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Influence of lithium oxide as auxiliary flux on the
properties of triaxial porcelain bodies
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Abstract

The influence of Li2O-content on the properties of standard triaxial porcelains was investigated. Two series of porcelain formulations were
produced. The first one comprised seven model formulations with increasing amount of Li2CO3 (1–7 wt.%), with respect to the standard
triaxial porcelain formulation. The experimental results showed that desirable properties for tableware porcelains can be attained if the Li2O-
content does not exceed∼1.5 wt.%. In the light of this conclusion, the second series of formulations aimed at producing new porcelains
using Li-bearing natural rocks. Under an industrial perspective, the most important finding is that these compositions matured at temperatures
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00–120◦C lower than the standard triaxial porcelain formulation and exhibited remarkable resistance at over-firing conditions. T
ncreasing Li2O-content at the different stages of firing is interpreted in the light of its influence on densification, the evolution of cr
hases and microstructure.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Porcelains, the foundation of ceramic industry, are referred
o as triaxial whiteware bodies because of their three-part
omposition of clay, feldspar and quartz.1 Traditional hard
orcelain bodies are typically mixtures of 50% fine-grained
lay, 25% fluxes (usually feldspar) and 25 flint (quartz) (in
t.%), which mature at temperatures between 1350 and
450◦C.2 In the frame of global competition, the current

rend in whiteware processing is directed towards substantial
eduction of capital and running costs without compromising
roductivity and product quality. To reduce energy consump-

ion, development of advanced energy efficient equipments
as mainly attracted the interest. However, an important ap-
roach of the overall problem is the lowering of firing tem-
erature and time, which mainly depend on the formulation
f the batch of the raw materials.

∗ Corresponding author. Tel.: +351 234 370242; fax: +351 234 425300.
E-mail address: jmf@cv.ua.pt (J.M.F. Ferreira).

For instance, small fraction of synthetic zinc or calc
borate in tableware, electrical and sanitaryware porcelain
mulations resulted in substantial reduction of firing tem
ature and broadening of useful firing range.3 Similar results
i.e. early densification of materials and widening of matu
range, were obtained in the case of incorporation of 5–8 w
ZnO-containing glaze in a conventional tableware porce
formulation.4

Lithium aluminosilicates, such as spodumene, have
also used as raw materials in the production of ther
shock resistant whiteware and sanitaryware.5,6 The pres
ence of spodumene causes enhancement of mullitizatio
gree and imparts better physical and mechanical pr
ties to ceramics.7 In general, the Li2O–Al2O3–SiO2 sys-
tems are well known for their low or even negative th
mal expansion coefficients. Thus, intensive effort has
directed at producing ceramics which contain�-eucryptite
and�-spodumene with relatively high content of Li2O.8–10

�-Eucryptite and�-spodumene containing porcelains, w
8.03–11.86 wt.% Li2O, have been produced using kao
quartz and Li2CO3 as raw materials via conventional ceram
955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2005.01.036
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Table 1
Chemical composition of raw materials (wt.%)

Oxides (wt.%) Kaolin Ball clay Silica sand Feldspar Rock Aa Rock Ba

SiO2 47.83 60.96 96.18 66.91 72.76 71.05
Al2O3 36.86 23.98 1.25 18.22 16.88 17.74
Fe2O3 0.67 0.67 0.16 0.13 0.23 0.18
CaO 0.07 0.84 0.70 0.27 0.10 0.04
MgO 0.30 0.58 – 0.12 0.09 0.02
Na2O 0.10 0.36 0.13 2.55 1.15 2.58
K2O 1.65 2.25 1.08 11.75 4.73 3.58
TiO2 0.02 1.18 – 0.02 0.04 0.04
Li2O – – – – 2.36 1.76
P2O5 – – – – 0.24 0.71

L.O.I. 12.5 10.67 0.67 – 1.24 1.99
a Rock A and rock B: Li-bearing pegmatites A and B, respectively. These Li-rich aplite–pegmatite dykes, kindly offered by the Centre of Geology of the

