Available online at www.sciencedirect.com

‘ScienceDirect

ELRRS

www.elsevier.com/locate/jeurceramsoc

i s
ELSEVIER Journal of the European Ceramic Society 27 (2007) 1671-1675

Influence of firing parameters on phase composition of raw glazes
Linda Froberg?, Thomas Kronberg®, Leena Hupa®*, Mikko Hupa?

2 Process Chemistry Centre, Abo Akademi University, Turku, Finland
b Jdo Bathroom Ltd., Sanitec Group, Ekendis, Finland

Available online 30 June 2006

Abstract

Raw glazes are well suited for glazes fired traditionally at high top temperatures. Final phase composition of these glazes is assumed to be controlled
by nucleation and growth of crystals in the melt. At shorter firing cycles the phase composition of glazes is likely to be restricted by the limited
reaction time. In this work the influence of firing cycle and glaze composition on final glaze phase composition was studied. Fifteen experimental
raw glazes were fired at short, intermediate and long cycles. Crystalline phases developed in the surfaces were identified with X-ray diffraction and
SEM/EDXA. Sintering behaviour of the glazes was studied with hot stage microscopy. Compositional dependence for two typical temperatures
from sintering curves was established. The results indicate that the phase composition strongly depends on the firing cycle. Crystalline phases in
fast-fired glazes were intermediate products of first raw material reactions, diopside, wollastonite and pseudowollastonite. Traditional firing favours

feldspar formation.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Raw glazes are cost-effective alternatives for dense ceramics
fired at high top temperatures. Raw glazes are commonly used
for sanitaryware and porcelain, and also for frost resistant floor
tiles. Nowadays tiles are often fast-fired for less than 90 min,
while the other products undergo a traditional firing cycle of
several hours. When choosing a batch formulation to achieve a
glazed surface with desired properties both the reaction kinetics
of the raw materials and the high temperature properties of the
glaze have to be understood. At short firing cycles the limited
time suggests that batch reactions are not always completed.
Thus understanding the reaction kinetics is of utmost importance
to be able to control the final glaze phase composition and thus
the surface properties.

In traditional firing the surface composition of glazes is often
controlled mainly by viscosity of the melt. During post-sintering
crystalline phases according to equilibrium conditions nucleate
and grow in the melt. However, the high viscosity of most glaze
melts effectively prevents crystallization of phases typical for
the lower temperature ranges. The firing requirements set up
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by the ceramic body composition together with the raw glaze
make up a complex system, which often is mastered by long-
term process knowledge, or by trial and error. In laboratory scale
hot stage microscopy (HSM) has been widely used to study the
sintering process of fritted and raw glazes.!"!0 Nucleation and
crystallization of glazes and glass—ceramics is widely reported
in literature, but mostly for fritted compositions or homogeneous
glasses.! 20 When using raw glazes several different processes
take place during the firing cycle, e.g. decomposition of raw
materials, chemical reactions giving either crystalline or glassy
products, and melting followed by nucleation and crystallization
of the melt. The use of raw glazes on traditionally fired products
is a well-established practice. However, the behaviour of raw
glazes at short firing cycles is still poorly reported in literature.

In this work, the effect of glaze composition and firing con-
ditions on the final phase compositions developed in the fired
glaze is studied. Also compositional dependence for two typ-
ical temperatures from sintering curves was established. This
knowledge offers a possibility to tailor glazes with desired phase
compositions.

2. Experimental

The experimental glazes were ball-milled from commercial
grade raw materials, cf. Table 1. The feldspar used consists
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Table 1 Table 2

Raw material compositions of the experimental glazes (wt.%) Oxide compositions of the experimental glazes (wt.%)

Glaze Kaolin Feldspar Dolomite Limestone Quartz Corundum Glaze Na,O K,O MgO CaO Al,O3 SiO,
1 6 74.6 14.5 0 0 49 1 4.6 54 3.5 5.6 17.5 63.5
2 8 26 15 17.8 13 20.2 2 1.8 2.2 4 17.5 25 49.5
3 8 26.2 15 17.7 0.3 32.8 3 1.8 2.3 4 174 10.1 64.5
4 5 42.5 14.5 17 0 21 4 2.8 34 3.8 16.8 11.7 61.4
5 5 27.7 0 27 1.4 38.9 5 1.8 2.3 0.1 174 10 68.4
6 5.5 25.9 0 43 0.9 24.7 6 1.8 2.3 0.2 29.9 10 55.9
7 5 26.9 7.5 22.6 14.3 23.7 7 1.8 2.2 2 17.6 24.9 51.5
8 5 52.9 8.4 2.85 11.6 19.25 8 32 3.8 2 5 25 61.1
9 5 43 0 41.5 0 10.5 9 3 3.6 0.2 28.9 12.3 52.1

