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bstract

he effects of K2O content on sintering and crystallization of glass powder compacts in the Li2O–K2O–Al2O3–SiO2 system were investigated.
lasses featuring SiO2/Li2O molar ratios of 2.69–3.13, far beyond the lithium disilicate (LD-Li2Si2O5) stoichiometry, were produced by conven-

ional melt-quenching technique. The sintering and crystallization behaviour of glass powders was explored using hot stage microscopy (HSM),
canning electron microscopy (SEM), differential thermal (DTA) and X-ray diffraction (XRD) analyses. Increasing K2O content at the expense
f SiO2 was shown to lower the temperature of maximum shrinkage, eventually resulting in early densification of the glass-powder compacts.
ithium metasilicate was the main crystalline phase formed upon heat treating the glass powders with higher amounts of K2O. In contrast, lithium

isilicate predominantly crystallized from the compositions with lower K2O contents resulting in strong glass–ceramics with high chemical and
lectrical resistance. The total content of K2O should be kept below 4.63 mol% for obtaining LD-based glass–ceramics.

 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

Sintering of glass-powder compacts is a common processing
oute for obtaining glass–ceramic (GC) materials with desired
roperties.1,2 The glass powders with high specific surface area
ntrinsically provide uniformly distributed nucleus sites in the
ntire volume of the glass.3–7 The properties of GCs are deter-
ined by crystalline phases precipitated from the glass reservoir
hilst an excessively high crystal growth rate is to be avoided

o not develop coarse microstructure limiting achievement of
igh mechanical strength.1,8–10 Additionally, sintering should

referably take place prior crystallization thus both events being
ndependent processes.

∗ Corresponding author. Tel.: +351 234 370217; fax: +351 234 425300.
E-mail address: h.r.fernandes@ua.pt (H.R. Fernandes).
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Lithium disilicate GCs have attracted much interest due to a
ide range of practical applications such as ceramic composites,

eramic–metal sealing, and dental restoration11–13. Production
f those materials might be alternatively based on sintering and
rystallization of glass powder compacts. In particular, dentistry
estoration systems IPS Empress® 2 for restoring three-unit fixed
artial dentures up to the second premolar have so far been
repared by hot-pressing technology of sintered ingots.14 Appar-
ntly, besides the practical aspects, lithium disilicate glasses
ave been a subject of many nucleation and crystallization the-
ries for decades.15–18 These studies focused on the Li2O–SiO2
inary glass system and discussed the growth interrelation
etween the Li2Si2O5 and Li2SiO3 (lithium metasilicate) crys-
alline phases.15–20

In our previous attempts, the glasses containing Al O and
2 3

2O and featuring SiO2/Li2O molar ratios (3.13–4.88) were pro-
uced by conventional melt-quenching technique along with a
icomponent glass 23Li2O–77SiO2 (mol%).19,20 Sintering and

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2012.02.003
mailto:h.r.fernandes@ua.pt
dx.doi.org/10.1016/j.jeurceramsoc.2012.02.003
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rystallization studies of glass powder compacts revealed that
3Li2O–77SiO2 composition exhibited high fragility along with
ow flexural strength and density. Addition of Al2O3 and K2O
n equimolar amount to Li2O–SiO2 compositions resulted in
mproved densification and mechanical strength.19

Recently we attempted to synthesis glasses in the glass form-
ng region of Li2O–K2O–Al2O3–SiO2 system with SiO2/Li2O

olar ratios varying between 2.69 and 3.13.21 The role of K2O
nd K2O/SiO2 ratios on structural transformations, properties of
ew glasses in bulk form along with their crystallization mecha-
ism was investigated. The 29Si MAS-NMR spectra evidenced

 mixture of Q4 (Si) and Q3 (Si) as the predominant structural
nits in all the glasses. Moreover, upon increasing K2O con-
ent new Q2 groups appeared, the amount of Q3 units increased,
hereas Q4 diminished, suggesting depolymerisation of the sil-

cate glass network. The addition of K2O was found to promote
urface crystallization in glasses, as well as the predominant
ormation of lithium metasilicate phase.

