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Abstract

The effects of K,O content on sintering and crystallization of glass powder compacts in the Li,O-K,0-Al,05;-Si0, system were investigated.
Glasses featuring SiO,/Li, O molar ratios of 2.69-3.13, far beyond the lithium disilicate (LD-Li,Si,0s) stoichiometry, were produced by conven-
tional melt-quenching technique. The sintering and crystallization behaviour of glass powders was explored using hot stage microscopy (HSM),
scanning electron microscopy (SEM), differential thermal (DTA) and X-ray diffraction (XRD) analyses. Increasing K,O content at the expense
of SiO, was shown to lower the temperature of maximum shrinkage, eventually resulting in early densification of the glass-powder compacts.
Lithium metasilicate was the main crystalline phase formed upon heat treating the glass powders with higher amounts of K,O. In contrast, lithium
disilicate predominantly crystallized from the compositions with lower K,O contents resulting in strong glass—ceramics with high chemical and

electrical resistance. The total content of K,O should be kept below 4.63 mol% for obtaining LD-based glass—ceramics.

© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Sintering of glass-powder compacts is a common processing
route for obtaining glass—ceramic (GC) materials with desired
properties.'? The glass powders with high specific surface area
intrinsically provide uniformly distributed nucleus sites in the
entire volume of the glass.>”” The properties of GCs are deter-
mined by crystalline phases precipitated from the glass reservoir
whilst an excessively high crystal growth rate is to be avoided
to not develop coarse microstructure limiting achievement of
high mechanical strength.!3-10 Additionally, sintering should
preferably take place prior crystallization thus both events being
independent processes.
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Lithium disilicate GCs have attracted much interest due to a
wide range of practical applications such as ceramic composites,
ceramic—metal sealing, and dental restoration!!~!3. Production
of those materials might be alternatively based on sintering and
crystallization of glass powder compacts. In particular, dentistry
restoration systems IPS Empress® 2 for restoring three-unit fixed
partial dentures up to the second premolar have so far been
prepared by hot-pressing technology of sintered ingots.'* Appar-
ently, besides the practical aspects, lithium disilicate glasses
have been a subject of many nucleation and crystallization the-
ories for decades.! 18 These studies focused on the Li;O-SiO,
binary glass system and discussed the growth interrelation
between the Li;Si;O5 and Li»SiO3 (lithium metasilicate) crys-
talline phases.!>~20

In our previous attempts, the glasses containing Al,O3 and
K5O and featuring SiO»/Li; O molar ratios (3.13—4.88) were pro-
duced by conventional melt-quenching technique along with a
bicomponent glass 23Li;0-77Si0, (mol%).'*?° Sintering and
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crystallization studies of glass powder compacts revealed that
23Li,0-77S10, composition exhibited high fragility along with
low flexural strength and density. Addition of Al,O3 and K>O
in equimolar amount to Li;O-SiO; compositions resulted in
improved densification and mechanical strength.'®

Recently we attempted to synthesis glasses in the glass form-
ing region of Li;O-K,0-Al,03-Si0; system with SiO,/Li,O
molar ratios varying between 2.69 and 3.13.2! The role of K,O
and K, O/Si0; ratios on structural transformations, properties of
new glasses in bulk form along with their crystallization mecha-
nism was investigated. The 2°Si MAS-NMR spectra evidenced
a mixture of Q4 (Si) and Q3 (Si) as the predominant structural
units in all the glasses. Moreover, upon increasing K,O con-
tent new Q° groups appeared, the amount of Q> units increased,
whereas 0* diminished, suggesting depolymerisation of the sil-
icate glass network. The addition of K>O was found to promote
surface crystallization in glasses, as well as the predominant
formation of lithium metasilicate phase.

This work, as the logical continuation of the recent
study,! aims at investigating the effects of K,O on sin-
tering and crystallization of glass powder compacts in the
Li;O-K»0-Al,03-Si0; system. The same glass compositions
with Si0,/Li> O molar ratios varying between 2.69 and 3.13 have
been prepared but in the frit form, and the sintering and crystal-
lization of glass-powder compacts were analysed by hot stage
microscopy (HSM), scanning electron microscopy (SEM), dif-
ferential thermal (DTA) and X-ray diffraction (XRD) analyses.
Another objective was to determine the influence of K,O con-
tents and K, O/Si0; ratios on thermal, mechanical and electrical
properties of resultant glass—ceramic materials.