10 5 78 0 7.5 7.55 1.95 10 4.6 54 0 5.1 25 59.9

11 8 47.95 7.4 22.1 3 11.55 11 32 3.8 2 17.5 17.5 56

12 8 27.2 15.4 0 0.6 48.8 12 1.7 22 3.7 54 9.9 77.1

13 5 45.5 0 42.75 3.7 3.05 13 3.2 3.8 0.2 30 17.5 45.4

14 5 72.8 15 0 7.2 0 14 4.5 52 3.6 5.8 24.5 56.4

15 5 76.6 8.43 2.54 7.43 0 15 4.6 54 2 5 25 58

mainly of equal amounts of orthoclase and albite. The oxide
compositions given in Table 2 were statistically chosen within
the field of interest for floor tiles and sanitaryware. This way of
choosing the composition offers a possibility to establish models
for predicting the compositional dependence of properties.

The glaze suspensions were applied on green floor tiles in a
waterfall-coating process and then fired in three different ways:
(1) industrial fast-firing with top temperature 1215 °C and a total

Industrial fast-firing
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Traditional firing
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firing cycle of 60 min, (2) traditional firing in a laboratory fur-
nace (Naber Labotherm N60 HR) with top temperature 1215 °C
and a total firing cycle of 24 h, and (3) intermediate firing cycle
in a laboratory furnace (Carbolite RHF 16/35) with top temper-
ature 1260 °C and a total firing cycle 450 min. The industrial
firing and the intermediate firing give the same porosity for the
tiles. The phase composition of the glazes was analyzed with
X-ray diffraction (X pert by Philips) and with scanning electron

Intermediate firing cycle
1260 °C, 7.5 h

il = o s o =l

Fig. 1. SEM images of the crystalline phases after (1) fast-firing: glaze 11 wollastonite, glaze 14 diopside, glaze 9 pseudowollastonite; (2) traditional firing: 11
wollastonite, 14 feldspar, 9 pseudowollastonite; (3) intermediate firing: 11 feldspar + wollastonite, 14 feldspar, 9 pseudowollastonite.



L. Froberg et al. / Journal of the European Ceramic Society 27 (2007) 1671-1675 1673

microscopy equipped with electron dispersive X-ray analysis
(SEM/EDXA, LEO 1530 by Zeiss/Vantage by Thermo Electron
Corporation).

The raw material reactions were studied by heating the sam-
ples in hot stage microscope (Misura 3.0 by Expert System)
to several peak temperatures between 1000 and 1260 °C with
a heating rate of 10°C/min. Quenched samples from several
peak temperatures were studied by SEM/EDXA for their phase
composition.

3. Results and discussion

Different crystalline phases were developed in the glazes
depending on their raw material composition and firing condi-
tions. Fig. 1 gives the SEM images of three glazes fired according
to the three cycles. According to XRD and SEM/EDXA analysis
glaze 11 contains wollastonite and quartz after all firing cycles,
and also feldspar crystals after the intermediate firing. Glaze 14
contains some diopside crystals around quartz particles and after
the two other firing cycles feldspar was identified. Fast-firing of
glaze 9 gives both wollastonite and pseudowollastonite crystals
and mainly pseudowollastonite in the two longer firings.

Quartz and corundum were assumed to originate from un-
reacted raw materials and were mainly observed in the fast-fired
glazes. In the fast-fired glazes also diopside, wollastonite and
pseudwollastonite were identified. Fig. 2 gives the crystalline
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phases for the experimental glazes in a simplified ternary phase
diagram Al,O3-Si0,-MO + M>O where the total sum of alka-
line and alkaline earth oxides is given by MO + M5O. The molar
ratio magnesia to lime was found to control the crystal type:
(1) Mg0O:Ca0>0.2 gives diopside, (2) MgO:CaO ~ 0.2 gives
diopside and wollastonite in the same glaze, (3) MgO:Ca0 <0.2
gives wollastonite, and (4) MgO:CaO =0 gives pseudowollas-
tonite. The amount of quartz also seems to influence on the
precipitation of wollastonite and diopside. If quartz content was
low, only diopside was observed thus suggesting that all the
quartz available is consumed in diopside formation.

In glazes containing pseudowollastonite it remained as the
main crystalline phase when the firing time was prolonged or
when the temperature was increased, cf. Fig. 2(b) and (c). The
main difference in the surface composition was the increased
crystals size of the longer firing cycles, cf. glaze 9 in Fig. 1.
In glazes with high magnesia and silica contents diopside was
observed also for the both longer firing cycles. If the alumina
content was high, mainly feldspar type crystals were observed as
shown by glaze 14 in Fig. 1. This indicates that feldspar forma-
tion is favoured by high alumina, lime and magnesia contents,
and its crystallization requires long firing cycles. The feldspar
crystals identified were solid solutions of anorthite—albite in lime
rich glazes, while in glazes with high magnesia content potas-
sium feldspar—albite solid solution was observed. This suggests
that the dissolution of lime in the feldspar rich melt favours

