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ABSTRACT

Objective. To elucidate the microstructural evolution of a commercial dental-grade lithium
disilicate glass-ceramic using a wide battery of in-situ and ex-situ characterization tech-
niques.
Methods. In-situ X-ray thermo-diffractometry experiments were conducted on a commer-
cially available dental-grade lithium disilicate glass-ceramic under both non-isothermal and
isothermal heat treatments in air. These analyses were complemented by experiments of ex-
situ X-ray diffractometry, field-emission scanning electron microscopy, energy-dispersive
X-ray spectroscopy, differential scanning calorimetry, and field-emission scanning electron
thermo-microscopy.
Results. It was found that the non-fired blue block consists of ~40vol % crystals embed-
ded in a glass matrix. The crystals are mainly lithium metasilicate (Li,SiO3) along with
small amounts of lithium orthophosphate (Li3sPO4) and lithium disilicate (Li,Si;Os). Upon
heating, the glassy matrix in the as-received block first crystallizes partially as SiO; (i.e.,
cristobalite) at ~660°C. Then, the SiO, crystals react with the original Li,SiO3 crystals at
~735°C, forming the desired Li,Si,Os crystals by a solid-state reaction in equimolar concen-
tration (SiO; +Li,SiO3 — Li,Si,Os). Precipitation of added colourant Ce ions in the form of
CeO, appears at ~775°C. These events result in a glass-ceramic material with the aesthetic
quality and mechanical integrity required for dental restorations. It also has a microstruc-
ture consisting essentially of elongated Li,Si,Os grains in a glassy matrix plus small cubic
CeO, grains at the outermost part of the surface.
Significance. It was found that by judiciously controlling the heat treatment parameters, it
is possible to tailor the microstructure of the resulting glass-ceramics and thus optimizing
their performance and lifespan as dental restorations.
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1. Introduction

Lithium disilicate glass-ceramic was first introduced to den-
tistry by Beall & Echeverria [1], and commercialized by Ivoclar
Vivadent in 1998 with the trade name IPS Empress 2. This
material was fabricated using the lost-wax press technique,
and was indicated for single-unit crowns and anterior 3-unit
fixed dental prostheses (FDPs) [2-4]. Medium-term clinical
studies showed that, while the survival rates for single-unit
crowns were satisfactory, those for FDPs were poor, being 87%
at4yr [5], 70% at 5yr [2], and 63% at 6 yr [6].

In an effort to improve the mechanical and optical
properties of Empress 2, two new lithium disilicate based
glass-ceramic materials, namely IPS e.max Press and CAD,
have been developed [7-10]. The improvements in the IPS
e.max system were achieved through the refinement of the
base glass composition as well as the quality of the starting
glass ingots. The base glass composition for e.max has sub-
stituted the La, O3 additives in Empress 2 with approximately
4wt % ZrO; [11]. The starting ingots of e.max have also pos-
sessed fewer defects (pores, accumulation of pigments, etc.)
relative to Empress 2 [11].

The IPS e.max materials can be fabricated using either
the traditional press technique or CAD/CAM technology. The
high crystal density (up to ~70vol.%) of these glass-ceramic
materials after firing ensures both high strength (460-500 MPa)
and high toughness (2.1-2.5 MPa m"/?), while maintaining out-
standing aesthetic properties [12,13]. Clinical studies reveal
that IPS e.max prostheses exhibited much improved survival
rates relative to their Empress 2 counterparts [14,15]. How-
ever, despite the major clinical successes of the IPS e.max
system, a fundamental understanding of its microstructural
development is still lacking [16].

IPS e.max Press was released in 2001. A few years later,
IPS e.max CAD was developed to improve the efficiency of
prosthesis fabrication [17]. In the latter case, the fabrication
process begins with a prefabricated partially crystallized glass-
ceramic block, which is relatively soft but strong enough for
machining and edge stability. After milling, the restorations
are then crystallized to form a lithium disilicate glass-ceramic
material via a thermal treatment. Such a thermal treatment
involves a nucleation and crystallization process, which, in
turn, controls the mechanical and optical properties of the
final glass-ceramic [18,19]. Thus, to optimize the properties
of the glass-ceramic, a comprehensive understanding of the
nucleation and crystallization process is paramount. To date,
most studies on nucleation and crystallization kinetics were
conducted using ex-situ characterization techniques at room
temperature, meaning that the specimens were fabricated
and cooled down to room temperature for phase analysis and
microstructural examination [16,18-24]. If not done properly,
the phase assembly and microstructure can change during
cooling. In addition, it is extremely challenging to under-
stand the entire microstructural evolution relying solely on
ex-situ characterization techniques. There have been only
a few in-situ studies, but most used custom-designed glass
compositions and heat treatment routes which differ from the
commercial glass composition and heating ramp [20-30].

