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An attractive characteristic of the Li2O-CaO-SiO2 glass-forming system is the possibility of obtaining
internally nucleated crystal phases e CaSiO3 and Li2SiO3 e having elongated morphologies that can
potentially lead to tough glass-ceramics. Another great advantage of this system is that it does not need a
nucleating agent to crystallize internally. In this research work, three glasses with systematic compositional variations within the range of 30e50 mol% CaSiO3/70-50 mol% Li2SiO3 were prepared, heattreated and their microstructures and mechanical properties evaluated. Heating cycles were applied in
two-stage treatments. The temperatures were selected based on previous DSC analyses. The crystallized
samples were characterized by XRD and SEM to examine the nature, size and morphology of their
crystals. The effect of microstructure on the Vickers hardness (Hv) and indentation fracture toughness
(Kc) of the glass-ceramics was determined. Elastic modulus (E), biaxial strength (sm) and fracture
toughness (KDTIC) were determined from nanoindentation, ball-on-three-balls and double torsion tests,
respectively. The level of internal residual stresses was evaluated by X-rays diffraction. The best mechanical properties were exhibited by a composition containing 44 mol% CaSiO3 heat-treated at 498  C
for 24 h for nucleation and at 700  C for 2 h for crystal growth. This composition resulted in a glassceramic with the following microstructural features and properties: average Li2SiO3 (LS) crystal size of
8.5 mm, wollastonite (CS) phase surrounding the LS crystals with approximately 50% LS crystallized
volume fraction, KDTIC ¼ 2.3 ± 0.5 MPa m1/2, sm ¼ 270 ± 20 MPa, HV ¼ 8.4 ± 0.7 GPa and E ¼ 146 ± 8 GPa.
These are exciting mechanical properties for glass-ceramics intended for load bearing applications.
© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Glass-ceramics are polycrystalline materials produced through
the controlled internal crystallization of certain glasses, and contain
one or more crystalline phases embedded in a residual glass phase.
These materials are obtained by subjecting the parent glass to
controlled heat treatments that favor internal nucleation followed
by crystal growth [1]. The advantages of glass-ceramics over sintered ceramics is their negligible or even zero porosity, easier
microstructural design and control, greater uniformity, possibility
of rapidly producing complex shapes using fast glass-forming
techniques, and reproducibility [2]. The chemical composition inﬂuences their glass forming ability, their ability for nucleus
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formation and growth, and the nature of their crystal phase, while
the microstructure is a key factor for most properties [3].
With respect to mechanical properties, the performance of
glasses is usually inferior to that of ceramics. However, this disadvantage is overcome by the possibility of designing and producing
pore-free glass-ceramic microstructures that enable the development of new materials with unusual combinations of properties.
Therefore, the study of the crystallization behavior of glass-forming
systems and the evaluation of their properties epitomize a signiﬁcant ﬁeld in glass technology for developing new materials and
products [4]. As a matter of fact, a recent study by Mauro and
Zanotto [5] demonstrated that the most frequent keyword in the
past 200 years of glass research history is “crystallization”!
Surprisingly few studies about Li2O-CaO-SiO2 glasses have been
published so far, despite the possibility of obtaining glass-ceramics
displaying high strength and toughness. Previous works on this
system include the identiﬁcation of the crystalline phases and a
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study of the ternary and pseudo-binary diagrams (Fig. 1) by A.R.
West [6], a study of some properties and the inﬂuence of liquid
phase separation, by J.E. Shelby and S.R. Shelby [7], and a study of
the inﬂuence of the addition of certain components, such as MgO,
SrO, Al2O3 and ZnO, on the properties of glass-ceramics, by S. M.
Salman et al. [8e10].
More recently, some of us studied the kinetics of nucleation and
crystallization of non-stoichiometric glasses of the Li2SiO3 e CaSiO3
system [11]. Compositions containing 35, 47, 50, 60 and 66 mol% of
CaSiO3 were analyzed to determine their nucleation rates, crystal
growth rates, crystal shape and size. Glasses containing 35 mol% of
CaSiO3 showed the highest nucleation rates among the studied
compositions, whereas the nucleation rates decreased as the molar
content of CaSiO3 increased. In the second part of the paper [12],
the same authors described the inﬂuence of the residual liquid
composition on the crystallization process. They found that,
because Ca ions are less mobile than Li ions, wollastonite crystallization is delayed compared to that of the lithium metasilicate
phase in glasses of the LS-CS system. Consequently, only the formation of LS is observed in the initial stages of crystallization. This
shifts the composition of the residual melt towards calcium metasilicate until the latter reaches the composition corresponding to
the metastable liquidus temperature. LS crystals remain in equilibrium with the residual melt until CS crystals form by heterogeneous nucleation and growth, which again leads to changes in the
composition of the residual liquid and the resumption of LS crystallization, until the material eventually crystallizes completely.
In this work, we study the microstructural development of Li2O
e CaO e SiO2 glasses in response to heat treatments aimed at
obtaining glass-ceramics containing elongated CaO$SiO2 (wollastonite) or Li2O$SiO2 crystals inside the glass, without using nucleating agents. Calcium silicate glasses are known to have low
nucleation rates and to undergo mostly surface crystallization [13].
On the other hand, pure lithium metasilicate (LS) glasses show
extremely high nucleation rates (1025 m3 s1, according to the
estimations by Fokin et al. [11]), which are comparable to values
reported for some metallic alloys. In the current LS - CS glasses,
lithium metasilicate nuclei form spontaneously in response to
appropriate heat treatment, and remain embedded in the residual