Diopside

Wollastonite
Pseudowollastonite
Diopside + Wollastonite

Feldspar

WP ¥x0

Feldspar + Wollastonite

Fig. 2. Glaze composition (wt.%) and crystalline phases according to XRD and SEM/EDXA for the experimental glazes: (a) fast-firing; (b) traditional firing; (c)

intermediate firing. MO + MO =Na;0 + K, 0 + MgO + CaO.
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Fig.3. HSM sintering curves showing sample height as a function of temperature
for glazes 9 and 10. T;: onset of sintering, 7>: onset of main reaction, 73: onset
of melting, and 74: end of melting.

the formation of albite-type crystals, while the feldspar crystals
in glazes with low lime content are predominantly typical of
the feldspar raw material used, i.e. sodium—potassium feldspar
crystals. The dissolution of wollastonite crystals at higher tem-
peratures also seems to favour crystallization of feldspar.

Firing behaviour was studied as the influence of glaze com-
position on the sintering curve obtained with HSM. Fig. 3 shows
the sintering curves, the decrease of the sample size as function
of temperature, for glazes 9 and 10. The interpretation of the
different phases of sintering was based on SEM images from
samples quenched from several temperatures. These sintering
phases were characterized by typical points in the HSM curve.
Temperature 77 given by the first permanent decrease in sinter-
ing curve was correlated with the commencement of sintering
reactions. The onset temperature of the main sintering reactions
was interpreted by 7> as the ending of the first steep slope in
the sintering curve. Onset of melting, 73 was taken as the onset
temperature of the second steep slope in the sintering curve.
At temperature T4 the glaze was almost completely melted and
the curve height was assumed to be mainly controlled by the
viscosity of the molten glaze.

The glazes started to sinter between 1030 and 1150°C
depending on the composition. The onset of sintering was mainly
controlled by the contents of dolomite, limestone and feldspar.
Regression analysis of the compositional dependence of 7 on
glaze raw material composition was calculated at a 95% signif-
icance level. The model

71 (°C) = 1136.08 — 0.59 pfeidspar — 1.81 pdolomite
+ 0.016p121mest0[1€ W

where p is the raw material in wt.%, has a regression coefficient
R?>=88.31%.

The main reaction started at 1140-1240 °C. According to the
SEM images of the quenched samples this reaction correlated
with the crystallization of diopside, wollastonite and pseudowol-
lastonite. Accordingly the temperature depends on dolomite and
limestone content as given by Eq. (2) with regression coefficient
R?=92.06%

T, (°C) = 1287.2 — 1-SSPfeldspar — 2.45 pdolomite
— 3.44 plimestone + 0.069 Piimesione )

As the main reaction means crystallization, and thus formation
of stoichiometric compounds, also oxide composition was found
to give a good estimation of 75.

The model in Eq. (3) where p; is the amount of the ith oxide
in wt.%, has a regression coefficient R2=9445

75 (°C) = 1303.89 — 23.44pNa,0 — 5.95 PMe0
—6.38pca0 + 0.18 pgyo — 0.031pi0, 3)

The temperature range for 73, the commencement of the main
melting was 1160-1280 °C. This temperature partly correlated
with the amount of crystals and no satisfactory model for the
compositional dependence could be established. Also the inter-
pretation of 73 value was not unambiguous. The temperature
was highest for glazes containing pseudowollastonite and lowest
for compositions containing dolomite or limestone only. When
these crystals were present simultaneously, the temperature was
intermediate.

T4 indicating the ending of the main melting was within
1210-1360 °C. The compositions of mat glazes suitable for fast-
firing should have peak temperature between 73 and Ty. If the
glaze has a small difference between these temperatures, varia-
tions in top firing temperature are likely to give differences in the
surface phase composition. Glazes with the highest feldspar and
quartz contents were found to give highest differences between
T3 and T4, obviously due to the high viscosity of the glassy melt.

The observations from the sintering curves were found to
correlate well with the surface phase composition of fast-fired
glazes. However, at longer cycles the phase conditions are likely
to depend on the nucleation and growth of crystals in a more or
less homogeneous melt of high viscosity.

4. Conclusion

The results indicate that firing conditions strongly influ-
ence the phase composition of glazes. In fast-firing quartz was
not fully dissolved, while in longer firings the dissolution was
complete. Diopside, wollastonite and pseudowollastonite were
the main crystals observed in fast-fired surfaces. Longer fir-
ing times favoured the formation of feldspar, predominantly
as anorthite—albite in lime rich compositions and potassium
feldspar—albite in glazes low in lime. However, if the alumina
content of the glazes was low, feldspar was not observed. Models
for calculation of the compositional dependence of the temper-
atures indicating sintering and the main reactions were estab-
lished. These models can be used to predict the conditions for
fast-firing.
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