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A B S T R A C T   

This work investigated the variation in fracture strength and toughness of stoichiometric lithium disilicate (LS2) 
glass-ceramics as a function of crystal size (d) and crystallized volume fraction (f), with three average crystal 
sizes (8, 13 and 34 µm) and a wide range of crystallized fractions (0–100 %). The fracture strength and toughness 
increased with increasing the crystallized volume fraction. For constant crystallized fraction, KIC increased with 
crystal size, indicating an R-curve behavior. The mean free path between the crystals limits the maximum size of 
the critical defect and is the crucial feature controlling fracture strength. Finally, we verified that the contri-
bution to the toughness of R-curve mechanisms in this glass-ceramic is proportional to (f .d)1/2, which agrees with 
R-curve models for ceramics.   

1. Introduction 

Synthetic inorganic glasses were discovered about 6000 years ago. 
They have been intensively studied in the past decades because of their 
widespread applicability in everyday life and various areas of science 
and technology. While most physicochemical properties of glasses are 
highly positive, their inherent brittleness is not. 

On the other hand, glass-ceramics (GCs) result from the controlled 
crystallization of one or more crystalline phases embedded in a residual 
glassy matrix [1], and generally present mechanical properties superior 
to those of their parent glasses. The greatest advantage of GCs is that 
they enable the large-scale production of materials with complex ge-
ometries (using all the available glass forming techniques) and tight 
microstructural control, thus with optimized mechanical strength, 
temperature resistance, and widely different but controllable thermal, 
chemical, electrical and optical properties [1]. A crucial aspect of GCs is 
that they present unique combinations of properties [2]. 

Stoichiometric lithium disilicate (LS2) is the main model glass- 
ceramic, as the precursor glass nucleates and crystallizes homoge-
neously throughout its volume, even with no nucleating agent. Thus, 
LS2 has been intensively studied [3,4]. Its crystal size (d) and crystal-
lized volume fraction (f) depend on the heat treatment temperature and 
time [2–4]. The best nucleation temperature is well-known for this 

particular system, with the highest nucleation rate occurring at 
~450 ◦C, and measurable crystal growth rates in the range of 430 ◦C to 
the melting temperature [4,5]. 

Some mechanical properties and residual stresses in stoichiometric 
LS2 GCs have already been measured [6,7]. However, these measure-
ments were limited to relatively small crystallized volume fractions, or 
only the elastic modulus and bending strength were reported. Serbena 
et al. [8] comprehensively studied the effect of the crystallized volume 
fraction on toughness for a constant crystal size (13 µm). That study 
suggested that two possible factors impair the flexural strength of 
glass-ceramics: crack propagation in the glass matrix, generated by 
existing residual stresses, and spontaneous crack nucleation around the 
precipitates under loading. More recently, Sabino et. al. [9] analyzed the 
flexural strength of barium disilicate glass-ceramics varying the crys-
tallized volume fraction and crystal size independently. For GCs con-
taining small (5 and 10 µm) uncracked spherulites, the fracture strength 
increased with spherulite volume fraction and depended weakly on the 
mean free path, λ, between crystals. However, for GCs with large 
splintered spherulites (30 and 100 µm), the fracture strength depended 
strongly on λ. Both studies found that KIC increases with increased 
crystallized volume fraction and larger crystal sizes. This is due mainly 
to the crystallization of a tougher phase, with no significant influence of 
the residual thermal stresses. The crystals lead to the formation of 
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bridges that trap the propagating cracks between the crystals. The 
greater the degree of crystallization, and the harder and stronger the 
crystals, the more difficult it is for the crack to penetrate those crystals. 

In this work, we thoroughly investigate the fracture strength and 
toughness of this same glass-ceramic covering crystallized fractions from 
0 % to 100 % by varying the crystal size and the crystallized volume 
fraction (f) independently. The experimental results are discussed as to 
what mechanisms control these properties. 

2. Experimental procedure 

A stoichiometric lithium disilicate (Li2O.2SiO2) glass was prepared 
by mixing 33.3 mol. % of the precursor powders (Li2CO3 - Synth 99.0 %) 
and 66.6 mol. % SiO2 (Vitrovita - Zeta 2–99.5 %) in a rotating poly-
ethylene bottle for 20 min. The batch was melted in an electric furnace 
at 1450 ◦C in a Pt crucible, cast and remelted three times for 2 h in air, 
and finally poured and pressed between solid stainless-steel plates. After 
the melt was cast for the third time, samples with thicknesses between 
2.7 and 3 mm were obtained and annealed at 435 ◦C (20 ◦C below Tg) 
for 180 min and slowly cooled to relieve the residual thermal stresses 
generated during their fabrication. The specimens were cut using a 
diamond saw, polished with silicon carbide paper up to 1200 grit, and 
finished using a colloidal cerium oxide suspension. After polishing, all 
samples were submitted to thermal treatment at 435 ◦C for 2 h, followed 
by slow cooling to relieve the stresses induced by the cutting and pol-
ishing procedures. 