With these premises in mind, in the present study we sys-
tematically examined the microstructural development of a
renowned, commercially available, lithium disilicate dental
glass-ceramic using a wide battery of both in-situ and ex-situ
techniques. Specifically, we selected the world’s best-selling
glass-ceramic material (IPS e.max CAD) [31], and exhaustively
characterized it under various heat treatment conditions
including the one recommended by the manufacturer and
routinely adopted in dental laboratories. Finally, clinical impli-
cations of the findings are discussed.

2. Experimental procedure

The starting material was a commercially available dental-
grade lithium disilicate block (IPS e.max CAD HT, C14, Shade
A2; Ivoclar Vivadent, NY). According to the manufacturer, the
as-received block is a partially crystallized glass-ceramic of
blue colour (therefore referred to as the “blue block”). It is pre-
pared by the controlled crystallization of glass ingots whose
standard composition (in wt %) is 57-80 SiO,, 11-19 Li, 0, 0-13
K0, 0-11 P,0s, 0-8 Zr0,, 0-8 ZnO, 0-5 Al,03, 0-5 MgO, and 0-8
colouring oxides. IPS e.max CAD was used because it is the
best-selling glass-ceramic material in the world [31]. The HT
grade was selected because the chemical composition of the
lithium disilicate crystals and its glass matrix is most simi-
lar in comparison to its MO or LT counterparts. Slides (~1mm
thickness) were cut from the as-received block, which were
next machined into parallelepiped plates (~14 x 12 x 1mm?)
and diamond polished to a 1-pm finish for their use in the
present study. The microstructural development of this blue
block during its heat treatment was then examined using a
slew of both in-situ and ex-situ characterization techniques,
as described below.

First of all, the blue block was characterized in detail.
Specifically, its crystallization state was investigated by X-
ray diffractometry (XRD; D8 Advance, Bruker AXS, Germany)
using a high-resolution diffractometer equipped with a lin-
ear ultra-fast detector. The XRD pattern was collected over
the angular range 10-60° 26 using CuKas incident radiation
(+=1.5406A) and a step size and counting time of 0.016°
26 and 3s, respectively. The crystalline phases present were
identified using the PDF2 database integrated in the eval-
uation package DiffractP!Vs (DiffractP!u Basic, EVA, Bruker
AXS, Germany). The microstructure was examined by field-
emission scanning electron microscopy (FE-SEM; Quanta
3D FEG, FEI, The Netherlands) using unetched specimens.
Imaging was performed on uncoated specimens at random
locations, operating at 20keV in low-vacuum mode (at 80Pa
pressure) with the (gaseous analytical) backscattered elec-
tron detector (BSED). The degree of crystallinity (defined as
the fraction of crystallized area) and the morphology of the
crystals (length and thickness) were calculated from the SEM
images by image analysis (AnalySIS, Olympus Soft Imaging
Solutions GmbH, Germany). In addition, the elemental chem-
ical composition (at.%) was measured by energy-dispersive
X-ray spectroscopy (EDXS), using the ZAF-factor technique for
the quantitative analyses. The EDXS spectra were taken in the
energy range 0.1-10keV at random locations, again operating
at 20keV.
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The microstructural evolution of the blue block was
subsequently investigated, during both non-isothermal and
isothermal heat treatments in air. In particular, its crystalliza-
tion was investigated in-situ by X-ray thermo-diffractometry
(XRTD), using the same diffractometer as before but equipped
with a furnace-type heating chamber (as done before in other
ceramics [32-36]). More specifically, the chamber (RP-Furnace,
MRI, Germany) consists essentially of a tube-like heater made
of Pt-Rh with proper thermal insulation, where an Al,03
holder with the sample is inserted. The temperature is mea-
sured with a type-S thermocouple located at the sample
surface, and the heating is regulated by a power unit inte-
grated with a PID-controller. Note that for accurate in-situ
XRTD studies on these materials, it is necessary to use this
heating chamber geometry instead of the more typical strip-
heater type heating stages used in earlier work [23,28-30], in
which the specimens are simply heated on a hot filament from
the lower surface despite the XRTD data are collected from
the top surface. Since most glass-ceramics and ceramics have
poor thermal conductivity, the use of a hot-strip type heating
stage is likely to lead to large differences between the set tem-
perature of the hot filament and the actual temperature at the
specimen surface. The furnace-type heating chamber ensures
accurate temperatures and the optimal thermal uniformity of
the measurable surface [32], and in addition imitates the radia-
tive heating of the furnaces available for dental laboratories.