2. Experimental procedure
2.1. Glass preparation

A total of 8 compositions were prepared according to the
general formulae 23.7 (71.78 — x) Si0;,-2.63 Al,03:(2.63 +x)
K;0-23.7 LipO, where x changed from 0 to 10.2! Accord-
ingly, the glasses have been labelled as GK, depending on the
amount of KO being substituted for SiO; in the glass composi-
tions. For example: GKj corresponds to the parent composition,
i.e., x=0 and KyO/Al,O3=1. Table 1 presents the detailed

Table 1
Compositions of the experimental glasses.

Oxides (mol%)

LirO KyO ALO3 SiOy SiOy/LiO SiO02/K20 KyO/AL O3
GK 2296 263 2.63 71.78 3.13 27.29 1.00
GKos 2296 3.13 2.63 7128 3.10 22.77 1.19
GK; 2296 3.63 263 70.78 3.08 19.50 1.38
GK;5 2296 4.13 2.63 70.28 3.06 17.02 1.57
GK, 2296 463 263 69.78 3.04 15.07 1.76
GK;5 2296 513 2.63  69.28 3.02 13.50 1.95
GKs 2296 7.63 263 66.78 291 8.75 2.90
GKjp 2296 1263 2.63 61.78 2.69 4.89 4.80

compositions of the glasses along with their corresponding
Si0,/Li0, Si0,/K>0 and K»O/Al, O3 ratios.

Powders of technical grade SiO, (purity >99.5%) and of
reactive grade Al,O3, Li;CO3, and K;CO3; were used. Homo-
geneous mixtures of batches (~100 g) obtained by ball milling
were calcined at 800 °C for 1 h, melted in Pt crucibles at 1550 °C
for 1 h in air and then quenched in cold water. The obtained frits
were dried and milled in a high-speed agate mill. The mean
particle size of the glass powders as determined by light scatter-
ing technique (Beckman Coulter LS 230, CA, USA; Fraunhofer
optical model) was about 5-10 pwm.

2.2. Sintering and crystallization of glass powder compacts

A side-view hot-stage microscope (HSM, Leitz Wetzlar,
Germany) equipped with a Pixera video-camera and image anal-
ysis system was used to investigate the sintering behaviour of
glass powder compacts. The cylindrical shaped samples from
glass powder compacts with height and diameter of ~3 mm
were prepared by cold-pressing the glass powders. The cylindri-
cal samples were placed on a 10 mm x 15 mm X 1 mm alumina
(>99.5 wt.% Al,0O3) support and the measurements were con-
ducted in air with a heating rate (8) of 5 K/min. The temperature
was measured with a chromel-alumel thermocouple contacted
under the alumina support. The temperatures corresponding to
the characteristic viscosity points [first shrinkage (Tfs), maxi-
mum shrinkage (Tps), softening (Tp), half ball (7Tgg) and flow
(Tr)] were obtained from the graphs and photomicrographs
taken during the hot-stage microscopy experiment.>>>3

Apart from HSM investigation, the sintering process was
explored using non-isothermal heat treatment of glass-powder
compacts. Rectangular bars (4 mm x 5 mm x 50 mm) prepared
by uniaxial pressing (80 MPa) were sintered at 800, 850 and
900°C for 1h. A heating rate of 2 K/min was maintained in
order to prevent deformation of the samples.

