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INVESTIGATION OF INDENTATION FRACTURE TOUGHNESS (K,c) AND WEIBULL PARAMETERS
OF 0.25L.i,0.2Si0,-0.75Ba0.2Si0, GLASS-CERAMIC

In the present study, mechanical properties of 0.25Li,0.2S10,-0.75Ba0.2Si0O, glass-ceramic were investigated. The trans-
formations‘ temperatures were determined by DTA instrument. The optimum nucleation temperature was found to be 540°C.
This suggested the crystallization temperatures as 675, 720 and 800°C. After carrying out crystallization heat treatments, Vickers
indentation test was applied. In order to determine the indentation fracture toughness (K|¢), crack half-length ,c of the samples was
measured. To calculate K¢, Young’s modulus, E and the measured hardness, H, were used. Using K|c and probability of fracture
,P*, InIn[1/(1 — P)] — In K|c graph was drawn based on the Weibull distribution equation. Consequently, Weibull modulus, ,m‘ and
scale parameter, ,K,* were determined and compared with each other.
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1. Introduction

Fracture of ceramics in general starts from flaws, which are
spread throughout. The higher the load, the larger the probabil-
ity of the failure. Also, the failure probability changes with the
sample size. According to Griffith/Irwin equation, when stress
intensity factor K =s.Y(p.a) "> exceeds the fracture toughness,
K\c one can estimate the formation of critical flaws. This equation
shows the relationship between the flaw size and critical load [1].
Weibull modulus (m) is widely used to evaluate the structural
reliability of the material. The higher the Weibull modulus, the
higher the structural reliability [2]. For technical ceramics, the
value of the Weibull modulus is between 5 and 20 [3].

The probability of failure changes with distribution of the
weak stress regions. Over these weak stress regions, the crack
starts and propagates. These regions are related to the fracture
toughness of the material. Thus the Weibull statistics and frac-
ture toughness are closely related [4]. Ceramics in general,
possess higher hardnesses than metallic materials. However,
they indicate poor toughness and low strength reliability. Low
Weibull moduli show highly variable crack length in the mate-
rial exhibiting broad strength distribution [5]. If the type of the
distribution function is known, the number of experiments can be
reduced, because only a few parameters and not the distribution
function in each detail must be determined. In the case of the
Gaussian and Poisson distributions, the parameters are the mean

value and the standard deviation. For the Weibull distribution,
the parameters are the characteristic strength and the Weibull
modulus [6].

In the present paper, it was attempted to characterize a novel
glass-ceramic composition. Main properties such as Vickers mi-
crohardness and indentation fracture toughness were examined.
In addition, structural reliability of the samples was evaluated
using Weibull parameters derived from the experimental results.

2. Experimental procedure

The details of the preparation of 0.25Li,0.2Si0,-0.75Ba0.2
Si0, glass-ceramic were given elsewhere [7]. Glasses were heat
treated initially at 540°C / 3h, secondly at 675, 720 or 800°C
for 1 h. After surface finishing, the microstructural evolution of
the crystallized samples were examined by Scanning Electron
Microscope (SEM) equipped with EDS (Energy Dispersive
Spectroscopy) analyzer. In order to determine the phase transfor-
mation peaks, Differential Thermal Analysis (DTA) was applied
using Netzsch STA 409 CD. Schimadzu Vickers indenter was
used to perform indentations during 30 s under 0.2 kg for mi-
crohardness and 0.5-1 kg for fracture toughness measurements,
respectively. Following the tests, symmetrical indentations and
cracks were observed and the crack lengths were measured using
optical system attached in Vickers tester.
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3. Results and discussion

The optimum nucleation temperature of 0.25Li,0.2S10,-
0.75Ba0.2Si0, glass was determined by Marotta method [8].
According to this method and DTA, glasses were nucleated
above the glass transition temperature, Ty were obtained and
compared to that of as-cast glass. In Fig. 1, DTA curves of nu-
cleated glasses at 490-550°C for 1h were shown including the
crystallization temperatures. Fig. 2 indicates a typical Marotta
curve in which the crystallization temperature change is shown
versus nucleation temperature. According to Fig. 1, for the glass
nucleated at 540°C for 1h, the crystallization peak corresponds to
exothermic reaction at 712°C, which is the lowest among other
nucleated glasses. The endothermic reactions seen in the DTA
curves, approximately at 980°C, can be related to the melting of
this composition following nucleation at different temperatures.