Three sets of XRTD patterns were collected over the angular
range 15-45° 26 with step size of 0.016° 26 and counting time
of 0.1s, and delay time of 2s for temperature stabilization.
Firstly, they were measured under non-isothermal heating
conditions each 5 °C in the temperature range 30-900 °C (using
an effective heating ramp of ~0.9°C/min). This first in-situ
XRTD study was aimed at gaining detailed insights into the
occurrence of sequential events (such as reactions, crystal-
lizations, precipitations, etc.). Secondly, they were measured
under an isothermal heating regime at 770°C (reached using
a heating ramp of 60 °C/min) with 2 °C fluctuation, each 2min
in the holding time ranging from 0-60 min. And thirdly, they
were measured under an isothermal heating regime at 850°C
(reached using a heating ramp of 60°C/min up to 770°C
and there onwards at 30°C/min) with 2°C fluctuation, each
2min in the holding-time range 0-60 min. The design of these
second and third in-situ XRTD studies was to follow the
manufacturer’s recommendation as implemented by dental
laboratories, which proposes a crystallization cycle with a
heating ramp of 60°C/min up to 770°C and holding there
for 10s followed by a second heating ramp of 30°C/min up
to 850°C and holding there for 10 min. Nonetheless, in the
present in-situ XRTD studies the holding times were varied
intentionally in the range of 0-60min to investigate their
effect on the microstructural development. XRD patterns were
also collected once the specimen had cooled down naturally
to room temperature. In addition, the surface microstruc-
ture of the resulting blocks was characterized by FE-SEM
under the same conditions as before, using both the low-
vacuum secondary electron detector (LVSED) and the BSED,
and EDXS.

The microstructure of the blocks subjected to non-
isothermal heat treatment up to 900°C was selectively
investigated in more detail. Specifically, a cross-section (25 pm

length, and 8 um depth) was prepared from its central region
by in-situ lift-out techniques using a focused ion beam (FIB;
Quanta 3D FEG, FEI, The Netherlands), which was then char-
acterized by FE-SEM (with the BSED) coupled with EDXS. This
block was also intentionally broken, and its fracture surface
was examined by FE-SEM (with the BSED).

The XRTD studies performed on the blue block were com-
plemented by differential scanning calorimetry (DSC; STA
449 F3 Jupiter, Netzsch, Germany) and field-emission scan-
ning electron thermo-microscopy (FE-SETM). The DSC curves
were registered in flowing pure air (at 50 ml/min) in the tem-
perature range 30-900°C, using heating ramps of either 1.2
(close but faster than that used in the non-isothermal XRTD
study) or 10 °C/min (typically adopted in many DSC studies).
This was done because slower heating rates provide better
temperature resolution, while faster heating rates increase
the sensibility of the heat flow measurements. The FE-SETM
observations were conducted using the same field-emission
gun microscope as before, but equipped with a hot-stage
(heating stage module with a type-K thermocouple, and power
unit with a PID-controller) and operated at 20keV in environ-
mental mode (at 90 Pa pressure) with the (gaseous) secondary
electron detector (GSED). High-temperature in-situ imaging
was done at 750, 800, and 900°C (achieved with a heating
ramp of 15°C/min), after 5min of soaking for temperature
stabilization. The choice of these temperatures is based on
the manufacturer’s recommendation of using firing cycles
above 750°C; the heating ramp was, however, slower than the
manufacturer’s recommendation to ensure that the hot-stage
provides a homogeneous surface heating.

