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Abstract
Objective—To test the hypothesis that step-stress analysis is effective to predict the reliability of
an alumina-based dental ceramic (VITA In-Ceram AL blocks) subjected to a mechanical aging
test.

Methods—Bar-shaped ceramic specimens were fabricated, polished to 1µm finish and divided
into 3 groups (n=10): (1) step-stress accelerating test; (2) flexural strength- control; (3) flexural
strength- mechanical aging. Specimens from group 1 were tested in an electromagnetic actuator
(MTS Evolution) using a three-point flexure fixture (frequency: 2Hz; R=0.1) in 37°C water bath.
Each specimen was subjected to an individual stress profile, and the number of cycles to failure
was recorded. A cumulative damage model with an inverse power law lifetime-stress relation and
Weibull lifetime distribution were used to fit the fatigue data. The data were used to predict the
stress level and number of cycles for mechanical aging (group 3). Groups 2 and 3 were tested for
three-point flexural strength (σ) in a universal testing machine with 1.0 s in 37°C water. Data were
statistically analyzed using Mann-Whitney Rank Sum test.

Results—Step-stress data analysis showed that the profile most likely to weaken the specimens
without causing fracture during aging (95% CI: 0–14% failures) was: 80 MPa stress amplitude and
105 cycles. The median σ values (MPa) for groups 2 (493±54) and 3 (423±103) were statistically
different (p=0.009).

Significance—The aging profile determined by step-stress analysis was effective to reduce
alumina ceramic strength as predicted by the reliability estimate, confirming the study hypothesis.
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Introduction
Dental ceramics with high crystalline content were developed with the objective to provide
materials with superior mechanical properties to produce all-ceramic restorations [1].
Although the literature reports for alumina and zirconia-based systems fracture stress values
well above the stresses estimated for the posterior areas of the mouth [2], there are reports of
clinical failures [3–5]. This behavior may be attributed to the fact that the prognosis of
ceramic restorations is not only related to their high initial mechanical strength but also to a
phenomenon called “subcritical crack growth” (SCG) [6]. Ceramic components are
susceptible to a stress-corrosion process that involves the stable growth of pre-existing
flaws. The stress field at the crack tip can be described by the stress intensity factor in the
opening mode (KI) and the flaw will propagate when it reaches the critical condition, KIc
(fracture toughness or critical stress intensity factor) [7]

When a ceramic material is subjected to a long period of stresses below the critical stress
intensity factor (KIc) but above the threshold level (KI0), pre-existing flaws may grow
slowly until reaching critical size, that triggers catastrophic failure [7, 8]. The SCG behavior
results from a combination of stress concentration at the crack tip and the presence of water
or body fluids molecules that chemically react with the strained atomic bonds [9]. Many
external factors that contribute to the SCG of ceramic materials are present in the oral
environment such as humidity, pH and temperature fluctuations and stresses induced by
loading (i.e. chewing) [10–12].

There is plethora of ceramic studies reporting only fast fracture data and neglecting the
effect of the SCG phenomenon and cyclic fatigue in the reliability of these materials [6].
This is explained by the fact that cyclic fatigue testing has a high cost due to the large
number of specimens and long time required [12]. To overcome these drawbacks, one
possibility is to use accelerated lifetime tests in which specimens are subjected to stress
levels lower than those used in fast fracture test but higher than those found during
mastication so as to decrease the test duration to an acceptable period of time. However, the
stress level used in these in vitro tests should ideally accelerate failure without adding new
unrealistic failure modes that would not occur in clinical conditions [13]. Among these
methods are the staircase or up-and-down method [14], the boundary technique [15] and the
step-stress method [13]. These tests were designed to analyze long lasting materials such as
dental ceramics since it is impractical to obtain use level condition lifetime data because of
the long time to failure [13, 16].

The staircase method allows the researcher to precisely estimate the fatigue strength at 50%
failure probability and to reduce the sample size. Yet, this method is not adequate to
estimate low or high points of probability of failure (1% or 99%) [14], which is a
disadvantage since the lifetime prediction in these extreme points is more important for
engineering and biomedical materials. In the boundary technique, it is possible to estimate
low or high points of failure probability with greater precision compared with the staircase
method [15]. In this technique, the critical points are the lack of criteria to choose some
parameters used in the method and to assume a normal distribution of the data since fatigue
lifetimes fit more properly to the two-parameter Weibull distribution.

