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bstract

hemical durability was determined for fast and conventionally fired matte raw glazes in acidic to alkaline aqueous solutions. According to XRD,
he main crystalline phases in the glazes were diopside, plagioclase, anorthite, wollastonite, and pseudowollastonite. SEM-EDXA and whitelight
onfocal microscopy were used to analyze the surfaces after immersion in the aqueous solutions. The ionic concentrations in selected solutions
fter immersion were determined by ICP-AES. Diopside was not attacked by the test solutions. Plagioclase started to corrode along the crystal
nterfaces in the most acidic environments. Wollastonite crystals with different crystal habitus and slightly different chemical composition formed

epending on firing cycle and composition of the glaze. In fast firing, tiny columnar wollastonite crystals were formed. These crystals were attacked
n acidic to slightly alkaline environments. In conventionally fired glazes the wollastonite crystals were dendritic. These crystals were attacked
nly by acidic solutions. Pseudowollastonite with poor chemical resistance formed only in magnesia-free glazes.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Chemical durability of glazes in aqueous solutions is good
xcept in highly acidic or alkaline environments. The high alu-
ina and silica, as well as low alkali oxide contents of the glazes
ake them superior to conventional soda-lime type glasses. pH

f the attacking medium and the length and temperature of the
xposure are the major factors inducing aqueous corrosion of
eramic coatings.1

Chemical durability of glazes is often discussed in terms of
he durability of the glassy phase. In acidic solutions hydrogen
ons are assumed to replace alkali ions in the glass network, while
n alkaline solutions the silica network is attacked. However,

atte glazes also contain crystals embedded in the glassy phase.
he crystal type varies with the glaze composition, but anorthite

CaO·Al2O3·2SiO2), mullite (3Al2O3·2SiO2) and wollastonite
CaO·SiO2) are frequently observed.2 Few studies have been
ublished on the chemical resistance of matte glazes in aque-

us solutions. Diopside and anorthite in glass–ceramics have
een found to be of excellent durability in alkaline to acidic
olutions.3–5 Recently, wollastonite-type crystals in matte glazes
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ere reported to be readily attacked by acidic to slightly alka-
ine solutions.6–11 The mechanisms of the wollastonite corrosion
ere not fully understood, but the corrosion was suggested
ainly along the interfacial layer between the crystals and glassy

hase.
In industry chemical durability of glazed surfaces is often

lassified by visual method according to the ISO 10545-13
tandard. The visual method is well suited for product control
nd overall estimation and comparison of the surface quality,
olor, and gloss. It is not sufficient, however, for estimating
ong-term chemical durability or micro-level reactions of the
urface. Understanding the reactions occurring on micro-level
s important in developing glaze compositions. A damaged

icrostructure leads to pitting of the surface and thus to
ncreased soiling and diminished cleanability.8 More accurate

ethods than simple visual inspection are required to classify
he behavior of surfaces in aqueous environments. Recently,
orrosion of glazes has been studied by whitelight confocal
icroscopy, scanning electron microscopy, and atomic force
icroscopy.6–8,12–14

The purpose of this work was to shade light on corrosion

echanisms of glazed surfaces in order to develop more durable

urfaces. The elemental compositions of the different crystalline
hases observed in matte glazes were investigated in detail.
he focus was on understanding the corrosion mechanisms of

mailto:linda.froberg@abo.fi
dx.doi.org/10.1016/j.jeurceramsoc.2008.04.037
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Table 1
Oxide compositions (wt%) and main crystal types in the surfaces of the experimental glazes after fast or conventional firing according to XRD

Glaze Na2O K2O MgO CaO Al2O3 SiO2 Main crystal (XRD)

Fast firing Conventional

2 1.8 ± 0.2 2.2 ± 0.2 4.0 ± 0.1 17.5 ± 0.3 25.0 ± 0.3 49.5 ± 0.4 D An
3 1.8 ± 0.2 2.3 ± 0.2 4.0 ± 0.1 17.4 ± 0.3 10.1 ± 0.1 54.5 ± 0.7 D, W D
4 2.8 ± 0.3 3.4 ± 0.3 3.8 ± 0.1 16.8 ± 0.2 11.7 ± 0.1 61.4 ± 0.8 D, W D
5 1.8 ± 0.2 2.3 ± 0.2 0.1 ± 0.1 17.4 ± 0.4 10.0 ± 0.1 68.4 ± 0.8 PW PW
9 3.0 ± 0.3 3.6 ± 0.3 0.2 ± 0.2 28.9 ± 0.3 12.3 ± 0.1 52.1 ± 0.9 PW PW

