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bstract

e have studied the influence of increasing the amount of �-spodumene (LiAlSi2O6), as a Li2O-containing flux, on the phase composition,
he microstructure evolution and the physical properties of high-alumina porcelain. Quartz reacts with �-spodumene in the temperature range
150–1250 ◦C, forming lithium aluminium silicates with a larger amount of SiO2. The presence of lithium minerals contributes to a lower CTE for
he fired bodies. At 1300 ◦C an improved flexural strength is achieved with compositions containing 1.0 or 1.2 wt.% of Li O, as a result of a more
2

niform microstructure. With increasing amounts of Li2O the overfiring effect is greatly enhanced. The most favourable characteristics from an
ndustrial perspective with regard to flexural strength and deformation during firing were attained by using a high-alumina porcelain composition
ontaining 1.0 wt.% Li2O.

2009 Elsevier Ltd. All rights reserved.

p
fi
f
a
fl
o
m
c
a
a

i
r
c
w
r

eywords: Porcelain; Spodumene; Sintering; Strength; Thermal expansion

. Introduction

Technical porcelains, which are classified in the alkaline
lumina silicate porcelain group, find diverse application in
lectrotechnics, most often as the insulating parts in electric-
ty transmission, distribution and protection. The developments
n electrical engineering dictate the need for technical porcelains
ith high reliability, and it has been shown that the reliability
f porcelain strongly depends on the microstructure and phase
omposition.1,2 The typical requirements for an electrical porce-
ain are a high mechanical strength and a good thermal shock
esistance. To achieve a better mechanical strength for the porce-
ain body, alumina with its higher Young’s modulus is used
nstead of quartz as a filler.3,4 This increasing amount of alumina
reatly contributes to the strength enhancement, but at the same
ime causes the thermal expansion to increases, thus reducing
he thermal shock resistance. Therefore, to reduce the expansion

f high-alumina porcelain it is necessary to reduce the expansion
f the glassy phase or introduce low-expansion phases.

∗ Corresponding author.
E-mail address: martina.oberzan@eti.si (M. Oberžan).
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The viscous liquid that is formed during the firing of the
orcelain body enables densification and the formation of the
nal microstructure.5 The temperatures at which this liquid is
ormed are lowered by the introduction of flux, with sodium-
nd potassium-based feldspars being the most commonly used
uxes in porcelain. It has also been reported that a combination
f feldspar and nepheline syenite contributes to the increased
echanical strength of porcelain bodies.6 The level of vitrifi-

ation, the pyroplastic deformation and the microstructure are
ffected by the mineralogical composition of the raw materials
nd by the level of equilibrium achieved.7

The use of lithium-bearing minerals as a liquid-phase sinter-
ng aid has been investigated in various types of ceramics. It was
eported that spodumene as a partial replacement for feldspar
an lower the firing temperature of sanitary chinaware bodies
ith a high content of flux when the feldspar-to-spodumene

atio is 70:30.8 Bodies of electrical porcelain with a fairly high
hermal shock resistance and mechanical strength were devel-
ped using 18.5–20.5 wt.% of spodumene and firing at 1380 ◦C.9

ood properties for tableware porcelains were attained when the

i2O content did not exceed 1.5 wt.%, and these compositions
atured at temperatures 100–120 ◦C lower than standard, triax-

al porcelain formulations.10 The presence of spodumene, when
0 wt.% was added as a partial replacement for sodium feldspar,

mailto:martina.oberzan@eti.si
dx.doi.org/10.1016/j.jeurceramsoc.2009.01.029
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educed the firing temperature and the shrinkage of the body
ixes for stoneware tiles.11 The use of lithium-bearing miner-

ls as a liquid-phase sintering aid has also been investigated in
ther types of ceramics, for example, in mullite ceramics,12,13

o lower the firing temperature and in alumina ceramics14 to
mprove the thermal shock resistance. The influence of a Li2O-
earing fluxing agent in a high-alumina porcelain body has not
et been investigated.

The aim of our work was to investigate the influence of Li2O
n combination with K2O as a flux on the sintering behaviour and
he physical properties of high-alumina porcelain bodies. The
ncreasing amounts of Li2O were introduced in compositions
ia a commercial spodumene concentrate. The investigations
ere assisted by a study of the phase composition and the
icrostructural development at different firing temperatures. All

he characteristics were compared with an alumina porcelain
ody containing K2O and Na2O as the flux. New body formu-
ations, suitable for extrusion and industrial applications, were
eveloped.

