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Abstract

The effect of soaking period on the phase composition and topography of raw glazes was discussed. The work had two goals: (i) to establish the
potential of manufacturing glazes with a desired surface structure from un-fritted formulations in a fast single cycle for tiles and (ii) to clarify
the effects of shortening the firing time on the phase composition and surface roughness of traditionally fired products such as sanitaryware. The
results can be applied to adjust the glaze composition for given firing cycles in order to improve the chemical resistance and to achieve the desired

microstructure through controlled surface composition.
© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

During recent years the demands of shorter firing cycles and
an easy control of surface microstructure have called for the use
of fritted compositions. Raw glaze formulations have to a large
extent, either entirely or partly, been replaced by fritted formula-
tions in tile manufacturing. However, in the case of tiles fired at
temperatures above 1200 °C for demanding environments where
water impermeability, high mechanical strength, or frost resis-
tance are required, e.g. outdoors and in baths and swimming
pools, raw glazes are still a competitive alternative to fritted
formulations. In sanitaryware industry, raw glazes are common,
whereas the long soaking period gives a proper fusion of the raw
materials. The elimination of the glaze melt fritting process leads
to substantial savings in total energy consumption. Additionally,
the accessibility to local raw materials is an important factor con-
tributing to the use of raw glazes. This work was based on real
case ceramic-tile and sanitaryware industries using mainly raw
glazes in their production. For these industries, raw glazes are
cost efficient alternatives, as many of the raw material minerals
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used come from local mining plants. Continuous utilization of
raw glazes depends on whether the formulations can be adapted
for future changes in glaze firing cycles and for modern needs
of surface quality and properties.

Phase composition of glazes is usually controlled by the crys-
tallization tendency of the glassy melt during cooling from the
firing temperature. Crystalline phases developed in traditionally
fired glazes have been found to correspond to those found in
relevant phase diagrams, whereas the phases formed in shorter
firing cycles depend on the first raw material reactions.> The
crystalline phases formed in fast-firing reactions were found
to be predominantly alkaline earth silicates, i.e. wollastonite,
pseudowollastonite or diopside.!?> Especially the wollastonite-
type crystals had poor chemical resistance in acidic to slightly
alkaline environments.>%

During recent years, much effort has gone into devel-
oping fritted formulations that nucleate and crystallize into
glass-ceramic coatings. These coatings are reported to have
better mechanical and chemical properties than the tradi-
tional partly crystalline glazes.””!! Crystallization mechanisms
and phase formation in parent glasses within, e.g. the qua-
ternary SiO2—Al,03-CaO-MgO as well as the ternaries
Ca0-MgO-Si0;, Al03—-Ca0-MgO and LipO-Al,03-SiOs,
leading to crystallization in the primary fields of cordierite,
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Table 1
Raw material composition of the experimental glazes (wt%).

Glaze Kaolin Feldspar Dolomite Limestone Corundum  Quartz
1 6.0 74.6 14.5 0.0 0.0 4.9
2 8.0 26.0 15.0 17.8 13.0 20.2
3 8.0 26.2 15.0 17.7 0.3 32.8
4 5.0 42.5 14.5 17.0 0.0 21.0
5 5.0 27.7 0.0 27.0 1.4 38.9
6 5.5 25.9 0.0 43.0 0.9 24.7
7 5.0 26.9 7.5 22.6 14.3 23.7
8 5.0 52.9 8.4 2.9 11.6 19.3
9 5.0 43.0 0.0 41.5 0.0 10.5

10 5.0 78.0 0.0 7.5 7.6 2.0

11 8.0 48.0 7.4 22.1 3.0 11.6

12 8.0 27.2 15.4 0.0 0.6 48.8

13 5.0 45.5 0.0 42.8 3.7 3.1

14 5.0 72.8 15.0 0.0 7.2 0.0

15 5.0 76.6 8.4 2.5 7.4 0.0

diopside, anorthite, mullite, gehlenite, wollastonite, and pseu-
dowollastonite have been extensively studied.'%12-13

In the beginning of the 20th century, quite a few reports were
addressed to the topics of improving the surface appearance of
raw (un-fritted) lead glazes by adjusting the raw material com-
position. Much effort was put in finding satisfactory formulas
for raw, good quality matt glazes, and alumina was suggested by
many authors as a key factor for causing mattness.'®2! A mat-
ted surface finish was reported to be a function of temperature
as well as composition.22 Anorthite, wollastonite, and tridymite
were the main crystalline phases present in raw lead matt glazes
showing a good quality matt appearance when fired at cones 03,
2, 4, and 6.2! Despite the drastic changes in firing technology
during the past decades, to our knowledge, only little attention
has been paid to phase formation in raw leadless glazes as a
function of firing parameters.

