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STATISTICAL ANALYSIS OF VICKERS INDENTATION
FRACTURE TOUGHNESS OF Y-TZP CERAMICS

Summary

The purpose of this study was to investigate and analyse the fracture toughness of yttria
stabilized tetragonal zirconia polycrystal (Y-TZP) dental ceramics by means of the Vickers
indentation technique. Fracture toughness was analysed under the following loads: 29.42 N,
49.03 N, 196.13 N, and 294.20 N. Cracks that had developed from the vertices of a Vickers
indentation were measured and used for the determination of fracture toughness by using nine
different models. It was found that fracture toughness depends on the indentation load, the
morphology of indentation cracking, and the applied model of fracture resistance. The set of
fracture toughness data was analysed using the two-parameter Weibull statistics. The Weibull
modulus and the scale parameter were determined by the linear regression method. It was
concluded that the Weibull distribution can describe the fracture toughness of Y-TZP
ceramics properly.
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1. Introduction

The application of ceramics as structural materials is based on their high hardness
combined with high temperature resistance and stiffness (modulus of elasticity), chemical
inertness, and superior wear resistance. The main goal of the current research is to produce
tough, strong and reliable ceramics. However, fracture toughness of ceramics is still poor in
comparison with metals and composites. Furthermore, data on fracture toughness properties
of ceramics are usually scattered. Therefore, it is necessary to include a statistical analysis in
the mechanical characterization of ceramic materials. Zirconia ceramics have received
considerable attention in the last decades because of their ability to obtain relatively high
fracture toughness values through induced microstructural and phase changes [1,2]. This
ability is related to the stress-induced phase transformation to monoclinic symmetry (t — m)
that tetragonal zirconia may undergo. Such phase transformation involves a volumetric
increase (~4 %) that may induce compressive stresses in the crack area; this prevents crack
propagation and thus increases fracture toughness [3]. This strengthening mechanism known
as the transformation toughening makes ZrO, much tougher than all other ceramic materials
[1,4-9]. The fracture resistance of ceramics is usually characterized by the mode I fracture
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toughness [10-12]. The concept of fracture toughness, K, is derived from the linear elastic
fracture mechanics (LEFM). The stress intensity factor, K, represents the magnitude of the
stress field in the crack tip region. The index I refers to the tensile or the opening mode, as
opposed to the shear mode specified by indices II and III. Thus, the variable known as
fracture toughness, K., refers to the critical value of the stress intensity factor in the opening
mode with unstable crack propagation.

There are several conventional techniques of fracture toughness measurement, but they
are not suitable for everyday testing because they require relatively large samples,
sophisticated equipment, and high-precision measurement of crack propagation. A method
that is frequently used to determine the fracture toughness of all brittle materials, including
ceramics, is the so-called Vickers indentation fracture (VIF) toughness test [13-18]. The
method consists of measuring the total length of cracks emanating from the four vertices of a
Vickers indentation as a consequence of applied load. The crack lengths are in inverse
proportion to the toughness of the material. By measuring the crack lengths, one can
determine the fracture toughness Kj.. Advantages of the VIF technique are: (i) only a small
volume of material is required, (ii) minimal sample preparation, (iii) low costs, and (iv)
simple experimental procedure. Nowadays, there are more than 30 different equations for the
determination of fracture toughness by the VIF method. Scientists have been using numerous
equations for Palmqvist and / or radial-median cracks (Fig. 1) at the same time, which has
resulted in different data for the same material and test conditions. Therefore, it is necessary
to identify the crack profile and to select an appropriate equation (model) for obtaining
accurate fracture toughness values.