The following characterization techniques were employed
to analyse sintered materials: (1) Archimedes’ method (i.e.
immersion in diethyl phthalate) to measure the apparent den-
sity; (2) dilatometry measurements (Bahr Thermo Analyze DIL
801 L, Hiillhorst, Germany; heating rate 5 K/min) to mea-
sure coefficient of thermal expansion (CTE) (standard deviation
obtained from 3 samples was £0.1 x 10~%/K); (3) differential
thermal analysis in air (DTA, Labsys setaram TG-DTA; heating
rate 5 and 10 K/min); (4) 3-point bending strength tests were
performed on rectified parallelepiped bars of sintered GCs (Shi-
madzu Autograph AG 25 TA, 0.5 mm/min displacement): the
results were obtained from 10 different independent samples;
(5) chemical resistance was established according to ISO test
standards, i.e. immersing the materials in acetic acid at 80°C
for 16h and evaluating possible weight loss (ug/cm?)**; (6)
crystalline phases were identified by X-ray diffraction analysis
(Rigaku Geigerflex D/Mac, C Series, Japan; Cu K, radiation,
26 =10-60° with a 26-step of 0.02°/s) comparing the experi-
mental X-ray patterns to standards compiled by the international
centre for diffraction data (ICDD); and (7) microstructure obser-
vations were done on polished (mirror finishing) and then etched
samples (immersion in 2 vol.% HF solution for 2 min) by field
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emission scanning electron microscopy (FE-SEM, Hitachi S-
4100, Japan, 25kV acceleration voltage, beam current 10 pA)
under secondary electron mode.

For the measurements of total conductivity, dense ceramic
samples sintered at 900 °C were cut into disks with thickness of
1-3 mm (diameter of 14 mm) and then polished with diamond
pastes. Porous Ag electrodes were applied onto both sides of
the glass—ceramic disks and sintered at 600 °C for 5—10 min.
The total conductivity (o) was determined by alternating cur-
rent (AC) impedance spectroscopy using a HP4284A precision
LCR meter in the frequency range 20Hz to 1 MHz. The mea-
surements were performed at 630-800 K in flowing dry and wet
air or argon, where the water vapour partial pressure was con-
tinuously monitored by a Jumo humidity transducer. The lower
temperature limit was associated with increasing electrical resis-
tance of the glass—ceramics on cooling, leading to a higher noise
level and lower accuracy; the upper limit was selected in order
to avoid possible volatilization of the alkaline metal oxide com-
ponents. The gas flows were dried by passing through silica gel
or humidified by bubbling through water at room temperature.

3. Results
3.1. Glass and glass—ceramic samples preparation

Heating at 1550 °C for 1 h was adequate to obtain amorphous
frits from all the investigated compositions as confirmed by the
absence of crystalline inclusions using XRD analysis. Appar-
ently, glass preparation temperature decreases with growing
K5O content. Dense samples of rectangular shape were obtained
after sintering of glass-powder compacts at 800, 850 and 900 °C
for 1 h. However, GK5 and GK¢ exhibited clear signs of soften-
ing at temperature >800 °C (Fig. 1) due to their higher contents
of alkaline oxides (Li;O + K,0).252?

3.2. Sintering process of glass-powder compacts

During sintering of a glass-powder compact, smaller particles
get sintered first and sintering kinetics at the first shrinkage is
dominated by the neck formation amongst smallest particles via

Fig. 1. Appearance of glass powder compact bars after sintering at 900 °C for
1h.

viscous flow.3%3! Maximum shrinkage is reached when larger

pores have disappeared due to viscous flow that reduces their
radii with time.>? However, some processes, e.g. crystallization,
occurring at the very end of sintering process might affect the
densification kinetics. A comparison between DTA and HSM
results under the same heating conditions can be useful to
investigate the effect of glass composition on sintering and devit-
rification phenomena. In general, two different trends related to
the sintering and crystallization behaviour of the glasses can be
observed?3: (1) the beginning of crystallization (7.) occurs after
the final sintering stage and, thus, sintering and crystallization
are independent processes; and (2) T, appears before the max-
imum density has been reached, and the crystallization process
starts before complete densification, thus, preventing further
sintering.

There are several important characteristic viscosity points
based on the relation between the temperatures measured by
HSM and corresponding viscosities?>3*: (1) first shrinkage
(Trs): the temperature at which the pressed sample starts to
shrink, log n=9.1£0.1, where 7 is the viscosity in dPas;
(2) point of maximum shrinkage (7Tyms): the temperature at
which maximum shrinkage of the glass-powder compact is
achieved before it starts to soften, log n=7.8+0.1; (3) soft-
ening point (7p): the temperature at which the first signs of
softening are observed which is generally shown by the dis-
appearance or rounding of the small protrusions at the edges
of the sample, log n=6.3+0.1; (4) half ball point (Typ):
the temperature at which the section of the observed sample
forms a semicircle on the microscope grid, log n=4.1+£0.1,
and (5) flow point (TF): the temperature at which the max-
imum height of the drop of the molten glass corresponds to
a unit on the microscopic scale, log n=3.4£0.1. A/Ag corre-
sponds to the ratio of final area/initial area of the glass-powder
compacts.