The raw material composition for un-fritted matt glazes needs
to be carefully selected in order to ensure a completing of the
reactions during firing, and further, to achieve the desirable crys-
tallization giving the desired surface appearance. Nevertheless,
the final phase composition depends not only on the raw mate-

rial and oxide compositions, but also on the firing conditions. In
addition, for a given firing cycle microstructure and durability
of the surface should be taken as the key properties in select-
ing the glaze composition. The increased demands for the ware
in service, such as cleanability and soil repellence, have due
to latest requirements turned out to be highly valued properties
for the performance of surfaces. Topographic characterization
has become a common way to describe the surface properties,
e.g. when estimating the soil attachment and cleanability of
surfaces. According to our previous studies, cleanability was
decreased by partial corrosion of the surface, i.e. due to leaching
of wollastonite type of crystals. However, the overall cleanabil-
ity depend on the surface roughness rather than on the phase
composition.?324

The goal of this work was to establish the changes in phase
composition and topography of raw glazes within the com-
positional field for tiles and sanitaryware when firing cycle
varied from fast to traditional. The focus was on evolving the
knowledge in phase development, rather than on developing
commercially attractive compositions. Understanding the phase
development during firing gives tools for choosing the compo-
sition which gives a desired surface morphology. This paves the
road for better glaze quality in terms of, e.g. chemical resistance,
soiling and cleaning properties.

2. Materials and methods

Fifteen experimental glazes were ball milled from
commercial-grade raw materials, and applied on green floor tiles
in a waterfall process, i.e. the method commonly used in tile
manufacture. The laboratory scale coating line gave a repro-
ducible and even layer. The compositions of the experimental
glazes were statistically chosen and covered the range of interest
for ceramics fired at about 1200-1250 °C (cf. Tables 1 and 2).
The mineralogical compositions of the raw materials were
obtained from the raw material producers. The variations in
compositions were taken into consideration when calculating the
oxide composition for the experimental glazes. The experimen-
tal compositions were designed to reveal the development and

Table 2

Oxide composition of the experimental glazes (wt%).

Glaze Na,O K>,O MgO CaO Al O3 Si0,
1 46 +04 54 +04 35+0.1 56 +02 175 £ 0.1 63.5+£09
2 1.8 £0.2 22402 4.0+ 0.1 17.5 £ 0.3 250+ 0.3 495 +£ 0.4
3 1.8 £0.2 23+£02 4.0 £ 0.1 174 £ 0.3 10.1 £ 0.0 64.5 £ 0.7
4 28 +03 34+£03 3.8 +£0.0 16.8 +£ 0.2 11.7 £ 0.0 61.4 + 0.8
5 1.8 £02 23+£02 0.1 £0.1 174 £ 04 10.0 £ 0.0 68.4 £ 0.8
6 1.8 £0.2 23+0.2 02 +0.2 299 + 0.4 10.0 £ 0.1 559 +£09
7 1.8 £0.2 22+£02 20+£0.1 17.6 £ 0.3 249 +03 51.5 £ 0.5
8 32+£03 38 +£03 2.0 £ 0.0 50+£0.2 25.0 £0.2 61.1 +£ 0.6
9 30£03 36 £03 02+0.2 289 £0.3 123 £ 0.1 521 £09
10 46 +04 54404 0.0 £ 0.0 51+£03 25.0£0.3 59.9 £ 0.8
11 32+03 38+03 20+£0.1 175 £ 0.3 175 £ 0.2 56.0 £ 0.8
12 1.7 £0.2 22402 3.7+£00 54 £0.1 9.9 £ 0.0 77.1 £ 0.5
13 32+£03 38+03 02+02 30.0 £ 0.3 175 £ 0.3 454 £ 0.8
14 45+04 52404 3.6 £0.1 58+£02 245 +£0.3 56.4 £ 0.7
15 4604 54+04 2.0+ 0.0 50£02 25.0£0.3 58.0 £ 0.7
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Fig. 1. Grain size distribution of four experimental glazes and a commercial
matt glaze.