. Materials and experimental procedure

We compared the reference formulation (EN) with three
odel formulations (A, B, and C) of high-alumina porcelain.
he model formulations were prepared using calcined alumina

HVA, Almatis GmbH, D), kaolin (Zettlitz Ia, Sedlecký kaolin
.s., CZ), illite clay (M1M, Stephan Smidt, D), bentonite (Por-
aclay A, Ankerpoort NV, NL), calcined spodumene (SC 7.5,
walia Consolidated Ltd, Australia) and potassium feldspar

Dorkasil 90, Dorfner, D). Additionally, 0.3 wt.% of binder
ased on polyvinyl alcohol was admixed to improve the plastic-
ty for extrusion.

Conventional ceramic processing routes were used to prepare
he model alumina porcelain bodies on a laboratory scale. First,
he materials were wet milled with alumina balls for around
1 h. The particle size and the particle size distribution after
illing were measured by laser sedigraph (Matroc Microtrac
3500). The distribution for all the model compositions was
imodal, with the first maximum around 0.6 �m and the second
ne between 3 and 4 �m. The EN reference composition was
illed in an industrial mill with silica balls, and its particle size

istribution was comparable to that of the model compositions.
Suspensions of the milled model compositions A, B and C

ere dried on plaster moulds at room temperature. The EN sus-
ension was spray dried and mixed with water in a Z-mixer. Test
amples in the form of extruded circular bars were prepared on a
aboratory vacuum-extrusion machine (Netzsch, V5). The sam-
les were dried for one day at room temperature followed by 4 h
rying in an oven at 105 ◦C.

The samples were fired in a laboratory electric furnace (Naber
20/14) in the temperature range 950–1350 ◦C or in a gas kiln.
efore firing the test samples were set in refractory saggars. In

he laboratory furnace the firing process involved a 4 ◦C/min

eating rate and a 15-min soaking time, and was the same for
ach firing, except for the maximum temperature. The seven
ifferent maximum temperatures were 950, 1050, 1150, 1200,
250, 1300 and 1350 ◦C. After soaking at the maximum tem-
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erature the samples were cooled to room temperature at the
atural rate for the laboratory furnace. In the gas kiln the fir-
ng was carried out at a maximum temperature of 1315 ◦C and
he duration of the complete firing cycle was 11 h. The atmo-
phere was changed during the firing cycle, with oxidation up to
100 ◦C, followed by reduction until the end of the firing at the
aximum temperature. The cooling process was in an oxidising

tmosphere.
Characterization of the investigated high-alumina porcelain

odies after firing involved both physical and structural charac-
erizations. The physical characterization included assessments
f the open porosity, the bulk density, and the thermal and
echanical properties. The structural characterization included
easurements of the phase composition and the microstructure.
The bulk density and the open porosity were measured using

he standard method, in accordance with the IEC 60672-2 stan-
ard 15 with deionized water as the immersion medium. Two
amples of half-cut test bars, Ø10 × 120 mm, were used for the
pen-porosity and bulk-density measurements.

The behaviour of the samples during heating was assessed
rom the DTA and TG curves, which were recorded on pow-
ered mixtures in the temperature range 25–1200 ◦C (Netzsch
TA 429, 5 ◦C/min), and from sintering curves recorded on test
amples in the form of bars Ø7 × 25 mm in the temperature range
0−1340 ◦C using a dilatometer (Baehr, heating rate 5 ◦C/min).
he linear thermal expansion and the corresponding curves
f the coefficient of thermal expansion (CTE) were measured
n fired test bars, Ø6 × 50 mm, using a dilatometer (Netzsch
IL 402EP, heating rate 5 ◦C/min) in the temperature range
0−980 ◦C. The thermal shock evaluations were determined in
ccordance with the IEC 60672-2 standard.15 The deformation
f the samples during firing in a gas kiln was measured as the
eight reduction of the test bars relative to a horizontal surface.
he test bars, Ø10 × 180 mm, were positioned on a refractory
upport with a height of 100 mm and a span of 150 mm. Five test
ars were measured to evaluate the deformation during firing.

The flexural strength was determined on circular test bars,
10 × 120 mm, using a three-point bend tester (Netzsch 401/3)
ith a 100-mm span. Seven test bars were used for each set of
easurements. The maximum and minimum values were elim-

nated from the results, thus the flexural strength was calculated
s the average of five measured values.