glassy matrix with a composition approaching that of wollastonite
during the growth of LS crystals [11,12]. Upon further heat treatment, the CaO-rich glassy matrix crystallizes around the lithium
metasilicate crystals or at the LS/melt interphase, inducing internal
crystallization of wollastonite. Therefore, both LS and CS crystals
are formed inside the glass.
That being said, the core goal of this article is to explore the
possibility of developing new CS-LS glass-ceramics with controlled
microstructures, using the high spontaneous nucleation rates of
lithium metasilicate to obtain a material with outstanding mechanical properties, such as high toughness, KIC, and elastic
modulus, E, due to the good mechanical properties of both
wollastonite and LS.
2. Experimental
Compositions from 30 to 50 mol% of CaSiO3 (the remainder
consisting of Li2SiO3) were studied, more speciﬁcally formulations
containing 32, 44 and 47 mol% of CaSiO3 (47 mol% CaSiO3 being the
eutectic, according to Fig. 1). These compositions are hereinafter
referred to as B32, B44 and B47, respectively. We chose to work
within this compositional range because we believed it could
generate crystallized samples with adequate combinations of the
two crystal phases having good mechanical properties, while
simultaneously maintaining reasonable internal nucleation rates
without using a nucleating agent. This idea was based on our previous fundamental studies on the crystallization mechanism and
kinetics of this system [11,12].
Calcium carbonate (98%, J. T. Baker), lithium carbonate (99%,
Synth) and fumed silica (99.8%, Sigma-Aldrich) were weighed,
mixed, deposited in an alumina crucible and subjected to a preheat
treatment (800  C for 20 h) to facilitate the release of carbon dioxide. The weights before and after the pretreatment were monitored. The mixed reagents were then fused in a platinum crucible at
about 1400  C, poured 3 times and remelted to promote homogenization, cast onto a ﬂat steel plate and annealed at a temperature
60  C below the Tg of each glass for 3e6 h.
Monolithic samples weighing about 20 mg were analyzed by
DSC (differential scanning calorimetry, NETZSCH 404) at a heating

Fig. 1. Phase equilibrium diagram of the binary Li2SiO3 e CaSiO3 system. The lines were taken from Ref. [6]; the data points were estimated from DSC curves in Ref. [11].
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rate q ¼ 10  C/min up to 1100  C to determine the glass transition
temperature (Tg), the temperatures of the crystallization peaks (Tc),
etc.
The samples were then heat-treated in a homemade horizontal
electrical furnace. The treatments were designed according to the
DSC data, and the temperatures were monitored with previously
calibrated chromel-alumel thermocouples. The furnace temperatures were within approximately 1  C of the chosen pre-set
temperatures.
After the heat treatments, the microstructures of the glassceramic samples were analyzed. Specimens were polished and
analyzed in a Leica DMRX optical microscope using a 50e100
zoom. Samples exhibiting good mechanical properties and/or unusual mechanical behavior or microstructures were also analyzed
by SEM (scanning electron microscopy) and by EDS (energydispersive x-ray spectroscopy) to obtain information about the
distribution of the chemical constituents in different regions and
thus gain a deeper understanding of their microstructures.
Topography images of the fracture surfaces of the sample with the
best mechanical properties were obtained using the Extended
Depth of Field technique in a Nikon Eclipse LV100N POL
microscope.
Samples crystallized at different temperatures were milled,
reduced to 22 mm in size, and analyzed by X-ray diffraction (Ultima
IV, Rigaku) in the following conditions: step-scan mode, 0.02ostep,
1 s counting time per step, and CuKa radiation (lCu ¼ 1.5418 Å).
The distribution of phases (wollastonite, lithium metasilicate and
residual glass) was estimated mainly based on image contrast, using
Fiji software, since the lithium metasilicate crystals were easily
distinguishable from the matrix. Analyses of the XRD patterns (peak
height and area ratio between peaks and baseline) were also done as
a complementary method and reasonable results were found.
The samples' hardness and indentation fracture toughness (KC)
were determined by means of Vickers indentation tests. All the
samples were tested in a Future-Tech F7 hardness tester, applying a
load of 5N and 15 s of dwell time, using a Vickers diamond indenter.
We used this approximate method to estimate Kc as a fast way to
select the best candidate compositions and heat treatment conditions for the mechanical properties. Vickers hardness, HV, was
determined by Eq. (1) and the indentation fracture toughness, KC,
was determined by Eq. (2), as suggested by Niihara et al. [14], for
Palmqvist type cracks:


HV ¼ 1:854

Kc ¼ 0:035
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and fracture toughness, KDTIC, respectively.
The mechanical strength of B44 samples were measured by the
ball-on-three-balls tests [16]. The apparatus consists of 3 alumina
spheres with 8 mm diameter under the sample within a certain
distance so that each one touches the others. Another alumina
sphere of the same size is centered on top of the sample. The tests
were conducted in a 5 kN AGS-X Shimadzu universal mechanical
testing machine with a compression rate of 500 mm/min at 23  C
and 72% relative humidity. Five disk samples with 13 mm diameter
and approximately 1.3 mm thick were prepared by grinding the
glass-ceramic samples using SiC slurry followed by ﬁnal polishing
with a solution of water and CeO2. Before testing, all samples were
annealed at 50  C below Tg for 2 h and slowly cooled for residual
stress relief. The mechanical strength was calculated according to
the equation of ref. [16] assuming a Poisson's ratio of 0.23.
For KDTIC measurement, ﬁve 15  30  1.5 mm3 samples were
subjected to heat treatment for crystallization and then carefully
polished. The samples were annealed at a temperature 50  C below
their Tg for 2 h, after which a 10 mm long by 0.4 mm wide notch was
created in the samples, using a diamond disk. After notching, a new
annealing treatment (again 50  C below Tg for 2 h) was applied to
alleviate any stresses introduced by the cutting operation and thus
ensure the sample would fracture correctly. A detailed description
of the experimental apparatus used here is given in Ref. [17]. The
tests were performed in a universal testing machine (Shimadzu
AGS-X 5kN). The KDTIC was determined as described in Refs. [18,19]:


KDTIC ¼ PSm

1=2
3
;
St 4 ð1  vÞj

(3)

(1)

(2)

where p is the applied load, d is the average diagonal indentation, l
is the crack length, a is the distance corresponding to half the
impression produced by the indenter, E is the elastic modulus, and
F is the restriction factor (y 3).
Instrumented indentation was also employed to evaluate the
hardness and elastic modulus. The measurements were made using
a XP™ Nanoindenter (MTS Instruments). At least 16 indentations
were made under a maximum applied load of 400 mN in eight
increasing loading/unloading cycles, using a Berkovich diamond
indenter calibrated against a fused silica reference sample. The
hardness and elastic modulus were calculated from the load and
contact depth data, according to the Oliver and Pharr method [15].
Finally, the composition yielding the best set of mechanical
properties was analyzed by the ball-on-three-balls test (B3B) and
double torsion technique to determine its mechanical strength sm

Fig. 2. a) Schematic view of the double-torsion test apparatus and loading arrangement [19]; b) Example of a B44 sample fractured after a double-torsion test.
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where P is the fracture load, n is the Poisson ratio (~0.2), t is the
sample thickness, S is the specimen width, Sm is the moment arm,
and j is equal to 1e0.6302$tþ1.20$t$exp(p/t), where t ¼ 2t/S.
Fig. 2(a) show a schematic representation of the double-torsion
specimen and 2(b) an example of a fractured sample after testing.
When the fracture path deviated sideways from the straight path,
the sample was not considered.
Residual stresses measurements around each crystalline phase
was performed using X-ray diffraction at room temperature in the
Bragg-Brentano geometry with a CuKa anode tube in an Ultima IV/
Rigaku diffractometer of a bulk B44 glass-ceramic sample. A B44
glass-ceramic powder produced by grinding and sieved in a 50 mm
metallic mesh was used as a stress free reference sample. The bulk
sample was annealed at 50  C below Tg for 2 h after polishing for
residual stress relied produced during sample preparation. The
recorded angular 2q range was from 5 to 100 in 0.02 steps with a
16s step scan. Rietveld reﬁnement of the crystal structures was
performed using the GSAS program [20] with the EXPGUI interface
[21]. The average strains εi in each phase were calculated from the
change of the cell parameters of each crystalline phase by
comparing monolithic (stressed) and powder (stress free) samples
[22e24] as DV/3 V, where DV is the difference between the crystal
unit cell volumes V in the bulk and powder samples. The stress sri
in each phase i was obtained from Hooke's law as
sri ¼ Ei =ð1  2ni Þ$εi .
3. Results

Table 1
Data obtained from the DSC traces of the three compositions. Tc1 and Tc2 are related
to the crystallization peak temperatures, while Tsolidus was assigned to the beginning
of the melting peaks.

B32
B44
B47

Tg ( C)

Tc1 ( C)

Tc2 ( C)

Tsolidus ( C)

450
470
478

560
634
680

680
705
707

1012
1012
1012

treatment they underwent. Fig. 4 illustrates the difference between
the B44 samples treated at different crystal growth temperatures.
The sample in the middle was subjected to crystal growth heat
treatment at the temperature of the ﬁrst crystallization peak,
634  C, for 2 h (according to the DSC trace in Fig. 3) and exhibited a
translucent appearance, while the opaque sample on the right was
treated at the beginning of the second crystallization peak, 700  C,
for 2 h.
According to our XRD analyses, lithium metasilicate crystals and
a residual glass phase coexist in the samples of compositions B32
and B44 treated at the ﬁrst crystallization peak, Tc1. B44 and B47
already showed a small amount of wollastonite when treated at Tc1
(Fig. 5). However, it is worth keeping in mind that the residual melt
varies in each composition and that wollastonite crystallization is
strongly dependent on temperature, so it is difﬁcult to make a
direct comparison of these XRD patterns. Samples treated at the
beginning of the second peak showed wollastonite and lithium
metasilicate (Fig. 6). A very small amount of a residual glass phase

3.1. Differential scanning calorimetry e DSC
We studied three compositions of the Li2O-CaO-SiO2 system
containing from 30 to 50 mol% of CaSiO3 (the remainder being
Li2SiO3). The three compositions showed similar DSC curves (Fig. 3)
with two crystallization peaks. Both peaks shifted to higher temperatures with increasing CaSiO3 content; the ﬁrst peak being the
most affected by these compositional changes. Table 1 shows the
main characteristic temperatures for the three glasses under study.
The glass transition temperatures were determined from the
intersection of two tangent lines.
3.2. Identiﬁcation of crystalline phases
Our samples differed in appearance, depending on the heat

Fig. 4. Visual appearance of the B44 samples. Left: parent glass (no treatment); Middle: sample treated for 2 h at 634  C, i.e., ﬁrst crystallization peak temperature
(translucent); Right: sample treated for 2 h at 700  C, i.e., second crystallization peak
temperature (opaque).

Fig. 3. DSC plots of the three compositions under study. The arrows indicate the glass transition temperatures, Tg.
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Fig. 5. Diffractograms of samples treated at the temperatures of the ﬁrst crystallization peak. The heat treatments were: B32, nucleation at 470  C for 5 min and crystal growth at
560  C for 30 min; B44, nucleation at 498  C for 24 h and crystal growth at 634  C for 2 h; B47, nucleation at 508  C for 24 h and 678  C for 2 h. The numbers in brackets refer to the
PDF card identiﬁcation numbers.

was still present after treatment at the temperature corresponding
to onset of the second peak (about 670  C for compositions B32 and
700  C for B44 and B47); these samples were highly (>75%) crystalline. Figs. 5 and 6 show X-ray diffractograms of samples of all the
compositions heat-treated at the ﬁrst and second crystallization
peak temperatures.