crystallization of different phases rather than to give glazes for
commercial applications. Neither opacifying agents nor heavy
metals such as barium oxide and zinc oxide were added to the
batches. The feldspar used consisted of equal amounts of ortho-
clase and albite. Thus, the formation of typical crystals based on
sodium, potassium, magnesium, calcium as well as aluminum
and silicon oxides were considered.

The oxide compositions in Table 2 suggest that wollastonite
crystals would be formed in compositions high in lime, but low
in alumina and magnesia (glazes 5, 6, and 9). Correspondingly
high magnesia content suggest for diopside formation (glazes 2,
3,4, and 12). The other glazes are high in alumina thus favoring
the formation of plagioclase type of crystals.

The milling time for the experimental glazes was adjusted
to 20 min for each 500 g batch in order to obtain the grain size
distribution corresponding to a commercial matt glaze. Fig. 1
shows the grain size distribution of four experimental glazes
and a commercial matt glaze.

Glazed tiles were fired both industrially in a roller kiln and
in a laboratory furnace (carbolite RHF 16/35). For the industrial
firing, a typical fast-firing cycle for traditional single fired glazes
was applied. The firing cycle of roughly 1 h included a 20 min
heating ramp to 1215 °C, a 2-5 min soaking time at this tempera-
ture, and cooling down to room temperature. Firing in laboratory
scale was carried out according to four different cycles. The heat-
ing rate (21.6 °C/min) and the cooling rate (4.6 °C/min) were
equal for each firing cycle, but the soaking period varied. In the
shortest firing cycle the top temperature was only reached, after
which cooling took place. The other three firing cycles included
1, 4, and 24 h soaking. The top temperature in each firing cycle
was 1215°C.

3. Results and discussion
3.1. Phase composition

The phase composition was found to be sensitive to both glaze
composition and firing time. Glazes ranging from highly glossy
to highly matt were produced. Mattness was mainly caused by
devitrification, but in some glazes un-maturity gave rise to a
semi-matt or matt surface. The number, size, and composition
of the crystals formed in the glazes varied. The main crys-
talline phases in the surfaces after each firing were identified
by X-ray diffraction (X’pert by Philips, Cu Ka radiation) and

Table 3

Main crystalline phases identified in the glazes after each firing cycle by X-ray
diffraction and SEM-EDX analyses. D, diopside; W, wollastonite; PW, pseu-
dowollastonite; Q, quartz; An, anorthite; Al, albite. The dominating phase in the
plagioclase solid solution is underlined.

Glaze Industrial Soaking time at top temperature 1215 °C
fast-firing
Oh 1h 4h 24h

1 D D+Al Q Q Q

2 D D+An An An An

3 D+W D+W D D D

4 D+W D+W D D Q)

5 PW PW PW PW PW

6 PW PW + An PW + An PW+An (Q

7 w w An An An

8 D D+An—Al D+An—Al An—Al An—(AD

9 PW PW PW + An PW+An PW+An
10 w W+An—Al W+An—Al An—Al An— (Al
11 w W An An An
12 D D D D D
13 PW PW PW + An PW+An PW+An
14 D D+An—Al An-—Al An—Al An-—-Al
15 D D+An—Al An-—Al An—Al An-—Al

scanning electron microscopy equipped for electron dispersive
X-ray analysis (FEG-SEM, LEO 1530 from Zeiss/EDXA from
Vantage by Thermo Electron Corporation), cf. Table 3. SEM
images of glazes 2, 5, and 11 after different firing cycles are
given in Fig. 2.