This work, as the logical continuation of the recent
tudy,21 aims at investigating the effects of K2O on sin-
ering and crystallization of glass powder compacts in the
i2O–K2O–Al2O3–SiO2 system. The same glass compositions
ith SiO2/Li2O molar ratios varying between 2.69 and 3.13 have
een prepared but in the frit form, and the sintering and crystal-
ization of glass-powder compacts were analysed by hot stage

icroscopy (HSM), scanning electron microscopy (SEM), dif-
erential thermal (DTA) and X-ray diffraction (XRD) analyses.
nother objective was to determine the influence of K2O con-

ents and K2O/SiO2 ratios on thermal, mechanical and electrical
roperties of resultant glass–ceramic materials.

. Experimental  procedure

.1.  Glass  preparation

A total of 8 compositions were prepared according to the
eneral formulae 23.7 (71.78 −  x) SiO2·2.63 Al2O3·(2.63 + x)
2O·23.7 Li2O, where x  changed from 0 to 10.21 Accord-

ngly, the glasses have been labelled as GKx depending on the
mount of K O being substituted for SiO in the glass composi-
2 2
ions. For example: GK0 corresponds to the parent composition,
.e., x  = 0 and K2O/Al2O3 = 1. Table 1 presents the detailed

able 1
ompositions of the experimental glasses.

Oxides (mol%)

Li2O K2O Al2O3 SiO2 SiO2/Li2O SiO2/K2O K2O/Al2O3

K 22.96 2.63 2.63 71.78 3.13 27.29 1.00
K0.5 22.96 3.13 2.63 71.28 3.10 22.77 1.19
K1 22.96 3.63 2.63 70.78 3.08 19.50 1.38
K1.5 22.96 4.13 2.63 70.28 3.06 17.02 1.57
K2 22.96 4.63 2.63 69.78 3.04 15.07 1.76
K2.5 22.96 5.13 2.63 69.28 3.02 13.50 1.95
K5 22.96 7.63 2.63 66.78 2.91 8.75 2.90
K10 22.96 12.63 2.63 61.78 2.69 4.89 4.80
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ompositions of the glasses along with their corresponding
iO2/Li2O, SiO2/K2O and K2O/Al2O3 ratios.

Powders of technical grade SiO2 (purity > 99.5%) and of
eactive grade Al2O3, Li2CO3, and K2CO3 were used. Homo-
eneous mixtures of batches (∼100 g) obtained by ball milling
ere calcined at 800 ◦C for 1 h, melted in Pt crucibles at 1550 ◦C

or 1 h in air and then quenched in cold water. The obtained frits
ere dried and milled in a high-speed agate mill. The mean
article size of the glass powders as determined by light scatter-
ng technique (Beckman Coulter LS 230, CA, USA; Fraunhofer
ptical model) was about 5–10 �m.

.2. Sintering  and  crystallization  of  glass  powder  compacts

A side-view hot-stage microscope (HSM, Leitz Wetzlar,
ermany) equipped with a Pixera video-camera and image anal-
sis system was used to investigate the sintering behaviour of
lass powder compacts. The cylindrical shaped samples from
lass powder compacts with height and diameter of ≈3 mm
ere prepared by cold-pressing the glass powders. The cylindri-

al samples were placed on a 10 mm × 15 mm × 1 mm alumina
>99.5 wt.% Al2O3) support and the measurements were con-
ucted in air with a heating rate (β) of 5 K/min. The temperature
as measured with a chromel–alumel thermocouple contacted
nder the alumina support. The temperatures corresponding to
he characteristic viscosity points [first shrinkage (TFS), maxi-
um shrinkage (TMS), softening (TD), half ball (THB) and flow

TF)] were obtained from the graphs and photomicrographs
aken during the hot-stage microscopy experiment.22,23

Apart from HSM investigation, the sintering process was
xplored using non-isothermal heat treatment of glass-powder
ompacts. Rectangular bars (4 mm ×  5 mm ×  50 mm) prepared
y uniaxial pressing (80 MPa) were sintered at 800, 850 and
00 ◦C for 1 h. A heating rate of 2 K/min was maintained in
rder to prevent deformation of the samples.

