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A B S T R A C T

In this study a deep investigation of the correlation between microstructure and mechanical properties was performed on
glass-ceramic materials containing cerium oxide. The glass-ceramic materials investigated were lithium-aluminum sili-
cate based (LAS), obtained through different thermal cycles from the same parent glass. The mechanical properties were
tested on the glass-ceramics with and without the application of a glaze. All the glass-ceramics were characterized by
means of scanning electron microscopy (SEM), also in field emission guns geometry (FEG), energy-dispersive spectrom-
etry (EDS), X-Ray diffraction (XRD), and 3-points mechanical flexural strength resistance test. This study has revealed
that the microstructure of the glass-ceramic is mainly affected by the heating treatments holding times. The application
of a glass coating leads to the formation of cerium oxide crystals at the glaze/glass-ceramic interface. This phenomenon
is one of the main principal causes of the mechanical properties failure when a glaze is applied.
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1. Introduction

Lithium aluminum disilicate (LAS) glass-ceramic is one of the
most important glass-ceramic systems because of high thermal and
chemical durability. In fact LAS glass-ceramics are used in several in-
dustrial fields to produce cookware, stovetops, fireplace windows and
dental prosthesis [1–4].

LAS glass-ceramic system is part of β-spodumene solid solution
glass-ceramic group, Li2O Al2O3 nSiO2 where 4<n<10 [5]. One of
the others components that commonly is founded in this glass-ce-
ramic system is P2O5, that plays a crucial role in crystallization [6,7];
in fact, P2O5 as heterogeneous nucleating agent at the amount of
1.5–2.5 mol%, promotes volume nucleation of the lithium silicate
phases, conferring high mechanical properties to the final products
[8,9]. Moreover, coloration can be easily achieved by addition of
V3+(green), Ce4+(yellow) oxides to the raw powder [9]. Finally in
β-spodumene solid solution glass-ceramic group CeO2, TiO2 and
ZrO2, can act as nucleant agent [5]. Considering in particular the
cerium oxide influence on LAS glass-ceramic microstructure, it is
possible to find out that cerium oxide in low quantity, up to 5%wt, pro-
motes crystallization [3], but also flexural strength decrease and ther-
mal expansion coefficient increase [10]. In fact, cerium oxide addi-
tion enhances the growth of the glass-ceramics grain, but larger are the
grain boundaries highest is the probability to break the microstructure,
because glass-ceramic can be easily broken along the grain bound-
aries.

For LAS glass-ceramics the preferential crystallization and nucle-
ation mechanism is the one of volume, however, surface reactions
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cannot be neglected, when considering nucleation and crystallization
in powder compacting and subsequent sintering [11].

From a suitable parent glass, ceramic-glass is obtained through
heating treatment, during which crystallization occurs. The typical
mechanism of crystallization is a volume crystallization where the
crystals nucleate and grow throughout the glass. Crystallization of
lithium disilicate is heterogeneous and can be achieved through differ-
ent processing routes. Considering one of the most commons process
[9], the parent glass is formed into glass blocks or by pressure cast-
ing into a steel mold, starting from a glass melt of synthetic raw ma-
terials. Before cooling down to room temperature, the poured melt
is transferred into a pre-heated furnace at 450–550 °C to avoid stress
in the glass block. The subsequent crystallization is carried out in a
three-stage crystallization process, in order to precipitate lithium dis-
ilicate. In the first stage, the glass block is heated at 450–550 °C for
about 1 h to form the maximum number of nuclei to ensure the crystal
growth of metasilicate crystals. In the second stage, the glass block is
heated at a temperature of 690–710 °C for 10–30 min to form lithium
metasilicate (Li2SiO3) crystals, grown epitaxially from the lithium or-
thophosphate nuclei. This intermediate metasilicate phase is present
in a volume fraction of 40%. The glass-ceramic at this stage is still
weak, but thanks to its properties it can be milled to obtain a spe-
cific geometry. In the third stage the material is heated at 850 °C for
20–30 min in a furnace to precipitate the final strong lithium disili-
cate phase and some minor amounts of lithium orthophosphate crys-
tals. During this stage, the lithium metasilicate crystals react with
the glass matrix to form lithium disilicate in a volume fraction of
up to 70%. A further process commonly applied in several field is
glazing. Glazing, that is the application of glass coating on the sur-
face of the glass-ceramic, is commonly employed in order to in-
crease the chemical durability of the material and to enhance a spe-
cific coloration [12]. In fact, glazing techniques can avoid the