The variation in the relative area (A/Agp) and heat flow with
respect to temperature is shown in Fig. 2, revealing two steps of
sintering. The thermal characteristics and sintering parameters
of glasses obtained by means of DTA and HSM are summarized
in Table 2. The initiation of sintering occurred at ~484-491 °C
(Trs1) in all compositions whilst the extent of densification at the
first stage (i.e. temperature interval between Ts| and Tggs1) sig-
nificantly decreased with increasing K, O content and K, O/Si0»
ratio. The first sintering stage ended at the point of first max-
imum shrinkage (Ts1) that was fairly close to the onset of
crystallization temperature (7¢).

The second stage of densification occurred in competition
with devitrification process (Fig. 2) that subsequently might
cause a viscosity increase.>> However, the viscosity did not rise
in such an extent to prevent sintering.'® In contrast, shrinkage
values (Ajz) of GKop—GK, glasses were comparable with rele-
vant data obtained at the first stage. The subsequent GKs—GKjg
compositions exhibited highest values of shrinkage suggesting
that the densification processes for these glasses mostly occurred
during the second sintering stage. Another feature was that the
temperature of second shrinkage (Trs») and the corresponding
point of maximum shrinkage (Ts2) decreased with increasing
amounts of K»O.
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Fig. 2. DTA and HSM curves for glass-powders (a) GKo, (b) GK», (c) GKs, and (d) GKjj.
Table 2
Thermal characteristics of glasses and their sintering parameters.
x DTA HSM
T, (°C) T . (°C) T, (°O)  Trs1(°C)  Tms1(°C) Ay Trs2 (°C) Tms2(°C) Az A/Ag Ip (°C) Tus °C) Tk (°C)
0 507 599 672 487 611 0.18 774 924 0.17 0.65 929 945 964
1 499 596 669 491 611 0.18 758 874 0.20 0.62 947 957 967
2 494 588 675 487 593 0.19 717 870 0.20 0.61 928 937 954
5 493 563 651 488 565 0.11 658 821 0.28 0.61 830 910 929
10 490 559 616 484 541 0.02 621 707 0.39 0.59 709 916 939

The photomicrographs demonstrating a change in the geo-
metrical shape with temperature, as obtained from HSM, are
presented in Fig. 3. The value of Tp for GKo is about 929 °C,
which is higher than the maximum sintering temperature used in
the experimental procedure (900 °C). Therefore no deformation
sighs in GK¢ samples were revealed (Fig. 1), likewise for GK;
and GK that exhibited Tp values at about 947 °C and 928 °C,
respectively (Table 2). Compositions with higher added amounts
of K;O exhibited lower ability to withstand the same tempera-
ture range. For instance, compositions GK5 and GK¢ reached
Tp at 830 and 709 °C, Tyg at 910 and 916 °C, and TF at 929 and
939 °C, respectively (Table 2).

GK, GK 1o

Fig. 3. HSM images of glass powder compacts on alumina substrates (*corre-
sponds to Tp of composition GKj).

3.3. Phase assemblage and microstructure

Fig. 4 presents the X-ray diffractograms of glass powder
compacts after heating at 800, 850 and 900 °C for 1 h. Lithium
metasilicate is the major phase whilst quartz and lithium disil-
icate are minor phases in GKp at 800 °C. Low intensive peaks
of lithium disilicate also appeared in the GKys5—GK; samples
heat treated at this temperature. Increasing the heat treatment
temperature to 850-900 °C favoured formation of lithium disil-
icate in detriment of lithium metasilicate within the x range of
0-2. However, the intensity of lithium disilicate peaks decayed
with increasing K>O contents and the observed results suggest
that the total amount of K>O in a glass should be less than
4.63mol% (or x should vary in the range of 0-2) to obtain
lithium disilicate as the predominate crystalline phase. Thus,
lithium metasilicate was the only crystalline phase formed in
the glasses containing higher amounts of K,O after sintering at
800, 850 and 900 °C (in GK5 weak peaks of orthoclase were also
identified).
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Fig. 4. X-ray diffractograms of glass powder compacts after heat treatment at different temperatures for 1h: (a) GKo, (b) GKos, (¢) GK3, (d) GK3 5, (e) GKs,
and (f) GKjo. LS: lithium silicate (Li»SiO3, ICCD card 01-029-0828); LD: lithium disilicate (Li»SioOs, ICCD card 01-070-4856); Q: quartz (SiO,, ICCD card