3.1.1. Industrial- and laboratory scale fast-firing

After the industrial fast-firing, all glazes contained wol-
lastonite (3-Ca0-Si0;), pseudowollastonite (a-Ca0O-Si0O), or
diopside (CaO-MgO-2SiO»). Occasionally residual crystals of
un-reacted quartz and corundum were found. The feldspar-rich
glazes with low content of alkaline earths were glossy, while
decreased feldspar and increased alkaline earths gave matt sur-
faces. In the glossy glazes only tiny wollastonite or diopside
crystals were identified together with residual quartz and corun-
dum.

The same crystals as in the industrial fast-firing were also
observed after the shortest laboratory scale firing including no
soaking. However, after this firing cycle also plagioclase (i.e.
anorthite—albite solid solution) was observed in the alumina-
rich glazes (glazes 2, 7, 8, 10, 14, and 15). The slower heating
and cooling rates in the laboratory scale furnace in comparison
to the industrial fast-firing cycle were assumed to allow the crys-
tallization of plagioclase and also to enhance the crystal growth,
cf. Fig. 2.

Crystal formation in both the industrial- and laboratory scale
fast-firing cycles was assumed to strongly depend on the starting
raw material mixture. Within the CaO-MgO-SiO; equilibrium
system, pseudowollastonite, diopside and silicon dioxide are
formed through crystallization of the melt at the ternary eutec-
tic 1320 °C. Thus, in the glazes fired to 1215 °C the crystalline
phases obtained after the shortest firing cycles cannot be formed
through crystallization from the melt. Instead crystallization was
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Fig. 2. SEM images of glazes 2, 5, and 11 when fast-fired industrially and in laboratory scale according to the cycles with 0, 1, and 24 h soaking. The main crystalline
phases identified by SEM-EDX and XRD analysis are labeled. D, diopside; W, wollastonite; PW, pseudowollastonite; An, anorthite. The bar equals to 100 pm.

suggested to occur through raw material reactions between, e.g.
quartz and limestone or dolomite whereas wollastonite, pseu-
dowollastonite and diopside were formed.

In lime-rich magnesia-free glazes, pseudowollastonite was
identified as the main crystal type after the shortest firing cycles.
With longer firing cycles, pseudowollastonite gradually melted
if not enough alumina was present for anorthite formation. In
SEM and COM (confocal optical microscopy) images the pseu-
dowollastonite crystals showed a typical hexagonal plate-like
structure.”>27 Also X-ray analysis suggested pseudowollas-
tonite which was supported by the roughly 1:1 ratio of calcium
to silicon according to EDX-analysis. In magnesia containing
lime-rich glazes, pseudowollastonite was not formed. Instead,
needle and feather-like wollastonite crystals were seen in SEM
micrographs. Finally, diopside was identified if magnesia con-
tent was higher than 2 wt%. In alkali-lime—silica glasses, 4 wt%
MgO has been reported to bring about diopside formation as the
primary phase rather than wollastonite.?®

In lime-rich glazes with high magnesia content, feather-like
wollastonite as well as diopside was present in the same glaze
when fast-firing industrially or according to the shortest firing
cycle in laboratory scale. In longer firing cycles wollastonite
dissolved, leaving diopside as the sole phase (glazes 3 and 4).
Where the alumina content was high enough, diopside and wol-
lastonite crystals initially formed were transformed with longer
firing to anorthite (glazes 2 and 7). The length and the shape

of the diopside crystals varied with firing cycle and composi-
tion. In the industrially fired glazes, 2—10 wm long, plate-like
crystals were common, while diopside formed in the labo-
ratory scale firings were 10—40 pum long with a needle-like
structure.

3.1.2. Laboratory scale firing; 1-24 h soaking

In the longer firing cycles, wollastonite, pseudowollas-
tonite, and diopside gradually dissolved and contributed
to the formation of plagioclase, i.e. a solid solution of
anorthite—albite. Overall, anorthite (CaO®Al;03°2Si0O;) and
albite (NayO°®Al,03°6Si0;) were the main crystals identified
in the longer firing cycles. No plagioclase-type crystals were
formed in glazes low in feldspar and corundum and with a low
to moderate lime content (glazes 3, 4, 5, and 12). In these glazes
wollastonite, pseudowollastonite and diopside were the predom-
inant crystal forms as in the shorter firing cycles. The amount of
glassy phase in these glazes increased with increasing soaking
time as the primarily formed crystals dissolved.