http://dx.doi.org/10.1016/j.ceramint.2016.10.117
0272-8842/© 2016 Published by Elsevier Ltd.
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effects left by sandblasting and polishing in order to obtain sealed hy-
gienic surfaces [13]. On the other hand glazing process has been in-
vestigated because of its influence on the cracking phenomenon [14].

The aim of the present study is to investigate the influence of
the heating thermal cycle and the application of a glaze coating on
the mechanical flexural strength of a series of LAS glass-ceramic.
The properties of the different LAS glass-ceramic were determined
through scanning electron microscopy (SEM), also in field emission
gun geometry (SEM-FEG), energy dispersive spectroscopy (EDS),
3-points flexural strength resistance, X-Ray diffraction (XRD) and Ri-
etveld refinement.

2. Materials and methods

2.1. Glass preparation

A parent glass of the LAS system with the composition of
66%SiO2, 6%Al2O3, 22%Li2O, 1%CeO2, 5% others oxides in mol%
was used in this study. This glass was melted in platinum crucibles
at 1550 °C. Reagent grade raw materials were used. After a holding
time of 1 h at 1550 °C the glass was poured in a rectangular graphite
mold and then transferred into a pre-heated furnace at 450–550 °C to
avoid stress in the glass block. From a block of this glass, specimens
with approx. 5 mm×5 mm×40 mm were cut and polished. Polishing
was done with SiC discs, the sequence of the discs was: P80, P400,
P800, P1000 and P2500, according to FEPA-Standards 43–1:2006,
43–2:2006 and in ISO 6344. The grinding time was 5 min for each

Table 1
Heating cycle tests for not glazed specimens.

Nucleation Growth Final

T (°C) t (min) T (°C) t (min) T (°C) t (min)

C0 540 300 660 30 830 90
C1 490 300 610 30 830 30
C2 590 300 710 30 830 90
C3 460 300 580 30 830 15
C4 540 300 660 30 830 120
C5 620 300 740 30 830 90
C6 540 600 660 600 830 120
C8 540 150 660 15 830 15

Table 2
Heating cycle tests for glazed specimens.

Nucleation Growth Final Glaze

T (°C) t (min) T (°C) t (min) T (°C) t (min)

C7 540 600 660 600 830 120 YES
C9 540 150 660 15 830 15 YES

specimen-side and disc. The load was applied by finger pressure and
manual polishing cooled by water was performed in small circles.
Each sample of glass was polished to avoid any difference of rough-
ness on the surfaces and to correct the shape, in order to obtain the
most possible regular geometry and same smoothness surface.

2.2. Glaze preparation

Glass with the composition of 69%SiO2, 10%B2O3, 3%Al2O3,
2%Li2O, 2%CaO, 4%Na2O, 4%K2O, 1%CeO2, 5% CaF2, in mol%,
was chosen as the optimized glass for this purpose, as reported in a
previous study [15]. This glass was melted in a batch of 25gr in plat-
inum crucibles at 1500 °C. Reagent grade raw materials were used.
After a holding time of 1 h at 1500 °C the glass was cast into water,
dried and crushed in agate mill to obtain a fine powder. This frit was
mixed with a commercial liquid glycol-water based to obtain a suit-
able slurry of glaze.

2.3. Specimens preparation

The parent glass specimens were employed to perform different
heating cycle tests, heating rate 10 °C/min, according to Tables 1, 2.
The specimens preparation has been performed in two phases, con-
cerning the effect of the glazing process or not.

In the first set of data only the heating cycle from parent glass to
glass-ceramic was studied (Table 1). In the second set of data the ef-
fect of the glazing process was considered (Table 2).