University of Porto, were obtained from a deposit (Covas de Barroso district, northern Portugal), whose Li2O-content varies between 0.9 and 3.0 wt.%. The
results of mineralogical and purification studies of these natural rocks have been published elsewhere (seeTable 4).20,21These rocks can be generally classified
as pegmatites which bear lithium minerals, specifically�-spodumene (rock A) and�-petalite (rock B). They also contain potassium and sodium feldspar, quartz
and muscovite.

techniques.10Mullite–spodumene composites have been pro-
duced from kaolin and Li2CO3, incorporated in the batch in
the amount of 1–5 wt.%.11 That work focused on crystalline
phase evolution upon firing but there is no information about
the role of Li2O on sintering and maturation of porcelain
bodies.

Although triaxial porcelain systems have been long and
extensively documented,12–19there is no systematic investi-
gation on the influence of lithium oxide, as auxiliary flux, on
the processing and the properties of triaxial porcelain bod-
ies. The present work addresses itself to this aim. In partic-
ular, we produced model formulations of Li2O-doped stan-
dard triaxial porcelains, whose batches contained 1–7 wt.%
Li2CO3. The evaluation of the sintering behaviour of these
model porcelains allowed us to design and produce new
formulations of porcelains for industrial and commercial
use, where Li2O was introduced in the batch via natu-
ral lithium-bearing pegmatite. The physical and the me-
chanical properties, together with the microstructure and
the crystalline phase analyses of these porcelains are pre-
sented.

2. Materials and experimental procedure

As mentioned in the Introduction, two series of porcelain
bodies were investigated. The model formulations were pro-
duced using kaolin (Standard Porcelain, ECC International
Ltd, UK), quartz sand (P500, Sibelco Portuguesa S.A., Por-
tugal), feldspar (FKI, Felmica, Portugal) and reagent grade
Li2CO3 (Aldrich, >99%, UK).Table 1presents the chemical
composition (in wt.%) of these raw materials. The composi-
tion of standard triaxial porcelain, denoted as L0, was our ref-
erence formulation. Seven model formulations, with increas-
ing amounts of Li2O (with respect to L0), designated from L1
to L7 (the number refers to the wt.% of Li2CO3 in the batch),
were produced in laboratory conditions via dry-pressing and
sintering.Table 2summarizes the batch formulations and the
chemical compositions of the model porcelains (in wt.%).

Homogenous batches of feldspar (mean particles size
∼8�m), quartz sand, kaolin and Li2CO3 were prepared by
dry-mixing in a porcelain jar. Pellets of 20 mm in diameter
and 3–4 mm in height were produced by uniaxially pressing
at 80 MPa and firing in laboratory electrical furnace at 1100,

Table 2
Batch formulations and chemical compositions of the model porcelain bodies

L0 L1 L2 L3 L4 L5 L6 L7

K 48.50
Q 24.25
F 24.25
L 3.00

S 68.20
A 24.56
F 0.42
C 0.29
M 0.20
N 0.76
K 4.25
T 0.01
L 1.32
aolin 50.00 49.50 49.00
uartz 25 24.75 24.50
eldspar 25 24.75 24.50
i2CO3 0.00 1.00 2.00

iO2 69.10 68.80 68.50
l2O3 24.89 24.79 24.67
e2O3 0.44 0.43 0.43
aO 0.30 0.28 0.29
gO 0.18 0.19 0.19
a2O 0.77 0.76 0.76

2O 4.32 4.30 4.27
iO2 0.01 0.01 0.01
iO2 0.0 0.44 0.88
48.00 47.50 47.00 46.50
24.00 23.75 23.50 23.25
24.00 23.75 23.50 23.25
4.00 5.00 6.00 7.00

67.78 67.55 67.24 66.92
24.41 24.34 24.33 24.11
0.42 0.42 0.42 0.42
0.28 0.29 0.28 0.28
0.19 0.19 0.19 0.19
0.76 0.76 0.75 0.74
4.22 4.21 4.19 4.17
0.01 0.01 0.01 0.01
1.92 2.23 2.69 3.16
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Table 3
Formulations (in wt.%) of the porcelains A and B, containing Li-bearing
pegmatite (rock A and rock B, Table 1)

Formulation Kaolin Ball clay Rock A Rock B Quartz

A 42 8 35 – 15
B 42 8 – 31 19

1150, 1200, 1250, 1300 and 1350◦C (heating and cooling
rates 5◦/min and 1 h soaking at the highest temperature). Five
samples of each model composition were subjected to each
firing test.