01-077-1060); O: orthoclase (K4Al4Si1203,, ICCD card 01-080-2108).

Fig. 5 presents the SEM images of glass powder compacts
of compositions GKg, GK;5 and GKs5 after heat treatment
at 800, 850 and 900°C for 1h. The microstructure of par-
ent composition GKy heat treated at 800 °C (Fig. 5a) reveals
the occurrence of dendritic crystal growth of lithium metasili-
cate and small crystals of quartz dispersed in the matrix, which
are in accordance with the results obtained by XRD (Fig. 4a).
It is known that lithium metasilicate crystals are particularly
easy to dissolve from GC by diluted hydrofluoric acid (HF)
whilst the surrounding aluminosilicate glassy matrix is con-
siderably more resistant to acid attack.! Thus, its presence is
recognized by the replica image resultant from acid etching.
At 850 °C the microstructure changed drastically revealing the
presence of laminar fibres of lithium disilicate embedded in the

glass matrix which further grew with temperature increasing
to 900 °C. With increasing added amounts of KO the con-
tent of glassy phase increased and lithium metasilicate appeared
as the predominant crystalline phase, being in good agreement
with the XRD results presented in Fig. 4. In the case of GK» 5
composition, the presence of laminar lithium disilicate crystals
is only apparent in the micrograph of the sample heat treated
at 900 °C (Fig. 5d), although traces of lithium disilicate have
been detected at 850 °C (Fig. 4d). The micrographs of GKj
composition (Fig. 5h—j) are dominated by the morphological
features of lithium metasilicate crystals that underwent exten-
sive dissolution by HF attack. The small orthoclase content
detected by XRD is also apparent as small equiaxed and whiter
crystals.
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Fig. 5. SEM images of glass powder compacts heat treated at different temperatures for 1 h.

3.4. Density, bending strength, CTE and chemical
resistance of glass-powder compacts

Table 3 presents density and bending strength values of
glass powder compacts heat treated at 800, 850 and 900 °C for
1 h. The glass—ceramics GKo—GKj; exhibited maximum density
(2.34-2.38 g/cm3) and bending strength (~173-224 MPa) after
heat treatment at 900 °C. The samples GKj 5, GK5 and GKjg
having higher K,0O/SiO; ratios possessed maximum density
(2.34-2.38 g/cm?) and bending strength values (~89—148 MPa)
atthe lower temperatures (800 and 850 °C) that are in accordance
with the results of HSM and DTA.

The superior mechanical properties of GKo—GK»>
glass—ceramic samples can be explained by the formation
of lithium disilicate crystals (Fig. 5) and their higher con-
tribution to mechanical resistance in comparison to lithium
metasilicate >3

Fig. 6 shows the evolution CTE and chemical durability
with respect to K>,O content for glass powder compacts heat
treated at 900 °C for 1h. The chemical resistance of GCs is
high for small x values but noticeably decreased with increasing
K»0/Si0; ratios. This trend was more than expected consider-
ing the relatively high solubility of lithium metasilicate in acidic
environment.! The increasing amounts of residual glassy phase
for samples with x> 2.5, as deduced from the noisy backgrounds

in Fig. 4, will also negatively affect the chemical stability of
glass—ceramics.’’

The change of CTE with respect to K, O shows almost a linear
trend (Fig. 6). In particular, CTE gradually increases with the
increments of KO in glass—ceramics. Since a GC might be con-
sidered as a composite material, its CTE depends on the type and
volume fraction of both crystalline and glassy phases.>®40 The
increase of CTE with the increments of K,O can be explained
by the concomitant increase in the volume fraction of glassy
phase (Fig. 4), and by the precipitation of lithium metasilicate
and orthoclase phases.*!