Considering Table 1, the heating cycle tests were chosen from
a common heating process [9], named C0, according with the DSC
measurement as shown in Fig. 3. The following test, from C1 to C5
were chosen to evaluate the effects of a slight difference in temper-
ature or time from C0 on to the mechanical properties. Whereas C6

Fig. 1. XRD pattern of the parent glass: LP, Lithium Phosphate (ICDD: 00-015-0758); Q, Quartz (ICDD: 01-083-2466).
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Fig. 2. SEM image of the parent glass (a) secondary electron (b) backscattered electron.

Fig. 3. DSC curve of the parent glass.

and C8 conditions were selected to enhance two opposite behavior in
terms of holding time of the heating cycle from C0. On the other hand,
considering Table 2, glaze was applied on both the more extreme con-
ditions in terms of holding time of the heating cycle, generating test
C7 and C9, in order to investigate the effect of glazing on two very
different conditions in terms of heating cycle.

For each test, 6 pieces, selected randomly, were employed to have
a relevant statistic.

For test C7 and C9 the glaze was applied manually with a brush
on one of the larger surface of the specimens after the 3-stage heat-
ing cycle. The glazed samples were dried at 120 °C for 4 h and fired
at 800 °C for 5 min (heating rate 20 °C/min). The cooling of all the
specimens was performed into the furnace until room temperature.
The glazing heating cycle conditions were fixed in order to reduce the
number of variables.

2.4. Characterization of the samples

In this study, the parent glass was analyzed by using a X-Ray Dif-
fraction (XRD, Philips, PW3710) and scanning electron microscopy
(SEM, FEI XL-30) in order to verify any presence of crystalline
structures inside the glass. Furthermore the thermal behavior of the
parent glass was measured using DSC analysis (Netzsch, DSC 404)

performed in air at the heating rate of 10 °C/min using 30 mg of the
powdered sample. The thermal behavior of the parent glass was an-
alyzed in order to plan the heating cycle tests, from parent glass to
glass-ceramic.

A thermo-mechanical characterization was made on the glaze and
on all the glass-ceramic samples, through an optical dilatometer (Ex-
pert System Solutions, Misura ODHT) at the heating rate of 10 °C/min
until 550 °C, in order to obtain the linear coefficient of thermal ex-
pansion (CTE-α) [16]. In order to identify the characteristic points of
sintering, softening, sphere, half-sphere and melting, a hot-stage mi-
croscopy analysis was performed on the glaze (Expert System Solu-
tions, Misura HSM) at the heating rate of 10 °C/min until 1200 °C
[17]. The thermo-mechanical properties of the glaze were analyzed
to compare the CTE- 〈 of the glaze with the CTE-α of the glass-ce-
ramic support. The glaze was also investigated with X-Ray Diffraction
(XRD, Philips, PW3710), in order to verify the presence of any crys-
talline phase.

The 3-points flexural strength of each LAS glass-ceramic specimen
was examined using the apparatus INSTRON 5567 in order to mea-
sure the mechanical flexural strength of materials. The force employed
was 30 kN and applied on the only LAS glass-ceramic glazed surface.
Crystalline phases of the samples were investigated through X-Ray
Diffraction (XRD, Philips, PW3710). Quantitative phase analysis was
calculated using Rietveld refinement [18] with DBWS9807 software
(CCP14). This method is based on mathematic fitness of X-ray pat-
tern upon a model that includes known crystallographic parameters
such as unit cell dimensions and atomic positions, as well as pattern
line shape, background and phase composition. These parameters are
adjusted via least-squares refinement. Crystalline morphology was in-
vestigated through scanning electron microscopy (SEM, FEI XL-30).
Subsequently, 4 of the glass-ceramic supports were crushed in agate
mill to obtain a fine powder for the XRD and Rietveld analysis that
was performed with X-Ray Diffraction (XRD, Philips, PW3710). Fi-
nally, a further analysis of the microstructure of the polished cross sec-
tion of each glass-ceramic specimen was performed, by scanning elec-
tron microscopy (SEM, FEI XL-30) equipped with an Energy Disper-
sive Spectroscopy (X-EDS Oxford INCA-350) and with field emis-
sion gun (FEG, Nova NanoSEM 450). Some observations through
scanning electron microscopy (SEM, FEI XL-30) have been made af-
ter chemical etching the surface with a solution of reagent grade HF
4%, in order to identify the morphology of the crystalline phases.
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3. Results and discussion