The production of the samples of the second series of
the investigated formulations employed plastic forming tech-
niques using aqueous media. Two compositions, named as A
and B (Table 3), were produced using two different types of
Li-bearing pegmatite, named as rock A and rock B (see the
note ofTables 1 and 4),20,21 kaolin, ball clay (ADM, Por-
tugal) and quartz sand.Table 1presents the chemical com-
position of rock A, rock B and ball clay. For comparison
purposes, samples of standard triaxial porcelain formulation
(42% kaolin, 8% ball clay, 25% feldspar, and 25% quartz),
named as L (which resembles L0), were produced using the
same processing method.

The coarse grains of the as-received lithium rocks were
milled in aqueous media, resulting in powders with a mean
particle size of about 6–7�m (Fig. 1). Then, fine quartz sand,
kaolin and ball clay were added and mixed together to get
a homogeneous slurry (solid/water = 50/50, in wt.%). The
tested specimens were obtained by plastic forming technique.
The specimens were dried at 50◦C and then at 110◦C. Fir-

F of the
m rials.

ing was carried out in laboratory electrical furnace at several
temperatures between 1050 and 1300◦C (heating rate 4◦/min,
soaking time at highest temperature 1 h). Firing was also re-
alized in an industrial tunnel kiln furnace, where the firing
temperature ranged between 1365 and 1380◦C (bottom and
top positions in the kiln, respectively), the firing circle was
∼25 h, and the soaking time at the firing zone was∼1 h.

The following techniques were employed: particle size
distribution, using light-scattering equipment (Coulter LS
230, UK, Fraunhofer optical model). Dilatometry of green
porcelain bodies (Bahr Thermo Analyse DIL 801 L, Ger-
many, heating rate 10◦/min). X-ray diffraction analysis
(XRD, Rigaku Geigerflex D/Mac, C Series, Cu Ka radiation,
Japan). Microstructure observation (SEM, Hitachi S-4100,
Japan, 25 kV acceleration voltage) at polished and etched
surfaces (immersion in 2 vol.% HF for 4 min). Measurement
of whiteness (portable colorimeter Minolta CM-508-d 1998,
Japan, Hunter method). Archimedes method (immersion in
ethylenoglycol) to determine the apparent density. Flexu-
ral strength (three-point bending) was measured with par-
allelepiped bars (3 mm× 4 mm× 40 mm) (Shimadzu Auto-
graph AG 25 TA, 0.5 mm/min displacement; the presenting
results are the average of 16 bars). Water absorption was
measured according to the ISO-standard 10545-3, 1995, i.e.
weight gain of dried bulk samples after immersion into boil-
ing water for 2 h, cooling for 3 h and sweeping of their surface
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ig. 1. Particle size distribution of the raw materials used in the batches
odel porcelain formulations: (a) plastic raw materials; (b) hard mate
ith a wet towel. The linear shrinkage during sintering
lso calculated from the dimensions of the green and the

ered samples.

. Results

.1. Densification of the model porcelain bodies

Fig. 2 summarizes the results of density, shrinkage
ater absorption of the model porcelains measured afte

ng at different temperatures. Obviously, the amount of ad
i2CO3 into the batch of the standard triaxial porcelain
ulation considerably affected the sintering behaviour

he properties of the fired porcelains. The samples of L1
nd L3 exhibited similar general features and were suc

ully sintered at much lower temperatures than L0.
Further increasing the Li2CO3 content in the batch (i.