Crystallization was performed using two-stage heat treatments - the 
first for nucleation and the second for crystal growth. These treatments 
were performed in a tubular electric oven with temperature control 
within ±1 ◦C. The nucleation and growth temperatures were 460 and 
538 ◦C, respectively. The nucleation time was varied to obtain different 
crystallized volume fractions, and the growth time was varied to obtain 
crystals with three different average sizes: 8, 13 and 34 µm. The crystals 
have an ellipsoid shape and computed size calculated by the length of 
the longest axis. Crystallized volume fraction and crystal size were 
evaluated by analyzing several optical micrographs. At least 400 crystals 
were observed and measured to ensure reasonable statistical represen-
tation. The crystals revealed themselves after exposure to air for a few 
hours due to the differential effects of moisture on the crystals and the 
residual glass matrix. 

The glass transition temperature, Tg, was measured in pieces of glass 
of ~50 mm in diameter using a differential scanning calorimeter (DSC; 
model LABSYS EVO DTA/DSC), with a heating rate of 10 ◦C/min in the 
temperature range of 23–1100 ºC. The crystalline phases were identified 
using X-ray diffraction (XRD) and a Rigaku Ultima IV X-ray diffrac-
tometer in Bragg-Brentano geometry and θ-θ configuration. The XRD 
diffractograms were obtained using glass powder samples with different 
crystallized volume fractions, with Cu-Kα radiation in the 5◦− 80◦ 2θ 
range with 0.02◦ steps and a scan rate of 2º/min at 21 ◦C. 

The flexural strength was measured using the ball on three balls 
(B3B) technique [10]. The jig consisted of three balls and a fourth ball 
centralized over the sample. The jig was made of stainless steel and 
alumina spheres with 4 mm radius. The samples were 1.2 ± 0.3 mm 
thick discs, with diameter of 12 ± 0.4 mm. All samples were cut from 
the glass, ground, and polished. After that, they were heat treated for the 
desired crystallized volume fraction and crystal size followed by slow 
cooling. Just before being tested, the samples were re-polished in 
aqueous CeO2 suspension on both sides to remove the crystallized sur-
face layer. The load was applied with a displacement rate of 
500 µm/min using a universal mechanical testing machine (AGS-X 5 kN, 
Shimadzu). Three samples were tested for each crystallized volume 
fraction and crystal size. 

The fracture strength (σS) was calculated as [1]: 

σS = f (α′, β, ν) F
t2 (1)  

where F is the applied load at fracture, t is the sample thickness, and f is a 
dimensionless factor that depends on the ratio of the sample thickness to 
the sample radius R, (α′ = t/R), RS to the sample radius, (β = RS/R), and 
the Poisson’s ratio, ν [10]. 

The fracture toughness (KIC) was measured using pre-cracked beam 
specimens in 4-point bending. The separations between the inner and 
outer rollers were 10 and 20 mm, respectively. Samples with the desired 
crystallized volume fraction and crystal size were prepared in the same 
way as those for the fracture strength tests. The sample dimensions were 
2 × 2×25 mm3. The pre-crack was prepared by indenting the surface 
with a 10 N Vickers diamond indenter over its full width, as shown in  
Fig. 1a) The distance between the indentations was 100 μm to produce a 
long and sharp pre-crack running across the whole sample. Fig1b) shows 
an optical micrograph of the fractured surface after the four-point 
bending test. This sample has a crystalline fraction of 24 % and an 
average crystal diameter of 34 µm. 

To relieve the indentation-induced residual stresses, all samples were 
annealed at 435 ◦C for 2 h, followed by slow cooling. Subsequently, the 
four sides of the samples were polished with an aqueous CeO2 suspen-
sion to remove the crystallized crust and then tested. The typical 
relaxation time, τ, at Tg is ~100 s for any oxide glass. From the Maxwell 
relation, τ = η/G, where η and G are the glass viscosity and shear 
modulus, respectively, we can estimate the time for stress relief due to 
viscous flow. Using data from Zanotto and James [11], the estimated 
viscosity for the LS2 glass at 435 ◦C is 5.1 × 1013 Pa.s. The glass shear 
modulus can be estimated from G = E/2(1 + ν). Using the well know 
experimental value of E = 75 GPa and ν = 0.22, G = 30.7 GPa. There-
fore, the estimated relaxation time τ at 435 ◦C is ~30 min; which is 
much shorter than the 2 h experimentally used. 

The load was applied at a displacement rate of 500 µm/min using a 
universal mechanical testing machine (AGS-X 5 kN, Shimadzu). A 
minimum of three samples were tested for each condition. The tests were 
performed at room temperature and relative air humidity of 65 %. 