3.1. Parent glass characterization

A X-Ray diffraction pattern of the parent glass is reported in Fig.
1. The pattern shows that the microstructure is fairly to be completely
vitreous; In fact, some Quartz (Q=SiO2, ICDD: 01-083-2466) and
Lithium phosphate (LP=Li3PO4, ICDD: 00-015-0758) crystals were
found, as already reported in literature [9].

In Fig. 2 the SEM analysis is reported at 2000× of magnitude.
The secondary electron image is represented in Fig. 2a instead the
backscattered electron image is shown in Fig. 2b. From both the im-
ages, Fig. 2a and b, the glass sample shows a homogeneous surface
and no crystallization is visible. In fact both images taken by using
ETD e SSD detectors show similar images.

Considering the results from SEM and XRD technique, the parent
glass is characterized by two crystalline phases, even if that cannot
be detected from SEM, since they are too small to be detected with
SEM technique. In any case a deeper investigation of parent glass mi-
crostructure is not relevant for the aim of the work, so further TEM
observations have not been performed in this study.

The DSC thermogram is shown in Fig. 3, to analyze the behavior
of the glass during heating. The DSC curve shows a clear exother-
mic peak at 625 °C and an endothermic peak at 890 °C, which corre-
spond respectively to the crystallization (Tc) of the glass and melting
(Tm) temperatures of the crystalline phases. Instead the glass transition
temperature (Tg) can be achieved considering the mid point of the en-
dothermic flex at 480 °C.

Considering the thermal behavior of the parent glass, as shown in
Fig. 3, the glass transition temperature is quite close to the crystal-
lization temperature. The presence of crystals in the parent glass can
be explained considering that the annealing temperature employed,
around 540 °C, is close to the crystallization temperature. The melt

ing temperature is due to the presence of Lithium Phosphate crystals
[10], as shown in the XRD pattern. The CTE-α of the parent glass was
not analyzed because the glazing process is applied on the glass-ce-
ramic material.

3.2. Glaze characterization

In Fig. 4 the linear thermal expansion curve of the glaze is re-
ported. The curve shows a linear trend of the material expansion (%)
when temperature is increased until 475 °C. Below this temperature
the CTE–α can be calculated in the range from 50 °C to 400 °C: 7,21
10−6 1/C°.

In Table 3 the five characteristic temperatures of the glaze are re-
ported after the hot-stage microscopy analysis.

Considering the results obtained through the hot-stage microscopy,
we can assume that the glaze will be in a mid point between softening
and sphere, during the glazing process, at the maximum temperature
of 800 °C.

In Fig. 5 the DSC curve is shown, as a further analysis of the be-
havior of the glaze during heating.

The DSC curve shows any exothermic peak, corresponding to
crystallization, instead the glass transition temperature (Tg) can be
achieved considering the mid point of the endothermic flex at 540 °C.

In Fig. 6 the X-Ray diffraction pattern of the glaze is reported. The
XRD pattern shows that the glaze is completely vitreous, in fact any
peak can be detected, according with the DSC curve.

3.3. Glass-ceramics characterization

3.3.1. Sample without glaze
The flexural strength measurements (σ), the linear coefficient of

expansion (CTE-α) and the XRD pattern results obtained for each
glass-ceramic specimens without glaze are reported in Table 4. The

Fig. 4. Thermal expansion curve of the glaze.
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Table 3
Characteristic temperatures of the glaze.

Sintering Softening Sphere Half-Sphere Melting

642 °C 778 °C 912 °C 974 °C 1064 °C

Fig. 5. DSC curve of the glaze.

average values and the related standard deviation has been calculated
basis on groups of 20 specimens.