3.3. Mechanical properties
Hardness, elastic modulus and fracture toughness were determined for several glass-ceramics developed in this work.
3.3.1. Vickers indentation tests
Hardness and indentation fracture toughness were measured by

Fig. 6. Diffractograms of samples treated at the temperatures of the second crystallization peak. The heat treatments used were: B32, nucleation at 470  C for 5 min and crystal
growth at 670  C for 2 h; B44, nucleation at 498  C for 24 h and crystal growth at 700  C for 2 h; B47, nucleation at 508  C for 24 h and 700  C for 2 h. The numbers in brackets
correspond to PDF card identiﬁcation numbers.
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Vickers' indentation. We are fully aware of the limitations of
indentation techniques in estimating fracture toughness [25]. We
used this technique simply as a faster way to screen samples that
displayed potentially good mechanical properties for further and
more detailed characterization.
Table 2 describes the hardness and indentation fracture toughness calculated using Eqs. (1) and (2) (see the Introduction section).
The volume fractions of each phase are also listed in Table 2;
lithium metasilicate crystals were easily distinguishable in the
glassy matrix, so the estimates were made by analysis of crosssectional areas and complemented by XRD analysis (peak height
and area ratio).
It was not possible to determine the indentation fracture
toughness of all the B47 samples and the B44 sample subjected to a
single heat treatment because the crack pattern obtained could not
be monitored by the methods used in this work, as speciﬁed by
ASTM C1327-08 [26]. Fig. 7 shows the two crack patterns found in
this work: the expected pattern (Fig. 7a) and the one with random
cracks around the indentation (Fig. 7b).
The hardness of the three glasses lies in the range of 6.6e7.0 GPa
and their indentation fracture toughness is approximately
0.9 MPa m1/2. It is noteworthy that the hardness increases slightly
as the Ca content increases. All the compositions have the same
average number of bridging oxygens/tetrahedron (BO ¼ 2). Hardness is known to be sensitive to changes in the glass network and
we believe that the substitution of Li2O with CaO leads to more
Ca2þ connecting two tetrahedra (while Liþ can only connect to one
NBO), which can increase the rigidity of the network; however, our
data about the glass structure does not sufﬁce for a more in-depth
analysis.
Double heat treatments for nucleation and growth in the ﬁrst
crystallization peak (Tc1) resulted in a signiﬁcant increase in hardness to 8.0 GPa for B32 and B44, and a moderate increase in
indentation fracture toughness, to 1.1 MPa m1/2 and 1.4 MPa m1/2
(i.e., increases of 22 and 55%, respectively, relative to the parent
glass). Heat treatments for crystal growth at the second crystallization peak (Tc2) signiﬁcantly increased the indentation fracture
toughness from ~0.9 to 1.8 and 2.2 MPa m1/2 (for B32 and B44
compositions, respectively). However, the B47 glass-ceramics
showed a decline in hardness compared to that of the parent
glass in response to all the heat treatments. These experiments
were double-checked and the results were conﬁrmed. It should be
noted that B44 and B47 show different indentation crack patterns
(Fig. 7), but so far we have found no explanation for this behavior.
3.3.2. Hardness and elastic modulus
The data obtained by instrumented indentation are displayed in
Fig. 8 and the hardness and elastic modulus at the maximum
contact depth are listed in Table 3. Only the indentations with a
contact depth greater than 600 nm were considered, since all the
samples presented some surface roughness even after polishing
with a 3 mm diamond suspension.
Once again, the best results e higher hardness and elastic
modulus e were obtained for the B44 composition. However,
considering the uncertainties of the measurements, it can be
concluded that the B44 and B32 compositions showed similar H
and E results.
3.3.3. Mechanical strength and fracture toughness
The double heat-treated B44 glass-ceramic exhibits the best
mechanical properties among all the compositions under study and
was chosen for the (time consuming) ball-on-three-balls and
double-torsion tests to obtain its biaxial strength and fracture
toughness. The average strength of the B44 was 270 ± 20 MPa.
Table 4 shows the measured values for fracture toughness by

Fig. 7. Indentation crack patterns in a glass-ceramic containing CaSiO3 and Li2SiO3
crystals obtained after heat-treating the parent glasses as follows: a) B44 e 498  C/
24 h (nucleation) and 700  C/2 h (crystal growth); b) B47 e 508 C/24 h (nucleation)
and 700 C/2 h (crystal growth). The arrows point to cracks around the indentations.

double torsion tests (KDTIC).
The average KDTIC of the best B44 glass-ceramic is therefore
(2.3 ± 0.5) MPa.m1/2. Its microstructure will be described in the
next section.
3.3.4. Residual stress measurements
The unit cell volumes and the corresponding residual stresses on
the wollastonite and lithium metasilicate phases in the B44 bulk
glass-ceramic are presented in Table 5. The residual stress in the
wollastonite crystals is 138 ± 8 MPa (compressive) and is, surprisingly, almost null in the lithium metasilicate phase: 10 ± 6 MPa.
3.4. Analysis of microstructure and chemical composition
3.4.1. Microstructural analysis by optical microscopy
The microstructural analysis was an important step of this study
because it enabled us to correlate the mechanical properties of the
glass-ceramics with the volume fraction of the crystalline phases,
crystal sizes and shapes.
Fig. 9 shows micrographs of all the compositions, varying only
the type of heat treatment: single or double. As expected, the
crystallization pattern is strongly inﬂuenced by the type of heat
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Table 2
Heat treatment conditions, estimated volume fraction and HV and Kc values determined by Vickers indentation tests of the compositions under study.
Composition

Heat treatment (nucleation/ growth)

