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Influence of testing environment
on static fatigue behavior of a
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It aims on evaluate the effect of the test environment on static fatigue
behavior of lithium disilicate-based (LD), and yttrium oxide-stabilized
zirconia (YSZ) ceramics. Specimens of LD (IPS e.max CAD, Ivoclar Vivadent)
and YSZ (IPS e.max ZirCAD MO, 3 mol% Y203, Ivoclar Vivadent) were
randomly allocated into three groups: tested in air, inert (paraffin oil, Sigma
Aldrich) or distilled water. The static fatigue test (n=15) was performed using
a piston-on-three ball assembly, adapted from 1SO 6872, as follows: starting
load 100 N for LD and 300 N for YSZ; loading application time set to 1 hour
for each loading step; step size of 50 N for LD and 100 N for YSZ, applied
successively until fracture. Data from static fatigue strength (MPa) and time
to fracture (hours) were recorded. Fractographic analysis was executed.
Survival analysis corroborates absence of influence of environment on static
fatigue outcomes (fatigue strength, time to fracture and survival rates) for
YSZ. For LD, specimens tested in air presented statistically superior survival
rate and static fatigue strength (p= 0.025). In regards of time to fracture, LD
tested in air were superior than when tested in distilled water (p=0.019) or
inert (p=0.017) environments. No statistical differences for Weibull modulus
were observed. Failures started on the tensile stress surface. Thus, the test
environment did not affect slow crack growth (SCG) mechanisms during
static fatigue test of YSZ ceramics, but it plays a significant role for the static
fatigue behavior of lithium disilicate-based glass ceramics, indicating a high
susceptibility to SCG.
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The fracture of solids in response to load application is associated with little/no plastic deformation,

or may be preceded by considerable plastic deformation, depending on the nature of the material (1).
Ceramic materials are included in the first category being covered by the fields of Linear Elastic Fracture
Mechanics (LEFM), and hence are considered as presenting a brittle nature (1,2). Another consolidated
presuppose in the literature is that the fracture strength of those brittle materials is known to be
inversely proportional to the largest or critical flaw present in its volume, as described by Griffith's law
(3).

Being so, any ceramic component when submitted to function will have to withstand mechanical
stimuli without triggering rupture in order to increase the durability. However, under function, even in
scenarios where they are loaded far below its critical load, continuously or under repetitive cycles,
ceramic materials are known to surpass a phenomenon called “fatigue”, which is often defined as the
degradation (weakening) of a structural component under the influence of mechanical, chemical or
biological stress - and in most cases - a combination of them (4).

As described by Cesar et al. (1), the definition of fatigue at ambient temperatures mostly involves
two relevant mechanisms: stress corrosion and/or additional cyclic effects. Stress corrosion is related to
sub-critical crack growth mechanisms (SCG), chemically assisted by water, and it deals with crack
initiation and its slow growth under the influence of the environment. Cyclic effects arise from friction
and hydrolytic pressure during crack closing. There is a common understanding that cyclic effects
contribute to over-all degradation of brittle ceramics, although to lesser extent compared to SCG (4,5,6).
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In response to variations on ceramic microstructure, different toughening mechanisms may be
observed, hindering crack growth (e.g. crack bridging, crack deflection, or transformation toughening)
(1,4,7). The environment have an influence on the fatigue phenomena, specifically at SCG mechanisms,
as a humid environment may trigger a corrosive process, where a diffusion-controlled attack of water
molecules at the tip of a crack takes place, hydrolyzing siloxane bonds (Si-0-Si). Under mechanical loads
the Si-0-Si bonds are strained, which further accelerates the hydrolytic reaction (8-12). This process
occurs preferentially in silicate base glasses (13).

Since dental ceramics present different microstructure, the susceptibility to the SCG may vary
greatly (14,15). A study has shown that a lithium disilicate glass-ceramic (LD) was more susceptible to
slow crack propagation than other vitreous ceramics, as porcelain and a heat press leucite-based glass-
ceramic, presenting the lowest coefficient of SCG (15). As discussed by the authors, these results should
be explained by the way that the lithium disilicate crystal were arranged during the heat-pressing
procedure, resulting in a weak microstructure.