The fracture toughness was calculated as [12]: 

KIC =
3YF(L − l)

̅̅̅
α

√

2bh3/2(1 − α)3/2, (2)  

where 

Fig. 1. Optical micrograph a) of a series of 10 N Vickers indentations used to 
introduce a pre-crack in the top surface of a 62 % crystallized GC with 13 µm 
crystals. The arrows indicate the radial cracks propagating from the in-
dentations and b) crack front in a fractured surface of a sample with a crys-
talline fraction of 24 % and an average crystal size of 34 µm, after a four-point 
bending test. 
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Y = 1.9887 − 1.326.α − (3.49 − 0.68.α+1.35.α2).α(1 − α)/(1 + α)2 and α 
= a/h, where a is the depth of the pre-crack, h is the sample thickness, b 
is the sample width, F is the load at fracture, and L and l are the upper 
and lower support separations, respectively. The crack lengths were 
measured on the fractured surfaces by optical microscope, OM, 
(Olympus BX53M) after the tests. We also revisited some samples with 
different f fractured in a previous study [8] and observed the crack path 
and its interaction with crystals using OM. Thus, the different tough-
ening mechanisms that operate at different crystallized volume fractions 
could be identified. 

3. Results 

3.1. Nucleation and crystal growth 

Fig. 2(a-c) show the crystals nucleated in samples with 34 %, 32 % 
and 24 % crystallized volume fractions after removal of the crystallized 
surface layer, respectively for the three crystal sizes of this work. The 
crystals are slightly elongated, with long-to-short axis ratios of 2.3, 1.6 
and 1.3 for the 8, 13 and 34 µm crystal sizes, respectively. 

Fig. 3 shows a DSC trace of a small glass piece. The Tg onset is 455 ◦C, 
which is very close to the Tg of other stoichiometric LS2 glasses previ-
ously reported, e.g., [5,13]. One exothermic and one endothermic 
crystallization peak, corresponding to the melting of the crystallized 
glass, are also observed. 

Diffractograms comparing small pieces of three LS2 GC samples are 
shown in Fig. 4: a) shows the typical amorphous background, referring 
to the parent glass sample with no heat treatment; b) and c) show 
crystallization peaks of Li2Si2O5, which has an orthorhombic unit cell of 
the Ccc2 space group. These data also agree with the literature [3,14]. 

3.2. Fracture strength 

Fracture strength measurements using the B3B method were per-
formed with samples having different crystallized volume fractions and 
crystal sizes. The results are shown in Fig. 5. 

For all crystal sizes tested, with a small crystallized fraction, ~4 %, 
the fracture strength for the glass increases 40 %, from 120 to 170 MPa. 
Then it increases continuously but less intensively, with further crys-
tallization, reaching almost 300 MPa for the two smallest crystal sizes, 
and ~200 MPa for the GC with 34 µm crystals. In general, for a constant 
f, the strength for the two smallest crystals is larger than that for the 
largest crystals. The strength curves are quite similar for the 8 and 13 µm 
crystal sizes; however, for the 34 µm crystal size, there is a decrease of 
27 % in relation to the other sizes. 

In a previous work, Serbena et al. [8] measured the fracture strength 
of LS2 GCs in a 4-point bending experiment for a constant average 
crystal size of 12 µm, with f varying from 0 % to 100 %. The strength 

varied from 103 ± 3 MPa for the parent glass to 260 ± 20 MPa for the 
fully crystallized sample. They observed the same trends shown in Fig. 5: 
an abrupt increase in strength as soon as a small crystallized volume 

Fig. 2. Partially crystallized LS2 samples heat treated for (a) 207.5, (b) 35 and (c) 3.5 h at 460 ◦C for crystal nucleation, and for (a) 0.9, (b) 2 and (c) 4.5 h at 538 ◦C 
for crystal growth, corresponding to crystal sizes and crystallized volume fractions of 8 µm - 34 %, 13 µm - 32 % and 34 µm - 24 %, respectively. 

Fig. 3. DSC trace of a small piece of the LS2 glass. The glass transition tem-
perature is 455 ◦C, the crystallization onset occurs at 635 ◦C and the melting 
onset at 1027 ◦C. 

Fig. 4. XRD of a) parent glass, b) sample heat treated for 10 h at 460 ◦C + 4.5 h 
at 538 ◦C corresponding to a crystal size of 34 µm and crystallized volume 
fraction of 80 %, and c) sample heat treated for 127 h at 460 ◦C + 2 h at 538 ◦C 
with a crystal size of 13 µm and crystallized volume fraction of 95 %. 
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fraction formed, with a continuous but less intense increase with further 
crystallization. Fig. 6 shows the comparison of their measurements with 
those of this work for a very similar average crystal size, which shows 
the effect of the experimental technique used to compute the strength 
values. This difference is related to the different effective volumes under 
tensile stress with distinct techniques and sample/crack geometries. 