Fig. 1 Cracks emanating from a Vickers indentation, (A) radial-median crack, (B) Palmqvist crack [19]

The goal of this study was to investigate the type of cracking and to evaluate the
indentation fracture toughness (Ki) of Y-TZP dental ceramics by using nine different
equations at four indentation loads. The gathered data was analysed with the two-parameter
Weibull distribution.
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2. Experiment

All experiments were performed on the Y-TZP dental ceramics with 4.1 wt. % Y,0s.
Samples were provided by BruxZir, Glidewell Laboratories (Newport Beach, CA, USA). The
manufacturer provided the samples in the shape of square plates, 10 x 10 X 2 mm, sintered by
the usual sintering regime used in the production of ceramic restorations at the Glidewell
Laboratories. The chemical composition of the investigated Y-TZP dental ceramics,
according to the manufacturer’s declaration, is shown in Table 1.

Table 1 Chemical composition of the Y-TZP dental ceramics expressed as weight percent (wt. %)

wt. %
Y203 HfOz A1203 SIO2 F6203 NazO ZI‘OQ
4.1 4.0 0.34 <0.01 <0.01 <0.01 Balance

The microstructure and the average grain size of the Y-TZP dental ceramics were determined
by means of the scanning electron microscopy, using a Tescan Vega TS5136MM (Tescan
Orsay Holding, a.s., Czech Republic). The grain size of the sintered Y-TZP dental ceramics
was evaluated by the linear intercept method on a scanning electron micrograph of samples
that were polished and thermally etched in air at 1480 °C for 12 min, according to ASTM
E112 — 13 standards [20].

Determining the fracture toughness by the Vickers indentation technique and measuring
the Vickers hardness require a high quality sample surface. The preparation of the surface
prior to hardness measurements affects the hardness and fracture toughness values [21-23].
Therefore, it is important to adequately prepare the sample surface by grinding and polishing,
according to the standard ceramographic procedure. First, the samples were polished with a
series of diamond pastes up to 1 um finish. The polished sample surface was then penetrated
by a Vickers pyramidal indenter to create a deformed region beneath and in the vicinity of the
indentation, generating cracks from the vertices of the square Vickers indentation. Fracture
toughness determination and hardness measurement were performed under the following
loads: 29.42 N (HV3), 49.03 N (HVS), 196.13 N (H)V20), and 294.20 N (HV30). The
indentations were made under ambient laboratory conditions by means of a hardness tester
(Indentec, type: 5030 TKV; Indentec Hardness Testing Machines Ltd., Brierley Hill, UK),
while the indentation diagonal and the cracks were measured using an Olympus GX51F-5
optical microscope (Olympus Imaging Corp., Tokyo, Japan) immediately after unloading.
Thirty indentations per each load value were performed. The length of cracks, the applied
load, the indentation size, the hardness and elastic modulus of the material as well as an
empirical calibration constant are used to calculate the indentation fracture toughness using
different models. These models were proposed by Casellas, Palmqvist, Shetty et al., Niihara et
al., Anstis, Evans and Charles, Tanaka, Lankford, and Niihara, Morena and Hasselman,
Table 2.

The set of fracture toughness data was analysed using the two-parameter Weibull
statistics. The Weibull function is generally applied to describe the statistical behaviour of
mechanical properties of many materials, such as advanced ceramics, glass, and composites
with different matrices (metallic, ceramic or polymeric) [24-26]. Several procedures for the
calculation of Weibull parameters are known. The Weibull plot (linear-regression method) is
the most common one [27-30]. The two-parameter continuous probability density function for
the examined variable is given by the following equation:

P=(7) )" el (5)] 0
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The density function is asymmetrical around the mean value and will assume only
positive values. The symbol m is the Weibull modulus, while K is the scale parameter.

Table 2 Equations used in the evaluation of indentation fracture toughness

Eq. Equation Author
No.
Palmgqvist crack system
F [ EN\Y?
(2 K. = 0.024 - a7 (W) Casellas [18,21]
F 1/2 .
(3) K. = 0.028 - HV1/2 - (7) Palmqvist [31]
4) K. = 0.0319 i Shetty et al. [19]
) ENY* _F_ for025<l/a<2,5 Niihara etal. [19]
- ). or 0, , ithara et al.
K, = 0.0089 (HV) i a
Radial-median crack system