3. Results and discussion

Fig. 1 shows a representative FE-SEM image of the blue block. It
has the typical microstructure of glass-ceramics, with ceramic
crystals embedded in a glassy matrix. The crystals account
for ~40vol % (crystallinity degree), and have a rod-like shape

Fig. 1 - Representative SEM micrograph of the blue block in
its as-received condition. The inset is an optical
photograph of the blue block (from which slices were cut
for the characterization studies).
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Fig. 2 - XRD pattern of the blue block. Peak assignations are
included.

with lengths and thicknesses of ~0.5-1.5 and ~0.2-0.5 um,
respectively. According to the XRD pattern shown in Fig. 2, the
crystals are mostly Li;SiO3 (lithium metasilicate), although a
few are LizPOy4 (lithium orthophosphate) and Li; SiyOs (lithium
disilicate). The weak broad hump in the XRD pattern (~20-30°
26) indicates the presence of a glassy phase as well, which
is a SiO,-based glass given the chemical composition of the
glass ingots used to prepare the blue block. As seen in the
EDXS spectrum shown in Fig. 3, this glass-ceramic also con-
tains Ce (0.24 at.%), Al (1.05 at.%), Mg (0.10 at.%), Zr (0.28 at.%),
K (1.97 at.%), and Zn (0.24 at.%), which must all be dissolved
in the glassy matrix (i.e., incorporated into the glass struc-
ture as either network modifiers or intermediates). This latter
is because the position of the diffraction peaks of Li,;SiOs,
Li3POy4, and Li;Si;Os matches the theoretical expectations,
which rules out the formation of crystalline solid solutions.
Fig. 4 shows the three-dimensional plot of the XRTD pat-
terns collected in-situ during the non-isothermal heating of
the blue block from 30 to 900°C in air. It can be seen that
its partially crystalline state does not change up to ~660°C,
at which temperature a transient crystalline phase precipi-
tates from the glass. Both these transient crystals and the
LiSiO3 crystals disappear completely at ~760°C, giving rise

*C
e O
v Ce
< Mg
A Al
OZr
v K
AZn

Intensity (arbitray units)

Energy (keV)

Fig. 3 - EDXS spectrum (taken in area mode) of the blue
block. Peak assignations are included.

to a new permanent crystalline phase. Finally, another per-
manent crystalline phase appears at ~775°C. Fig. 5 shows
the two-dimensional contour plot generated from the XRTD
patterns in Fig. 4, together with the corresponding phase
identification. With increasing temperature up to ~660°C,
the inventory of crystalline phases remains unchanged with
respect to room temperature. The only phenomenon occur-
ring in this temperature interval is the thermal expansion
of the unit cells of Li,SiOs3, Li3sPOg4, and Li,Si;Os, as deduced
from the peak shifting towards lower diffraction angles. At
~660°C, SiO; crystallizes as cristobalite from the glass, as
inferred from the appearance of the corresponding diffraction
peaks and the substantial reduction in the background level.
This cristobalite is, however, a transient crystalline phase
that disappears completely at ~760°C, which also happens
for Li»SiOs. Li,SipOs is formed concurrently with the progres-
sive disappearance of SiO; and Li;SiO3 in the temperature
interval ~735-760°C, indicating that the gradual occurrence of
the solid-state reaction Li»SiO3+Si0y—Li;Si»Os. Once formed,
Li,SiyOs is a permanent crystalline phase. Finally, at ~775°C
CeO; appears, a phenomenon that is nonetheless much more
evident at ~835°C. The CeO; crystals exhibit preferred orien-
tation along their <100> directions (i.e., the cube faces) because
the 200 diffraction peak (at ~32.8° 26) is, contrary to the the-
oretical expectation, stronger than the 111 diffraction peak

26‘(")

Fig. 4 - XRTD patterns (angular interval 15-45° 26) collected in-situ as a function of the temperature (T) in the range

30-900 °C for the blue block.
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Fig. 5 - Two-dimensional intensity contour (extracted from the XRTD patterns) as a function of the temperature in the range
30-900°C for the blue block. Line assignations are included (LS = Li;SiO3, LS>=Li,Si>Os, LOP =Li3P0O4, and H = Al,03 holder).