3.3. Fracture toughness 

Fig. 7 shows KIC as a function of the crystallized volume fraction for 
different crystal sizes. KIC increases with increasing crystallized volu-
metric fraction and grain size, whereas an opposite dependence is 
observed for the fracture strength. KIC was 0.8 ± 0.1 MPa.m1/2 for the 
glass and 3.1 ± 0.2 MPa.m1/2 for the GC with 34 µm crystal size and 
crystallized fraction of 80 %, - a substantial increase of 280 %. There is a 
strong initial increase of KIC for the sample with a crystallized fraction of 
5 % and 34 µm crystal size, reaching 1.5 MPa.m1/2, an increase of 70 % 
over the parent glass. This increase with low f was not observed for glass- 
ceramics with 8 and 34 µm crystals. 

Serbena et al. [8,15] have also measured the KIC for LS2 GCs by the 
double-torsion technique, with an average crystal size of 12 µm for 
crystallized volume fractions varying from 0 % to 100 %. Fig. 8 com-
pares the KIC measured in this work with that of Serbena et al. [8] using a 
different technique. Both measurements show an (approximate) linear 

increase of KIC with increasing f, with differences < 28 %. 

4. Discussion 

4.1. Flexural strength 

In most GCs, the crystals are usually anisotropic and present prop-
erties different from those of the vitreous matrix; hence, during cooling 
to ambient temperature, either tensile or compressive internal residual 
stresses are generated. Mathias [15] measured the thermal expansion 
coefficients (TECs) of the LS2 glass (12.2 ×10− 6 ◦C− 1) and the crystals 
(average = 10.1 ×10− 6 ◦C− 1) [6]. As the average TEC of the crystal is 
smaller than that of the vitreous matrix, the matrix generates 
compression on the crystals. Other factors that contribute to the residual 
stress intensity are the crystal shape anisotropy and the crystallized 
volume fraction. 

We present below a review of some relevant studies on the me-
chanical properties of LS2 GCs. Li et al. [16] studied the effects of crystal 
size on the mechanical properties of LS2 GCs using the 3-point bending 

Fig. 5. Fracture strength as a function of the crystallized volumetric fraction for 
the LS2 GC with different crystal sizes. The lines are only a guide to the eyes. 

Fig. 6. Comparison of the fracture strength of LS2 GCs measured in this work 
by the B3B technique with those of Serbena et al. [8] using 4-point bending for 
similar average crystal sizes of 13 and 12 µm, this work and Serbena et al., 
respectively. The continuous curves are only guides to the eyes. 

Fig. 7. Fracture toughness measured using pre-cracked beam test specimens 
with a sharp straight-through crack in the 4-point bending mode as a function 
of the crystallized volume fraction for different crystal sizes. The lines are only 
guides to the eyes. 

Fig. 8. Comparison of KIC values measured in this work using pre-cracked beam 
test specimens of LS2 GCs with a sharp straight-through crack in the 4-point 
bending mode with those measured by Serbena et al. [8] using the 
double-torsion technique. The results are plotted as a function of the crystal-
lized volume fraction for very similar crystal sizes (12–13 µm). The lines are the 
best linear fits to the experimental data. 
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technique. The crystals had lath-shaped crystals ranging from 0.6 to 
3.3 µm in length. From fractography images, they observed that the 
larger crystals produced rougher fractured surfaces, and clearly exhibit a 
more effective blocking effect on crack propagation than the smaller 
crystals. 

Huang et al. [17] produced a high-strength LS2 GC from a 
SiO2–Li2O-CaO-P2O5-ZrO2 glass. They studied the influence of annealing 
and crystallization temperatures on the microstructure, indentation 
fracture toughness, and 3-point bending strength. They observed that 
increasing the crystallization temperature decreased the flexural 
strength from 440 to 300 MPa, whereas the indentation fracture 
toughness increased from 0.9 to 1.3 MPa.m1/2. This increase was 
explained by the fact that the higher the crystallization temperature, the 
higher the LS2 crystal size. 

Villas-Boas et al. [18] analyzed the effect of residual stress on the 
indentation fracture toughness of LS2 GCs. Their GCs contained crystals 
from 1 to 5 µm and crystallized volume fraction from 52 % to 78 %. The 
GCs were designed so that the TEC of the residual glassy matrix was 
lower, approximately equal, and higher than the average TEC of the LS2 
crystal phase. In this way, the average residual stresses in the crystals 
would (theoretically) be tensile, null, and compressive. However, the 
experimental average residual stresses in the crystals measured by XRD 
were compressive or null (− 100 to ~0) and highly anisotropic. For these 
relatively low residual stress levels, no significant effect on the fracture 
toughness was detected. The GC showing the highest fracture toughness 
had ~5 µm crystals, a high crystallized volume fraction (59 %), and a 
high modulus of elasticity (98 GPa); hence the microstructural effect 
prevailed over the residual stress. 