In contrast to the constant stress amplitude used for the staircase method and for the
boundary technique, in the step-stress method each specimen is subjected to time-varying
stresses, which means that the magnitude of load changes after a period of time, for the same
specimen, until failure occurs or the test is suspended. This technique assures that failure
occurs quickly because it customizes the stress amplitude to the strength of the individual
specimens, and different stress profiles can be used for each specimen [13, 16].
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Data obtained with accelerated life testing are fitted to a life-stress model and extrapolated
to normal use conditions. When time-varying stress is used, like in step-stress method, the
cumulative damage model should be used. This model takes into consideration the
cumulative effect of the stresses applied at each level of time-varying stress. Data on
surviving specimens can be included in the analysis (censored data). It is possible to find the
probability of failure over time and to predict the reliability for a specific period of time [13,
16]. Studies have used step-stress accelerated life testing in dental research to assess the
reliability and failure modes of layered ceramic specimens, metal-ceramic and all-ceramic
restorations and implants [17–21].

Different methodologies can be used to evaluate the SCG and cyclic fatigue behavior of
dental ceramics. A popular methodology is to perform cyclic loading for a pre-determined
period of time using a chewing simulator and to apply, subsequently, a static load until
failure occurs. The objective of this methodology is to assess the strength degradation
produced by aging in an environment that is similar to the human mouth. However, there is
not a standard protocol for the stress amplitude, frequency and number of cycles used in
these simulations [22]. Therefore, the objective of this study was to use the step-stress
method to estimate the reliability of an alumina-based ceramic as to further design an aging
mechanical test. To evaluate the accuracy of the reliability prediction, a group of specimens
was aged using the optimum aging profile determined by the step-stress data and ALTA Pro
7 software. The hypothesis to be tested is that step-stress analysis is effective to predict
alumina ceramic reliability. The results of this research can be used for efficient design of
future accelerated lifetime ceramic studies.

Materials and Methods
Bar-shaped alumina specimens were obtained by cutting pre-sintered blocks (VITA In-
Ceram AL, Vita-Zahnfabrik, Germany) using a diamond disc in a precision cutting machine
(Isomet 1000, Buehler, Lake Buff, USA) at 275 rpm. Specimens were sintered in the
Zyrcomat furnace (Vita Zahnfabrik, Germany). Sintering was carried out at 1530°C for 2
hours with a heating rate of 25°C/min. After sintering, the specimens were ground and
polished to 1 µm finish to their final dimensions (2 mm × 4 mm × 16 mm). All edges were
chamfered at a 0.1-mm wide chamfer, following ISO 6872:2008 [23]. Specimens were
divided into 3 groups (n=10): (1) step-stress accelerating test; (2) flexural strength/fast
fracture – control; (3) flexural strength/fast fracture after mechanical aging.

Group 1 was tested in an electromagnetic actuator (MTS Evolution, MTS Systems
Corporation) using a three-point flexure fixture (span = 12 mm) at a frequency of 2 Hz
(R=0.1) and in a 37°C deionized water bath. Each specimen was subjected to a different
stress profile, and the number of cycles to failure was recorded. Each stress profile was
designed considering data from all of the previous specimens and their individual lifetimes.

The three-point flexural strength equation used to calculate the stress value at failure is as
follows:

(1)

where P is the fracture load (N), l is the span size (12 mm), w is the specimen width (4 mm)
and b is the thickness of the specimen (2 mm).

A cumulative damage model with an inverse power law (IPL) lifetime-stress relation and a
Weibull lifetime distribution were used to fit the fatigue data (ALTA Pro 7, Reliasoft).
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The combined IPL-Weibull model is:

(2)

where Pf is the probability of failure at time t, σ is the stress level, β is the Weibull modulus,
K and n are constants used to fit the model to the data set. The data was used to predict a
safe stress level and number of cycles to perform a subsequent aging test (group 3) that
could develop damage to the specimens without causing fracture.

Groups 2 (control) and 3 were tested for fast fracture in a three-point flexural strength (σ)
design in a universal testing machine (Sintech 5G, MTS) at a constant stress rate of 1.0
MPa/s, in 37°C deionized water bath. Before testing for fast fracture, group 3 was subjected
to a mechanical aging in a chewing simulator. Aging was performed in deionized water and
the load was applied using a three-point flexure fixture, at 2 Hz frequency. The stress (80
MPa) and number of cycles (105) were determined by the step-stress analysis previously
performed. The flexural strength results were statistically analyzed using Mann-Whitney
Rank Sum test (α=0.05).