The results shown in Table 4 suggest that the mechanical flexural
strength is influenced by the different heating cycle employed to real-
ize the glass-ceramic from the parent glass. Considering Tables 1 and
4 it is possible to achieve that the variation of time has a strong ef-
fect on the flexural strength, whereas the variation of temperature pro-
duces no effect on that property. The standard deviation on the mea-
sured values is restrained. It is interesting to observe that for sample
C2, C4 and C5 an increasing of the final time as a positive influence
on the increasing of the flexural strength, but this fact is not confirmed
considering sample C6. This fact can be explained considering that in
sample C6 also the nucleation and growth time has been increased.

In Table 4 also the CTE-α for each glass-ceramic sample is re-
ported. Considering that in the same range the CTE-α of the glaze is

7,21 10–61/C° no significant difference is present between the glaze
and the glass-ceramics thermal behaviors. For this reason the decreas-
ing of the mechanical flexural strength can't be explained considering
the CTE- α when glaze is applied.

The XRD analysis, as reported in Table 4 shown that the founded
crystalline phases are the same for each one samples: Lithium Silicate
(ICDD: 00-040-0376), Quartz (ICDD: 00-046-1045), and Spodumene
(ICDD:00-035-0794). The comparison between the XRD patterns of
the samples with the lowest and highest mechanical flexural strength
founded, respectively C6 and C4, is reported in Fig. 7.

C6 and C4 represent the two experiments with the lowest and the
highest mechanical flexural strength respectively. No difference can
be achieved from the comparison shown in Fig. 7. For this reason
the difference in the mechanical properties cannot be related to differ-
ent crystalline phases in the microstructure. In order to investigate the
glassy phase content a Rietveld analysis has been performed on sam-
ples C6 and C4, the two experiments with the lowest and the highest
mechanical flexural strength respectively, as shown in Table 5.

From the results obtained in Table 5, compared with the results in
Table 4, the mechanical flexural strength may be related to the amor-
phous content; In fact sample C6 that shown the lowest mechanical
flexural strength show also the lowest content of Amorphous phase,
and as a consequence, the greatest content of crystals.

To investigate the crystals shape and dimension a morphological
analysis has been done through SEM observation after etching as re-
ported in Fig. 8.

The aim of the etching application is to compare the microstructure
morphology of the samples. From Fig. 8 it is possible to observe that
the sample characterized by the lowest mechanical flexural strength,
C6, show a microstructure with a greater grain size when compared
with the sample with the greatest mechanical flexural strength, C4.
Moreover C4 presents also different grain in shape, in particular nee-
dle shape crystals that are not present in sample C6.

3.3.2. Samples with glaze
The flexural strength measurements (σ) and the XRD pattern re-

sults obtained for each glass-ceramic specimen with glaze application
are reported in Table 6.

Considering the results as expressed in Tables 4 and 6 the glaze
application tends to decrease the mechanical flexural strength, even if
has not a strong influence, if the calculated error on the average value

Fig. 6. XRD pattern of the glaze.
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Table 4
Mechanical flexural strength, crystalline phases and CTE-α of the specimen with-
out glaze application; LS=Lithium Silicate (ICDD: 00-040-0376), Q=Quartz (ICDD:
00-046-1045), SP=Spodumene (ICDD: 00-035-0794).

σ (MPa) CTE-α (10−6 1/C°) Crystalline phases

C0 224 ± 17 7,60 ± 0,07 SP, LS, Q
C1 204 ± 19 7,32 ± 0,06 SP, LS, Q
C2 225 ± 35 7,76 ± 0,06 SP, LS, Q
C3 189 ± 4 7,41 ± 0,05 SP, LS, Q
C4 263 ± 19 7,38 ± 0,03 SP, LS, Q
C5 224 ± 31 7,39 ± 0,02 SP, LS, Q
C6 186 ± 36 7,94 ± 0,09 SP, LS, Q
C8 228 ± 20 7,76 ± 0,04 SP, LS, Q

is considered. The standard deviation on the measured values is re-
strained.