HV (GPa)

Kc (MPa.m1/2)

B32

Glass
470 C/5 min and 560 C/30 min (crystal growth at Tc1)

6.6 ± 0.1
8.0 ± 0.1

0.9 ± 0.1
1.0 ± 0.1

470 C/5 min and 670 C/2 h (crystal growth at Tc2)

7.0 ± 0.1

1.8 ± 0.1

670 C/2 h (only crystal growth at Tc2)

7.3 ± 0.1

1.4 ± 0.1

Glass
498 C/24 h and 634 C/2 h (crystal growth at Tc1)

6.9 ± 0.2
8.0 ± 0.2

0.9 ± 0.1
1.4 ± 0.1

498 C/24 h and 700 C/2 h (Crystal growth at Tc2)

7.8 ± 0.2

2.2 ± 0.1

700 C/2 h (only crystal growth at Tc2)

6.7 ± 0.1

e

Glass
508 C/24 h and 673 C/2 h (crystal growth at Tc1)

7.0 ± 0.2
5.1 ± 0.1

1.0 ± 0.1
e

508 c/24 h and 700 C/2 h (crystal growth at Tc2)

5.0 ± 0.3

e

700 C/2 h (only crystal growth at Tc2)

5.5 ± 0.1

e

B44

B47

treatment, the only exception being composition B32, although its
crystallization pattern is similar in both cases. On the other hand,
the B44 and B47 samples subjected to a single heat treatment
exhibit larger crystals than those that underwent double heat
treatment. The reason for this disparity may be the nucleation rate
of these glasses. The B44 and B47 glasses exhibit lower nucleation
rates than the B32, indicating that a single heat treatment naturally
generates a smaller number of nuclei and, hence, has a stronger
effect on the ﬁnal microstructure.
The average size of the lithium metasilicate crystals in compositions B32 and B44 subjected to double heat treatments is
approximately 8.5 mm (Fig. 9b and d). Note that the samples with
larger crystals (B44 single heat treatment, B47 single and double
heat treatment; Fig. 9 c, e and f, respectively) were those whose Kc
could not be measured by indentation. Moreover, composition B47
presented the lowest values of hardness and elastic modulus, as
shown in Fig. 8 and Tables 2 and 3. We will discuss our assumptions
about these behaviors later in the Discussion section.

3.4.2. Microstructural and chemical analysis by SEM and EDS
The samples displaying the best mechanical properties and/or
with unusual microstructures (i.e., microstructures that deviate
from those commonly found in this work) were evaluated by SEM
and EDS. Fig. 10 shows the microstructure of composition B44.
Three different regions were observed: a “ﬂower-like” structure (A)
with acicular crystals approximately 7 mm long x 2 mm thick, several
polyhedra (B) with plane faces and a hexagonal morphology 1 mm
in diameter, and a lighter matrix (C) in which they were both
immersed. These images portray cross-sections of the sample;
therefore, several polyhedra could be in different sections of the
“ﬂower's” beam.
We also evaluated the chemical compositions in different regions of the samples by EDS. Table 6 lists the concentration of
calcium present in each region.

Volume fraction% (estimated)
e
40% glass
60% LS
0% CS
24% glass
53% LS
23% CS
29% glass
53% LS
18% CS
e
28% glass
53% LS
19% CS
14% glass
54% LS
32% CS
19% glass
53% LS
28% CS
e
21% glass
50% LS
29% CS
16% glass
52% LS
32 CS
21% glass
50% LS
29% CS

The B47 sample was also analyzed. Fig. 11 shows the resulting
micrographs.
Once again, the EDS analyses indicate the amount of calcium in
regions A and C (Table 7). The B47 sample did not show two types of
crystal morphology, so the determinations were done only in region A, the ﬂower-like crystal, and C, the white region.
Lithium could not be detected due to its low atomic mass. In
addition, the irradiated spots are always larger than the actual
crystals. Nevertheless, taking into account the result of XRD analysis, we attribute the black areas and the white regions around
them to lithium and calcium metasilicate crystals, respectively.
Moreover, electron back scattering is stronger in the case of heavy
elements, i.e., light colored sites correspond to Ca-rich regions.
These results therefore conﬁrm that wollastonite can be crystallized inside a sample after the initial crystallization of lithium
metasilicate.
Fig. 12 shows the fracture surface of the B44 sample subjected to
double heat treatment, using secondary (left) and backscattered
electrons (right) in SEM. The fracture surface is rough, revealing a
substantial amount of crack deﬂection. Large portions of the fracture surface consist of ﬂat surfaces, and a comparison with the
backscattered image indicates that they correspond to the cleavage
of lithium metasilicate crystals. Fig. 13 shows the fracture surface
topography obtained by EDF (Extended Depth of Field) microscopy.
The sample's surface roughness varies from 5 to 10 mm, which is
similar to the average size of lithium metasilicate crystals found in
the B32 and B44 samples (8.5 mm).
4. Discussion
As mentioned earlier, only glasses containing 30e50 mol% of
CaSiO3 were studied. Glasses containing more than 50% CaSiO3
showed only surface crystallization of wollastonite, which could
impair the mechanical performance of the samples. In addition,
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Fig. 8. Comparison of hardness and elastic modulus of B32, B44 and B47 glass-ceramics as a function of contact depth. E and H were determined using a Berkovich indenter. The
heat treatment conditions are the same as those shown in Table 2 at Tc2 (double heat treatment).

samples with high CaSiO3 content show signiﬁcantly lower (practically undetectable) nucleation rates (lower homogeneous nucleation of LS), which implies longer nucleation treatment times. As
was shown in Refs. [11,12], increasing the CS content causes the
homogeneous volume nucleation of LS to decrease signiﬁcantly,
and the glasses containing more than 50 mol% of CS exhibited only
surface nucleation, predominantly of CS crystals. This decrease in
the nucleation rate is the reason for the following observation: to
obtain micron-sized crystals in B32 glass, the nucleation treatment
was performed for 5 min, whereas 24 h were needed to obtain a
similar result in the B44 composition (see Fig. 9).

