2Si205) and lithium metasilicate (Li2SiO3) crystals. After

complete crystallization in the heat treatment, the HT LD crys-
tals exhibited layered clusters in the glossy matrix. The orien-
tation of these clusters usually occurs in different directions,
which may result from crack deflection. Furthermore, once
the LD is subject to external stress, the crack could be initiated
in the glass matrix. LD crystals deflect the crack and subse-
quently impede further crack propagation. Another mecha-
nism has been proposed by Borom et al. (1975) stating that
the increase in the strength of LD could refer to the mismatch
in thermal expansion after the final crystallization procedure
between the glass matrix and LD crystals. Young’s modulus
test revealed no pronounced difference among the tested
groups. However, the EC and EP groups showed higher elastic
modulus than the LP group. These results could be attributed
to the percentage of LD crystals in the three ceramic materials
that resisted the specimens’ deformation under the applied
load. Lawson et al. (2016) evaluated the elastic modulus of var-
ious CAD/CAM materials including e.max CAD. They
reported that e.max CAD had the highest value of elastic mod-
ulus. Lien et al. (2015) evaluated the effect of the flexural
strength and the elastic modulus of the e.max CAD processed
at different thermal stages. They reported that the temperature
range (750-840 °C) and a protracting holding time (820—
840 °C) for 14 min increased the elastic modulus values signif-
icantly as compared to the manufacturer’s recommended tem-
perature range (820-840 °C), while the flexural strength
showed no significant differences between the two heating
stages.

The Weibull analysis was carried out in the present study to
explore the variation in the flexural strength due to defects or
flaws, which may evolve within the materials internal structure.
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A higher value of Weibull modulus suggests less defects and
cracks and subsequently greater reliability of data while lower
value suggests more defects and flaws in the material structure
(Della Bona et al., 2003; Robin, 2002). The results of the pre-
sent study showed that higher values (m) were obtained for EC
(6.36) and LP groups (6.17) while the EP had the lowest value
(3.39). This variation could be attributed to the difference in
the composition and the processing technique among the three
materials (Elsaka & Elnaghy, 2016; Lin et al., 2012).

The clinical use of the three ceramic materials could be
defined based on ISO 6872 specifications (ISO6872, 2015). In
the present study, the flexural strength mean values of GC LiSi
LD and IPS e.max Press were above 100 MPa and below
300 MPa, thereby both materials fulfill the ISO requirements
for Class 1 and 2. Accordingly, they are recommended for
anterior or posterior single-unit prostheses. On the other hand,
the value of e.max CAD was above 300 MPa and below
500 MPa. Therefore, it should be categorized in class 3 where
it is recommended for anterior or posterior single-unit prosthe-
ses and three-unit prostheses not including molar restoration.

The present study assessed the flexural strength and
Young’s modulus of three LD materials, including a recently
introduced ceramic material (GC LiSi Press). However, this
study has some limitations, including that it did not mimic
the complexity of the oral cavity, such as occlusal forces, the
range of intraoral temperature, the role of saliva and the
buffering system, and the effect of acidic drinks and food on
the ceramic materials. Furthermore, in-vitro studies are recom-
mended to assess the fracture toughness, the hardness, tensile
strength, the effect of artificial aging on the mechanical prop-
erties of LD ceramics and the bond strength of the GC LiSi
Press LD ceramics. In addition, clinical trial studies are recom-
mended to investigate the ability of this material to perform
successfully in the oral cavity.

5. Conclusions

Considering the limitations of the present study, the following
conclusions were obtained:

— The IPS e.max CAD group presented a significantly higher
flexural strength mean value than the IPS e.max Press and
GC LiSi Press groups.

— There was no statistically significant difference in the
Young’s modulus between the three tested groups.
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