(6) Kic = 0,016 = (W) Anstis [13,15,21]
(7 K;. = 0.0752 ;T Evans and Charles [15]
(8) K. = 0.0725 ;T Tanaka [15]
©) . — 00309 (E 25 F Niihara, Morena and

e = ' (W) 3 Hasselman [22]

Crack system of any kind
E\2/5 o\ -156

(10) K. = 0.0782 - (HV - al/?) - (W) : (E) Lankford [19]

The symbols used in Table 2 are as follows: F,, the applied load during the Vickers test (N); ¢,
the crack length from the centre of the indentation to the crack tip (m); a, a half of the
indentation diagonal (m); /, the crack length (c-a) measured from the vertices of the
indentation to the crack tip (m); 7, the total crack length (m): 7=l,+l+l5+ly; E, Young's
modulus (GPa); HV, the Vickers hardness (GPa).

The cumulative distribution function that gives the probability of failure P at the fracture
toughness K. is expressed by the following equation:

P=1-exp|-(Xe)7] (11

Kico

where P is the probability of a failure at the fracture toughness K., m and Kj¢ are the Weibull
modulus and the scale parameter, respectively. The scale parameter K| describes the fracture
toughness level that causes failure in 63.2% of the samples (P=1-1/e=0.632), m is the Weibull
modulus which gives an indication of fracture toughness data scattering. A higher value of m
indicates a smaller variation in the examined property and a high degree of material
homogeneity.

3. Results and discussion

The microstructure of the Y-TZP dental ceramics at 15000x magnification is shown in
Fig. 2. The scanning electron micrograph shows a fine grained microstructure without pores.
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Sintered samples of the Y-TZP dental ceramics had grain sizes of 425+137 nm (mean value +
standard deviation).

Fig. 2 Scanning electron micrograph of the Y-TZP dental ceramics

The values of the Vickers hardness, the length of indentation diagonal, and the length of
cracks measured under different test loads are summarized in Table 3.

Table 3 Statistical analysis of the Vickers hardness (HV), the diagonal half length (a) and the crack half length
(¢) of Y-TZP dental ceramics (mean values + standard deviation).

F,N N HV a, pm ¢, pm cla
29.42 30 1379428 31.7+0.3 54.3£1.7 1.71
49.03 30 1344423 41.5+0.4 82.7£1.6 1.99
196.13 30 1345+14 83.0+0.4 209.6+7.9 2.53
294.20 30 1337£10 102.0+0.4 282.8+5.6 2.77

Major difficulties in determining Vickers indentation fracture toughness values
precisely are: identification of the type of formed cracks, precise measurements of the crack
length, and application of a suitable model (equation). Fig. 3 illustrates a Vickers indentation
with four cracks radiating from the vertices of the indentation as a consequence of applied
load. There is no extensive lateral cracking or spalling around the indentations. The area
surrounding the Vickers indentation is free from multiple cracking and the crack length was
easily measured.

At least two types of cracks are produced by a Vickers indenter, i.e. the Palmqvist crack
and the radial-median or half-penny crack [32,33]. Generally, in a tough material, Palmqvist
cracks occur. However, most materials will exhibit both crack systems, depending on the
applied load [32,33]. In a number of brittle materials, Palmqvist cracks were formed in the
low-load regime [22]. On the other hand, Palmqvist cracks were formed only at high loads in
fairly tough materials, such as WC-Co composites with more than 6 wt. % of Co [23]. There
are two ways to identify the crack system present in the analysed material. One way is the
verification of the c/a ratio, where c is the crack length from the centre of the indentation to
the crack tip and « is a half of the indentation diagonal, Fig. 1, Table 3. If the ratio is less than
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2.5, then the material shows the Palmqvist crack system [21-23,33]. The other way to
differentiate between the two types of crack systems is to polish the surface layers away. The
radial-median crack system will always remain connected to the inverted pyramid of the
indentation, while Palmqvist cracks will be detached from the indentation [32,33], as shown
in Fig. 4. According to both approaches, Palmqvist cracks were observed at lower indentation
loads (29.42 N and 49.03 N), i.e. the c/a ratio was less than 2.5 (Table 3) and, after polishing,
the cracks were not connected to the inverted pyramid of the indentation (Fig. 4A and 4B). At
higher indentation loads (196.13 N and 294.20 N) radial-median cracks were confirmed by
the values of the c/a ratio higher than 2.5 (Table 3) and by the cracks which, after polishing,
were still connected to the inverted pyramid of the indentation (Fig. 4C and 4D). When
different equations are applied to estimate fracture resistance under different indentation
loads, the fracture resistance varies with the crack length within the same material. This was
shown by the application of approximation models of Casellas, Palmqvist, Shetty et al.,
Niihara et al., Anstis, Evans and Charles, Tanaka, Lankford, as well as Niihara, Morena and
Hasselman, which take into consideration Young’s modulus, the applied indentation load, the
indentation size, as well as the crack size.