Based on the sequence of crystalline phases (LS and CS) studied
in detail in Refs. [11,12] and corroborated by the present work, it can
be concluded that LS crystals serve as active sites for the nucleation
of wollastonite that crystallizes around them. Therefore, the LScrystal/melt interface or the enrichment of the residual melt
composition by calcium, or both, could trigger the nucleation of
wollastonite. In short, LS crystals play the role of “nucleating
agents.” It should be kept in mind that a second heat treatment
must be performed at Tc2 to accelerate the formation of CS crystals.
Among the three evaluated compositions, B44 (44 mol% of
CaSiO3) exhibited the best mechanical properties e higher
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Table 3
Hardness and elastic modulus of the best glass-ceramics of each composition,
determined by nanoindentation at the maximum contact depth, using a Berkovich
indenter. The heat treatment conditions are the same as those shown in Table 2 at Tc2
(double heat treatment). These nanohardness values are compatible with the
microhardness values listed in Table 2.
Composition

H (GPa)

E (GPa)

B32
B44
B47

7.8 ± 0.4
8.2 ± 0.5
5.4 ± 0.3

131 ± 3
143 ± 6
107 ± 5

Table 4
Fracture toughness of composition B44 determined by double torsion tests.
Sample

Thickness (mm)

Width (mm)

Fracture load (N)

KDTIC (MPa.m1/2)

1
2
3

1.5
1.7
1.5

15
15
15

54.7
73.3
61.4

2.3
2.3
2.4

Table 5
Unit cell volumes and residual stresses in each crystalline phase of composition B44
glass-ceramic determined by XRD.
Phase

Sample

Unit cell volume (A3)

wollastonite

powder
bulk
powder
bulk

795.07
794.00
237.95
237.99

Lithium metasilicate

±
±
±
±

0.06
0.06
0.02
0.02

Residual stress (MPa)
138 ± 8
10 ± 6

hardness, elastic modulus and indentation fracture toughness. This
behavior can be explained by considering the other compositions.
In other words, based on the results (Fig. 8 and Table 3), we can
state that the presence of CaSiO3 crystals in this system gives it
better mechanical properties (notably fracture toughness) than the
Li2SiO3 crystalline phase combined with residual glass (obtained by
crystal growth heat treatment at Tc1).
It can therefore be concluded that composition B32 does not
exhibit better mechanical properties than B44, given the lower
CaSiO3 content in the former. For instance, for glass-ceramics of the
MgO-CaO-SiO2-P2O5 system, Kobuko and coworkers [27] reported
that the crystallization of wollastonite results in considerably
improved bending strength, elastic modulus (~120 GPa) and fracture toughness (2.0e2.6 MPa m1/2). This was attributed to the
relatively high fracture surface energy of wollastonite due to crack
deviation from a straight path. The system studied by Kobuko et al.
does not contain Li2SiO3, but their results substantiate the idea that
the wollastonite phase in glass-ceramics leads to good toughness.
The B47 glass-ceramic presents lower hardness and elastic
modulus than the compositions with smaller wollastonite content,
such as B32 and B44 glass-ceramics. We believe that one reason for
this is microcracking caused by the signiﬁcant difference between
the thermal expansion coefﬁcients of the two crystalline phases.
The thermal expansion coefﬁcients, TEC, of CaSiO3 and Li2SiO3 are
aW ¼ 6  106  C1 [28] and aLM ¼ 15  106  C1 [29], respectively.
Although the TEC mismatch does not directly affect hardness and
elastic modulus, microcracking such as that visible in the B47
samples shown in Fig. 14 may do so. Previous studies [11] have
shown that microcracking of lithium metasilicate crystals occurs
even before crystallization of the wollastonite phase in the same
B47 composition. This can also be explained by the difference in the
coefﬁcients of thermal expansion of lithium metasilicate crystals
and the glass matrix. The a of the B47 glass was estimated using
SciGlass software, and was found to be 11  106 K1 for the parent
glass, disregarding the presence of crystalline phases. It is

Fig. 9. Optical micrographs of the three compositions subjected to single and double
heat treatment. The compositions and heat treatment conditions are speciﬁed under
each image.

noteworthy that as the lithium metasilicate crystals are formed
ﬁrst, the glass matrix becomes richer in calcium metasilicate [12],
which further decreases its TEC and increases the discrepancy between the a values of the crystal phase and residual glass.
Fig. 15 also shows that composition B47 has a higher surface
“porosity” content than compositions B32 and B44. The effect of
this porosity on hardness will be discussed later.
The apparently larger amount of microcracking in composition
B47 can probably be attributed to three factors: (i) different thermal
expansion coefﬁcients of the wollastonite, glass and lithium metasilicate phases, (ii) crystal size, and (iii) different volume fractions
of wollastonite.
The ﬁrst factor is the mismatch between thermal expansion
coefﬁcients and how this mismatch can explain the crack behavior
in the crystal/matrix system. To simplify our calculations we will
consider lithium metasilicate crystals as the precipitate and
wollastonite as a homogeneous matrix. According to Selsing's
model for residual stresses in glass-ceramics [30], the stresses are
tensile in the precipitate when its thermal expansion coefﬁcient is
higher than that of the matrix. Therefore, the matrix is subjected to
tensile radial stresses and compressive tangential stresses, and
cracks are expected to deviate from the precipitates [24]. However,
the cracks induced by indentation did not exhibit this behavior (as
can be seen in Fig. 7 a), and in most cases the cracks propagated
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Fig. 10. SEM BSE (backscattered electrons) images of the B44 sample heat-treated at
498 C/24 h (nucleation) and 700 C/2 h (crystal growth). This is the same sample
shown in Fig. 9d.