The following characterization techniques were employed
o analyse sintered materials: (1) Archimedes’ method (i.e.
mmersion in diethyl phthalate) to measure the apparent den-
ity; (2) dilatometry measurements (Bahr Thermo Analyze DIL
01 L, Hüllhorst, Germany; heating rate 5 K/min) to mea-
ure coefficient of thermal expansion (CTE) (standard deviation
btained from 3 samples was ±0.1 ×  10−6/K); (3) differential
hermal analysis in air (DTA, Labsys setaram TG-DTA; heating
ate 5 and 10 K/min); (4) 3-point bending strength tests were
erformed on rectified parallelepiped bars of sintered GCs (Shi-
adzu Autograph AG 25 TA, 0.5 mm/min displacement): the

esults were obtained from 10 different independent samples;
5) chemical resistance was established according to ISO test
tandards, i.e. immersing the materials in acetic acid at 80 ◦C
or 16 h and evaluating possible weight loss (�g/cm2)24; (6)
rystalline phases were identified by X-ray diffraction analysis
Rigaku Geigerflex D/Mac, C Series, Japan; Cu Ka radiation,
θ = 10–60◦ with a 2θ-step of 0.02◦/s) comparing the experi-

ental X-ray patterns to standards compiled by the international

entre for diffraction data (ICDD); and (7) microstructure obser-
ations were done on polished (mirror finishing) and then etched
amples (immersion in 2 vol.% HF solution for 2 min) by field
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mission scanning electron microscopy (FE-SEM, Hitachi S-
100, Japan, 25 kV acceleration voltage, beam current 10 �A)
nder secondary electron mode.

For the measurements of total conductivity, dense ceramic
amples sintered at 900 ◦C were cut into disks with thickness of
–3 mm (diameter of 14 mm) and then polished with diamond
astes. Porous Ag electrodes were applied onto both sides of
he glass–ceramic disks and sintered at 600 ◦C for 5–10 min.
he total conductivity (σ) was determined by alternating cur-

ent (AC) impedance spectroscopy using a HP4284A precision
CR meter in the frequency range 20 Hz to 1 MHz. The mea-
urements were performed at 630–800 K in flowing dry and wet
ir or argon, where the water vapour partial pressure was con-
inuously monitored by a Jumo humidity transducer. The lower
emperature limit was associated with increasing electrical resis-
ance of the glass–ceramics on cooling, leading to a higher noise
evel and lower accuracy; the upper limit was selected in order
o avoid possible volatilization of the alkaline metal oxide com-
onents. The gas flows were dried by passing through silica gel
r humidified by bubbling through water at room temperature.

. Results

.1.  Glass  and  glass–ceramic  samples  preparation

Heating at 1550 ◦C for 1 h was adequate to obtain amorphous
rits from all the investigated compositions as confirmed by the
bsence of crystalline inclusions using XRD analysis. Appar-
ntly, glass preparation temperature decreases with growing
2O content. Dense samples of rectangular shape were obtained

fter sintering of glass-powder compacts at 800, 850 and 900 ◦C
or 1 h. However, GK5 and GK10 exhibited clear signs of soften-
ng at temperature ≥800 ◦C (Fig. 1) due to their higher contents
f alkaline oxides (Li2O + K2O).25–29

.2.  Sintering  process  of  glass-powder  compacts
During sintering of a glass-powder compact, smaller particles
et sintered first and sintering kinetics at the first shrinkage is
ominated by the neck formation amongst smallest particles via

ig. 1. Appearance of glass powder compact bars after sintering at 900 ◦C for
 h.
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iscous flow.30,31 Maximum shrinkage is reached when larger
ores have disappeared due to viscous flow that reduces their
adii with time.32 However, some processes, e.g. crystallization,
ccurring at the very end of sintering process might affect the
ensification kinetics. A comparison between DTA and HSM
esults under the same heating conditions can be useful to
nvestigate the effect of glass composition on sintering and devit-
ification phenomena. In general, two different trends related to
he sintering and crystallization behaviour of the glasses can be
bserved33: (1) the beginning of crystallization (Tc) occurs after
he final sintering stage and, thus, sintering and crystallization
re independent processes; and (2) Tc appears before the max-
mum density has been reached, and the crystallization process
tarts before complete densification, thus, preventing further
intering.