Literature in regards of the effect of the environment on SCG mechanism of yttrium oxide-stabilized
zirconia (YSZ) ceramics, to the best of the authors knowledge, are scarce. YSZs are mainly polycrystalline
ceramics that are absent of glassy composition (16). Thus, the degradation mechanism where humid
environment would trigger hydrolyzation of siloxane bonds and facilitate SCG may be altered, or even
absent. In fact, YSZ ceramics when submitted to stimuli may suffer a process named transformation
toughening where crystals at tetragonal arrange convert into a monoclinic arrange expanding
approximately 3-4% in volume, triggering residual stress concentration around surface defects and
hindering the crack propagation (17-19). Thus, these presupposes justify an evaluation of how
environment conditions (humid or not) may influence the fatigue performance of YSZ ceramics. Static
fatigue test would potentiate to access such influence, isolating SCG mechanisms, as it eliminates the
effect of cyclic mechanical loads triggering friction between walls and the deleterious consequences
linked to such cyclic stimuli.

Based on that, the present study aimed to evaluate the effect of the test environment (distilled
water, inert/oil, air) on the static fatigue behavior (strength and time to failure) of LD (a glass-ceramic)
and YSZ (a polycrystalline ceramic). The assumed hypotheses were that 1) the test environment would
affect the static fatigue behavior of LD ceramics, and 2) that the environment would not affect the static
fatigue behavior of YSZ ceramics.

Material and methods

Specimen preparation

Pre-crystallized LD glass ceramic blocks (IPS e.max CAD LT, A2, C14 (12x14x18mm), Ivoclar
Vivadent, Schaan, Liechtenstein) and partially-sintered YSZ blocks (IPS e.max ZirCAD MO, C17
(17x19x22mm), 3 mol% Y203, Ivoclar Vivadent) were cut into rectangular specimens (lithium disilicate:
12x14x1.3 mm; YSZ: 14x17x1.5 mm, that is 20% larger to compensate the shrinkage after sintering)
with a diamond disc in a saw machine (Isomet 1000; Buehler, USA), using a speed of 400rpm and no
weight, under water cooling. Then the specimens were subsequentially manually polished with 400-,
600-, and 1200- grit silicon carbide papers (20).

After polishing, the specimens were ultrasonically cleaned (1440 D, 50/60 Hz, Odontobras, Ind. e
Com.Equip. Med. Odonto. LTDA, Ribeirdo Preto, Sdo Paulo, Brazil) in isopropyl alcohol for 10 min, and
submitted to crystallization/sintering process, according to the manufacturer's instructions.

The crystallization of the lithium-disilicate specimens was performed according to the protocol
indicated by the manufacturer (stand-by temperature 403°C; closing time 6:00 min; heating rate t1
90°C/min; firing temperature T1 820°C; holding time H1 0:10 min; heating rate t2 30°C/min; firing
temperature T2 840°C; holding time H2 7:00 min; vaccum1 550°C (11), 1022°C (12); vaccum2 820°C (21),
1508°C (22); long-term cooling 700°C), using the furnace Programat P100 (lvoclar Vivadent AG,
Liechtenstein). Since the specimens were not glazed, no paste was used. The sintering of the YSZ
specimens also followed the manufacturer's recommendations (maximum temperature 1500°C; 2h),
using a Cercon Heat furnace (DeguDent GmbH, Hanau, Hesse, Germany).

The final dimensions of the specimens were 12x14x1.2+0.03 mm. Finally, the specimens of each
material were randomly allocated into three experimental groups, according to the environment
condition considered during static fatigue test (n=15): air (ambient condition), inert medium (paraffin
oil, Sigma Aldrich, St Louis, USA) and distilled water, as seen on Table 1.
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Table 1. Experimental design.