inside the lithium metasilicate crystals (Fig. 14).
The stresses inside lithium metasilicate crystals can be estimated. As their shape is acicular, we estimated them using the
expressions deduced by Hsueh and Becher [31] for the residual
stresses inside a ﬁber-shaped inclusion. The stresses s3 along the
ﬁber length and s1 and s2 in the directions perpendicular to the
ﬁber length are:

Fig. 11. SEM BSE images of B47 samples heat-treated at 508 C/24 h (nucleation) and
700 C/2 h (crystal growth). This is the sample shown in Fig. 9f.



s1 ¼ s2 ¼ A


s3 ¼ A
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where A is a constant given by:
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Table 6
Approximate percentages of calcium present in different
spots of Fig. 10.
Region

Ca (weight %)

A (ﬂowerlike)
B (hexagons)
C (white)

5
9
15

Table 7
Approximate percentages of calcium found in different
spots in Fig. 11.
Region

Ca (% weight)

A (ﬂowers)
C (white)

4
17
Fig. 14. SEM micrograph of a B47 glass-ceramic. The circles show microcracking inside
lithium metasilicate crystals.

Da is the thermal expansion mismatch between the wollastonite
and lithium metasilicate phases, DT is the temperature range in
which the stresses develop (we will consider DT as the difference

Fig. 12. SEM micrographs of fracture surfaces of a B44 sample treated at 498 C/24 h
and 700 C/2 h, using secondary electrons (left image) and backscattered electrons
(right image).
Fig. 15. Optical micrograph of a B47 surface sample treated at 508 C/24 h for nucleation and 700 C/2 h for crystal growth. The white arrows indicate porosity.

Fig. 13. Fracture surface topography of the B44 sample (treated at 498 C/24 h and 700 C/2 h) obtained by EDF microscopy.
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between Tg and room temperature), f is the volume fraction of inclusions, E is the elastic modulus, n is Poisson's ratio, and the
subscripts W and LS refer to wollastonite and lithium metasilicate,
respectively. Assuming ELS ¼ 120 GPa, nLS ¼ 0.2 [32], EW ¼ 130 GPa,
nW ¼ 0.29 [33], Tg ¼ 470  C and f ¼ 0.60 (average lithium metasilicate content in the three compositions) and considering a fully
crystallized material, we obtain s1 ¼ s2 ¼ 147 MPa and
s3 ¼ 390 MPa. The higher residual stress occurs in the direction of
the lithium metasilicate acicular crystals and is tensile. Therefore, if
microcracking occurs, it is expected to be perpendicular to the
dendrite arms. The average residual stress in the wollastonite matrix can be estimated using Newton's third law. Considering an
average metasilicate stress as sLS ¼ ðs1 þ s2 þ s3 Þ=3, the average
stress in wollastonite is:

f sLS
ð1  f Þ

sw ¼ 

(7)

Based on the above calculated data, the average stress in metasilicate crystals is 228 MPa (tensile), and based on Eq. (7), the
average stress in wollastonite is 341 MPa (compressive). Therefore, should cracking occur in the microstructure, it is expected to
do so in the metasilicate acicular crystals. This is indeed observed,
as illustrated in detail in Fig. 14.
The same steps can be used to estimate residual stresses in two
other limiting situations of interest: i) the case in which all the
lithium metasilicate crystallizes and the residual melt composition
is that of wollastonite; and ii) the case of the B47 composition at
T ¼ 675  C, studied by Fokin et al. [12], in which the crystallization
of lithium metasilicate is arrested when the melt composition
containing 75 mol% of CS reaches equilibrium (the melt composition can be determined by Tg).
In the ﬁrst situation, considering a general composition of
30Li2SiO3$20CaSiO3$50SiO2 (f(LS) ¼ 0.6), after all the lithium metasilicate crystallizes, a composition of Li2O$SiO2 is predicted for the

crystallized phase and of CaO$SiO2 for the glass matrix. Using Eqs.
(4)e(7) and SciGlass software to estimate the TEC, E and Poisson's
ratio for the melt (nmelt(w) ¼ 0.27, Emelt(w) ¼ 89 MPa,
amelt(w) ¼ 8.2  106 K1), we obtained the following results for the
residual stresses:

sLS (average) ¼ 116 MPa
smelt(w) (average) ¼ 174 MPa
Compared to the ﬁrst estimate (sLS ¼ 228 MPa and
sW ¼ 341 MPa), which considers a fully crystallized material, we
can conﬁrm that the crystallization of a second phase (wollastonite)
increases the residual stresses.
In the second situation, Fokin et al. [12] deﬁned the melt
composition for a B47 sample treated at 675  C as containing 75 mol
% of CS. In this case, the compositions of the crystalline phase and
melt are approximately 20Li2O$20SiO2 and 23CaO$7Li2O$30SiO2,
respectively. Once again, using SciGlass software and Eqs. (4)e(7),
we obtained nmelt ¼ 0.27, Emelt ¼ 94 MPa, amelt ¼ 9  106 K1 and
the following values of stresses:

sLS (average) ¼ 158 MPa
smelt (average) ¼ 236 MPa
A comparison of all these values of residual stresses reveals the
evolution of residual stresses in the system as the phases (LS and
CS) crystallize.
The second factor that can inﬂuence microcracking is crystal
size. Spontaneous cracking occurs when a minimum critical crystal
size is reached, above which the stored elastic energy is sufﬁcient to
create fresh crack surfaces [22e24]. As can be observed in Fig. 7a
and b, the metasilicate crystals of B47 samples are larger than those
of B44 samples, indicating a higher probability of microcracking in
the former.