The flexural loading technique has long been a basic test to deter-
mine the fracture resistance of ceramics and glasses. However, to the 
best of our knowledge, no systematic investigation has been conducted 
on the effects of the crystallized volume fraction on the strength of LS2 
GCs with independent grain size variation. Most previous studies were 
performed with non-stoichiometric LS2 GCs with addition of several 
other elements, and with microstructures consisting mostly of elongated 
crystals of a few micrometers and crystallized fractions ranging from 30 
% to 80 % [14,19,20]. Serbena et. al. [8] investigated the mechanical 
strength of LS2 using 4-point bending and fracture toughness measure-
ments, varying the crystallized volumetric fraction for a constant crystal 
size of 12 µm. The fracture strength increased approximately 40 % for 
the sample with f = 5 % in relation to that of the parent glass, and 2.5 
fold for a fully crystallized sample. 

The simplest model for calculating the residual stresses within the 
crystals and the matrix/crystal interface, in glass-ceramics with spher-
ical isotropic crystals and low crystalline fraction (<15 %), was pro-
posed by Selsing [6,21]. Later on, Mori and Tanaka [22] and Hsueh and 
Becker [23] extended the Selsing’s model and proposed an equation for 
the residual stress considering the crystallized fraction. The residual 
stress in a spherical precipitate (σp) is given by: 

σP =
Δα.ΔT

1
3KC

+ 1
4(1− f)Gg

+ f
3(1− f)Kg

, (3)  

where G is the shear modulus, K is the compressibility modulus, f is the 
crystallized volume fraction, and E is the elastic modulus, and the 
indices g and c refer to the vitreous matrix and the crystal, respectively. 
The elastic moduli of the glass matrix (Eg) and the crystal (EC) are 75 and 
122 GPa, respectively. The Poisson’s ratios for the glass and crystal are 
0.22 and 0.19, respectively [6,15]. If f = 0, Eq. (3) becomes the Sels-
ing’s equation. 

The average residual stress in the glass matrix has the opposite sign 
and is given by the equilibrium conditionfσC + (1 − f)σg = 0. Eq. (3) 
shows that as the crystallized volumetric fraction increases, the mean 
tensile residual stress in the residual glass increases linearly, regardless 
of the crystal size. The opposite occurs for the compressive stress in the 
crystal, which decreases with increasing f. In the glass matrix 

surrounding the crystals, the radial component of the stress is 
compressive whereas the tangential components are tensile. Both decay 
with distance from the crystal interface as 1/r3. It is important to note 
that the thermal residual stresses are affected by the thermal and elastic 
anisotropy and crystal shape. 

There are two possible mechanisms controlling the flexural strength 
of our samples: (i) crack propagation in the glass matrix, which is aided 
by the residual tensile stress but is limited in size due to the limited 
distance between the crystals, and (ii) crack nucleation around the 
crystals induced by the residual and external stresses. 

The first mechanism is associated with the average distance between 
the crystals, which limits the maximum defect size assumed to be in the 
residual glass, which is the phase with the lowest fracture toughness. If 
we assume that the critical defect is a semicircular crack of radius c, the 
relation σS = 0.78KIC.c− 1/2 should hold [24]. Then a good estimator of 
this distance is the mean free path, λ [25]: 

λ =
2d(1 − f )

3f
(4)  

where d is the crystal diameter and c = λ/2. 
Fig. 9 shows the fracture strength variation with λ− 1/2. The relation is 

approximately linear and independent of crystal size up to f = 80 %. This 
result indicates that the distance between the crystals controls the 
maximum defect size, and is independent of crystal size. The crystals 
block the growth of the cracks and limit their size. The inset displays the 
full range of λ− 1/2 variation with samples with crystallized volume 
fractions of 95 % and 98 %, where the fracture strength reaches a con-
stant value. This behavior is likely related to existing defects in the 
crystalline phase, and not to defects in the glass matrix. 

Therefore, the fracture strength is related to the crystal mean free 
path as: 

σS = σg
S +C′.λ− 1/2, (5)  

where σg
S is the fracture strength of the residual glass and Ć is a constant. 

From Eqs. (4) and (5) can be rewritten as: 

σS = σg
S +C.

̅̅̅̅̅̅̅̅̅̅̅
f

1 − f

√

.d− 1/2, (6)  

where C is a constant that depends on the GC fracture toughness, sample 
size and loading conditions. In this way, an explicit dependence of 
fracture strength on f and d− 1/2 is obtained. 

Fig. 9. Fracture strength variation with the mean free path. The highest data 
point is for f = 80 %. The inset shows the variation including the highest 
crystallized volume fractions of 95 % and 98 %. The lines are only a guide to 
the eyes. 
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Fig. 10 shows the simulations of the σS variation with f predicted by 
Eq. (6) with C = 0.35 MPa.m1/2. The dependence on crystal size is 
revealed and the agreement is reasonable. The predicted curves for the 8 
and 34 µm crystal sizes encompass all experimental data. At low f, the 
predicted values are lower than the experimental data, especially for the 
34 µm size crystals. For f between 20 % and 65 %, the agreement is 
reasonable. 