There are several important characteristic viscosity points
ased on the relation between the temperatures measured by
SM and corresponding viscosities22,34: (1) first shrinkage

TFS): the temperature at which the pressed sample starts to
hrink, log η = 9.1 ±  0.1, where η  is the viscosity in dPa s;
2) point of maximum shrinkage (TMS): the temperature at
hich maximum shrinkage of the glass-powder compact is

chieved before it starts to soften, log η  = 7.8 ±  0.1; (3) soft-
ning point (TD): the temperature at which the first signs of
oftening are observed which is generally shown by the dis-
ppearance or rounding of the small protrusions at the edges
f the sample, log η  = 6.3 ±  0.1; (4) half ball point (THB):
he temperature at which the section of the observed sample
orms a semicircle on the microscope grid, log η  = 4.1 ±  0.1,
nd (5) flow point (TF): the temperature at which the max-
mum height of the drop of the molten glass corresponds to

 unit on the microscopic scale, log η  = 3.4 ±  0.1. A/A0 corre-
ponds to the ratio of final area/initial area of the glass-powder
ompacts.

The variation in the relative area (A/A0) and heat flow with
espect to temperature is shown in Fig. 2, revealing two steps of
intering. The thermal characteristics and sintering parameters
f glasses obtained by means of DTA and HSM are summarized
n Table 2. The initiation of sintering occurred at ∼484–491 ◦C
TFS1) in all compositions whilst the extent of densification at the
rst stage (i.e. temperature interval between TMS1 and TFS1) sig-
ificantly decreased with increasing K2O content and K2O/SiO2
atio. The first sintering stage ended at the point of first max-
mum shrinkage (TMS1) that was fairly close to the onset of
rystallization temperature (Tc).

The second stage of densification occurred in competition
ith devitrification process (Fig. 2) that subsequently might

ause a viscosity increase.33 However, the viscosity did not rise
n such an extent to prevent sintering.19 In contrast, shrinkage
alues (Δ2) of GK0–GK2 glasses were comparable with rele-
ant data obtained at the first stage. The subsequent GK5–GK10
ompositions exhibited highest values of shrinkage suggesting
hat the densification processes for these glasses mostly occurred
uring the second sintering stage. Another feature was that the

emperature of second shrinkage (TFS2) and the corresponding
oint of maximum shrinkage (TMS2) decreased with increasing
mounts of K2O.
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Fig. 2. DTA and HSM curves for glass-powders (a) GK0, (b) GK2, (c) GK5, and (d) GK10.

Table 2
Thermal characteristics of glasses and their sintering parameters.

x DTA HSM

Tg (◦C) Tc (◦C) Tp (◦C) TFS1(◦C) TMS1(◦C) Δ1 TFS2 (◦C) TMS2 (◦C) Δ2 A/A0 TD (◦C) THB (◦C) TF (◦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
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The photomicrographs demonstrating a change in the geo-
etrical shape with temperature, as obtained from HSM, are

resented in Fig. 3. The value of TD for GK0 is about 929 ◦C,
hich is higher than the maximum sintering temperature used in

he experimental procedure (900 ◦C). Therefore no deformation
ighs in GK0 samples were revealed (Fig. 1), likewise for GK1
nd GK2 that exhibited TD values at about 947 ◦C and 928 ◦C,
espectively (Table 2). Compositions with higher added amounts
f K2O exhibited lower ability to withstand the same tempera-

ure range. For instance, compositions GK5 and GK10 reached
D at 830 and 709 ◦C, THB at 910 and 916 ◦C, and TF at 929 and
39 ◦C, respectively (Table 2).

ig. 3. HSM images of glass powder compacts on alumina substrates (*corre-
ponds to TD of composition GK0).
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.3.  Phase  assemblage  and  microstructure