The phase composition was studied from X-ray powder-
iffraction (XRD) patterns recorded on powdered samples
<63 �m) at room temperature (PANalytical, X’Pert PRO MPD,
he Netherlands) using Cu-K� radiation. The data were col-

ected in the 2θ range from 10 to 70◦, in steps of 0.034◦, with
n integration time of 100 s. The crystal phases were identi-
ed using a complete ICDD powder pattern file and the X’Pert
C software. The microstructure was observed using optical and
canning electron microscopy (SEM, JEOL 5800 equipped with
n energy-dispersive X-ray analyzer (EDX)). The samples for
he microstructure observation were cut from Ø10-mm test bars

ith a cross-sectional orientation and prepared by grinding and
olishing using standard metallographic techniques. Prior to any
nalysis in the SEM, the samples were coated with carbon to
rovide the electrical conductivity.
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Table 1
Chemical composition of fired reference (EN) and model (A, B and C) formu-
lations (wt.%).

Oxide EN A B C

SiO2 34.34 34.34 33.76 34.27
Al2O3 60.51 61.15 61.68 60.87
Fe2O3 0.33 0.44 0.42 0.36
MgO 0.31 0.13 0.13 0.12
CaO 0.23 0.13 0.14 0.12
Na2O 0.66 0.17 0.19 0.20
K2O 2.98 1.96 1.86 1.90
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iO2 0.20 0.20 0.16 0.13
i2O – 1.02 1.18 1.56

. Results and discussion

The chemical compositions of the fired reference and model
ormulations are presented in Table 1, from which it is clear that
hey are all relatively similar in terms of the types and quantities
f the oxides, except for the alkali oxides. In the compositions
, B, and C, Na2O and to some extent K2O were replaced with

he increasing amount of Li2O. The reference composition EN,
s an industrial composition, is characterized by its higher Na2O
nd K2O content.

The DTA and TG curves of the reference body EN and the
i2O-containing bodies A, B and C are shown in Fig. 1. In the
TA curves an endothermic effect is observed, with its maxi-
um at ∼525 ◦C for the samples EN, A and B, and at ∼518 ◦C

or sample C. An exothermic effect appears, with its maximum
985 ◦C for EN and at ∼970 ◦C for the samples containing
i2O. In the TG traces the weight loss up to 400 ◦C is about
%, for all the samples. In the heating range 400−800 ◦C the
eight loss values for EN, A, B and C are 3.6%, 3.9%, 3.5% and
.0 %, respectively. When the samples were heated from 800 to
200 ◦C they all exhibited only about 0.2% weight loss.

It is evident from the DTA and TG curves that similar
eactions take place in all the samples up to 1200 ◦C. Both
he endothermic and exothermic effects observed in the DTA

urves are characteristic for the kaolinite-to-mullite reaction
eries, with the endothermic dehydroxylation reaction of kaoli-
ite in the range 450−600 ◦C, completed at about 900 ◦C, and

ig. 1. DTA and TG curves of studied compositions recorded in the temperature
ange 25–1200 ◦C.
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ig. 2. Sintering curves of studied compositions recorded in the temperature
ange 800–1340 ◦C.

n exothermic reaction in the range 800−1000 ◦C, when mul-
ite begins to form from metakaolinite.16,17,18 The addition of
i2O enhances the mullite formation since the maximum of

he exothermic effect in the temperature range 800−1000 ◦C
s 15 ◦C lower for the samples containing Li2O than for the ref-
rence composition. The weight loss is related to the quantity of
lay constituents. The weight loss is the lowest for composition
, which contains the smallest quantity of clay constituents. As
onfirmed by the DTA and TG curves, the main reactions that
ccur up to 1000 ◦C are attributed to the clay constituents and
heir quantities in the samples.

.1. Sintering behaviour of the studied bodies

The sintering curves in Fig. 2 show the dimensional changes
f the samples as a function of temperature in the range
00−1340 ◦C. In temperature range up to 1000 ◦C the curves
f the compositions A, B and C overlap, while the reference
omposition, EN, which has a similar trend, lies slightly above.
he comparable dilatation behaviour in all the samples up to
000 ◦C is attributed to the similar reactions that take place, as
onfirmed by the DTA curves. The onset temperature of inten-
ive shrinkage is 1060 ◦C, for A, B and C, and 1110 ◦C, for EN.
he maximum shrinkage values for the compositions A, B and
are 10.8%, 13.1% and 13.5%, respectively. The compositions
and B achieve their maximum shrinkage at the same tem-

erature, 1320 ◦C, while C completes its shrinking at 1300 ◦C.
he reference composition, EN, attains a shrinkage of 9.4 % at
340 ◦C, with its sintering curve still in decline, indicating that
he shrinkage continues above 1340 ◦C. Above the temperature
f maximum shrinkage, expansion is observed for all the com-
ositions containing Li2O, which is indicated by the bloating of
he bodies.