4–L7) caused significant reduction of shrinkage and de
t the temperature range of maximum densification, w
as more pronounced in the case of L6 and L7. The

ively high values of water absorption of L6 and L7 seemin
ndicate that these compositions had undergone incom
intering. The abnormal change of water absorption va
f L7 between 1300 and 1350◦C is due to over firing effec

ollowed by fast vitrification at 1350◦C, confirmed by the ob
ious rounding of the sharp edges of the cylindrical pel
his effect indicates a short firing range of this formulati

Increasing Li-content causes significant changes in
rystalline phases formed (1300◦C, Fig. 3). Together with
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Fig. 2. The influence of firing temperature on: (a) density, (b) shrinkage and
(c) water absorption of the model porcelains (the standard deviation of the
presented points was less than 5%).

quartz, the peaks of mullite are intense in L1 and L2 but
significantly degenerated at higher contents of Li2O (L3,
L4). The crystalline phase formation of L7 was completely
different, comprising predominantly a Li-associated phase
(LiAlSi 3O8) and alumina, and traces of mullite. The forma-
tion of the former two phases has evidently started from L5
and L6.

Another important feature of the L6 and L7 samples was
their pink colour appearing after sintering at temperatures
≥1150◦C. The strongest pink colouring effect was observed
in the L7 fired at 1300◦C, which then turned to white colour
after firing at 1350◦C, likely due to vitrification.

Consequently, among the investigated model formula-
tions, L1 and L2 porcelains exhibited complete densification

Fig. 3. XRD spectra of the model porcelains fired at 1300◦C (JCPDS cards:
quartz 46-1045; mullite: 15-0776; lithium aluminium silicate (LiAlSi3O8):
35-0794; alumina: 75-1863).

in the temperature range between 1200 and 1250◦C, which
is considerably lower than the maturation temperature of the
standard triaxial porcelain (∼1350◦C). Therefore, the design
of low temperature porcelains containing natural bearing peg-
matite was focused on formulations whose Li2O-content ap-
proached porcelains L1 and L2 (0.44 and 0.88 wt.% Li2O,
respectively).

3.2. Synthesis and properties of low temperature
porcelain bodies containing natural Li-bearing
pegmatites

In the light of the previous conclusion, the compositions
of the porcelain bodies with Li-bearing pegmatites, A and B
(Table 3), were designed as follows: (a) The ratios among
clay minerals, fluxes and quartz were almost equal to that
of the standard hard porcelain L0; (b) The amount of flint
(i.e. quartz,Table 3) was calculated taking into account the
quantity of free quartz introduced in the batch by the lithium-
bearing pegmatites (Table 4); (c) The incorporated amount
of Li2O introduced via the Li-bearing pegmatites was ad-
justed at 0.5 wt.% (composition B) and 0.9 wt.% (composi-

Table 4
Calculated mineralogical composition of Li-bearing pegmatites (wt.%) (see
also note of Table 1)20,21

M e B

A
M
M
S
P
F

inerals Li-bearing pegmatite A Li-bearing pegmatit

lbite ∼10 ∼22
icrocline ∼20 ∼15
uscovite ∼12 ∼9
podumene ∼30 –
etalite – ∼29
ree quartz ∼29 ∼22
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Fig. 4. Shrinkage behaviour of porcelain bodies made of the formulations
A, B and L.

tion A), to resemble the Li2O-content of L1 and L2, respec-
tively (Table 2).

The dilatometry curves (Fig. 4) indicate earlier shrink-
age of porcelain bodies A and B (∼970◦C) than the con-
ventional composition L (∼1080◦C). Densification occurs
slightly faster in composition A and achieves maximum
shrinkage at∼1270◦C. With regards to shrinkage, both com-
positions exhibited better sintering ability than L (whose
maximum shrinkage was recorded at 1390◦C). The stabil-
ity of shrinkage values of composition A between 1270 and
1380◦C indicates expanded maturation range and high de-
formation resistance during firing for A. The composition
B exhibited similar behaviour reaching maximum shrinkage
at ∼1290◦C but the maturing range is seemingly 20–25◦C
shorter than that of A.