Fracture surfaces were examined using a stereomicroscope to determine the mode of failure
based on the fracture origin and fractographic principles [24, 25]. Five specimens of each
experimental group were randomly chosen and sputter-coated with gold-palladium and
examined using a scanning electron microscope (SEM) to confirm and measure the critical
flaw (c). The equivalent semi-circular flaw was determined using the following equation:

(3)

where, a is the crack depth and b is half crack width.

The critical flaw (c) values obtained for the experimental groups were statistically analyzed
using ANOVA and Tukey’s test (α=0.05).

Results
The step-stress fatigue data (Group 1) were analyzed, and six aging profiles were simulated
using ALTA Pro 7 software (Table 1).

Although most of the tested profiles showed 100 % reliability there were differences among
the widths of the confidence intervals. Based on the comparison among different profiles,
the aging profile number 1 was chosen to test the remaining specimens because it showed
the best combination of reliability and precision. A lower confidence bound of 86%, as in
profile 1, could guarantee some damage to the specimens without failure during the in vitro
aging process. Profiles number 2, 4, 5 and 6 showed wide confidence bounds, meaning
lower precision to the reliability estimate. Profile 3 showed high precision but the lower
confidence bound of 90% is an indication that not enough damage will be generated in the
specimens.

Table 2 shows the median, mean, standard deviation (SD), minimum and maximum flexural
strength values, and coefficient of variation (CV) for groups 2 and 3. No specimen failed
during the mechanical aging. There was statistically significant difference between group 2
(control) and group 3 (mechanical aging), since the aging condition used (105 cycles and 80
MPa) reduced significantly the median flexural strength of alumina ceramic material
(p=0.009).
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Through fractographic analysis it was possible to observe that the initial flaw was always
located in the specimen surface subjected to tension during testing and propagated
throughout the material. The fracture surfaces showed fractographic features such as hackle
lines running in the direction of the fracture origin and compression curl on the opposite side
of the critical flaw. It was also possible to identify in some specimens of groups 1 and 3 the
presence of a SCG halo (Figure 1).

The median, mean, SD, minimum and maximum critical flaw (c) values, and coefficient of
variation (CV) for the experimental groups are shown in Table 3. The mean c value
observed for group 1 (step-stress) was statistically higher than the result obtained for the
control group (group 2) (p=0.004). There were no significant differences between the c
values for groups 2 and 3, and groups 1 and 3. However, the coefficient of variation of
group 3 (aging) was twice the value of group 2 (control).

Discussion
The study hypothesis was confirmed as the step-stress analysis was effective to predict
alumina ceramic reliability. The step-stress fatigue test data and the reliability software were
efficient in designing different aging profiles and in the estimation of its reliability, since the
results of the laboratory aging and fast fracture test confirmed the software predictions. The
aging profile chosen to test alumina ceramic significantly reduced the specimen’s flexural
strength without causing failure during the aging process. These findings are in agreement
with the 100% reliability and 86% lower confidence bound predicted by the step-stress
analysis.

One of the challenges of the mechanical aging methodology is to determine which aging
profile (stress amplitude and number of cycles) would properly simulate the oral
environment and also induce degradation to the material in a reasonable period of time,
without causing fracture during the process. The aging profile chosen to perform the
mechanical cycling test combined both clinical relevance and testing efficiency. The stress
amplitude (80 MPa) used in the aging process was within the range of the failure stresses
reported for clinically failed all-ceramic restorations (60 to 100 MPa) [26], and the number
of cycles (105 cycles) allowed for a non time-consuming test of approximately 14 hours. In
addition, aging was performed in deionized water at 37°C to mimic the humidity and
temperature of the oral cavity, and the frequency of 2 Hz is within the chewing frequency
range (0.6 – 2.3 Hz) [27].

Step-stress fatigue testing is a relatively new method in dental research with few published
studies available for comparison. Different step-stress profiles can be used to evaluate the
reliability of dental materials. A series of studies distributed the specimens in the
proportions of 4:2:1 or 3:2:1 across three test profiles (mild, moderate and aggressive),
which requires a higher number of specimens [17–21]. In these studies, to decide the stress
amplitude, the authors tested three specimens of each group for fast fracture strength and
30% of the mean load to failure was used as the first load in the stress profiles assigned to
the remaining specimens. The difference in load application mode throughout the three
different profiles was the magnitude of load increase during each step cycle, where the mild
profile would cycle longer to reach the same load level as the aggressive profile [17]. In the
present study there was no standard stress profile and specimens distribution. Each specimen
was submitted to a different stress profile considering data from the previous specimen and
its individual lifetime. The reason to use different stress profiles was based on the need to
distribute failure across different step loads and allows better prediction statistics, narrowing
confidence bounds [19].
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As ceramic fatigue strength data is highly scattered, precision in predicting probability of
failure can be affected. In the present study, the step-stress analysis was effective to predict
alumina ceramic reliability, even using a relatively small sample size (n=10). Therefore, this
methodology can be considered a powerful toll to design future fatigue testing and perform
ceramic life-time predictions.