To define the crack system, indented samples were polished repeatedly, using 6 um
diamond as an abrasive. The Palmqvist and radial-median cracks developed under different
applied loads, Fig. 4. At the lower indentation loads of 29.42 N and 49.03 N, Palmqvist cracks
were observed. Palmqvist cracks were not connected to the inverted pyramid of the
indentation as it is clearly discerned in Fig. 4A and 4B. At higher indentation loads, i.e.
196.13 N and 294.20 N, radial-median cracks were confirmed by the cracks which, after
polishing, were still connected to the inverted pyramid of the indentation, Fig. 4C and 4D.

Fig. 3 SEM micrograph of the Vickers indentation and cracks at test loads of (A) 29.42 N, (B) 49.03 N, (C)
196.13 N, and (D) 294.20 N
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Fig. 4 SEM micrograph of (A, B) the Palmqvist and (C, D) radial-median cracks at test loads of (A) 29.42 N,
(B) 49.03 N, (C) 196.13 N, and (D) 294.20 N, after polishing
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The cracks that originated from the Vickers indentations were used to compute fracture
toughness by the VIF method, using equations (2) to (10) proposed by Casellas, Palmqvist,
Shetty et al., Niihara et al., Anstis, Evans and Charles, Tanaka, Lankford, as well as Niihara,
Morena and Hasselman. For Young's modulus E, a value of 210 GPa was assumed [21]. The
results of VIF measurements and Weibull parameters are summarized in Table 4.

Table 4 Statistical analysis of the indentation fracture toughness (K).) of Y-TZP dental ceramics as a function of
test load, according to different equations

Weibull
K., MPa m'"? parameters R?
Equation F\N average  std. dev. Min. Max. Kico m
Palmgqvist crack system
29.42 6.98 0.34 6.30 7.74 7.13 245 0911
Casellas
49.03 6.25 0.16 5.96 6.50 6.33 47.9 0.944
L2942 5.90 0.24 5.40 6.38 6.01 30.3 0.929
Palmqvist
49.03 5.55 0.12 5.31 5.77 5.61 54.8 0.958
Shetty et 29.42 6.25 0.25 5.71 6.75 6.36 304 0.930
al. 49.03 5.88 0.13 5.62 6.10 5.94 55.5 0.960
Niihara et 29.42 5.22 0.21 4.81 5.71 5.32 30.0 0.904
al. 49.03 4.96 0.09 4.79 5.10 5.00 66.3 0.944
Radial-median crack system
Ansti 196.13 4.14 0.23 3.67 4.74 4.24 21.1  0.869
nstis
29420 3.96 0.12 3.74 4.26 4.02 394 0.847
Evans and 196.13  4.87 0.28 4.30 5.60 5.00 204 0.870
Charles 29420 4.65 0.14 4.39 5.04 4.72 38.6 0.851
196.13 4.70 0.27 4.15 5.40 4.82 204 0.866
Tanaka
29420 4.49 0.13 4.23 4.86 4.55 38.7 0.852
Niihara, 196.13 6.06 0.34 5.37 6.95 6.22 20.9 0.869
Morena
and 29420 5.80 0.17 5.47 6.25 5.88 39.0 0.852
Hasselman
Crack system of any kind
29.42 7.73 0.36 6.97 8.45 7.89 26.1 0.939
49.03 6.87 0.18 6.51 7.15 6.95 45.3 0.946
Lankford
196.13  6.72 0.40 593 7.75 6.90 20.1 0.868
29420 6.40 0.20 6.02 6.92 6.50 37.5 0.849