Ceramic material

Testing environment .
g Commercial Name *

Analysis

Lithium disilicate-base glass ceramic
IPS e.max CAD
Air
Yttrium stabilized zirconia ceramic
IPS e.max ZirCAD MO

Lithium disilicate-base glass ceramic
IPS e.max CAD Static fatigue test (n= 15);
Inert (Paraffin oil) ** Fractography (representative
Yttrium stabilized zirconia ceramic samples for each group)
IPS e.max ZirCAD MO

Lithium disilicate-base glass ceramic
IPS e.max CAD
Distilled Water
Yttrium stabilized zirconia ceramic

IPS e.max ZirCAD MO

* Manufacturer: Ivoclar Vivadent, Schaan, Liechtenstein
** Manufacturer: Sigma Aldrich, St Louis, USA

Static fatigue test

The test was performed using a piston-on-three ball assembly, adapted from the I1SO 6872 (21), in
a universal testing machine (Instron 6022, Instron Corporation, USA), and considering the three different
test environments described a priori at room temperature (approximately 20 °C). The rectangular
specimen was positioned on the top of the three steel spheres (2.5 mm diameter, 120° apart, and forming
a circle of 10 mm diameter), with a load applied perpendicular to the center of the top surface of the
specimen, by a circular cylinder steel piston with a 1.4 mm diameter flat tip. To evenly distribute the
contact pressures, a polyethylene film was placed between the supporting balls and the specimen; and
between the specimen and the piston.

The static loading protocol started with 100 N for LD and 300 N for YSZ groups. The loading
application time was set into 1 hour for each loading step. If the specimen survived, the stress was
increased 50 N for LD and 100 N for YSZ, and then, successively until the fracture. The software was
adjusted to register the load at fracture and the time to failure of each specimen. The static fatigue
strength, in MPa, of each specimen was calculated using Egs. (1, 2 and 3) (21).

g, = —0.2387P(X —Y)/p? Eq. (1)
X =(1+v)In (B/c)* + [(L =v)/2)(B/c)*  Fa.(2)
Y= +w[1+ 4]+ -wA)’ )

where P is the static load at fracture (N), b is the thickness of the specimen (mm), A is the support ball
radius (5 mm), B is the radius of the tip of the piston (0.7 mm), and C is the specimen radius (6.5 mm,
corresponding to one-half of the edge length of the square plate specimens) (20). A specific Poisson
ratio (v) was used for each ceramic material (0.21 for LD; 0.26 for YSZ), based on the mean values
obtained in the resonant ultrasound spectroscopy (RUS) methodology (22).

Statistical analysis

The static fatigue strength (in MPa) and the time to fracture (in hours) were submitted to descriptive
analysis. Weibull modulus (m) was calculated using maximum likelihood estimations at Super SMITH
Weibull 4.0k-32 software program (Wes Fulton, Torrance, United States) to evaluate the influence of the
test condition on the reliability of these variables (static fatigue strength and the time to fracture).
Survival analysis (Kaplan Meier and Mantel-Cox post-hoc tests) were run at SPSS 21 statistical software
(IBM, Chicago, USA), at a significance level of 5%, was also used to investigate the effect of the test
environment (air, inert, and distilled water) on static fatigue strength and the time to fracture of the
YSZ and LD ceramics. The survival rates on each respective testing step were tabulated.
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Fractography analysis

After fatigue testing, the specimens were evaluated in an optical microscope (Stereo Discovery V20,
Carl-Zeiss; Gottingen, Germany) at 100x of magnification to determine their crack characteristics and
assure that the failure started at the side where tensile stress concentrates (21). Representative specimens
of each group (n=1) were ultrasonically cleaned (1440 D, 50/60 Hz, Odontobras) in isopropyl alcohol for
10 minutes, entirely air-spray dried, sputtered with a gold-palladium alloy and subjected to scanning
electron microscopy analysis (VEGA3 Tescan; Brno-Kohoutovice, Czech Republic) at high vacuum, 20kV,
under 200x magnification.

Results

Kaplan Meier and Mantel cox post-hoc tests (Table 2, Figure 1) showed that the static fatigue
strength (p=0.345) and time to fracture (p=0.698) of the YSZ ceramic were not influenced by the test
environment. For LD glass ceramic, the group tested in air presented a significantly higher static fatigue
strength than the group tested in distilled water (p=0.025). In regards of time to fracture, LD discs tested
in air were significantly superior to the ones tested under distilled water (p=0.019) or inert (p=0.017)
environments (Table 2, Figure 1). Weibull modulus of LD and YSZ ceramics were not influenced by the
test environment (Table 2).

Table 2. Fatigue test results considering static fatigue strength and time to fracture variables - Mean and Standard deviation;
Weibull modulus with its respective 95% confidence interval.