Crystal formation in the longer firings included alu-
mina, whereby, e.g. the systems CaO-Al,03-SiO»,
Na;0-Al;03-Si0;, and K;0-Al,03-SiO; were of inter-
est. In the CaO-Al,03-Si0; system the compatibility triangle
pseudowollastonite—anorthite—silicon dioxide has the lowest
melting temperature with the ternary eutectic at 1170°C.
The alkaline oxides were, however, likely to further decrease
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this melt formation temperature. The ternary eutectic gives
pseudowollastonite, anorthite and silicon dioxide as possible
phases in the glazes. For the sodium and potassium systems
also albite, mullite, or potassium feldspar are likely, while they
are present at eutectics below the top firing temperature for the
experimental glazes (1215 °C).

Anorthite was the dominating phase when fired in the longest
firing cycle. Anorthite has been reported to consist of a net-
work of lath-like crystals with interlocking grain boundaries,
and further, to form from wollastonite during firing if alumina is
present in the composition.?>>”-? In this work alumina was also
found to be important for plagioclase formation. Accordingly,
no plagioclase was observed in the alkaline feldspar-rich glaze
containing no additional corundum. Instead this glaze formed a
glossy surface.

Three different routes of plagioclase formation depending
on composition could be distinguished. Firstly, in feldspar-rich
glazes containing corundum, anorthite—albite solid solution with
needle-like network structure was formed (cf. Fig. 3). With pro-
longed soaking the plagioclase composition was shifted towards
anorthite. Secondly, in glazes with low feldspar, anorthite was
suggested to form by the reactions between quartz, corundum,
and limestone. After 1 h soaking, the glazes were more or less
covered with a network of rectangular flakes, which were iden-
tified to anorthite by X-ray analysis. At longer soaking also
needle-like crystals were present. According to EDX-analysis
some magnesia was present in the needles, but X-ray analysis
gave anorthite as the only crystalline phase. A third route to anor-
thite was suggested through partial dissolution of wollastonite
or pseudowollastonite into the feldspar-rich melt in glazes with
intermediate feldspar, but high lime content. Anorthite crystals
then developed in the melt. Already after 1 h’s soaking some
anorthite was observed, and after the longest soaking time rhom-
bic anorthite crystals were identified (cf. Fig. 3).

3.2. Topography vs. phase composition

The predominant phases in the glazes after each firing
cycle are summarized in the simplified ternary phase diagrams
Al,03-S10,-MO + MO0 of Fig. 4. The total sum of alkaline
and alkaline earth oxides (NayO, K,O, CaO, and MgO) is given
by MO +M,O0. The diagrams do not, however, give the size and
relative amount of crystals. Only the phases observed by X-ray
analysis are indicated.

The diagram shows that the wollastonite, pseudowollastonite
and diopside crystals in the alumina-rich glazes were trans-
formed into anorthite—albite, i.e. plagioclase, with prolonged
soaking. If the alumina and total alkaline and alkaline earth
contents were low, however, wollastonite, pseudowollastonite
and diopside were also found after the longest soaking. Higher
contents of alkalis and alkaline earths, in turn promoted the
formation of plagioclase.

The size and amount of the crystals in the glazes, and
thus the surface topography, varied with composition and fir-
ing cycle. Whitelight confocal microscopy (COM, NanoFocus
wsurf®) was used to capture 3D images of the glaze surfaces
and to measure surface roughness values. Surface roughness

was also measured for one matt and one glossy commercial
floor-tile glaze manufactured under the same conditions in the
industrial kiln as the experimental glazes. Whitelight COM
has recently been developed for measuring surface topogra-
phy of industrial and optically complex surface structures with
high vertical and lateral resolution. This rapid and nondestruc-
tive method is especially suitable for ceramics with variable
surface topography. In this work, the average 3D surface rough-
ness (Sa) according to DIN EN ISO 4287 was measured with
a 100x objective lens giving a vertical resolution of 2-5nm
and numerical aperture 0.8—-0.95 for a measurement field of
160 pm x 154 wm. For this resolution, the cut-off wavelength
80 wm was applied. The average surface roughness varied from
0.01 to 8.1 pm depending on firing cycle and glaze composi-
tion.