The results show that the densification process of the bodies
s enhanced by the presence of Li2O, in a similar way to that
eported for triaxial porcelain bodies10 and bodies for porcelain
toneware tiles.11
.2. Phase composition and microstructure evolution

Before implementing the firing cycles at increasing tem-
eratures, the mineralogical composition of the green bodies
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Fig. 4. XRD patterns of composition A fired in the temperature range
950−1350◦C. Identified minerals are: �-alumina (A), mullite (M), �-quartz
(Q), microcline (MC), sanidine (SN), �-spodumene (S) and LiAlSi3O8 (LS).
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decreases with temperature faster than for the EN, suggesting
that the dissolving of �-quartz is enhanced by the presence
of Li2O. Mullite is first detected at 1150 ◦C, and its amount
increases with temperature.
ig. 3. XRD patterns of reference composition EN fired in temperature range
50−1350◦C. Identified minerals are: �-alumina (A), mullite (M), �-quartz (Q),
icrocline (MC), sanidine (SN) and albite (AL).

as identified from the XRD patterns of powdered, extruded
amples, with the aim to assist the phase interpretation of the
red samples. In all the green bodies, corundum (�-Al2O3)
revailed as the primary mineral phase. However, kaolinite
Al2Si2O5(OH)4), microcline (KAlSi3O8) and �-quartz (SiO2)
ere also present in all the green bodies. The kaolinite came

rom the clay part, the microcline was present as the main min-
ral in potassium feldspar, and the presence of �-quartz (SiO2)
s the result of quartz being the accompanying mineral for clays
nd fluxes. Albite (NaAlSi3O8) was only identified in the ref-
rence composition, EN, where the flux system consisted of
otassium and sodium feldspar. �-Spodumene (LiAlSi2O6) was
nly present in the model compositions A, B and C, where it was
dded as the main flux component.

The temperature range from 950 to 1350 ◦C was selected
or investigating the phase composition and the microstructure
evelopment due to the major shrinkages observed in this range
rom the sintering curves in Fig. 2. It was divided into seven firing
emperatures, with closer temperature intervals in the region of
intering curves where the rate of densification was the greatest.

Fig. 3 presents the XRD spectra of the composition EN fired
t different temperatures. Corundum, as the predominating crys-
alline phase, is observed in all the fired samples. The phases in
ddition to corundum in the samples fired at 950 and 1050 ◦C
re the flux minerals microcline, sanidine and albite, with their
eak intensities decreasing with increasing temperature up to
150 ◦C, at which point they disappear. The intensity of the �-
uartz peaks gradually diminishes with increasing temperature,
ndicating its partial dissolution in the feldspar melt. However,
he �-quartz is still present at 1350 ◦C, and the mullite is formed
t 1150 ◦C. The process of mullitization continues with increas-
ng temperature, which is clear from the increasing intensities
f the mullite peaks. The phase composition and the phase-
ransformation process of the EN material is comparable with the
rocesses occurring in a typical triaxial porcelain body, 1,16,18,19

xcept that corundum, as the main phase, is additionally present
t all the firing temperatures.
Fig. 4 presents the phase development with temperature for
ample A. It is clear that corundum prevails in all the samples.
he flux minerals microcline and sanidine were identified at

F
9
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L

ig. 5. XRD patterns of composition B fired in the temperature range
50−1350◦C. Identified minerals are: �-alumina (A), mullite (M), �-quartz
Q), microcline (MC), sanidine (SN), �-spodumene (S) and LiAlSi3O8 (LS).