Fig. 4 presents the X-ray diffractograms of glass powder
ompacts after heating at 800, 850 and 900 ◦C for 1 h. Lithium
etasilicate is the major phase whilst quartz and lithium disil-

cate are minor phases in GK0 at 800 ◦C. Low intensive peaks
f lithium disilicate also appeared in the GK0.5–GK2 samples
eat treated at this temperature. Increasing the heat treatment
emperature to 850–900 ◦C favoured formation of lithium disil-
cate in detriment of lithium metasilicate within the x  range of
–2. However, the intensity of lithium disilicate peaks decayed
ith increasing K2O contents and the observed results suggest

hat the total amount of K2O in a glass should be less than
.63 mol% (or x  should vary in the range of 0–2) to obtain
ithium disilicate as the predominate crystalline phase. Thus,
ithium metasilicate was the only crystalline phase formed in

he glasses containing higher amounts of K2O after sintering at
00, 850 and 900 ◦C (in GK5 weak peaks of orthoclase were also
dentified).
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Fig. 4. X-ray diffractograms of glass powder compacts after heat treatment at different temperatures for 1 h: (a) GK0, (b) GK0.5, (c) GK2, (d) GK2.5, (e) GK5,
a thium
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nd (f) GK10. LS: lithium silicate (Li2SiO3, ICCD card 01-029-0828); LD: li
1-077-1060); O: orthoclase (K4Al4Si12O32, ICCD card 01-080-2108).

Fig. 5 presents the SEM images of glass powder compacts
f compositions GK0, GK2.5 and GK5 after heat treatment
t 800, 850 and 900 ◦C for 1 h. The microstructure of par-
nt composition GK0 heat treated at 800 ◦C (Fig. 5a) reveals
he occurrence of dendritic crystal growth of lithium metasili-
ate and small crystals of quartz dispersed in the matrix, which
re in accordance with the results obtained by XRD (Fig. 4a).
t is known that lithium metasilicate crystals are particularly
asy to dissolve from GC by diluted hydrofluoric acid (HF)
hilst the surrounding aluminosilicate glassy matrix is con-

iderably more resistant to acid attack.1 Thus, its presence is

ecognized by the replica image resultant from acid etching.
t 850 ◦C the microstructure changed drastically revealing the
resence of laminar fibres of lithium disilicate embedded in the

s
d
c

 disilicate (Li2Si2O5, ICCD card 01-070-4856); Q: quartz (SiO2, ICCD card

lass matrix which further grew with temperature increasing
o 900 ◦C. With increasing added amounts of K2O the con-
ent of glassy phase increased and lithium metasilicate appeared
s the predominant crystalline phase, being in good agreement
ith the XRD results presented in Fig. 4. In the case of GK2.5

omposition, the presence of laminar lithium disilicate crystals
s only apparent in the micrograph of the sample heat treated
t 900 ◦C (Fig. 5d), although traces of lithium disilicate have
een detected at 850 ◦C (Fig. 4d). The micrographs of GK5
omposition (Fig. 5h–j) are dominated by the morphological
eatures of lithium metasilicate crystals that underwent exten-

ive dissolution by HF attack. The small orthoclase content
etected by XRD is also apparent as small equiaxed and whiter
rystals.
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Fig. 5. SEM images of glass powder compa

.4.  Density,  bending  strength,  CTE  and  chemical
esistance of  glass-powder  compacts

Table 3 presents density and bending strength values of
lass powder compacts heat treated at 800, 850 and 900 ◦C for

 h. The glass–ceramics GK0–GK2 exhibited maximum density
2.34–2.38 g/cm3) and bending strength (∼173–224 MPa) after
eat treatment at 900 ◦C. The samples GK2.5, GK5 and GK10
aving higher K2O/SiO2 ratios possessed maximum density
2.34–2.38 g/cm3) and bending strength values (∼89–148 MPa)
t the lower temperatures (800 and 850 ◦C) that are in accordance
ith the results of HSM and DTA.
The superior mechanical properties of GK0–GK2

lass–ceramic samples can be explained by the formation
f lithium disilicate crystals (Fig. 5) and their higher con-
ribution to mechanical resistance in comparison to lithium

etasilicate.35,36

Fig. 6 shows the evolution CTE and chemical durability
ith respect to K2O content for glass powder compacts heat

reated at 900 ◦C for 1 h. The chemical resistance of GCs is
igh for small x  values but noticeably decreased with increasing