The crystalline phases are the same for each sample, Lithium Sil-
icate (ICDD: 00-040-0376), Quartz (ICDD: 00-046-1045), and Spo-
dumene (ICDD:00-035-0794). The comparison between the XRD pat-
terns of samples C6 and C7 is reported in Fig. 9, in order to evaluate
any difference before and after glazing on the same glass-ceramic sup-
port, respectively.

In Fig. 9a comparison between the XRD pattern of the sample
C6 and C7 is shown. The principal crystalline phases founded are
Spodumene (SP, ICDD: 00-035-0794), Lithium Silicate (LS, ICDD:
00-040-0376) and Quartz (Q, ICDD: 00-046-1045) for both the XRD
pattern analyzed. As shown in Fig. 9, even if the pattern founded are
very close to each other a slight difference is evident, due the amount
of spodumene. In particular, observing Fig. 9, a remarkable increas-
ing of spodumene is shown for the sample C7, that is the sample ob-
served after the glazing process. Other hypothesis suggests that the
mechanical flexural strength may be related to the glassy phase con-
tent or to the crystals shape and dimensions. The probability that spo-
dumene crystals generates stress inside the microstructure is unlikely
true because it is well known to have a very low CTE: 9×10−7 K−1

[19]/0,19×10−7 K−1 [20]/0,97 19×10−7 K−1 [21] depending on the way
of fabrication. On the other hand it is possible that an un-controlled
growth of this crystalline phases could lead to micro-crack formation
inside the glass-ceramic microstructure, in literature is reported this
effect for crystals larger than 5 µm [5]. Moreover it is well know that
spodumene has an effect as flux in glass [11], so it is possible that an

increasing of spodumene changes the viscosity of the glass, decreasing
it. A lower viscosity of the glass at high temperature will promote the
melting of the other crystalline phases, changing the microstructure.

In Fig. 10a comparison between the XRD pattern of the sample C7
and C9 is shown in order to identify some difference in microstructure
related to the different mechanical flexural strength resistance for the
glazed samples.

From the XRD results as shown in Fig. 10 Spodumene (SP, ICDD:
00-035-0794), Lithium Silicate (LS, ICDD: 00-040-0376) and Quartz
(Q, ICDD: 00-046-1045) are the main crystalline phases, but a rele-
vant difference can be appreciated considering the peak related to the
presence of spodumene. The sample C9, with the highest mechanical
flexural strength show a lower amount of spodumene, than the sample
C7.

In Table 6 the Rietveld analysis of the glazed samples C7 and C9
is shown with the aim to compare in detail the amount of crystalline
and amorphous phases.

The Rietveld analysis shown in Table 7 confirms the results from
the XRD pattern and the results from Table 5. The glazed sample
with the higher mechanical flexural strength, sample C9, is also char-
acterized by the highest amount of amorphous phase, and the low-
est amount of almost all the crystalline phases, with the exception of
Quartz. On the other hand the sample with the lower mechanical flex-
ural strength, sample C7, is also characterized by the lowest amount of
amorphous phase, and the highest amount of almost all the crystalline
phases.

Thanks to SEM-EDS and SEM-FEG analysis a more deep investi-
gation of the microstructure of the glazed glass-ceramic was done in
order to investigate why the glazed sample show a lower mechanical
flexural strength than the others.

In Fig. 11 the SEM observation of the surface of the sample C7
is reported. The microstructure is clearly characterized by crystalline
phases, one in particular is arranged at the grain boundaries of the
other phases. Through EDS analysis (see Table 8) it is possible to ob-
serve that the crystalline phase at the grain boundaries is enriched of
CeO2 when compared to other parts of the same area. More deep ob-
servation of the microstructure through SEM-FEG (see Fig. 12) has
been performed in the cross section of the samples. The SEM-FEG
analysis show that at the interface between the glaze and the glass-ce-
ramic support is present an aggregation of cerium oxide crystals. In

Fig. 7. XRD pattern of sample C6 (red line) and C4 (blue line); SP=Spodumene (ICDD: 00-035-0794), LS=Lithium Silicate (ICDD: 00-040-0376), Q=Quartz (ICDD: 00-046-1045).
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Table 5
Rietveld analysis of sample C6, and C4.