50 and 1050 ◦C. �-LiAlSi2O6 (JCPDS 071-2058) is detected
p to 1200 ◦C, and at 1150 and 1200 ◦C LiAlSi3O8 (JCPDS
35-0794) coexists with �-LiAlSi2O6. In contrast, �-quartz is
dentified at all temperatures. However, the amount of �-quartz
ig. 6. XRD patterns of composition C fired in the temperature range
50–1350◦C. Identified minerals are: �-alumina (A), mullite (M), �-quartz
Q), microcline (MC), sanidine (SN), �-spodumene (S), LiAlSi3O8 (LS) and
ixAlxSi1−xO2 (LX).
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In Fig. 5 the occurrence of phases in sample B at different
emperatures is shown. The phase compositions of A and B are
dentical at all the firing temperatures, except that at 1350◦ the
-quartz cannot be detected in B, suggesting that the increasing
mount of Li2O tends to enhance the dissolution of the �-quartz.

Fig. 6 shows the phase evolution during the heating of sam-
le C. The minerals identified in C are different to those in A
nd B in the temperature range above 1200 ◦C, since LiAlSi3O8
s still detected at 1250 ◦C, while at 1300 and 1350 ◦C the new
i-containing phase, LixAlxSi1−xO2 (JCPDS 040-0073), is iden-

ified. The �-quartz disappears at temperatures below 1300 ◦C.
In Li2O-containing compositions the dissolution of micro-

line and sanidine is similar to the case of EN, indicating that the
resence of �-spodumene has no perceivable effect on the break-
own of sanidine and microcline below 1150 ◦C. The amount
f �-spodumene decreases with increasing temperature up to
250 ◦C. Simultaneously, at 1150 ◦C, the Li-containing phase
ith a larger amount of SiO2, i.e., LiAlSi3O8, is formed, which is

orrelated with the decreasing amount of �-quartz. The reactions

f lithium minerals at temperatures above 1200 ◦C are affected
y the amount of Li2O. In A and B, with 1.0 and 1.2 wt.% Li2O,
espectively, LiAlSi3O8 is only identified at 1150 and 1200 ◦C;
t higher temperatures it appears to have melted in the feldspathic

s

y

Fig. 7. SEM/BEI of samples (a) EN; (b) A; (c) B; and (d) C after fi
eramic Society 29 (2009) 2143–2152 2147

iquid, since none of the Li-minerals is detected at 1250 ◦C or
bove. In C, with 1.6 wt.% of Li2O, LiAlSi3O8 is identified at
150 ◦C, 1200 and 1250 ◦C. The continued reaction of quartz
ith LiAlSi3O8 for composition C leads to the formation of
ixAlxSi1−xO2 at 1300 ◦C. LixAlxSi1−xO2 appears as a stable
hase and does not dissolve with increasing temperature.

The process of Li-compound formation can be described with
he following reactions. The general formula for lithium alu-

inium silicate, LixAlxSi1−xO2, where x = 0 for the keatite form
f SiO2 and 0.33 for the �-spodumene form, describes the vari-
tions in the compositions.20 The reaction taking place between
-spodumene and quartz is described by the following equation:

0.75(Li0.33Al0.33Si0.67O2) + 0.25(SiO2)

→ Li0.25Al0.25Si0.75O2 (1)

The reaction product is Li0.25 Al0.25 Si0.75O2, which is equiv-
lent to LiAlSi3O8 containing more SiO2 than �-spodumene.
hen derived from the general formula for lithium aluminium
ilicate, the above equation can be written as follows:

(LixAlxSi1−xO2) + (1 − y)(SiO2) → LiyxAlyxSi1−yxO2

(2)

ring at 1150 ◦C. A – corundum; G – glassy phase; P – pore.
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here y = 0.75 and x = 0.33 for �-spodumene. Li0.25 Al0.25
i0.75O2 continues to react with quartz for the same Eq. (2),
xcept that x = 0.25. The final reaction product with more SiO2
s formed.

The microstructures of samples fired at 1150 ◦C are shown
n Fig. 7. Noticeable melting within the porous structure is
bserved after firing at 1150 ◦C for all the samples. A consider-
ble amount of melt appears with the composition EN, because
f the dissolution of its flux minerals, microcline, albite and sani-
ine, as confirmed by the recorded patterns of the XRD analysis,
hown in Fig. 3. Liquid formation is associated with the melt-
ng of the feldspar system and the silica discarded from the

etakaolin via the K2O−Al2O3−SiO2 eutectic,21 indicating a
eldspar and silica eutectic at 985 ◦C, and a eutectic between
otassium feldspar, sodium feldspar and silica at 1020 ◦C in the
ystem NaAlSiO4−KAlSiO4−SiO2.22 The melting process in
he samples is clear from the DTA curves shown in Fig. 1, with
he appearance of an endothermic effect that begins at around
070 ◦C for all the samples.
The melting reactions in EN, where the liquid unification
learly results in separated glassy-phase regions, are more inten-
ive than in A. Among the Li2O-containing compositions the
mount of glassy phase formed is increased with more Li2O

3
c
t
t

Fig. 8. SEM/BEI of samples (a) EN; (b) A; (
Ceramic Society 29 (2009) 2143–2152

dded, which means that C has the most glassy-phase regions,
nd these are surrounded by distinctive corundum grain clusters.