—_
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Fig. 6. Evolution of CTExg0-400 °c and chemical durability with the amount of
K, O for glass powder compacts heat treated at 900 °C for 1h.



H.R. Fernandes et al. / Journal of the European Ceramic Society 32 (2012) 2283-2292

2289

Table 3
Properties of the glass powder compacts heat treated at several temperatures in air during 1 h.
x (mol%)
0 0.5 1.5 2.5 5 10

Density (g/cm?)

800°C 2.19 £ 0.03 2.25 £0.02 235+ 0.01 2.34 £ 0.03 2.36 £ 0.01 2.38 £ 0.01

850°C 2.25 £ 0.03 2.36 + 0.03 2.35 £ 0.03 2.31 £ 0.03 2.35 £ 0.03 2.30 + 0.03

900°C 2.36 £ 0.03 2.38 £0.03 2.35 £ 0.03 2.28 £ 0.03 2.28 £ 0.03 2.22 +0.03
Bending strength (MPa)

800°C 81 £8 88 £ 19 125+ 6 148 £ 9 126 + 4 89 £ 8

850°C 216 £ 3 151 £ 11 176 £ 11 138 £ 10 139 £ 12 76 £ 10

900°C 224 + 4 173 £ 8 205 £+ 13 107 £ 12 79+6 -
3.5. Electrical properties -5

e GK,
. . . 0GK,
Typical examples of the impedance spectra of glass—ceramic
disks with porous Ag electrodes are presented in Fig. 7. In all E 61
cases, the spectra consist of one semicircle with a small electrode @
tail in the low-frequency range. In general, this form is character- ° ,
istic of dielectric materials, in agreement with high values of the = dry air
electrical resistance which can be calculated from low-frequency Ag clectrodes
intercept of the semicircles on the real axis. 3 . . .
The total conductivity (Fig. 8) follows Arrhenius depen- 12 13 14 15 16

dence and tends to moderately decrease in the high-temperature
range with incremental amounts of K»O. The latter trend origi-
nates from decreasing activation energy (£,) when K>O content
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Fig. 7. Examples of impedance spectra of the glass—ceramics with Ag elec-
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trodes, in dry air: (a) GKg and (b) GK;.

104T (/K)

Fig. 8. Temperature dependence of the total conductivity of glass—ceramic mate-
rials in dry air.

increases. Fig. 9 displays the activation energy values calculated
by the Arrhenius equation:

Ao E,
o= "—exp | —
T RT

were A is the pre-exponential factor. Although the observed
variations of both ¢ and E, are relatively minor at K,O concen-
trations varying in the narrow range of 2.63-7.63 mol%, these
are higher than instrumental and statistical errors. Attempts to
determine the type of prevailing charge carriers using concentra-
tion cells, where the dense glass—ceramic disks are placed under
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=
=]
£
=
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Fig. 9. Composition dependence of the activation energy for total conductivity
of the glass—ceramic materials in dry air.
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Fig. 10. Time dependence of the total conductivity of GK5 glass—ceramics in
dry and wet air.

oxygen, water vapour and lithium chemical potential gradient,
failed due to the very high resistivity of the studied materials.
Nonetheless, the tendency to lowering the conductivity activa-
tion energy with K,O additions may indicate a significant ionic
contribution to transport processes. In the latter case, the ionic
charge carriers may include either metal cations (Li*, K*) or pro-
tons formed due to water incorporation, promoted by potassium
doping. Indeed, the total conductivity of the glass—ceramics was
found essentially independent on the oxygen partial pressure,
varied from 0.21 atm (dry air) down to approximately 10~ atm
(flowing argon). At the same time, increasing humidity at 633 K
resulted in a slow increase of the conductivity (Fig. 10). Again,
this effect is small but significant with respect to the experimen-
tal error (2-3%). Notice also that keeping of the glass—ceramics
in humid atmospheres at 300400 K during 2 weeks did not
lead to any significant changes in their bulk conductivity, thus
suggesting that minor hydration is only observed at elevated
temperatures, probably due to kinetic reasons.