3.2.1. Influence of soaking time on surface roughness

The standard deviation for Sa was obtained by measuring six
areas on each surface. Highest roughness values were measured
for the un-mature surfaces in the industrial fast-firing. The sur-
face roughness also increased with anorthite formation. Glazes
could be classified into three groups according to the trends in
the surface roughness with soaking period:

(i) Glazes in which diopside, wollastonite, or pseudowollas-
tonite was the main crystal type in all firing cycles (A in
Fig. 5).

(i1) Glazes that after fast-firing contained mainly diopside, wol-
lastonite, or pseudowollastonite but also some plagioclase,
whereas after prolonged firing only plagioclase was present
(B in Fig. 5).

(iii) Glazes that after the fast-firing, contained mainly diopside,
wollastonite, or pseudowollastonite, and exhibited a con-
tinuous growth, mostly of anorthite, as firing continued (C
in Fig. 5).

Group (i) glazes contained abundant crystals in the surface
after the fast-firing cycle, but during longer soaking times the
crystals partly, or completely, melted and the surface became
smoother and glossier. Thus, the average roughness of these
glazes decreased with soaking time (Fig. 5). The average rough-
ness of glazes in group (ii) was mostly relatively high, but
smoothening was evident when soaking was 1 h. Atlonger soak-
ing, wollastonite, pseudowollastonite and diopside dissolved.
The dissolved alkaline earths contributed to the formation of
plagioclase crystals. At the longest soaking periods (4 and 24 h)
the plagioclase crystals grew in size, leading to increased surface
roughness (Fig. 5). The third group of glazes showed a contin-
uous growth of crystals as is reflected in the roughness values
(Fig. 5). The high corundum content favored the growth of large
anorthite crystals.

The 3D COM images in Fig. 6 show typical microstructure
and topography as a function of soaking period, for one glaze in
each group A—C. The crystalline phases according to the X-ray
analysis are indicated together with the average roughness (Sa)
value for each surface. Their values as a function of soaking time
correlated with the overall appearance of the surfaces.
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Glaze 11

75 pm

75 pm

Fig. 3. COM image of anorthite—albite crystals with needle-like network structure in feldspar-rich compositions (Glaze 14), and rhombic anorthite crystals in
lime-rich compositions containing moderate amounts of feldspar (glaze 11). Both glazes were fired according to the longest firing cycle.

3.3. Matt vs. glossy surface finish

The results clearly indicate that short firing cycles gave
intermediate phases, i.e. wollastonite, pseudowollastonite, or
diopside, representing the first raw material reactions. How-

X W,PWorD [ An-Al+ (W or D)

/\ An+ PW

000510,

(a) Fast industrial firing
&

Laboratory scale firing

soaking Oh

ever, the glazes fired at longer cycles can be assumed to react
according to equilibrium reactions. According to Kingery et al.,
anorthite is the main crystalline phase in traditional glazes.3’
Also in this work, anorthite type of crystals were observed in
the longer firing cycles in corundum containing glazes. If corun-

B An-Al - O No crystals
A An
(b) 1 h DAOOSioz

o] 2’5
ALO,

Si0

0oMO +M,0 ALO, o

(d 24 h

0.50 MO + MZO

Fig. 4. Glaze composition (wt%) and crystalline phases of the experimental glazes according to XRD and SEM/EDXA. (a) industrial fast-firing and laboratory
scale firing including no soaking. Laboratory scale firing soaking (b) 1h, (c) 4h, and (d) 24 h. M0 +MO=Na,0+K,0 +MgO + CaO. W, wollastonite; PW,

pseudowollastonite; D, diopside; An-Al, anorthite—albite.
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ALO, <& »% MO + M,0 >

Soaking time

Fig. 5. Reduced ternary compositions showing areas (left), for trends in surface roughness (right) as a function of soaking time. Compositions rich in silica (A),
alumina (B), alkali and alkaline earths (C).