O/SiO ratios. This trend was more than expected consider-
2 2
ng the relatively high solubility of lithium metasilicate in acidic
nvironment.1 The increasing amounts of residual glassy phase
or samples with x > 2.5, as deduced from the noisy backgrounds

F
K

at treated at different temperatures for 1 h.

n Fig. 4, will also negatively affect the chemical stability of
lass–ceramics.37

The change of CTE with respect to K2O shows almost a linear
rend (Fig. 6). In particular, CTE gradually increases with the
ncrements of K2O in glass–ceramics. Since a GC might be con-
idered as a composite material, its CTE depends on the type and
olume fraction of both crystalline and glassy phases.38–40 The
ncrease of CTE with the increments of K2O can be explained
y the concomitant increase in the volume fraction of glassy
x (mol.%)

ig. 6. Evolution of CTE200–400 ◦C and chemical durability with the amount of

2O for glass powder compacts heat treated at 900 ◦C for 1 h.
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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/cm3)
800 ◦C 2.19 ± 0.03 2.25 ± 0.02 2.35 ± 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

◦ ± 13 107 ± 12 79 ± 6 –
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.5.  Electrical  properties

Typical examples of the impedance spectra of glass–ceramic
isks with porous Ag electrodes are presented in Fig. 7. In all
ases, the spectra consist of one semicircle with a small electrode
ail in the low-frequency range. In general, this form is character-
stic of dielectric materials, in agreement with high values of the
lectrical resistance which can be calculated from low-frequency
ntercept of the semicircles on the real axis.

The total conductivity (Fig. 8) follows Arrhenius depen-
ence and tends to moderately decrease in the high-temperature
ange with incremental amounts of K2O. The latter trend origi-

ates from decreasing activation energy (Ea) when K2O content
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ig. 7. Examples of impedance spectra of the glass–ceramics with Ag elec-
rodes, in dry air: (a) GK0 and (b) GK1.
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ig. 8. Temperature dependence of the total conductivity of glass–ceramic mate-
ials in dry air.

ncreases. Fig. 9 displays the activation energy values calculated
y the Arrhenius equation:

 = A0

T
exp

(
Ea

RT

)

ere A0 is the pre-exponential factor. Although the observed
ariations of both σ  and Ea are relatively minor at K2O concen-
rations varying in the narrow range of 2.63–7.63 mol%, these

re higher than instrumental and statistical errors. Attempts to
etermine the type of prevailing charge carriers using concentra-
ion cells, where the dense glass–ceramic disks are placed under
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ig. 9. Composition dependence of the activation energy for total conductivity
f the glass–ceramic materials in dry air.
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ig. 10. Time dependence of the total conductivity of GK5 glass–ceramics in
ry and wet air.

xygen, water vapour and lithium chemical potential gradient,
ailed due to the very high resistivity of the studied materials.
onetheless, the tendency to lowering the conductivity activa-

ion energy with K2O additions may indicate a significant ionic
ontribution to transport processes. In the latter case, the ionic
harge carriers may include either metal cations (Li+, K+) or pro-
ons formed due to water incorporation, promoted by potassium
oping. Indeed, the total conductivity of the glass–ceramics was
ound essentially independent on the oxygen partial pressure,
aried from 0.21 atm (dry air) down to approximately 10−5 atm
flowing argon). At the same time, increasing humidity at 633 K
esulted in a slow increase of the conductivity (Fig. 10). Again,
his effect is small but significant with respect to the experimen-
al error (2–3%). Notice also that keeping of the glass–ceramics
n humid atmospheres at 300–400 K during 2 weeks did not
ead to any significant changes in their bulk conductivity, thus
uggesting that minor hydration is only observed at elevated
emperatures, probably due to kinetic reasons.