Static fatigue strength Time to fracture

Ceramic  Testing environment Mean (SD) in MPa*  Weibull Modulus™** Mean (SD) in h* Weibull Modulus**

Air 961 (163)A 6.22 (3.59-8.69)A 3.34 (1.13)A 2.89 (1.67-4.04)A

YSZ Inert 1,011 (113)A 10.45 (6.03-14.59)A 3.58 (0.7)A 5.81 (3.36-8.12)A
Distilled Water 951 (134)A 8.52 (4.92-11.90)A 3.28 (0.87)A 4.26 (2.46-5.95)A

Air 388 (72)A 5.85 (3.38-8.17)A 3.51 (1.0)A 4.32 (2.49-6.03)A

LD Inert 350 (62)AB 6.03 (3.48-8.42)A 2.88 (0.94)8 2.79 (1.61-3.90)A
Distilled Water 340 (69)B 5.57 (3.22-7.78)A 2.87 (0.76)8 4.32 (2.49-6.03)A

*different letters indicate statistical differences depicted by Kaplan Meier and Mantel-Cox post-hoc tests (significance level = 59%).
** similar letters indicate absence of statistical differences depicted by the overlapping of confidence intervals for Weibull parameters
(maximum-likelihood estimation).
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Figure 1. Survival graphs obtained through Kaplan Meier analysis of the fatigue data for YSZ and
LD ceramics on the three test environments.

Fractographic images shows that all failures started on the side where tensile stress concentrates
(downside) during testing (Figure 2).
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Figure 2. Fractographic images (200x of magnification) for YSZ and LD ceramics under the three
test environments. Hackle lines radiating from the fracture origin can be seen in all images. The
white arrow points to the failure origin on the side where it concentrates tensile stresses during
testing, which than propagated to the opposite side.
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Discussion

Lithium disilicate glass-ceramic and YSZ are the most widely used materials for indirect all ceramic
restorations (23), which emphasizes the importance of knowing better their mechanical behavior. The
results of the present study showed that the test environment did not affect the static fatigue behavior
of the YSZ ceramic. Meanwhile, in regards of the LD glass-ceramic performance, the static fatigue
strength and the time to fracture were significantly reduced by the presence of distilled water. Therefore,
the hypotheses of the present study were validated.

Material's microstructure plays an important role in the mechanical behavior of dental ceramics
(14,15). It is known that polycrystalline ceramics are less susceptible to slow crack growth phenomenon
(1,24) than glassy materials, since they present almost absent of glassy composition, that optimizes
toughening mechanisms and difficult crack growth (e.g. crack bridging, crack deflection, and
transformation toughening, where the latter being specific to YSZ) (4,7,19).

Water, either in liquid or as a vapor, is the most common medium that stimulates slow crack growth
on materials that present hydrolyzing siloxane bonds (Si-0-Si) (8-12,25). The molecules of water
chemically react with the strained atomic bonds at the crack tip, inducing a stress corrosion, and
weakening the material. To control the effect of the water in this process, an inert medium may be used,
being possible to evaluate the influence of the test environment in the fatigue behavior of dental glass-
based ceramics. This inert environment may be provided by using some substances, as oils. In the present
study, the use of a paraffin oil might not completely eliminate the influence of the SCG for lithium
disilicate specimens, in concordance with Anusavice and Lee (26), suggesting a high susceptibility of
crack propagation for glassy dental ceramics.

Despite that, based on the present data, when considering polycrystalline ceramics, as YSZ, the
environment did not play a significant role on SCG mechanisms. In fact, it should be considered that the
presence of moisture during testing may trigger phase transformation mechanisms in YSZ materials that
may lead to even optimized performance, as shown in many existing papers (18,27-29). The presence of
increased m-phase content may be deleterious only when the amount of m-phase becomes extremely
high, where some corroborates such outcome only when the quantity surpasses at least 50% of m-
content (30,31).

A recent study has shown that YSZ performs better than LD in terms of resistance to stress corrosion
(14), which agrees with the present results. The high content of glass (Si02) in lithium disilicate ceramics,
makes this material highly sensitive to SCG process.