Crystalline phases % C6 C4

Spodumene 30,6±0,4 25,6±0,3
Lithium Silicate 20,3±0,2 15,0±0,2
Lithium Phosphate 7,5±0,2 6,5±0,2
Quartz 0,3±0,1 0,9±0,1
Amorphous 41,3±0,5 51,9±0,7

particular, as shown in Fig. 12b a cubic geometry of that crystalline
phase is observed as a confirm of the presence of cerium oxide. This
cubic crystalline phase can't be observed in the samples where glaze
was not applied, as shown in Fig. 8.

4. Conclusion

The microstructure of the LAS glass-ceramic is strongly influ-
enced by the thermal heating treatment employed to transform the
parent glass into a glass-ceramic. Considering the results achieved in

this study, higher is the holding time of the final step of the crystal-
lization process, higher is mechanical strength that can be obtained.
The presence of Spodumene crystals has an important influence on
the mechanical properties: lower is the spodumene amount in formula,
higher is the mechanical flexural strength of the final material. The Ri-
etveld analysis of the crystalline phases suggests also that higher is the
amount of amorphous phase into the glass-ceramic, higher is the me-
chanical flexural strength of the glass-ceramic material.

The study of LAS glass-ceramic system containing CeO2 shows
that in the microstructure cerium oxide crystal is present at the grain
boundary. Moreover, when a glaze is applied, the cerium oxide crys-
tals form a sort of layer at the interface with the glaze. It is possible
that the diffusion effect of cerium is promoted by the decreasing of
viscosity of the glassy phase, thanks to the presence of Spodumene
crystals. The presence of the cerium oxide is confirmed by SEM-EDS
and SEM-FEG analysis. The cerium oxide could act as nucleant agent
for the glass crystallization but also as micro-crack starter when a load
is applied.

Fig. 8. SEM images of etched glass-ceramic samples (a) C6 (b) C4.
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Table 6
Mechanical Flexural Strength of the glazed specimen.

σ (MPa) Crystalline phases

C7 170±20 SP, LS, Q
C9 205±17 SP, LS, Q

Fig. 9. XRD pattern of sample C6 (red line) and C7 (blue line); SP=Spodumene (ICDD: 00-035-0794), LS=Lithium Silicate (ICDD: 00-040-0376), Q=Quartz (ICDD: 00-046-1045).

Fig. 10. XRD pattern of sample C9 (red line) and C7 (blue line); SP, Spodumene; LS, Lithium Silicate; Q, Quartz.
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Table 7
Rietveld analysis of sample C7 and C9.

Crystalline phases % C7 C9

Spodumene 31,7±0,4 27,8±0,3
Lithium Silicate 21,8±0,2 18,7±0,2
Lithium Phosphate 7,5±0,2 6,4±0,2
Quartz 0,3±0,1 0,4±0,1
Amorphous 38,8±0,5 46,7±0,5

Fig. 11. SEM and EDS images of sample C7 (a) SEM image (b) EDS spectrum points.
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Table 8
EDS microanalysis of sample C7.

Spectrum Na2O Al2O3 SiO2 P2O5 K2O CaO CeO2 Total

Spectrum 1 1.30 10.72 72.86 4.42 0.26 0.99 9.45 100.00
Spectrum 2 0.48 11.20 73.44 3.53 0.07 0.77 10.51 100.00
Spectrum 3 1.19 10.12 77.29 2.56 0.13 0.78 7.93 100.00
Spectrum 4 1.74 9.69 77.76 3.75 0.31 1.89 4.87 100.00
Spectrum 5 1.30 10.52 77.81 3.92 0.55 0.60 5.30 100.00
Spectrum 6 1.48 10.65 75.42 4.09 0.31 1.05 7.00 100.00

Fig. 12. FEG images of sample C7 (a) cross section after polishing (b) surface.
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