Whatever the microscopic mechanisms, the glass–ceramic
aterials exhibit excellent insulating properties at low tem-

eratures. The estimates of their total conductivity at room
emperature, obtained by extrapolation of the Arrhenius depen-
encies, vary from 2 ×  10−18 S/cm (GK0) to 1 ×  10−17 S/cm
GK5). Regardless of the slight decrease in the electrical resis-
ivity induced by K2O doping, the overall resistance level is very
igh.

. Discussion

From the results of our recent study21 the addition of K2O
t the expense of SiO2 in the Li2O–K2O–Al2O3–SiO2 system
as found to promote surface crystallization in bulk glasses, as
ell as the predominant formation of lithium metasilicate phase.
owever, considering that the production of lithium disilicate
Cs for most of the intended applications involves the sintering

nd crystallization of glass powder compacts, it is of paramount
mportance to evaluate how these thermal events are affected
y the composition. Therefore, the current work is focused on
tudying the influence of K2O amount and K2O/SiO2 ratio on

intering/crystallization behaviour of glass powder compacts.

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

(
o
(

n Ceramic Society 32 (2012) 2283–2292

nclusions. Volatilization of chemical species should be very
ow. As a matter of fact, analogous glasses from the
iO2–Li2O–Al2O3–K2O–ZrO2–P2O5 system that were firstly
elted at 1370 ◦C for 2 h and subsequently heat treated at

500 ◦C for 1.5 h demonstrated to have almost the same
hemical compositions after analysis as the planed starting
ompositions.42

Densification of glass powder compacts is obtained through
iscous flow at temperatures slightly higher than the glass
ransition temperature (Tg). The desired order of events in a
lass-powder sintering process occurs when the sintering pro-
ess is completed before crystallization begins. Under these
onditions, dense materials are obtained.33 From HSM and
TA data it can be concluded that increasing K2O/SiO2 ratio

ed to diminishing of TFS1, TMS1, TFS2 and TMS2 parameters
nd temperature intervals between TMS and TFS at both the
rst and the second sintering stages. Consequently, K2O-richer
amples get sintered during shorter temperature interval and at
ower temperatures than compositions with lower K2O contents.
herefore, the GK5 and GK10 compositions reached half ball
oint (THB) even earlier than softening point (TD) was attained
n GK0–GK2 glasses (Table 2 and Fig. 3). This behaviour
s in a good correlation with the trend observed in the 29Si
MR spectra of corresponding glasses pointing towards depoly-
erisation of the silicate glass network when K2O/SiO2 ratio

ncreased.21

In general, the sintering and crystallization events occur-
ing in the experimental compositions appear as independent
rocesses only during the first sintering stage. Although these
ompositions did not strictly follow the desired sequence of
vents and sintering was partially impeded by crystallization, all
lass-powder compacts demonstrated excellent sintering abil-
ty and achieved the maximum expected density (A/A0 ∼  0.6).33

imilar trends were observed in our previous work where sinter-
ng and devitrification processes were investigated in Li2O–SiO2
ompositions with equimolar additions of Al2O3 and K2O.19

Additionally, the difference between Tc and Tg must be also
aken into account. From the Table 2 this difference is about
2–97 ◦C for GK0–GK2 glasses and 69–70 ◦C for GK5–GK10
lasses confirming that compositions with lower K2O contents
how smaller tendency to crystallization and greater glass sta-
ility.

XRD and SEM results demonstrated that K2O content plays
 crucial role in the crystallization process of glass-powder
ompacts. As a matter of fact, the trend for the preferential
rystallization of lithium metasilicate with increasing potassium
ontent resemble data received from crystallization of relevant
ulk glasses.21 Using the model proposed by Bischoff et al.36

nd 29Si MAS-NMR results from our previous work21 we can
ttempt explaining the effect of suppressing the crystallization of
i2Si2O5 and promoting the formation of Li2SiO3 with increas-

ng K2O contents. In particular, considering significant decrease
f Q4 groupings in K2O-rich glasses (e.g. GK5 and GK10),