(at ~28.3° 26). Also, CeO, appearance comes accompanied
by a sudden decrease in the lattice parameters of Li;SiyOs,
as inferred from the slower temperature dependence of the
peak shifting. It is then reasonable to presume that CeO, pre-
cipitated, at least partially, from Li;Si;Os, and, consequently,
that Ce was necessarily dissolved in solid solution within

exothermic T

Heat flow (W/g)

— fast heating rate (10 °C/min)
- slow heating rate (1.2 °C/min)
# SiO, crystallization
e Li,Si,O, formation
v CeO, precipitation

T T T T T T | T
30 100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig. 6 — DSC curves measured as a function of the
temperature in the range 30-900 °C for the blue block. The
heating ramps used are indicated. Peak assignations are
included.

the Li;SiyOs host. In particular, Ce would have substituted
partially for Si thus forming Li,Siy.xCexOs without oxygen
vacancies, which has larger lattice parameters than Li;Si;Os
due to the larger cationic size (by a factor of 2) of Ce** relative
to Si**. The phenomenon of CeO, precipitation observed here
is quite novel, and to the best of the authors knowledge has

v Li,Si,0,
e Li,PO,
¢ CeO,

= holder

Intensity (arbitrary units)

15 20 25 30 35 40 45
20 (degrees)
Fig. 7 - XRD pattern of the block resulting from the

non-isothermal heating up to 900 °C. Peak assignations are
included.
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not been reported before. Nonetheless, careful re-evaluation
of earlier in-situ XRTD studies performed on other custom-
designed glass compositions also indicates CeO; precipitation
[27], therefore demonstrating that it is not exclusive to the
present commercially available glass-ceramic. CeO, precipita-
tion could also have gone unnoticed in earlier studies if, as it is
common practice, the specimens are polished and/or etched
with acids prior to their microstructural characterization.

It is also worth mentioning at this point that the evolu-
tion on the temperature of the lithium disilicate based glasses
and glass-ceramics is both qualitatively and quantitatively
affected by factors such as their composition, thermal his-
tory, and heat treatment condition, which reinforces the need
for a study such as the present on the commercially avail-
able material. Thus, for example, unlike what happens with
other custom-designed glass compositions [23], the precipi-
tation of ZrO, or of other oxides (Al,03, MgO, ZnO, etc.) was

Fig. 8 - Representative SEM micrographs of the block
resulting from the non-isothermal heating up to 900 °C,
taken with the (A) LVSED and (B) BSED. The insets in (A)
and (B) are higher-magnification micrographs. The other
inset in (A) shows blue block and the block
non-isothermally heat-treated up to 900 °C.

not observed here, suggesting that these ions remain in the
glass matrix. Crystallization of the SiO, matrix as cristobalite
has been observed for the present glass-ceramic, but not for
other similar glasses [23]. Matrix crystallization as both cristo-
balite and quartz has been reported as well [23,25,30], not only
as cristobalite. Lastly, the onset temperatures of the differ-
ent events occurring are not always the same, but may differ
appreciably [37].

Fig. 6 shows the DSC curves of the blue block registered
from ~30 to 900°C in air. They exhibit the peaks attributable
to SiO; crystallization, Li,Si,Os formation, and CeO, precipi-
tation already observed by XRTD. The temperatures registered
for these events are, however, slightly higher in DSC than in
XRTD, but this can simply be due to the combination of vari-
ous factors such as the faster heating rates used in the former
(confirmed here by using two different heating rates during
DSC), the different heating protocols applied (stepwise heat-

.‘ -
»

-
" o

Fig. 9 — Representative SEM micrographs taken with the
BSED (A) of the cross-section prepared by in-situ lift-out in
the FIB microscope, and (B) of the fracture surface (broken
intentionally) of the block non-isothermally heat-treated up
to 900°C.


https://doi.org/10.1016/j.dental.2019.02.011

DENTAL MATERIALS 35 (2019) 697-708 703

ing in XRTD to collect patterns in-situ but continuous heating
in DSC), and the different atmospheres used (ambient air in
XRTD but flowing pure air in DSC).

Fig. 7 shows the XRD pattern of the glass-ceramic block
extracted from the diffractometer after the non-isothermal
XRTD up to 900 °C. Only diffraction peaks from Li;Si, Os (major
phase), Li3PO4 (minor phase), and CeO, (minor phase) are
observed, therefore indicating that the crystalline phases
formed at 900 °C do not reversibly transform during the natural
cooling to room temperature. Additionally, it was confirmed
that the CeO, crystals have crystallographic texture along
their <100> directions because the intensity ratio of the 111
diffraction peak to the 200 diffraction peak is 0.27, not 2.75
as expected for randomly oriented CeO, crystals. Fig. 8 shows
representative FE-SEM images (both LVSED and BSED images)
of the surface of the resulting block, which is no longer blue
but has a tooth colour with shades and translucency satisfying
the aesthetic requirements needed for restorative dentistry.
In addition, its microstructure is very different from that of
the blue block. Firstly, there is a network of interconnected
large Li;SiyOs crystals with glassy phase in-between instead
of well-dispersed small Li,SiO3 crystals embedded in a glassy
matrix. The Li,SiyOs crystals have a rod-like morphology, but
their lengths and thicknesses are as great as ~20 and 3 pm,
respectively. The higher aspect ratio of these Li;Si;Os crystals
in relation to the original Li,SiO3 crystals indicates the occur-
rence of preferential crystal growth. In addition, the Li;Si;Os
crystals now account for ~70-80vol %, not just 40vol %. And