Fig. 8 shows the microstructures of the samples fired at
200 ◦C. All the compositions underwent intensive pore clo-
ure, with an increased amount of glassy phase being formed.
he microstructure of EN seems comparatively compact, but

ess homogeneous in terms of pores than the compositions con-
aining Li2O. Sample C appears to be the most vitrified, but
ith a relatively large amount of big, closed pores. The melted

egions in the Li2O-containing compositions are composed of
arker and brighter areas, which might be the consequence of a
hemical non-homogeneity of the liquid phase.

In Fig. 9 the microstructures of samples fired at 1300 ◦C are
resented. A dense microstructure with disconnected pores is
bserved for all the compositions fired at this temperature. A
reater uniformity of the glassy-phase distribution is observed
or the samples A and B. The sizes of the glassy-phase regions
n the compositions containing Li2O are smaller than in the EN
ample. In composition C, larger, spherical pores up to around

0 �m are visible, which is characteristic for an overfiring pro-
ess accompanied by bloating. The liquid phase in C, owing to
he relatively large amount of Li2O, contributes a great deal to
he pores joining to form larger pores.

c) B; and (d) C after firing at 1200 ◦C.
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Fig. 9. SEM/BEI of samples (a) EN; (b

.3. Physical properties of fired bodies

When the temperature is increased from 950 to 1350 ◦C,
he colour of the fired samples changes gradually from pale
rown to white for all the compositions except composition C.
t appears that 1.6 wt.% of Li2O in the alumina porcelain body
eads to reactions where red compounds are formed, while with
he addition of 1.0 or 1.2 wt.% there is no noticeable colour
hange. For the composition C the colour of the body observed
n cross-sectioned surfaces changes to pale red at 1200 ◦C. With
temperature increase to 1250 ◦C several homogeneously dis-
ersed spots of bright red appear on the surface and inside the
ody. At 1300 ◦C the colour of the body changes to a homoge-
ous yellow-white with individual red spots in the surface, which
ecomes glassy. At 1350 ◦C there is only a slight change to
more pale-yellow, white colour with red spots remaining on

he surface. Additionally, the surface appears more glassy and
mall bubbles are visible. All the other studied compositions
evelop a white homogenous appearance at 1300 and 1350 ◦C.

he appearance of pink spots in mullite−�-spodumene compos-

tes from aluminosilicates was previously mentioned by Yamuna
nd Devanarayanan13 and attributed to the pink variety of �-
podumene (kunzite), the formation of which occurs only in the

B
e
f
f

c) B; and (d) C after firing at 1300 ◦C.

resence of lithium-rich aluminosilicates and the presence of
ron as an impurity in the mullite composite. When Talyaganov
t al.23 investigated the influence of Li2O on phase transfor-
ations in formulations composed of 50 wt.% kaolin, 25 wt.%

eldspar and 25 wt.% quartz, they described the appearance of
ink spots in the K−Na-containing aluminosilicate matrix in
ompositions containing more than 2.2 wt.% Li2O after firing
t 1200 ◦C, which disappeared with a heat treatment at higher
emperatures.

The bulk-density variations with the increasing firing temper-
ture are plotted in Fig. 10. The Li2O-containing samples thicken
ore intensively in the temperature range 1150–1250 ◦C in com-

arison to EN, as is evident from the slope of the corresponding
raphs. At 1300 ◦C the samples EN, A and B attain their max-
mum bulk densities. The composition C attains its maximum
ulk density at 1250 ◦C, which is 50 ◦C lower than for the other
ompositions, showing that an increased amount of Li2O con-
ributes to a densification process at lower temperatures. The
verfiring effect is noticeable at 1350 ◦C for the samples EN and

, while an exaggerated overfiring effect appears for sample C
ven at 1300 ◦C. However, no overfiring effect was noticeable
or sample A. The presence of 1.0 wt.% of Li2O is the most
avourable with regard to samples prone to overfiring.
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ig. 10. Bulk density of studied compositions fired in the temperature range
50−1350 ◦C.