Whatever the microscopic mechanisms, the glass—ceramic
materials exhibit excellent insulating properties at low tem-
peratures. The estimates of their total conductivity at room
temperature, obtained by extrapolation of the Arrhenius depen-
dencies, vary from 2 x 1078 S/ecm (GKp) to 1 x 10717 S/cm
(GKj5). Regardless of the slight decrease in the electrical resis-
tivity induced by K> O doping, the overall resistance level is very
high.

4. Discussion

From the results of our recent study?! the addition of K,O
at the expense of SiO; in the LiO-K>0-Al,03-Si0; system
was found to promote surface crystallization in bulk glasses, as
well as the predominant formation of lithium metasilicate phase.
However, considering that the production of lithium disilicate
GCs for most of the intended applications involves the sintering
and crystallization of glass powder compacts, it is of paramount
importance to evaluate how these thermal events are affected
by the composition. Therefore, the current work is focused on
studying the influence of KO amount and K,O/SiO; ratio on
sintering/crystallization behaviour of glass powder compacts.

Glasses have been produced at 1550°C for 1h to escape
any signs of nonhomogeneity in the form of crystalline

inclusions. Volatilization of chemical species should be very
low. As a matter of fact, analogous glasses from the
Si0,-Lis O-Al; 03-K70-ZrO>-P,0s system that were firstly
melted at 1370°C for 2h and subsequently heat treated at
1500°C for 1.5h demonstrated to have almost the same
chemical compositions after analysis as the planed starting
compositions.*?

Densification of glass powder compacts is obtained through
viscous flow at temperatures slightly higher than the glass
transition temperature (7g). The desired order of events in a
glass-powder sintering process occurs when the sintering pro-
cess is completed before crystallization begins. Under these
conditions, dense materials are obtained.’® From HSM and
DTA data it can be concluded that increasing K,O/SiO; ratio
led to diminishing of Tgsi, Tmsi, Trs2 and Tysz parameters
and temperature intervals between Tys and Tgs at both the
first and the second sintering stages. Consequently, K> O-richer
samples get sintered during shorter temperature interval and at
lower temperatures than compositions with lower K, O contents.
Therefore, the GKs and GKj¢ compositions reached half ball
point (Typ) even earlier than softening point (7p) was attained
in GKo—GK; glasses (Table 2 and Fig. 3). This behaviour
is in a good correlation with the trend observed in the 2°Si
NMR spectra of corresponding glasses pointing towards depoly-
merisation of the silicate glass network when K>O/SiO» ratio
increased.?!

In general, the sintering and crystallization events occur-
ring in the experimental compositions appear as independent
processes only during the first sintering stage. Although these
compositions did not strictly follow the desired sequence of
events and sintering was partially impeded by crystallization, all
glass-powder compacts demonstrated excellent sintering abil-
ity and achieved the maximum expected density (4/Aq ~ 0.6).3
Similar trends were observed in our previous work where sinter-
ing and devitrification processes were investigated in Li; O-SiO»
compositions with equimolar additions of Al;03 and K>0."?

Additionally, the difference between 7. and T, must be also
taken into account. From the Table 2 this difference is about
92-97 °C for GK¢—GK3 glasses and 69-70 °C for GKs—GKjg
glasses confirming that compositions with lower K>O contents
show smaller tendency to crystallization and greater glass sta-
bility.

XRD and SEM results demonstrated that K, O content plays
a crucial role in the crystallization process of glass-powder
compacts. As a matter of fact, the trend for the preferential
crystallization of lithium metasilicate with increasing potassium
content resemble data received from crystallization of relevant
bulk glasses.?! Using the model proposed by Bischoff et al.>
and 2°Si MAS-NMR results from our previous work?! we can
attempt explaining the effect of suppressing the crystallization of
Li»Si20s5 and promoting the formation of Li> SiO3 with increas-
ing K> O contents. In particular, considering significant decrease
of Q* groupings in K,O-rich glasses (e.g. GK5 and GKj),
the feasibility of the reaction o* (glass)+Q2 (cryst.) <2 03
(cryst.) diminishes considerably. This leads to the formation
of single phase Li»SiO3 directly from Q? or via reaction 2 Q3
(glass) < 0> (cryst.) + Q4 (glass).36
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Another interesting aspect is that the glass powder compacts
are more prone to the formation of lithium disilicate for x <2,
than the corresponding bulk glasses where x < 1. This behaviour
can be ascribed to the difference in preparation routes of the
parent glasses as water quenching of the glass increases the OH™
content. The hydroxyl groups may act as a modifier and break
the silicate network, thus, reducing the viscosity and activation
energy of viscous flow.!”