The influence of firing temperature on the density of porce-
lain bodies is plotted inFig. 5. Densification of the Li-
containing porcelains A and B occurred early, reaching rela-
tively high density already at 1050◦C (2.45 g/cm3 for A and
2.38 g/cm3 for B), and maximum density of 2.48–2.53 g/cm3

between 1150 and 1250◦C, while overfiring effect was ob-
served at≥1300◦C (density dropped to∼2.35 g/cm3). The
bodies of the reference porcelain L were still fragile and
poorly dense at the lower tested temperatures, while the tem-
perature range of maximum density was significantly higher
(1300–1350◦C).

and
B ds
t

Fig. 5. The influence of firing temperature on density of the fired porcelains
A, B and L (the standard deviation of the presented points was less than 5%).

well to the previous conclusions (Fig. 5). At this point it is
worthy nothing that the results of firing tests carried out in
industrial tunnel kiln at 1365 and 1380◦C showed that the
porcelain bodies of the Li-containing compositions A and B
successfully maintained their good properties at temperatures
much higher than those anticipated for proper sintering by
Fig. 5andTable 5(i.e. 1150–1250◦C), while the appearance
of the samples did not indicate evidence of overfiring effect
(i.e. deformation, formation of bubbles, etc.).

The maturation of porcelain L occurred between 1300
and 1400◦C. At 1365◦C density was 2.45 g/cm3, shrink-
age 13.6%, water absorption 0.11%, bending strength 80.50
(±5.48) MPa, and whiteness 79.85%.

3.3. Phase evolution and microstructure of Li-bearing
pegmatite containing porcelains

Fig. 6plots the XRD spectra of the porcelains A, B and L
fired at elevated temperatures (1150–1365◦C). Mullite and�-
quartz were detected at all temperatures. There is no evidence
of formation of Li-associated phases. It is obvious that the
highest crystallinity (especially with regards to mullite) is
achieved at 1250◦C for A and B and at 1365◦C for L, whereas
the crystallinity of A and B significantly decreases.

SEM observations indicated no perceptible difference be-
tween the microstructure of A and B. Firing at 1150◦C re-
s lline
p
h se

T
P furnace

T Wat s (%)

A
0.1
0.1
0.1

B
0.1
0.0
0.1

B hitenes was obtai
d

The values of the properties of porcelain bodies of A
fired at 1150, 1250 and 1365◦C (the last one correspon

o the industrial kiln firing), presented inTable 5, agree fairly

able 5
roperties of the porcelain bodies A and B fired in laboratory electric

emperature (◦C) Density (g/cm3) Shrinkage (%)

1150 2.45 14.1
1250 2.53 15.6
1365 2.36 15.3

1150 2.38 16.4
1250 2.51 16.4
1365 2.38 15.4

ending strength was measured only at the denser materials, and w
ue to the reduction atmosphere.
ulted in a well sintered structure comprising the crysta
hases and pores dispersed in a glassy matrix (Fig. 7a). At
igher magnification (Fig. 7b), we can distinguish the coar

(1150 and 1250◦C) and industrial tunnel kiln furnace (1365◦C)

er absorption (%) Bending strength (MPa) Whitenes

4 – –
2 79.72± 10.14 –
4 78.34± 7.76 77.46

4 – –
7 92.81± 5.05 –
6 82.57± 8.68 78.63

s only at the porcelains fired in the tunnel kiln since high whitenessned
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Fig. 6. XRD spectra of the porcelains A, B and L fired at: (a) 1150◦C, (b)
1250◦C and (c) 1365◦C (JCPDS cards: quartz 46-1045; mullite: 15-0776).

quartz grains and the needle-like secondary mullite. Feldspar
relicts with needle-like secondary mullite crystals surrounded
by clay relicts region with primary mullite scaly crystals were
also clearly observed (Fig. 7c).

Firing at 1250◦C caused slight increase of pore size
(Fig. 8a), probably resulted from gas evolution due to reduced
viscosity of the glassy phase.19,22The latter phenomenon also
causes development and growth of secondary mullite needles
at the expense of small primary mullite crystals, which are
dissolved in the melt and further recrystallized in the form of
needles (Fig. 8b).