Fig. 3, 4 and 5 show SEM images of the crystallized sam-
ples at 675, 720 and 800°C, together with the SEM images and
corresponding EDS analysis results were given. All the SEM
images show a dual crystallite phases in the microstructures.
These phases were observed as white and dark regions using
BSE (Back Scattering Electron Analysis). Fig. 3 indicates a low
magnification image of the sample crystallized at 675°C for 1 h.
Aslight radial symmetry can be observed at this magnification. At
higher magnification, two distinct phases were present. The same
radial crystal growth was also observed by Zheng et al. when
crystallization temperature was around 600°C, which is similar to
the present study [9]. EDS analysis performed at points 1 and 2
indicated low and high Ba element content, respectively showing
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Fig. 1. DTA analysis of nucleated glasses for 0.25Li,0.2Si0,-
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Fig. 4. (a-b) SEM images and (c-d) EDS analysis of the samples heat treated at 720°C
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that dark phase is Li,0.2Si0, (lithium disilicate) and white one is
Ba0.2Si0, (barium disilicate) since Li element is not detectable
in the EDS analysis. All EDS analysis showed a high content
of Si, indicating SiO, as the main ingredient of this glass. After
heat treatment at 720°C for 1 h, Li,0.2Si0, phase grew to form
elongated morphology whereas white BaO.2Si10, phase formed
fibers inside the matrix. Also in Wang et al.s study the crystal-
lization temperatures as low as 702 and 748°C were applied
and long Li,0.2Si0, crystals were obtained [10]. In contrast to
Holand et al.‘s study [11] where no Li,0.2Si0, crystals formed in
arange of 590-750°C, the present study showed that after 720°C
Li,0.2Si0; crystals were present. Lithium disilicate crystals had
an elongated shape in c-axis with aspect ratios from 2 to 6 in the
study of Cramer et al. [12] EDS analysis results corresponding
to the samples heat treated at 720°C, confirmed that two distinct
phases belong to Li,0.2510, and Ba0.2Si0, phases. After heat
treatment at the highest crystallization temperature,i.e 800°C,
the microstructure became finer and a complete mixture of both
phases was achieved as shown in Fig. 5. The microstructure after
800°C is similar to that in Apel et al.'s study [13]. In that study, the
crystallization temperature was comparable to that in the present
study and the microstructure is composed of flakes at very high
magnification. These flakes seem finer at low magnification
in the present study [13]. Wen et al. applied a crystallization
temperature of 800°C and the resultant microstructure at high
magnification is similar to that in the present study [14]. Also
in Zheng et al.‘s study after a crystallization heat treatment at
810°C, fine microstructure was obtained [9]. According to Go-
harian et al. in the glass matrix P,Oj5 reacts with Li,O in Li-rich
regions and then forms Li;PO4 which precipitates in Li;PO4 and
Li,Si,05 forms consuming Li,SiO; [15].

EDS analysis corresponding to samples heat treated at
800°C, indicated the presence of Ba element, which is similar
to each other. The result of EDS analysis confirmed Goharian
et al.s study [15], that the nucleating agent, P,Os used in this
study, was completely diffused in the Li,0.2Si0, phase as shown
in Fig. 5c and Fig. 5d. The crystal morphology of Li,0.2Si0O,
phase observed by several researchers was given in Table 1.

The crystallization temperatures determined previously,
were applied to some of the nucleated samples. After exposure at
the optimum nucleation parameters (540°C / 1 h), samples were
heat treated at 675, 720 and 800°C for a standard duration of 1 h.
Between 675 and 720°C, there was no significant increase in the
Vickers hardness. However, heat treatment at 800°C for 1 h, re-
sulted in a highest hardness of 1053.8 Hv (10.3 GPa) as in Fig. 6a.

The composition examined in the present study contains
25% of lithium disilicate phase. Thus the mechanical results
were compared with lithium disilicate glasses and glass-ceramics
given in the literature. According to Tulyaganov et. al, the
microhardness results obtained in lithium disilicate were 5.24
and 5.34 GPa [16], which are slightly lower than the average
result and half of the highest result of this study. However, after
isothermal heat treatments Huang et. al measured 7.83, 7.24 and
6.39 GPa for the hardness of samples with 60.7, 64.9 and 61.7%
of crystallinity respectively [17]. In another study, microhard-
ness of lithium disilicate ceramics was found to be 5.8 GPa
[18]. Being the highest (1053.8 Hv) when compared with the
literature microhardness values, H, obtained for 0.25Li,0.2Si0,-
0.75Ba0.28Si0, glass showed a large scatter.

Indentation load, P was given as 0.5 kg. Fracture toughness
of each nucleated and/or crystallized sample was calculated
using mean Vickers hardness (average of 15 indentations) for