11 3.2 ± 0.3 3.8 ± 0.3 2.0 ± 0.1 17.5 ± 0.3 17.5 ± 0.2 56.0 ± 0.8 W W
1 0.3
1 0.
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3 3.2 ± 0.3 3.8 ± 0.3 0.2 ± 0.2 30.0 ±
4 4.5 ± 0.4 5.2 ± 0.4 3.6 ± 0.1 5.8 ±
c, plagioclase; An, anorthite; D, diopside; W, wollastonite; PW, pseudowollas

ollastonite and pseudowollastonite, i.e. the two crystalline
hases that are easily attacked in aqueous solutions. Corrosion
as established by (i) analyzing the glazed surfaces before and

fter immersion using different microscopic techniques, and (ii)
nalyzing the immersion solutions by ICP-AES.

. Materials and methods

Chemical durability of eight glazes given in Table 1 was
tudied in acidic to alkaline solutions (Table 1). The nominal
ompositions as well as the standard deviations were based
n variations in composition of the commercial raw materials
feldspar, quartz, corundum, kaolin, limestone, and dolomite)
sed for the batches. The glazes were selected from an experi-
ental series of fifteen raw glazes within the composition range

or commercial floor tiles and sanitary ware fired at peak tem-
erature 1215 ◦C according to a fast-firing cycle in an industrial
iln and a conventional firing schedule in a laboratory furnace
Carbolite RHF 16/35).13,15 All glazes in this corrosion study
ad a high ratio of crystalline to amorphous phase ratio.

.1. Characterizing the experimental surfaces

Phase composition of the glazes was analyzed by X-ray
iffraction (X’pert by Philips, Cu � radiation, 2θ from 5◦ to
5◦ with a step size of 0.02◦ and a step time 5 s). A scan-
ing electron microscope equipped for energy dispersive X-ray
nalysis (FEG-SEM, LEO 1530 from Zeiss/EDXA from Van-
age by Thermo Electron Corporation) was used for surface
nalysis of the glazes both before and after the immersion
ests. Surface topography and average surface roughness (Sa)
ere measured by spinning disk whitelight confocal microscopy

COM, NanoFocus �surf®) before and after immersion.

.2. Corrosion tests

The corrosion tests were performed according to the arrange-
ent suggested by the ISO 10545-13 standard. A glass tube,

astened with modeling clay to the glaze surface was filled with

7 ml of test solution. After the specified testing time, from
min, to 4 days, the solution was removed and the surface was
nalyzed by SEM-EDX and COM. Because the contamination
isk from the modeling clay was high, analysis of the immer-

s
t

g

17.7 ± 0.3 45.4 ± 0.8 PW PW
24.5 ± 0.3 56.4 ± 0.7 D Pc

.

ion solutions were done with an experimental arrangement in
hich a Teflon ring (inner diameter 28 mm, height 20.5 mm)
ith a silicon O-ring was tightly fastened to the glaze surface
ith spring clips. The total volume of the test solution was
ow 10 ml. The smaller volume gave higher concentrations of
ons dissolved from the glaze and thus enabled the detection
f changes in the solution also due to minor dissolution of the
urface.

Chemical durability was tested by immersing the glazes
or different periods of time, in ultra pure water (pH 5.7),
itric acid (pH 1.5), hydrochloric acid (pH 2.9), weakly alka-
ine detergent (pH 9.1), and potassium hydroxide (pH 13.4)
olutions. After immersion, changes in surface morphology
s a result of corrosion were analyzed by SEM-EDXA and
OM. Ion concentrations in the hydrochloric acid solution
fter immersion were determined by inductive coupled plasma-
tom emission spectrometry (ICP-AES, Thermo Jarrell Ash
tomScanTM 25 with the program ThermoSPEC version 6.20).
ix parallel tests were performed for each sample. One wollas-

onite and one pseudowollastonite glaze (conventionally fired
laze 11 and fast-fired glaze 13) were selected for more
etailed study on the corrosion mechanisms. For these glazes,
n situ pH was measured in hydrochloric acid and ultra pure
ater.