Figs. 5 and 6 show the dependence of the indentation fracture toughness values on the applied
load, calculated using equations according to Casellas (2), Palmqvist (3), Shetty et al. (4) and
Niihara et al. (5) for the Palmqvist crack system and Anstis (6), Evans and Charles (7),
Tanaka (8), Niithara, Morena and Hasselman (9) for the median crack profile or the Lankford
model (10) for both types of cracks.
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Fig. 5 Comparison of fracture toughness values, measured at 29.42 N and 49.03 N, calculated using equations
for the Palmqvist crack system

Fig. 6 Comparison of fracture toughness values, measured at 196.13 N and 294.20 N, calculated using equations
for the radial-median crack system

The Weibull modulus m and the scale parameter Kj, are obtained by the linear
regression analysis according to the following equation:

InIn (ﬁ) =mln K;. — min K (12)

From Figs. 7 and 8, one can see that a straight line can be obtained by plotting

Inln (ﬁ) against In Kj.. The slope presents m and the intercept mIn Kjq. As it can be seen

from Table 4 and Figs. 7 and 8, the Weibull parameter m varies from 20.1 (Lankford,
F=196.13 N) to 66.3 (Niihara et al., F=49.03 N). The correlation coefficient varies between
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0.847 and 0.960, depending on the applied model and indentation load. The scale parameter
Ko 1s estimated from the intercept (m In K):

Kico = exp(—=(mInK;co)/m) (13)

Fig. 7 Weibull plot of the fracture toughness at test loads of 29.42 N and 49.03 N: (A) Casellas, (B) Palmqvist,

10

The obtained values of m and K are inserted into equation (11).

15 4 ©29.42 N 15 292N 049.03 N
3 i al o
0.5 1 =) - r £
p: 0.5 : W
& -05 1 & & -0.5 -
=-15 HJE =15 -
% 2.5 4 i,r <>(” y = 24.468x - 48.068 —Z 2.5 v =30.284x - 54.311
-7 ¢ o R2=0.911 - R?=0.9287
-3.5 4 y =47.887x - 88.349 -3.5 - y = 54.802x - 94.513
m) o3 R2=10.9437 e R*=10.9575
"4‘5 T T T L} T -4_5 T T T T T
175 1.80 1.85 1.90 1.95 2.00 2.05 165 1.70 1.75 1.80 1.85 1.90
In K, In K,
25 4 ©2942N 049.03N 25 | ©2942N ©49.03 N
D
1.5 1 > 1.5 o
58
— 0.5 1 — 0.5 4
Q- o~
< 0.5 - 305 -
£ y=30.361x - 56.163 =12 y =29.968x - 50.070
= 25 R?=0.9302 £ .25 4 R =0.9039
AaE y = 55.490x - 98.836 3.5 4 y=66.341x-106.82
_— R? = 0.9602 o R* = 0.9439
-4‘5 1 T T T -4‘5 T L] 1 T L}
1,70 175 180 185 190 1,50 1.55 1.60 1.65 1.70 1.75 1.80
In K, In K,
s VLS LY LU AN
I35 =
' S
— 0.5 -
=8
i -0.5 A
=gl Ty =26.065x-53.85
= 55 R*=0.9386
35 4 y =45344x - 87.933
o R* = 0.9456
4.5

In K},

1.85 1.90 1.95 2.00 2.05 2.10 2.15 2.20

(C) Shetty et al., (D) Niihara et al., (E) Lankford model

TRANSACTIONS OF FAMENA XLI-2 (2017)