Time at 770 °C (min)

26 ()

secondly, there are also well-faceted cubic crystals of ~1-1.5
wm in size homogeneously dispersed, identified as being CeO,
crystals according to the BSED images and additional EDXS
spectra taken in point mode (not shown). These CeO; crystals
are mostly oriented with the cube faces parallel to the spec-
imen surface, thus confirming the crystallographic texture
already deduced by XRTD and XRD. Furthermore, microstruc-
tural observations by FE-SEM of cross-sections prepared by
in-situ lift-out in the FIB microscope and of fracture surfaces
(broken intentionally), such as the ones shown in Fig. 9, reveal
that there are CeO, crystals only at the outermost part of the
surface (first 1-3 pm in depth). CeO, is then, overall, a very
minor crystalline phase, which explains the weakness of the
peak attributable to CeO, precipitation in the DSC curves. Also,
the absence of CeO; crystals in the interior of the heat-treated
block suggests that the surrounding air atmosphere plays a
fundamental role in their formation.

For clinical practice, the manufacturer recommends for
dental prosthetics that the dental piece machined from the
blue block be subjected to a two-stage heat treatment. The
recommended firing cycle consists of a first heating ramp at
~60°C/min up to ~770°C and soaking there for ~10s, fol-
lowed by a second heating ramp at ~30°C/min up to ~850°C
and soaking there for ~10 min. Nonetheless, longer heat treat-
ments at these, or at very close, temperatures have also
been applied to this type of dental glass-ceramics. Conse-
quently, it was considered worth examining the effect of
the heat treatment duration at both 770 and 850°C (reached

S
counts

29 >
~JCO\D S =i I LI B NI GO\ S b,

O
==
=

Fig. 10 - Two-dimensional intensity contour (extracted from the XRTD patterns) as a function of the holding time at 770°C
in the range 0-60 min for the blue block. Line assignations are included (LS =Li,SiO3, LS, =Li,Si0s, LOP = LizPO4, and

H=Al,03 holder).
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Fig. 11 - Representative SEM micrographs of the block resulting from the isothermal heating at 770 °C for 1h, taken with the

(A) LVSED and (B) BSED.

using the heating ramps proposed by the manufacturer) on
the microstructural development of this commercially avail-
able dental-grade lithium disilicate glass-ceramic, as will be
described in the following two paragraphs.

Fig. 10 shows the two-dimensional contour plot generated
from the XRTD patterns (not shown) collected in-situ dur-
ing the isothermal heating of the blue block at 770°C as a
function of time up to 1h, together with the corresponding
phase identification. As expected, at 770°C there are initially
LipSipOs (major phase) and LisPO; (minor phase) crystals,
and still some unconsumed Li;SiO; and SiO; (i.e., cristo-
balite) crystals. This is because the kinetics of the solid-state
reaction LipSiO3+Si0Oy— LiySiyOs is slower during the isother-
mal heating (due to the faster heating ramp). The reaction
is however completed after ~6min at 770°C. Finally, after
~15min at 770°C there is a marginal CeO, precipitation.
Fig. 11 shows representative FE-SEM images (both LVSED and
BSED images) of the surface of the resulting block, which also

turned tooth colour (not shown). Its microstructure consists
essentially of LiSi»Os crystals embedded in a glassy matrix,
plus sparse CeO; cubic crystals (with crystallographic tex-
ture). The Li;Si,Os crystals are relatively fine (lengths and
thicknesses less than 2 and 0.8 wm, respectively), and have
a rod-like shape. Therefore, this microstructure differs sub-
stantially from that of the block non-isothermally heat-treated
up at 900°C, but bears a certain resemblance to that of the
blue block (albeit with Li,Si,Os crystals instead of Li;SiO3
crystals, higher crystallinity degree, and surface CeO; crys-
tals).