Fig. 11 shows the open porosity of samples fired at different
emperatures. Samples EN, B and C have no open porosity at
250 ◦C, while sample A still has 2 vol.% of open porosity. For
ample A, zero open porosity is reached at 1300 ◦C. The pore
losing in the temperature range 1150−1200 ◦C is most clearly
een for sample C, as is evident from the greater slope of the cor-
esponding curve, and which agrees with the SEM observations
n Fig. 8, where the highest amount of glassy phase is observed
or sample C at 1200 ◦C. Intensive pore elimination is observed
or all the samples in the temperature range 1200−1250 ◦C.

The influence of firing temperature on the thermal expansion
f fired bodies is shown in Fig. 12, where the graphs of the CTE
n the temperature range 30−600 ◦C are plotted. A and B have a
ower CTE than EN when fired below 1300 ◦C, whereas the CTE
f A and B is similar to that of EN for the samples fired at 1300
nd 1350 ◦C, with the value ∼5.8 × 10−6 K−1. The composition

has a considerably lower CTE than the other compositions
n the firing range 1150–1350 ◦C, which is correlated with the
mount of Li-containing phases present on the basis of XRD
tudies. Lithium aluminium silicates are characterized by a low
verall thermal expansion.24

The influence of the firing temperature on the flexural strength
s shown in Fig. 13. The flexural strength of the EN samples

radually increases up to 190 MPa at 1350 ◦C. The Li-containing
amples attain their maximum flexural strength at 1300 ◦C, with
alues of 203, 204 and 127 MPa for A, B and C, respectively.
he maximum flexural strength of A and B is higher than that

ig. 11. Open porosity of studied compositions fired in the temperature range
50−1350 ◦C.

t
c
d

F
9

ig. 12. Coefficient of thermal expansion in temperature interval 30−600 ◦C of
tudied compositions fired in the temperature range 950−1350 ◦C.

f EN. Above 1300 ◦C the decreasing of the flexural strength
s determined by A, B and C. A and B have similar flexural
trengths across the entire firing range. The flexural strength of

is comparable to that of A and B for the samples fired up to
200 ◦C, while this strength is notably lower for the samples
red at 1250 ◦C and above.

At 1300 ◦C A, B and EN achieve their maximum bulk den-
ities, but the coinciding of the maximum flexural strength and
he maximum bulk density is observed only for A and B. Both

and EN attain a higher flexural strength at temperatures above
heir maximum bulk density.

The mechanical strength in a multiphase porcelain body
trongly depends on the firing process, which affects the main
actors influencing the strength, such as the thermal expansion
oefficient of the phases, the elastic properties of the phases,
he volume fractions of the various phases, the particle size of
he crystalline phase, and the phase transformation, which all
ontribute to the stresses configuration in the glassy matrix.1 It
as shown that the mechanical strength of porcelain is mainly

nfluenced by the pre-stresses induced between the glassy matrix
nd the crystalline material with a higher thermal expansion than
hat of the glassy matrix.25 The higher flexural strength of A and

in comparison to EN at 1300 ◦C may be partially attributed to

he lower thermal expansion of the glassy phases of A and B,
ontaining Li2O, since for A and B a slightly lower CTE was
etermined at this temperature.

ig. 13. Flexural strength of studied compositions fired in the temperature range
50−1350 ◦C.
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Table 2
Bulk density, coefficient of thermal expansion, flexural strength and thermal shock resistance at �T = 200 ◦C of studied compositions fired at 1315 ◦C/1 h in gas kiln.

Composition Bulk density (g/cm3) CTE 20–600 ◦C (×10−6 K−1) Flexural strength (MPa) Thermal shock resistance at �T = 200 ◦C

ENa 2.91 5.83 194 No
A 2.85 5.69 204 Yes
B
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Our investigations of Li2O as the main flux constituent in
2.91 5.57
2.74 5.63

a Average year value under industrial conditions.