Statistical Analysis of Vickers Indentation D. Cori¢, L. Curkovié,

Fracture Toughness of Y-TZP Ceramics M. Maji¢ Renjo
58 A196.13N 0294.20 N 25 | A196.13N 029420 N
A B
1.5 1.5 A
3 a
— 0.5 - — 0.5 1
= Q,
= -0.5 < -0.5 A
Z-1.5 =15
= v =21.074x - 30.464 = v =20.398x - 32.845
= L5 R2=0.8692 = 25 4 R2 = 0.8699
3.5 4 ) y =39.367x - 54.763 35 4 ’ y =38.631x - 59.960
A R*=10.8473 AO R*=10.8505
-45 T T T T T T T -45 T T T T T T T
1.251.30 1.35 1.40 1.45 1.50 1.55 1.60 1.40 1.45 1.50 1.55 1.60 1.65 1.70 1.75
In K, In K,
25 A196.13N £294.20N 25 A196.13N 029420 N
G D
125 A 1.5 A A
_, 0.5 et 4
& A,
T .05 - 205 1
=} 715 y=20.361x-32.041 E-I’S | v = 20.866x - 38.128
£ 25 4 R?=0.8658 = 2.5 R2=0.8691
35 * y=238.718x - 58.679 35 v =39.017x-69.147
A R2=0.8517 A R2=0.8517
-4.5 T T T T T T -4.5 T T T T T T
1.40 1.45 1.50 1.55 1.60 1.65 1.70 1.65 1.70 1.75 1.80 1.85 1.90 1.95
In K, In K,
B A196.13 N ©294.20 N
E
1.5 4 A
= 0.5 7
a,
é-O.S :
3'1-5 7 y =20.077x - 38.791
=5 ; R2=0.8676
3.5 - ‘ vy =37.546x - 70.256
; 5 R*=(.8493
-4.5 :

1.75 1.80 1.85 1.90 1.95 2.00 2.05
In K,

Fig. 8 Weibull plot of the fracture toughness at test loads 196.13 N and 294.20 N: (A) Anstis, (B) Evans and
Charles, (C) Tanaka, (D) Niihara, Morena and Hasselman, (E) Lankford model

Fig. 9 shows a cumulative distribution function for the normalized fracture toughness
according to Casellas, Palmqvist, Shetty et al., Niihara et al. and Lankford determined by the
loads 29.42 N and 49.03 N, whereas Fig. 10 refers to a cumulative distribution function for
the normalized fracture toughness according to Anstis, Evans and Charles, Tanaka, Lankford,
Niihara, Morena and Hasselman calculated by the test loads 196.13 N and 294.20 N. The
fracture toughness values are ranked from the minimum to the maximum value and each
value is assigned a probability of failure (P) based on its ranking i, with i ranging from 1 to n,
where n is the number of measurements of fracture toughness (in this case n = 30). In the

construction of this plot, the thirty measured Kj. data were normalized by their average value
KIC,aV-
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The cumulative probability of failure (P) is calculated using the following
equation [26,29]:

p =% (14)

where i is the rank and # is the total number of data. The shape of the cumulative probability
function is shown in Figs. 9 and 10.

1.0 A * 1.0 1 *
a, A ; . 4 . B .3
- Q }.\ .’
£ 08 - d £08 - §
= i
g £
€ 0.6 - S 0.6
o * o
204 - : 204 -
5]
3 fl =
€02 - €292N £02 - » 2942 N
o o #49.03 N © 3’ #49.03 N
o * .
0.0 T T T T T T 0.0 T T T T T T
0.85 0.90 0.95 1.00 1.05 1.10 1.15 0.85 0.90 0.95 1.00 1.05 1.10 1.15
Fracture toughness, K /K., Fracture toughness, K /K|,
1.0 * 1.0 1 .
& C .’ a. D b 4
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Fig. 9 Cumulative probability function of the fracture toughness at the test loads of 29.42 N and 49.03 N: (A)
Casellas, (B) Palmqvist, (C) Shetty et al., (D) Niihara et al., (E) Lankford model