The second possible mechanism of crack nucleation around the 
crystals induced by external and thermal residual stresses was described 
by Green [25]. It refers to a spherical precipitate with an R radius under 
compressive residual stress σP, and an applied remote stress σS. The 
precipitate is surrounded by an annular crack with width a at its inter-
face with the matrix perpendicular to σS. The critical radius RC for 
spontaneous microcracking is: 

RC =
π(Kgc

IC)
2
(α − 1)5

α
[
2σS(α + 1)2

− σP
]2
(α + 2)

, (7)  

where α a geometric factor equal a/R. 
If we consider the maximum possible size of the annular crack as 

equal to the distance to the next precipitate, we can assume a = λ. 
Therefore, combining Eqs. (4) and (7): 

σS =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3π
2

f (f + 2)
(
1 − f 2

)

√

⋅
Kgc

IC̅̅̅

d
√ + σP

9f 2

(f + 2)2, (8)  

where σP is given by Eq. (3). Again, a dependence of σS with d− 1/2 is 
predicted. A plot of σP variation with f for the different crystal sizes is 
shown in Fig. 11. The calculated σP are well above the experimental 
data, indicating that the microcracking mechanism proposed by Green 
does not operate in these LS2 GCs. 

4.2. Fracture toughness 

Observation of the fracture path revealed different toughening 
mechanisms acting in these GCs with different crystallized volume 
fractions, as shown in Fig. 12 (a-f). Crack deflection was always present, 
and its proportion increased with increasing f. Fig. 12(a) shows a crack 
arrested at a crystal, indicating that the crystals, indeed, act as pinning 
sources for crack propagation. At low f values, crack bowing and trap-
ping by crystals were observed at the fracture plane, as displayed in 
Fig. 12(b). For larger f values, e.g., at 32 %, when the percolation 
threshold of the crystallized phase has been reached, crack bridging and 
branching are also observed, as shown in Fig. 12(c). Fig. 12(d) shows 
crack arrest by crystals and crack closure when the crack cuts a crystal. 
The closure can be the result of the higher elastic modulus of the crystals 
and the related compressive residual stresses (within the crystals). These 

residual stresses result from the different thermal expansions of the re-
sidual glass and the crystalline phase and arise during cooling after 
thermal treatment. They were estimated to be − 60 MPa [7] in the 
crystals of low crystallized volume fraction LS2 GCs. At even higher 
crystallized volume fractions, cracks propagate preferentially along the 
elongated glass islands that are under tensile residual stresses, as shown 
in Fig. 12(e). At much higher f values, crack bridging and branching are 
observed once more (Fig. 12(f)). 

We can identify roughly three different regimes as a function of 
increasing crystallized volume fraction for a constant crystal size. The 
boundaries are not rigidly fixed, but there is a smooth transition from 
one regime to another. These mechanisms are described in Fig. 13.  

i. Glass matrix with isolated precipitates (0 < f ≲ 30 %) 
In this case, the crystallized volume fraction is smaller than the 

threshold for crystal percolation. The crystals are isolated and 
surrounded by the glass matrix. As f increases, two or three 
crystals may join to form a larger precipitate. The residual 
stresses are higher in the crystals and decrease as f increases. 
Possible toughening mechanisms include crack deflection, crack 
branching, crack bowing, crack trapping and bridging. A crack 
follows a path according to the highest tensile components of the 
residual stress field in the residual glass and may penetrate the 
crystal depending on theKc

IC/Kg
ICratio. If the crystals are cut by the 

crack during fracture, the crystal fracture toughness contributes 
to the overall Kgc

ICof the GC. Larger crystals may promote spon-
taneous microcracking and crack propagation can be arrested in 
the crystals. The glass contributes the most to theKgc

IC of the GC.  
ii. Two interpenetrating networks - glass and crystals (30 % ≲ f ≲ 70 

%) 
This situation occurs is when f is between the percolation 

thresholds for the crystalline and glass phases. Each phase forms a 
complete interconnected network. The residual stresses in each 
phase are approximately the same but with opposite signs, then 
crack deflection is observed. If the crystal is penetrable by a 
crack, crack bowing may occur. As the glass matrix fraction is 
reduced, there is more crack bridging and trapping. As each phase 
forms an interconnected network, the crack will break both the 
glass and the crystalline phases, increasing the contribution of the 
crystal toughness to the overall toughness of the GC. Thus, a weak 
R-curve behavior is observed. Both residual glass and crystals 
contribute in approximately equal amounts to the overall 
toughness of the GC.  

iii. Crystallized matrix with isolated residual glass elongated islands 
(70 % ≲ f < 100 %): Fig. 10. Fracture strength variation with the crystallized volume fraction and 

the simulated curves according to Eq. (6) with C = 0.35 MPa.m1/2. 