TABLE 1
Crystal morphology of Li,Si,05 in several literature studies
Reference Heat Treatment Grain size Li,Si,O5 Grain morphology
Apel et al. 500°C/10 min+650°C/20 min+850°C/10 min 0.1-1 pm Needle-like and a flake-like morphology
[20] 500°C/10 min+700°C/20 min+850°C/10 min 3 um longish rather than round
We[nz T; al. ngf;ﬁ?;(;i;el:elgg:giz:;:'9708- (?—0854 OCO C 0.1-0.5 pym Transformation from rod-shaped to needle-like
620°C/3 h+870°C/2 h
ZheFlgg]bt al. g;gogg lﬁizzgogg E 2-5 pm in length Elongated and interlocking crystals
600°C/3 h+810°C/2 h
Wane et al 774 0820CC//11 11;88340%, Cc//llﬁl The rod-like crystals; Following the increase of P,Os content,
[%7] ) 674°C/1 h+820°C/1 h 1-3 um, with P,O5 content, rod-like crystals forming an interlocking
636°C/1 ht 810°C/1 h grain size 1 pm in length | microstructure transformed to spherical shape
Holand 1 5 0o0/10 min + 740°C/20 min + 850°C/10 min 2 pm in length Plate-like lithium disilicate crystals,
etal. [18] interlocking microstructure
Goharian | Following 450°C for 1h to relieve internal stress, N/A The interlocking and needle-shaped crystals
et al. [22] heat treatments at 610°C and 780°C homogeneously embedded in the glass matrix
Present 540°C/1 h. + 675°C/1 h Fine microstructure with Changing from radial symmetry, firstly to
stud 540°C/1 h. +720°C/1 h slight radial morphology- elongated morphology then finally to fine
uay 540°C/1 h. + 800°C/1 h crystals 10 pm in length microstructure
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Fig. 6. (a) Vickers indentation data versus crystallization temperature, (b) Indentation fracture toughness versus crystallization temperature

each of them. As an example, for optimum nucleation parameter
(540°C / 1h), mean Vickers hardness was measured as 532 Hv
(5.2 GPa) and this value was used for the calculation of fracture
toughness for this particular sample.

In a study on the lithium disilicate glass-ceramic, K¢
values were found to be 2.3 and 2.7 MPa.m'? [14]. Although
the microhardness found in this study is similar to those in the
present research, K¢ is determined, which is possibly due to
low degree of crystallinity of the samples. Since the optimum
nucleation temperature was determined to be 540°C, it should be
expected that a great amount of crystal nuclei is formed inside
the droplets, which in turn increased the indentation fracture
toughness. In Fig. 6b, fracture toughness versus crystallization
temperatures was given. The highest value was obtained to be
2.4 MPa.m"”? for the sample prepared by two stage heat treatment
of 540°C / 1h +720°C / 1h.

Table 2 shows the crack half-length data after indentation
under a load of 0.5 kg. The initial crack half-length after the
crystallization treatment at 675°C for 1h, was determined to be
35.91 mm. After crystallizing at 800°C, the highest crystalliza-
tion point, the crack half-length became 23.5 mm.

TABLE 2
Crack half-length data for various crystallization temperatures
Crack half length, ¢

Tc (°C) Standard Coefficient of

Mean (mm) . o
deviation (mm) variation

675 3591 5.5 0.63
720 26.24 4.8 0.06
800 23.50 4.8 0.29

The former was sorted from minimum to maximum and for
each value, a cumulative probability of occurrence was attributed
as P described in Gong and Chen‘s study [19] by Eq. (1).

P 1-0.5

TE (1

where N = 15 is the number of indentations. P was expressed as
a function of K¢ as in Eq. (2) as in Fig. 7.
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Fig. 7. Weibull plots for indentation fracture toughness data

According to Gong et al.‘s study on soda-lime glass, which
is also an alkaline-alkaline earth glass, a Weibull modulus of 14.8
was determined [19] which is very consistent with m value for
the sample nucleated at 540°C as in Table 3. Kaur et. al has also
made studies on lanthanum borosilicate glasses and determined
Weibull moduli between 11.93-18.53 [20], which are close to
those of the present research for which m values of 5 to 20 are
claimed in literature for technical ceramics [5]. Low Weibull
modulus exhibits low reliability consequently, fracture tough-
ness is broadly distributed. The scale parameter in this research,
K, was calculated to be between 0.13-1.02 MPa.m”, which is
similar to those in Kaur et als study [20].

TABLE 3
Weibull parameters for various crystallization temperatures
Tc (°C) m Ko (MPa.m?)
675 4.8 0.46
720 4.1 0.97
800 3.8 0.92
4. Conclusion

The optimum nucleation temperature was determined by
DTA analysis to be 540°C. The heat treatment at 540°C led
to a maximum decrease in the crystallization temperature, i.e
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712°C. SEM results supported with EDS analysis showed that
the microstructure consists of two distinct phases, Li,0.2Si0,
and Ba0.2Si0,. Maximum H,, value obtained in this study was
1053.8 Hv (10.3 GPa). The highest value of indentation fracture
toughness was obtained to be 2.4 MPa.m'!? for the sample pre-
pared by two stage heat treatment of 540°C / 1h +720°C /1 h.
Weibull modulus, m had a value of approximately 4, which is
consistent with literature studies. It was also concluded that as
the hardness increased with optimum conditions, the Weibull
moduli decreased with a large scatter in fracture toughness as
expected.
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