To validate the results obtained using accelerated life testing it is essential to guarantee that
the structure failure was accelerated without adding new fracture modes that would not
occur in usual conditions [13]. A careful fractographic analysis was performed to show that
the critical flaw was always located in the specimen surface subjected to tension, as
previously shown for different dental ceramics [2, 28, 29]. The fracture pattern of the
specimens subjected to the step-stress cyclic fatigue (Groups 1) and the mechanical aging
process (Group 3) was similar, suggesting that the step-stress methodology used in the
present study is valid. In addition, a SCG halo was identified in the fracture surface of some
specimens subjected to cyclic load, which is a region or band around a flaw caused by stable
crack extension [24].

The decrease in strength values and the presence of a SCG halo in the fracture surface of
specimens after mechanical aging (Group 3) proves that the stress profile chosen was
effective to produce damage in the alumina ceramic specimens. Although there was no
significant difference in the critical flaw dimension (c) between the control group (Group 2)
and the mechanical aging group (Group 3), it is important to consider two points. First, only
50% of the specimens was analyzed, which can affect the power of the statistical analysis.
Second, an increase in the coefficient of variation was observed for the group subjected to
aging when compared to the control group, suggesting presence of crack growth in some
specimens (larger critical flaws).

There is not a consensus in the literature about the existence of true cyclic fatigue in ceramic
materials mainly due to the absence of crack-tip plasticity. On the other hand, predictions
based only on sustained load and fracture toughness data, that do not consider a cyclic
fatigue effect, are said to overestimate ceramic lifetimes [7, 30, 31]. According to these
studies, potential intrinsic mechanisms of fatigue include accumulated damage in material
ahead of the crack tip in the form of localized microplasticity, or microcraking. Extrinsic
mechanisms acts to diminish the effect of a crack-tip shielding process, thereby increasing
the stress intensity factor compared to equivalent monotonic loading conditions [30]. In
monolithic nontransforming ceramics, such as the polycrystalline alumina evaluated in the
present study, the toughening is primarily due to grain bridging in the wake of the
propagating crack, which shields the crack tip from the applied load [31]. Studies suggest
that the cyclic fatigue mechanism in this ceramic is associated to the increase of the crack tip
stress intensity factor due to a progressive degradation of this bridging zone [30, 31]. Thus,
ceramic restorations may fail under a lower stress level than the one predicted by fast
fracture and constant loading tests. Yet, the flexure strength reported in the present study is
similar to the mean values previously reported for alumina-based dental ceramics [2, 32].

In addition to a good mechanical behavior [2, 9], which supports the application of
polycrystalline alumina as framework for all-ceramic crowns and fixed partial dentures, this
material is more translucent than zirconia-based ceramics and metal [33]. Thus, it can be
chosen to produce anterior all-ceramic restorations that have a higher esthetic demand.

Extrapolation of the results to the clinical situation should be performed with caution since
the effect of the restoration geometry and configuration (multi-layer structure) on the stress
distribution was not considered [6]. Nevertheless it should be noted that the use of
standardized tests and specimens is the first step to understand the behavior of materials and
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to develop new methodologies, such as the one proposed in this research. Therefore, the
cycling mechanical tests used in the present study, step-stress fatigue and mechanical aging,
can be considered important tools to study and predict the mechanical behavior of ceramic
materials in vivo.

Conclusion
The aging profile determined by step-stress analysis was effective to reduce alumina
ceramic strength as predicted by the reliability estimate, confirming the study hypothesis.
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Figure 1.
Fracture surface of a specimen from Group 3 (mechanical aging) evidencing the presence of
a slow crack growth halo. (A) General view - the white arrow point to the critical flaw that is
surrounded by a darker halo (SCG halo), and it is also possible to observe a compression
curl in the opposite side (CC). (B) Close view of the critical flaw and SCG halo.
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Table 1

Different aging profiles (number of cycles and stress amplitude), reliability and confidence bounds (CB).

Profile N Cycles Stress (MPa) Reliability (%)* CB (95%)*

1** 105 80 100 86; 100

2 106 80 100 69; 100

3 105 60 100 90; 100

4 106 60 100 78; 100

5 105 100 100 81; 100

6 106 100 99 62; 100

*
95% confidence interval

**
optimal aging profile
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