Fig. 12 shows the two-dimensional contour plot generated
from the XRTD patterns (not shown) collected in-situ during
the isothermal heating of blue block at 850°C as a function of
time up to 1h, together with the corresponding phase identi-
fication. From the beginning there are Li;Si;Os (major phase),
Li3PO4 (minor phase), and CeO, (minor phase) crystals, with
the abundance of surface CeO; increasing with the exposure
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Fig. 12 - Two-dimensional intensity contour (extracted from the XRTD patterns) as a function of the holding time at 850°C
in the range 0-60 min for the blue block. Line assignations are included (LS, =Li,Si,0s, LOP = Li3PO4, and H=Al;,03 holder).

time at 850°C. Neither Li;SiO3 nor SiO, are observed, which
is because the solid-state reaction Li;SiO3+ SiOy—Li;SiyOs
was completed at lower temperatures during the heating
ramp. Fig. 13 shows representative FE-SEM images (both
LVSED and BSED images) of the surface of the resulting
block. Its microstructure consists essentially of Li;Si;Os crys-
tals embedded in a glassy matrix, plus abundant CeO, cubic
crystals (with preferred orientation) everywhere. The Li;SizOs
crystals are coarser (lengths and thicknesses less than 5
and 2 pm, respectively), and have a rod-like shape. There-
fore, this microstructure is intermediate between those of the
blocks heat-treated isothermally at 750°C for 1h and non-
isothermally up to 900°C.

It emerges that by judicious control of the firing cycle, it
is possible to design the microstructure of these commer-
cially available dental glass-ceramics from well-dispersed fine
Li;SiO3 crystals embedded in an abundant glassy matrix to
interlocked large Li;Si;Os crystals with little glassy phase in-
between plus abundant surface CeO, crystals. According to
the FE-SETM observations shown in Fig. 14, performed in-situ
at 25, 750, 800, and 900 °C, there is little microstructural devel-
opment at 750°C but evident crystal lengthening at 900°C,
with the intermediate temperatures then promoting different
degrees of microstructural coarsening. Also, CeO, precipita-
tion is already inferred in the FE-SETM images taken at 800°C,
but becomes more noticeable in those taken at 900°C. Given
the ample repertoire of possible microstructures, further work

is then needed to elucidate the effects of the microstruc-
ture on both the aesthetic aspects and mechanical/tribological
properties of these glass-ceramics with a focus towards the
optimization of their performance and lifespan as dental
restorations. The conventional wisdom is that fine-grained
microstructures maximize the strength and wear resistance of
ceramics, while coarsened-microstructures (especially if elon-
gated) maximize their toughness. Earlier studies [38,39] on
lithium disilicate glass-ceramics suggest however that their
ideal microstructures (in terms of strength, toughness, and
wear resistance) are those formed by interlocked medium-
sized Li;Si,Os grains, which best balance conflicting effects of
grain size, residual stress, and crystallinity degree. Whether
this processing guideline extends to commercially available
dental-grade lithium disilicate glass-ceramics is nonetheless
an important question with relevant clinical implications
that remains to be resolved with further systematic stud-
ies.

4. Concluding remarks

The microstructural development during the heat treatment
of a commercially available dental-grade glass-ceramic, which
consisted essentially of small Li;SiO3 crystals embedded in
a glassy matrix, was studied using a battery of in-situ and
ex-situ characterization techniques. It was observed that the
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Fig. 13 - Representative SEM micrographs of the block resulting from the isothermal heating at 850 °C for 1h, taken with the

(A) LVSED and (B) BSED.

microstructure remains unchanged up to ~660°C, at which
temperature SiO, crystallizes (in the form of cristobalite)
from the glass. With further temperature increase, the solid-
state reaction LiySiO3 + SiOy—Li;SipOs starts at ~735°C and
is completed at ~770°C. Precipitation of colouring Ce ions,
in the form of surface CeO,, also occurs at ~775°C. Finally,
it was demonstrated that, by appropriate control of the heat
treatment conditions, it is feasible to optimize the microstruc-
ture of these glass-ceramics for dental restorations from
well-dispersed fine Li,;SiO3 crystals embedded in an abun-
dant glassy matrix to interlocked large Li,Si,Os crystals with
less glassy phase in-between plus abundant surface CeO,
crystals.
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Fig. 14 - Representative SEM micrographs of the blue block taken in-situ with the GSED at (A) 25, (B) 750, (C) 800, and (D)

900 °C, after 5min of holding time for temperature stabilization.
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