Overfiring, seemingly occurred at 1365◦C, resulted in
relatively large pores (>10�m)23 and strong dissolution of
quartz grains (Fig. 9a). Elongated mullite crystals (∼4�m)
were embedded in a glassy matrix (Fig. 9b).

The porcelain bodies made of the L composition fired
at 1365◦C featured the typical microstructure of triaxial
porcelains,1,19 which comprises quartz grains surrounded
with the characteristic glass rim, mullite crystals (primary and

Fig. 7. Microstructure of the model porcelain B fired at 1150◦C. Similar
characteristics were observed in the model porcelain A (see the text for a
more detailed description).

secondary) and pores distributed in aluminosilicate glassy
phase.

4. Discussion

Under an industrial perspective, the most important find-
ing of this study is that the Li-bearing compositions A and B,
whose design was based on the experimental findings with
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Fig. 8. Microstructure of the model porcelain B fired at 1250◦C. Similar
characteristics were observed in the model porcelain A (see the text for a
more detailed description).

the model formulations, reached maximum shrinkage at tem-
peratures 100–120◦C lower than the conventional L formu-
lation (Fig. 4). Taking into account the influence of heat-
ing rate on shrinkage measurements (10◦/min in dilatometry,
4◦/min in the laboratory furnaces, and 2.5◦/min in the indus-
trial kiln), the actual curves of shrinkage have been shifted
towards higher temperatures inFig. 4. Accordingly, the mat-
uration of A and B compositions (i.e. maximum density and
shrinkage values,Table 5) actually occurs between 1150 and
1250◦C. Moreover, despite the significant reduction of den-
sity, firing at 1365◦C caused no noticeable degradation of
the quality and the properties of the porcelain bodies A and
B. The maturation of the standard triaxial porcelain L ranged
between 1300 and 1400◦C. The temperature range of gloss
firing of standard triaxial porcelain items in industrial condi-
tions usually takes place at 1350–1400◦C.1,2

The firing of triaxial porcelain bodies occurs according to
the following general stages:1,2,24–29(a) at∼550◦C kaolin-
ite is transformed into metakaolinite; (b) at 573◦C �-quartz
is inversed to�-quartz; (c) at 950–1000◦C metakaolinite is
transformed to a spinel-type structure and amorphous free
silica; (d) at 985◦C the eutectic orthoclase-silica melts, re-
sulting in the first liquid phase; (e) at∼1100◦C primary mul-
lite forms in the clay relicts, potassium feldspar melts, and

Fig. 9. Microstructure of the model porcelain B fired at 1365◦C. Similar
characteristics were observed in the model porcelain A (see the text for a
more detailed description).

alkalis are diffused out of feldspar; and (f) The final stage of
firing comprises nucleation and growth of secondary mullite
and dissolution of quartz.

Similarly to L composition, mullite and quartz were exclu-
sively detected in the A and B compositions (Fig. 6). There-
fore, the lithium should be dissolved in the glassy phase.
Accordingly, the firing of the porcelains A and B would be
described under the following concept. In properly mixed un-
fired porcelain batch, quartz, feldspar, spodumene (or petal-
ite) and muscovite are generally surrounded by clay miner-
als. After the transformation of kaolinite and quartz, mus-
covite looses a major part of the chemically bonded water
(>850◦C) and�-spodumene (or�-petalite) undergo struc-
tural changes. In naturally occurring rocks, low temperature
�-spodumene (or�-petalite) is inversed to high temperature
�-spodumene at 900–1000◦C,20,30,31butFig. 6does not ev-
idence such reaction in either A or B porcelains. Evidently,
lithium, which has small ionic radius, was diffused in the
particles of metakaolinite, which exhibits high surface area
and pore–volume distribution after metakaolinisation.11 The
presence of lithium probably causes reduction of the eutectic
point at the feldspar/metakaolinite boundary, promoting for-
mation of glass phase at these interfaces. Both phenomena
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(i.e. lithium diffusion and early melting) in conjunction with
the diffusion of potassium and sodium ions from feldspar and
muscovite to clay relicts should favour densification of clay
relicts and crystallization of primary mullite.