The static fatigue method is characterized by a constant stress over the time (13). By this test, it is
possible to eliminate the effect of cyclic mechanical loads, isolating the effect of the environment on
stress corrosion. Considering the huge difference in the biaxial flexural strength of lithium disilicate
(647.98 MPa) and YSZ (1240.89 MPa) (32), a different loading protocol was established for each material,
making data collection feasible. The loading values, in Newtons, were based on a previous study, in which
the first loading step (100 N for LD, and 300 N for YSZ), resulted in a survival rate of 100%, in a cyclic
fatigue test (500.000 cycles; 1.4 Hz) (33). The time of one hour in each loading step is equivalent to the
time necessary to complete 10,000 loading cycles at 2 Hz, in a cyclic fatigue test, a protocol used in
other fatigue studies (34).

In the present study, specimens with a rectangular geometry were used to optimize specimen
preparation and to reduce costs (35). Finite element analysis has shown that the pattern of stress
distribution is very similar between discs and square shaped ceramic samples tested in a piston-on-three
ball configuration (20). The highest tensile stress concentration, where the fracture usually starts,
appears in the lower surface of the specimen, in the central region among the supporting balls (20). A
good agreement between the biaxial flexural strength values for different geometries of ceramic
specimens tested in a ball-on-three-ball setup was also reported (32).

Optical tools such as stereo microscope and SEM can be used to perform qualitative fractography,
by means of the recognition of surface crack features that indicate the direction of crack propagation
and fracture origin, as compression curl and mirror zone (36). In the present study, the fractography
analysis was performed to assure that the fracture started at the side where tensile stress concentrates,
and not from the compressive site. The determination of the type of defect that originate the fracture
(e.g. pore, scratches, crack) was not the aim of the present study.

Therefore, the present data corroborate that fatigue tests of YSZ ceramics may be adequately run
under any environment to stimulate fatigue without bias, meanwhile, for LD, and potentially for other
glassy materials, the influence of the environment should be considered to set the adequate testing
method.
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Considering the limitations of this in vitro study, it can be concluded that the test environment did
not affect the static fatigue behavior (strength and time to failure) of YSZ ceramics. Meanwhile, the test
environment plays a significant role for the static fatigue behavior of lithium disilicate-based glass
ceramics, indicating a high susceptibility to SCG.
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Resumo

O presente estudo objetivou investigar a influéncia do ambiente de teste no comportamento a
fadiga estatica (resisténcia a fratura e tempo para falha) de cerdmicas 4 base de dissilicato de litio (LD)
e zircOnia estabilizada com itria (YSZ). Espécimes de LD (IPS e.max CAD, Ivoclar Vivadent) e YSZ (IPS e.max
ZirCAD MO, 3mol% Y203, Ivoclar Vivadent) foram obtidos e alocados aleatoriamente em trés grupos:
testado em ar, em liquido inerte (oleo de parafina) ou em agua destilada. O teste de fadiga estatica (n=
15) foi realizado usando o teste pistdo sobre trés esferas, ISO 6872, da seguinte forma: carga inicial 100
N para LD e 300 N para YSZ; tempo de aplicacdo de carregamento definido para 1 hora para cada etapa
de carregamento; tamanho do passo de 50 N para LD e 100 N para YSZ, aplicados sucessivamente até a
fratura. Dados de resisténcia a fadiga estatica (MPa) e tempo até a fratura (horas) foram registrados. A
analise fractografica foi executada. A analise de sobrevivéncia corrobora a auséncia de influéncia do
ambiente de teste nos resultados de fadiga estatica (resisténcia a fadiga, tempo de fratura e taxas de
sobrevivéncia) para a YSZ. Para LD, os corpos de prova testados em ar apresentaram taxa de sobrevivéncia
e resisténcia a fadiga estatica estatisticamente superiores (p= 0,025). Em relacio ao tempo de fratura, os
espécimes LD testados em ar foram superiores aos testados em agua destilada (p= 0,019) ou em ambiente
inerte (p= 0,017). Ndo foram observadas diferencas estatisticas para o modulo de Weibull. Todas as falhas
comecaram no lado onde se concentra a tensdo de tracdo (lado de baixo) durante o teste. Com base
nisso, observa-se que o ambiente de teste ndo afetou os mecanismos de crescimento lento de trinca
durante o teste de fadiga estatica da ceramica YSZ, mas desempenha um papel significativo na resisténcia
a fadiga estatica da ceramica de vidro a base de dissilicato de litio, indicando alta susceptibilidade ao
crescimento lento e subcritico de trincas.
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