On the other hand, at 1300 ◦C composition C achieves its
aximum flexural strength, which is significantly lower than all

he other the compositions. The lower strength of C might be
artially ascribed to the presence of the low-expansion lithium
luminosilicate crystalline phase, as identified in the XRD spec-
ra. The literature suggests that the strength reduction of a
orcelain body is induced by the presence of flaws and inhomo-
eneities consisting of grains with a thermal expansion lower
han the body.25

After firing at 1350 ◦C, the flexural strength of the Li2O-
ontaining compositions decreases remarkably. This decrease of
he flexural strength is influenced by the bloating phenomena, as
een in the corresponding sintering curves and the bulk density
ncrease at 1350 ◦C. Due to the bloating phenomena the increase
n the closed pores negatively affects the elastic modulus and the
trength.26

The presence of residual quartz in the EN composition, as
dentified from the XRD patterns of EN at 1300 and 1350 ◦C, has
negative influence on its flexural strength. Large quartz grains
egatively affect the strength of the porcelain body, since they
ause cracks in the vitreous phase.27 Reversible quartz inversion
rom � to � at 573 ◦C during the cooling process, accompanied
y a volume decrease, is responsible for the deterioration in the
echanical properties of the body.28

.4. Firing in the gas kiln

Test samples of the studied compositions were additionally
red in a gas kiln with a maximum temperature of 1315 ◦C. After
ring, all the samples exhibited zero open porosity. In Table 2 the
ulk density, the CTE in the temperature range 20−600 ◦C, the
exural strength and the thermal shock resistance at �T = 200 ◦C
f the fired samples are indicated. Samples A, B and EN attain
igher bulk densities in comparison to the maximum bulk den-
ities achieved by firing in a laboratory furnace. The samples
ontaining Li2O have a similar CTE, which is lower than for
N. The determined flexural strength is 204 MPa for A, 202 MPa

or B and 194 MPa for EN, while a considerably lower value of
54 MPa was obtained for C. Samples A, B and C show equal
hermal shock resistance at �T = 200 ◦C, with cracks appear-
ng in two of the five samples after water quenching, while all
ve EN samples experienced cracks. The thermal shock resis-

ance of the samples fired in the gas kiln is improved with the

ntroduction of Li2O.

The deformation during firing in a gas kiln, measured as a
istortion of the fired samples, is 16 mm for EN, 14 mm for A,
2 mm for B and much greater for C, with the test bars falling

h
fl
s
d

202 Yes
154 Yes

ff the supports. Deformation during firing is an important cri-
erion for the industrial application of a newly developed body.
he requirement for sufficient vitrification and low pyroplastic
eformation is one of the main compromises in the design of a
ring schedule for a porcelain body.7 Deformation during the
ring of the Li2O-containing bodies is most significant for A
hen fired under the existing firing schedule in the gas kiln.

. Conclusions

Li2O was introduced in amounts of 1.0, 1.2 and 1.6 wt.%
n high-alumina porcelain bodies with ∼61 wt.% of Al2O3 via
-spodumene. The phase composition and the microstructure
volution of the standard composition and the Li2O-containing
ompositions were studied in the firing-temperature range
50−1350 ◦C.

Li2O-bearing compositions reach a higher degree of densi-
cation at lower temperatures in comparison to the reference
omposition. The influence on the densification is greater, with
he amount of Li2O increasing. During heat treatment the phase
omposition of the bodies is influenced by the amount of added
i2O. It is evident that the reduction of quartz in the presence
f Li2O in the temperature range 1150−1250 ◦C is due to the
uartz’s reaction with �-spodumene, forming LiAlSi3O8. The
eaction of quartz is promoted by the increased amount of Li2O.
he continued reaction of quartz at higher temperatures leads

o the formation LixAlxSi1−xO2, when the amount of Li2O is
.6 wt.%. The presence of lithium minerals contributes to the
ower CTE of bodies containing Li2O.

Homogeneity of the microstructure, a high bulk density and
n improved flexural strength are exhibited by compositions
ith 1.0 and 1.2 wt.% of Li2O fired at1300 ◦C. When fired at
igher temperatures all the compositions containing Li2O attain
noticeably lower flexural strength, mainly due to the bloat-

ng phenomena, which increases with the increasing amount of
i2O, as is obvious from the decreasing bulk density.

The increasing amount of Li2O greatly affects the defor-
ation during firing in the industrial kiln, which considerably

ncreases with the increasing amount of Li2O. Under the exist-
ng firing schedule in the industrial kiln the most favourable
haracteristics from an industrial perspective are attained by the
omposition with 1.0 wt.% Li2O.
igh-alumina porcelain bodies showed that Li2O is a strong
uxing agent that contributes to achieving a high mechanical
trength and good thermal shock resistance, which strongly
epend on the amount of Li2O and the firing conditions.
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roelement d.d., and Mrs. Jena Cilenšek and Mr. Silvo Drnovšek
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