Sintered glass powder compacts with KO content less than
4.64mol% featured enhanced mechanical properties (bend-
ing strength ~173-224MPa) and high chemical resistance
(~25-50 pg/cm?) due to the predominant crystallization of
lithium disilicate crystalline phase. The chemical durability of
the experimental compositions is similar to that reported for IPS
Empress® 2 (50 pg/cm?), but materials are more resistant than
IPS Empress® 1 (122 mg/cm?) for layering technique. !

The 3-point bending strength values are lower than those
reported for IPS Empress® 2 (400 4 40 MPa).*3 It is known,
however, that hot pressing technique used to prepare sam-
ples of commercial GC can significantly improves bending
strength.! To prove this assumption, additional experiments
were attempted on the synthesis and processing of a commercial
glass—ceramic composition: 69.6 SiO;, 1.10 Al,O3, 3.90 P,0s5,
3.30 K70, 15.4 Li0, 0.50 TiOy, 0.30 CeO,, 0.30 Lay03, 5.20
Zn0, 0.20 MgO, 0.20 Fe;O3 (wt.%).*3 A bending strength of
341 £98 MPa was reported for this material when processed
by hot pressing.*} According to the specifications given,*? the
glass was melted in a platinum crucible at 1550 °C for 1 h fol-
lowed by quenching in water, drying and milling the frit to
an average particle size of 20-30 wm. Then, rectangular bars
(4mm x 5mm x 50 mm) were prepared by uniaxial pressing
(80 MPa) following the same experimental procedure used for
compositions GKo—GKjg. The as obtained bars were also simi-
larly fired at 500 °C for 1 h and then at 850 °C for 2 h (the rate of
heating was 30 K/min) as recommended in.*> Thus, hot press-
ing procedure has been excluded from sample preparation. The
average flexural strength (for 10 samples) measured in a testing
machine (Shimadzu Autograph AG 25 TA) was 199 &+ 14 MPa,
which is comparable to other experimental values reported for
LD GCs (190-234 MPa,' #4740 204.75 £ 49.81 MPa *7).

The activation energies for total conductivity of the
glass—ceramic materials are significantly higher than those found
for lithium disilicate glass*®*° and close to value obtained for
100% crystallized lithium disilicate.”® In general, GCs materials
featured low total conductivity (~2 x 10~ 18 S/cm for GKg) sug-
gesting a number of practical applications in which this property
is relevant.

5. Conclusions

The data gathered and discussed in the frame of the present
work enable the following conclusions to be drawn:

(1) The sintering/densification of the glass powder compacts
occurred in two steps. Sintering started at ~484-491°C
(Trs1) in all compositions whilst the extent of densification
along the first stage significantly decreased with increasing

the added amounts of K>O and the K,O/SiO; ratio. The
second stage of densification occurred in competition with
crystallization process.

(2) Increasing the K>O/SiO; ratio led the thermal parameters
Tgs1, Tmst, Trs2 and Tyso to decrease, a trend that was also
observed for the temperature intervals between Tys and
Trs. This suggests that KoO-richer samples (GKj3 5, GKj5
and GK) get sintered within a shorter temperature interval
and at lower temperatures.

(3) The gradual substitution of SiO, by KO in glass com-
positions suppressed the crystallization of Li»SioOs and
promoted the formation of Li»SiO3 upon sintering the glass
powder compacts.

(4) The glass powder compacts demonstrate wider range of the
lithium disilicate formation with x <2 (<4.63 mol% K;O)
than the corresponding bulk glasses withx < 1(<3.63 mol%
K,0).

(5) The predominant crystallization of lithium disilicate in
low-K>O compositions resulted in glass—ceramics with
high mechanical strength (~173-224 MPa), chemical
resistance (~25-50 pg/cm?) and low total conductivity
(~2 x 10718 S/cm for GKp) making the materials suitable
for a number of practical applications.
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