Group A (Glaze 4) Group B (Glaze 11) Group C (Glaze 7)

Soaking 0 h

Crystals
Sa [pm]

Soaking 1 h

Crystals
Sa [um] 0434023 0.15+£0.07 0.42+0.10

Soaking 4 h

Crystals

Sa [um] 0.09 + 0.05

Soaking 24 h

Crystals -
Sa [pm] 0.04+0.06 156+ 1.04 244049

Fig. 6. COM images of glazes typical for groups A—C. The main crystalline phases in the surfaces and the roughness values for the surfaces, Sa (um), are indicated.
Image size: 160 pm x 158 pm.
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dum was not present, anorthite type of crystals did not form.
Instead, diopside or pseudowollastonite remained as the main
crystal types. These crystals dissolved with increasing soaking.
In all firing cycles, the degree of mattness could be adjusted by
adjusting the glaze composition.

In industrial fast-firing of raw glazes, glossy surfaces were
obtained only when the feldspar content was high. A matted
surface finish was achieved through crystallization of wollas-
tonite, pseudowollastonite, or diopside. Wollastonite crystals
are known to have insufficient chemical resistance and should
thus be avoided. Diopside gave, however, good quality matt
glazes with tiny diopside crystals uniformly distributed in the
surface. In compositions containing both dolomite and lime-
stone, wollastonite formation was totally inhibited when the
ratio corundum to silica was high. In these glazes anorthite was
formed with longer soaking.

In traditional firing, glossy surfaces were achieved only
in corundum-free compositions. If carbonate containing raw
materials were present, diopside, wollastonite or pseudowol-
lastonite was formed in the shorter cycles, giving the surface
a matt appearance. By increasing the soaking time, mattness
was reduced as the crystals dissolved. Higher feldspar contents
shortened the soaking time required for achieving glossy sur-
faces. Again, wollastonite type of crystals was avoided by using
some dolomite.

Traditional firing of corundum containing glazes allowed
plagioclase types of crystals to form already after 1 h’s soak-
ing. Wollastonite, pseudowollastonite or diopside contributed to
plagioclase formation as they gradually dissolved. Partial disso-
lution of wollastonite and quartz has been reported to support
anorthite formation at temperatures above 1050 °C in ceramic
mixtures for tiles.2’” Overall, wollastonite was observed only
when firing in the shortest firing cycle, but pseudowollastonite
remained in longer firings also. High feldspar glazes gave matt
surfaces after the longest soaking time. In these glazes needle-
like anorthite—albite crystals were formed. If soaking time was
shortened, mattness was reduced. Intermediate or low feldspar
glazes gave highly matted surfaces already after 1 h soaking.
In these glazes anorthite formation was extensive, and mattness
increased with increasing soaking.

4. Conclusions

Phase composition and topography of raw glazes changed
with firing cycle. In short firing the surface morphology
depended on initial raw material reactions and melt formation.
At prolonged firing the surface morphology was controlled by
the total oxide composition and equilibrium phase conditions at
high temperatures.

In fast-firing glossy and smooth glazes were obtained when
the feldspar content was high. Mattness was caused by crystal-
lization of diopside, wollastonite and pseudowollastonite. These
crystals were formed in initial raw material reactions in fast-
firing cycles where the peak firing temperature was only just
reached. Highest roughness values were observed for glazes with
pseudowollastonite and residual quartz or corundum. Dolomite
glazes had surface roughness values corresponding to com-

mercial matt glazes. Thus, the problems with poor chemical
durability due to wollastonite matts could be avoided by a high
content of dolomite in the raw glaze.

At prolonged firing the phase development could be related
with the corundum content. In corundum-free compositions
glossy glazes were formed when the initially formed crys-
tals gradually melted. Thus, the surface roughness of these
glazes decreased with increasing soaking. In compositions that
contained corundum, longer soaking times lead to plagioclase
formation. Lime-rich compositions and long soaking gave rough
surfaces due to extensive anorthite formation. The feldspar-rich
compositions crystallized into anorthite—albite with prolonged
soaking time. Thus, the high corundum content was assumed to
aid crystallization of anorthite—albite. The results indicated that
soaking time of traditionally fired raw glazes can be shortened if
the total glaze composition is adjusted to retain a desired surface
morphology and properties.
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