12 TRANSACTIONS OF FAMENA XLI-2 (2017)



Statistical Analysis of Vickers Indentation D. Cori¢, L. Curkovi¢,

Fracture Toughness of Y-TZP Ceramics M. Maji¢ Renjo
1.0 1 o 1.0 4 L
A A AA £ . B 4 £
S A = A
= 0.8 = 0.8 1
B B
2 2
o 0.6 2 0.6 1
=4 a
i¥] L
2 0.4 - Z 04 4
] [~
= =
E 02 - A196 13N £ 02 1 R A19 13N
6] ‘g‘ ©294.20 N < " 929420 N
A @ A L
0.0 T T T ! ! ' 0.0 T T T T T T
N{|S Nnan Nnos 1nn 1ns 110 115 AOS AN AAZS 1T AA 1T AS 1 1A 1 18
L.V 7 - 1.U 7 -
. C A £ . D A £
E 2 : s
= 0.8 - = 0.8 4
2 3
£ 06 - S 0.6
=8 =8
L L
Z 0.4 - 2 0.4
L] 5]
E =
8 02:- R A19.13N £ 02 - & A196.13N
A ©294.20 N e i ©294.20 N
A A L] A A @
0.0 T T T T T T 0.0 T T T L T T
1.0 1 °® A
e A
o E at
= 08
i)
o
S
S 0.6 -
a
2
= 04 -
=
€ 02 - A196.13N
© L ©29420 N
A ‘.
0.0 T T T T

0.85 0.90 095 1.00 1.05 1.10 1.15
Fracture toughness, K;/K;

cav

Fig. 10 Cumulative probability function of the fracture toughness at the applied load of 196.13 N and 294.20 N:
(A) Anstis, (B) Evans and Charles, (C) Tanaka, (D) Niihara, Morena and Hasselman, (E) Lankford model

TRANSACTIONS OF FAMENA XLI-2 (2017) 13



D. Cori¢, L. Curkovic, Statistical Analysis of Vickers Indentation
M. Maji¢ Renjo Fracture Toughness of Y-TZP Ceramics

Generally, fracture toughness values obtained by the considered models showed a
decrease in the observed fracture toughness when the applied load was increased (Figs. 5 and
6). Depending on the applied load and the mathematical model, the calculated fracture
toughness values of the investigated Y-TZP dental ceramics vary in the range from 4.96 to
7.73 MPa m"”? for the Palmgqvist crack and from 3.96 to 6.72 MPa m"? for the radial-median
crack profile. The lowest fracture toughness value was calculated by the Anstis model under
the load of 294.20 N, while the highest value resulted from the Lankford model under the load
0f29.42 N.

4. Conclusion

The results presented in this paper can be summarized as follows:

— Hardness values of the investigated Y-TZP dental ceramics vary with the applied
indentation load in the low-load regime.

— The fracture toughness values of Y-TZP dental ceramics depend on the applied
indentation load, the morphology of the indentation cracking, as well as on the
model selected for the fracture resistance calculation.

— Y-TZP dental ceramics has exhibited the Palmqvist crack system under lower
indentation loads, i.e. 29.42 N and 49.03 N, which induce shallow Palmqvist
cracks, radially spreading from the vertices of the indentation. This is in agreement
with the obtained value of the c/a ratio, which is less than 2.5. Higher indentation
loads, i.e. 196.13 N and 294.20 N, cause the merging of the cracks into the radial-
median shape, which is in agreement with the obtained values of the c/a ratio
higher than 2.5.

— Two-parameter Weibull distribution has been used successfully to describe the
statistical variability of fracture toughness according to Casellas, Palmqvist, Shetty
et al., Niihara et al., Anstis, Evans and Charles, Tanaka, Lankford, Niihara,
Morena and Hasselman models at different indentation loads. Values of the
Weibull modulus (m) very in the range from 20.4 (Evans and Charles, Tanaka,
F=196.13 N) to 66.3 (Nithara et al. F=49.03 N). Generally, the high values of
Weibull modulus indicate very little data scattering for a particular model and
applied load, as well as the homogeneity of the tested material.
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