Earlier studies have demonstrated that primary mullite
serves as nucleation seed of secondary mullite, whose crys-
tals originate from the outer surface of clay and grow into the
less viscous feldspar relicts.18,32 In standard triaxial porce-
lains, secondary mullite crystals form at 1200◦C,18 but in
the Li-containing compositions, studied in the present work,
acicular secondary mullite crystals were observed after fir-
ing at 1150◦C (Fig. 7b). The diffusion of alkalis from mus-
covite and spodumene (or petalite) may also cause favourable
changes of the compositions with respect to secondary mul-
lite formation.

Primary scaly mullite was dissolved and recrystal-
lized in form of secondary mullite needles between
1150 and 1250◦C, resulting in increasing crystallinity
(Figs. 6, 7c and 8b). Earlier studies with porcelains, whose
batches had high contents of feldspar or nepheline syenite,
have demonstrated that the crucial point of successful fir-
ing and high quality of the produced porcelains is the opti-
mum amount of liquid phase resulted from the dissolution of
quartz.29 Therefore, the same amount of the optimum liquid
in the porcelain body is evidently formed at lower tempera-
tures in the case of A and B porcelains and at higher temper-
a and
B t of
l for-
m ngth
a o
m e in
t

of
s po-
t ere
d ) and
t are
p po-
s ed if
t 3
c but
t orter
( re-
s ntly
s

be
i n-
s ese
c rop-
e their
X the
p 6 but
f
a es in
L t

over 1.5 wt.% seemingly opposes (and probably inhibits)
the formation of mullite. In the case of formation of spo-
dumene s.s., density probably decreases because spodumene
has much lower density than mullite (d�-spodume= 2.35 g/cm3,
dmulite = 3.00 g/cm3). The pink colouring in the case of the
high Li2O-content formulations is another serious prob-
lem in industrial porcelain production. Development of pink
spots has been reported in the case of materials made of
mullite–spodumene and spodumene with Fe2O3.11

5. Conclusions

The experimental results with the model formulations
showed that desirable properties for tableware porcelains can
be attained if the Li2O-content does not exceed∼1.5 wt.%.
This essential conclusion was the key to design the new
porcelain formulations using Li-bearing natural rocks. Under
an industrial perspective, the most important finding is that
these compositions matured at temperatures 100–120◦C
lower than the triaxial porcelain formulation and exhibited
remarkable resistance at over-firing conditions.

Consequently, incorporation of small quantity of Li2O in
the raw materials seemingly features great potential in porce-
lain industry. Analysis of the experimental results indicates
t rs at
t f in-
c ys-
t res.

A

uese
F

R

sing,

in

ux.

sma-

alu-

4, pp.

flux

llai,
tures in the standard porcelain L. Although, firing of A
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iquid (Fig. 5), the remarkable resistance to pyroplastic de
ation and the maintenance of the high mechanical stre
fter firing at extreme conditions (>1350◦C) can be due t
ullite crystals, which have effectively increased in siz

he viscous glassy phase (Fig. 9b).29

Consequently, this work showed that incorporation
mall quantity of Li2O in the raw materials opens great
ential in porcelain industry. Indeed, great differences w
etected between the non-doped formulations (L and L0

he Li-doped ones L1, L2, A and B. With respect to tablew
orcelains, the experimental results with the model com
itions indicated that desirable properties can be attain
he Li2O-content does not exceed∼1.5 wt.%. Indeed, the L
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he maturation temperature range was significantly sh
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ulted in products with poorer properties and significa
horter maturation temperature range.

The influence of Li2O-content on the properties can
nterpreted as follows.Fig. 3shows that the maximum inte
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ompositions (together with A and B) exhibited the best p
rties. The same phases were formed in L3 and L4 but
-ray intensities were significantly lower. The intensity of
eaks of mullite and quartz further decreased in L5 and L

ormation of spodumene s.s. (lithium orthoclase, LiAlSi3O8)
nd alumina occurred, which were the dominant phas
7. These results indicate that increasing of Li2O-conten
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he different stages of firing, as indicted by the influence o
reasing Li2O-content on densification, the evolution of cr
alline phases and microstructure at different temperatu
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