Fig. 11. Variation of fracture strength with crystallized volume fraction as 
predicted by Eq. (8). 
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This case occurs when the crystallized volume fraction, f, is above 
the glass percolation threshold. The microstructure consists of a 
continuous crystalline network with a few glass islands. The glass is 
under higher residual stresses than the crystalline phase. In this case, the 
main toughening mechanisms are crack deflection and crystal bridging. 
The crack path tends to connect glass islands that are under tensile re-
sidual stresses in the case of LS2 GC. The precipitate fracture toughness 
predominantly contributes to the overall Kgc

ICof the GC. A stronger R- 
curve behavior is observed and the largest crystals enhance the R-curve. 
However, larger glass islands may promote cracking in LS2 GCs. 

The main toughening mechanisms as a function of the crystallized 
volume fraction in LS2 GCs for a constant crystal size were discussed in 
detail in [8]. Here, we concentrate on the discussion about the effect of 
varying the crystal size on fracture toughness. 

The model of Faber and Evans [26] considers the twisting and tilting 
of the crack front when it encounters a rigid precipitate. Different mode 
loadings are activated, leading to an increase in fracture toughness. The 
toughness increase depends on the crystallized volume fraction, pre-
cipitate shape, and on the interparticle distance between them, but not 
on precipitate size. 

The model of Bower and Ortiz [27] considers crack bridging and 
trapping by precipitates left behind the crack front. The increase in 

toughness depends on the ro/L ratio, where ro is the radius of the pre-
cipitate and L is the inter-particle distance. However, this ratio is only a 
function of the precipitate volume fraction, and not of the precipitate 
size. Therefore, this mechanism does not contribute to the R-curve 
behavior. 

Another toughening mechanism is when the crack is pinned by the 
precipitates and a higher stress is necessary for the crack to break away 
from them [28]. This model predicts a dependence of KIC on the particle 
size and interparticle distance ratio between the precipitates. As the 
interparticle distance is proportional to the particle size, the increase in 
toughness due to this mechanism does not depend on the particle size. 
Therefore, the three mechanisms described above cannot explain the 
increase in fracture toughness with increasing crystal size. 

Belli et al. [29] used the 3-point bending with eccentric notch 
(3-PBEN) test to investigate the fracture behavior of a pressable and a 
CAD/CAM LS2 glass-ceramic under combined mode-I and mode-II 
loading. The notches were made at a distance, d, from de midspan 
(S=16 mm): d0 = 0 mm, d1 = 1.6 mm, d2 = 3.2 mm, d3 = 4.8 mm, or d4 
= 6.4 mm, considering the phase angle, ψ , ranging from 0◦ for 
pure-mode I loading (d=0 mm) to 45◦ for KI=KII. The 3-PBEN test was 
useful for evaluating the mixed-mode fracture toughness of materials 
with up to 45◦ phase angle. Cracks encountering crystallites at 90◦ also 
deflected because of (i) higher fracture toughness of crystallites and (ii) 

Fig. 12. Optical micrographs showing crack 
toughening mechanisms, indicated by arrows, 
in LS2 GCs with different crystallized volume 
fractions: a) crack deflection (d) and crack ar-
rest (a) at a crystal (f = 13 %); b) crack trapping 
and bowing (t) in the fracture surface (f = 13 
%); c) crack bridging (bd) and crack branching 
(br) (f = 32 %); d) crack closure (cc) in the 
crystal and crack arrest (a) at the precipitate (f 
= 32 %); e) crack path following mostly the 
elongated glass islands (g) that is under tensile 
residual stresses (f = 79 %); f) crack deflection, 
crack bridging (bd), and crack branching (br) (f 
= 91 %). Crystals are lighter and the glass 
matrix is darker. Scale bars: 20 µm.   
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residual tensile stresses in the glass. 
The increase of the fracture toughness with crystallized volume 

fraction observed in Fig. 7 is almost linear for the three crystal sizes. 
Assuming a simple rule of a mixture involving the work performed per 
unit area for fracturing the residual glass and the precipitates leads to: 

Kgc
IC = Kglass

IC

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Egc

Eglass
+ f

(
Egc

Ecrystal

(
Kcrystal

IC

Kglass
IC

)2

−
Egc

Eglass

)
√
√
√
√ (9)  

where KIC and E are the fracture toughness and elastic modulus of each 
phase. The subscripts indicate glass (g), crystal and glass-ceramic (gc) 
[8]. This relation indicates a linear relation between Kgc

IC and f because 
Egc depends also linearly with f. Therefore, the main toughening mech-
anism in these LS2 GCs is the crystallization of a tougher crystalline 
phase. The linear dependence arises from the increase of the surface area 
fractured of the crystalline phase and the increased elastic modulus of 
the glass-ceramic. 