Fig. 16. Glass density according to composition in the Li2O-CaO-SiO2 system (adapted from Ref. [11]). Dr is the difference between the density of fully crystallized glass and that of a
parent glass.
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The third factor that contributes to the greater probability of
microcracking in B47 samples is the volume fraction of wollastonite. From Eq. (7), one can infer that a higher wollastonite volume
fraction in B47 samples induces higher residual tensile stresses in
the metasilicate crystals, when compared with the B44 sample.
Therefore, higher tensile stress promotes more microcracking of
the lithium metasilicate crystals.
Another physical property that affects microcracking is fracture
toughness. When the thermal expansion of precipitates is higher
than that of the matrix, microcracking can occur inside the precipitate if its fracture toughness, KIC, is lower than that of the matrix
[24]. In other words, microcracking inside lithium metasilicate
crystals can be explained by a lower KIC in comparison to the
wollastonite crystalline phase. At present, we do not know the
experimental fracture toughness of pure wollastonite and lithium
metasilicate crystals, but based on our observations, this is likely
the case of the studied compositions.
Comparison of the calculated residual stresses with the experimental values measured by XRD presented in Table 5 reveal a
lower (than predicted) value of the experimental residual stresses
around wollastonite and almost no residual stress in the lithium
metasilicate phase. This can be readily explained by stress relief due
to microcracking of the lithium metasilicate crystals. The residual
stress in the LS crystals is almost completely relieved with a
consequent decrease in the wollastonite crystals. This phenomenon
has been observed previously by us in a photothermal refractive
glass-ceramics [23].
Another explanation for the lower hardness and elastic modulus
of B47 samples when compared to B44 samples is their higher
porosity. It is known that porosity decreases the elastic modulus of
ceramics [34]. Its effect is very marked, even at low levels of
porosity, because an exponential relation of the form
E ¼ E0 expðbPÞ seems to describe well this relationship [34],
where E is the elastic modulus affected by porosity, E0 is the elastic
modulus with no porosity, P is the porosity (0 < P < 1) and b is a
constant (3 < b < 5). The effect of porosity on hardness follows a
similar relationship, since it limits the elastic recovery of the indents, and is especially remarkable at lower loads (<10 N) [35,36].
Luo and Stevens studied the dependence of the elastic modulus and
hardness on porosity in yttria-stabilized zirconia having different
degrees of porosity [37]. They found that E and H are exponentially
dependent on porosity, and that the effect is strong even at low
values of porosity. For example, 10% of porosity reduces the values of
E and H by approximately 25% when compared to the E and H of a
pore-free sample. Therefore, even a slight increase in porosity of the
B47 samples over that of the B44 samples may also explain their
lower H and E values.
Porosity can be formed in glass-ceramics as a way to offset the
elastic strains resulting from differences in the density of glass and
crystalline phases [38]. However, as Fig. 16 shows, there is a strong
suggestion that the density mismatch between parent glass and
fully crystallized glass samples decreases as the wollastonite content increases. Accordingly, the B47 glass-ceramics samples, which
have the highest wollastonite content, should exhibit lower
porosity than the B32 and B44 samples.
Another general cause for porosity in glass-ceramics is the
release of gases (e.g., O2 and CO2) due to the difference in their
solubility in the glass and crystals. Some gases that are soluble in
glasses are likely less soluble in the newly formed crystallized
phases; therefore, some of these gases may be released in the liquid
in the form of bubbles during the crystallization process above Tg.
The microstructure of the B47 glass-ceramic differs slightly from
the B32 and B44 microstructures, having larger crystals distributed
in a different manner. This is likely the reason for the porosity found
in some samples.

13

As for compositions and mechanical properties, in the B44
composition, the proportion between the two crystalline phases
was close to ideal for optimum mechanical behavior. Given its superior mechanical properties, we choose to perform the time
consuming double-torsion tests on these samples, and the result
was KDTIC ¼ 2.3 ± 0.5 MPa m1/2. Fig. 12 reveals a rough fracture
surface due to crack deﬂection by the crystals. Crack deﬂection is
considered one of the predominant toughening mechanisms in
ceramics [39]. In the Li2O-CaO-SiO2 glass-ceramic with 44 mol% of
CaSiO3, this mechanism is important because of the presence of
lithium metasilicate crystals. It produces a large cleavage area,
usually at large deﬂection angles. Both aspects are important for
energy dissipation during crack propagation. These mechanical
properties are already relatively high for glass-ceramics, but could
possibly still be improved upon further optimization of the heat
treatments and resulting microstructures.
5. Conclusions
We demonstrated that it is possible to obtain crystalline
wollastonite in the interior of Li2O-CaO-SiO2 glasses without using
external nucleating agents. This is because lithium metasilicate (LS)
crystals act as “nucleating agent” in this system. LS crystals initially
precipitate by homogeneous nucleation, after which the wollastonite crystallizes in the Ca-rich glass phase around the LS.
The measured residual stresses around wollastonite and lithium
silicate crystals are smaller than the theoretical values due to
microcraking.
The toughness of samples containing both lithium metasilicate
and wollastonite dispersed in a residual glass is superior to that of
glassy specimens and of samples containing only lithium metasilicate and a residual glass. Among the studied compositions, B44
(containing 44 mol% of CaSiO3) showed the best combination of
hardness, 8.2 ± 0.5, and elastic modulus, E ¼ 146 ± 8 GPa. For this
reason, the B44 glass-ceramic was subjected to double torsion tests,
which yielded KDTIC ¼ 2.3 ± 0.5 MPa m1/2. The average fracture
strength of this glass-ceramic was 270 ± 20 MPa. These mechanical
properties have not yet been fully optimized but are higher than
those of most glass-ceramics.
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