4 2 3
cryst.) diminishes considerably. This leads to the formation
f single phase Li2SiO3 directly from Q2 or via reaction 2 Q3

glass) ↔  Q2 (cryst.) + Q4 (glass).36
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Another interesting aspect is that the glass powder compacts
re more prone to the formation of lithium disilicate for x  ≤  2,
han the corresponding bulk glasses where x ≤  1. This behaviour
an be ascribed to the difference in preparation routes of the
arent glasses as water quenching of the glass increases the OH−
ontent. The hydroxyl groups may act as a modifier and break
he silicate network, thus, reducing the viscosity and activation
nergy of viscous flow.19

Sintered glass powder compacts with K2O content less than
.64 mol% featured enhanced mechanical properties (bend-
ng strength ∼173–224 MPa) and high chemical resistance
∼25–50 �g/cm2) due to the predominant crystallization of
ithium disilicate crystalline phase. The chemical durability of
he experimental compositions is similar to that reported for IPS
mpress® 2 (50 �g/cm2), but materials are more resistant than

PS Empress® 1 (122 mg/cm2) for layering technique.1

The 3-point bending strength values are lower than those
eported for IPS Empress® 2 (400 ±  40 MPa).1,43 It is known,
owever, that hot pressing technique used to prepare sam-
les of commercial GC can significantly improves bending
trength.1 To prove this assumption, additional experiments
ere attempted on the synthesis and processing of a commercial
lass–ceramic composition: 69.6 SiO2, 1.10 Al2O3, 3.90 P2O5,
.30 K2O, 15.4 Li2O, 0.50 TiO2, 0.30 CeO2, 0.30 La2O3, 5.20
nO, 0.20 MgO, 0.20 Fe2O3 (wt.%).43 A bending strength of
41 ±  98 MPa was reported for this material when processed
y hot pressing.43 According to the specifications given,43 the
lass was melted in a platinum crucible at 1550 ◦C for 1 h fol-
owed by quenching in water, drying and milling the frit to
n average particle size of 20–30 �m. Then, rectangular bars
4 mm ×  5 mm ×  50 mm) were prepared by uniaxial pressing
80 MPa) following the same experimental procedure used for
ompositions GK0–GK10. The as obtained bars were also simi-
arly fired at 500 ◦C for 1 h and then at 850 ◦C for 2 h (the rate of
eating was 30 K/min) as recommended in.43 Thus, hot press-
ng procedure has been excluded from sample preparation. The
verage flexural strength (for 10 samples) measured in a testing
achine (Shimadzu Autograph AG 25 TA) was 199 ±  14 MPa,
hich is comparable to other experimental values reported for
D GCs (190–234 MPa,1,44–46 204.75 ±  49.81 MPa 47).

The activation energies for total conductivity of the
lass–ceramic materials are significantly higher than those found
or lithium disilicate glass48,49 and close to value obtained for
00% crystallized lithium disilicate.50 In general, GCs materials
eatured low total conductivity (∼2 ×  10−18 S/cm for GK0) sug-
esting a number of practical applications in which this property
s relevant.

. Conclusions

The data gathered and discussed in the frame of the present
ork 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
(TFS1) in all compositions whilst the extent of densification
along the first stage significantly decreased with increasing

1
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the added amounts of K2O and the K2O/SiO2 ratio. The
second stage of densification occurred in competition with
crystallization process.

2) Increasing the K2O/SiO2 ratio led the thermal parameters
TFS1, TMS1, TFS2 and TMS2 to decrease, a trend that was also
observed for the temperature intervals between TMS and
TFS. This suggests that K2O-richer samples (GK2.5, GK5
and GK10) get sintered within a shorter temperature interval
and at lower temperatures.

3) The gradual substitution of SiO2 by K2O in glass com-
positions suppressed the crystallization of Li2Si2O5 and
promoted the formation of Li2SiO3 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% K2O)
than the corresponding bulk glasses with x ≤  1 (≤3.63 mol%
K2O).

5) The predominant crystallization of lithium disilicate in
low-K2O compositions resulted in glass–ceramics with
high mechanical strength (∼173–224 MPa), chemical
resistance (∼25–50 �g/cm2) and low total conductivity
(∼2 ×  10−18 S/cm for GK0) making the materials suitable
for a number of practical applications.
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