4.2.1. R-Curve behavior 
Fig. 7 shows that KIC increases with increasing crystal size. This is the 

main sign of R-curve behavior when elastic energy is dissipated as the 
crack propagates [30,31]. Crack bridges are observed in LS2 GCs, as 
shown in Fig. 12(c) and (f). The R-curve depends on crack size, crack and 
sample geometries, as well as on the type of test used. R-curve behavior 
has been studied extensively in ceramics, such as alumina [32,33] 
however, studies on the R-curve in GCs are scarce. 

For instance, Vekinis et al. [33] studied the R-curve behavior of 
alumina. They derived expressions for three factors that affect the 
R-curve. The first is the stored elastic energy of the unbroken ligaments 
between the crack faces up to fracture. The increase in toughness due to 
this mechanism is: 

ΔK = σS

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
f .d

18(1 − ν2)

√

. (10) 

The second is the energy dissipated as a result of the friction of the 
crystal that bridges the crack faces. In this case, the increase in tough-
ness is given by: 

ΔK =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
μE

2(1 − ν2)
σP.f .d

√

, (11)  

where μ is the friction coefficient of the grain and σP is the average stress 
that one crystal or the glass matrix exerts on the faces of the bridging 
crystal. It can be considered as the average thermal residual stress. 

The third mechanism is the rotation of the crystal that bridges the 
crack faces during fracture, causing microcracking and friction. The 
increase in fracture toughness is: 

ΔK =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
μE

4(1 − ν2)
σS.f .d

√

. (12) 

In that study, the second and third mechanisms were the most 
important for the R-curve of alumina. As shown in Fig. 12, all three 
mechanisms are observed in LS2 GCs. 

All mechanisms predict a dependence on the increase of KIC due to R- 
curve proportional to 

̅̅̅̅̅̅
f .d

√
. To test this dependence, we replotted the 

data of Fig. 7 as Fig. 14(a) by grouping the data with constant crystal-
lized volume fraction and displaying the variation of KIC with d1/2. The 
lines are the best linear fit by the least squares method. As f increases, 
the angular coefficient of the lines determined by linear regression, m, 
increases. According to Eqs. (9)–(11), this increase should be propor-
tional to f1/2 for a constant d. Fig. 14(b) displays the variation of m with f 
in log scale. The line is the best linear fit and the calculated inclination is 

Fig. 13. Toughening mechanisms observed in LS2 GCs with increasing the crystallized volume fraction.  
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0.5 ± 0.1. This is the value predicted by the Eqs. (9)–(11). 
Materials exhibiting R-curve behavior are characterized by an in-

crease in fracture toughness as the crack starts to grow, until a fully 
developed and stable bridging zone is established behind the crack and 
the fracture toughness reaches a constant value. In LS2 GCs, the length 
of the stable bridging zone is ~70 µm [34]. Evidence of lower fracture 
toughness for dental LS2-based GCs with submicron crystals was also 
reported. Recently, Lubauer et al. [35] investigated the R-curve 
behavior of three commercial LS2 dental materials. They used an indi-
rect approach based on the relationship between strength and initial 
crack size obtained from quasi-static fracture toughness tests, using the 
4-point bending technique with pre-cracks of different sizes produced by 
Knoop indentations. To obtain the values of the intensity factor of the 
onset of stable crack extension, KI,0, they used a microcantilever spec-
imen with a sharp notch produced by focused-ion-beam milling. They 
observed that crystalline fraction, crystals with higher aspect ratios, and 
crystal orientation perpendicular to the direction of crack propagation 
result in stronger R-curves. 

The strong increase in KIC for the GC with 34 µm at low f, which is not 
observed for the 8 and 13 µm crystals, is an indication of R-curve 
behavior present for larger precipitates and low volume fractions. 

Finally, Sabino et al. [9] also obtained higher KIC values for larger 
crystal sizes and crystallized volumetric fraction in BaO.2SiO2 GCs, 
indicating that the R-curve might be present in many GC systems. The 
increase of KIC al low f for the larger crystal. This finding warrants 
further investigation. 

5. Summary and conclusions 

To the best of our knowledge, this is the first study that characterized 
the mechanical properties of LS2 GCs varying the crystallized fraction 
and the grain size independently. Crystallization significantly increases 
both the fracture toughness and strength of these GCs. For a given vol-
ume fraction transformed, increasing crystal size increases the fracture 
toughness, but decreases the strength. Changing the average crystal size 
from 8 to 34 µm for a fully crystallized sample results in an increase of 
45 % in the fracture toughness and a decrease of 23 % in strength. This is 
indicative of R-curve behavior. 

The mechanical strength is controlled by critical flaws in the glass 
matrix, whose size is controlled by the crystal mean free path. A linear 
dependence of KIC with f is observed, hence the main toughening 
mechanism in these LS2 GCs is the crystallization of a tougher crystalline 
phase. The contribution of R-curve mechanisms to the toughness in-
crease is proportional to (f .d)1/2, which agrees with R-curve models for 
ceramics. 

These results shed light on some crucial features that are useful for 
the design of strong and tough GCs. 
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