. Results and discussion

.1. Phase composition

Diopside, wollastonite or pseudowollastonite together with
ome residual quartz and corundum were indentified by X-
ay analysis in the fast-fired glazes.14,15 In the conventionally
red glazes the initially formed crystals either grew in size or
ontributed to the formation of anorthite or plagioclase-type
rystals.15 Two fast-fired glazes (glazes 4 and 13) and six con-
entionally fired glazes (glazes 2, 3, 5, 9, 11, and 14) were chosen
or the corrosion tests in this work. Typical diffractograms for
iopside (glaze 3), wollastonite (glaze 11), pseudowollastonite
glaze 13), anorthite (glaze 2) and plagioclase (glaze 14) are

hown in Fig. 1. The main crystal types in each glaze according
o X-ray analysis are given in Table 1.

Fig. 2 shows backscattered SEM-micrographs of the glazes
iven in Fig. 1. The average composition and the shape of the
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Fig. 1. X-ray diffractograms of diopside (glaze 3, conventionally fired), anor-
thite (glaze 2, conventionally fired), plagioclase (glaze 14, conventionally fired),
wollastonite (glaze 11, conventionally fired) and pseudowollastonite (glaze 13,
f
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ig. 2. Backscattered SEM-micrographs showing the typical shapes of crystals in th
glaze 14), flake-like anorthite (glaze 2), columnar wollastonite (glaze 4), dendritic w
quals to 40 �m.

able 2
hape and an average oxide composition of the crystals according SEM-EDXA

rystal Crystal shape (SEM) Composition (mol%)

Na2O K2O

iopside Columnar 0 0
lagioclase Columnar 14 9
northite Flake 2 1
ollastonite Columnar 0 0
ollastonite Dendritic 0 0

seudowollastonite Hexagonal 0 0
n Ceramic Society 29 (2009) 7–14 9

rystals according to SEM-EDX analysis are given in Table 2.
he compositions are based on 4–8 analyses on crystals on
ach surface. In the quantitative EDX analysis ZAF correction
rocedures with default standards were applied and calculated
nto oxides. Although the laser-beam width in the analysis was
djusted to give only the composition of the crystalline phases,
lso the glassy phase surrounding the crystals was likely to partly
nterfere with the data.

.1.1. Plagioclase
Alkaline oxides were found only in the crystals of the glazes

hich according to XRD contained either plagioclase or anor-
hite (Table 2). The lime rich crystals in the plagioclase system
ere referred to as anorthite, while all other solid solutions

n the albite-anorthite system were referred to as plagioclase.
olumnar crystals with a composition suggesting plagioclase

by XRD analysis) were observed only in glazes with very
ow silica content and relatively high feldspar and corundum

ontents. The SEM-micrographs of plagioclase showed a net-
ork of columnar crystals with interlocking grain boundaries

Fig. 2). The feldspar used for manufacturing the glazes con-
isted of roughly equal amounts of orthoclase and albite. The

e glazes given in Table 1. Columnar diopside (glaze 3), columnar plagioclase
ollastonite (glaze 11), and hexagonal pseudowollastonite (glaze 13). The bars

of crystal (EDXA)

Al2O3 MgO CaO SiO2

1 23.5 24 51.5
37 6 20 14
16 3 17 61

1 2.5 42 55.5
2 2 43 53
1 0 47 52
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Table 3
Corrosion of different crystals in aqueous solutions of different pH

Solution pH Immersion time at which corrosion observed

D Pc (day) An W1 W2 PW

Citric acid 1.5 – 1 – Minutes 1 h Minutes
HCl 2.9 – 1–4 – 1 h 4 h Minutes
Water 5.7 – – – 2 d – 1 d
Detergent 9.1 – – – 1–4 d – 1–10 h
K
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, diopside; Pc, plagioclase; An, anorthite; W1, columnar wollastonite; W2,
lassy phase within 1 day.

omposition of the plagioclase crystals suggested that they were
ormed by reactions between corundum and feldspar. Alterna-
ively, dissolution of alumina in the feldspar-rich melt led to
recipitation of plagioclase. As the crystals were needle-like
ith a high aspect ratio, the composition given by EDX analy-

is had likely interfered with the surrounding glassy phase and
ome residual corundum. This might partly explain why the
verage composition of the plagioclase crystals was found to
e rather low in silica and high in alumina compared to typical
lagioclases.

.1.2. Anorthite
Flake-like anorthite formed in glazes with low to moderate

eldspar and relatively high lime contents. Thus, anorthite was
ssumed to form through a reaction between lime, alumina and
uartz.

.1.3. Diopside
In glazes with the molar ratio of magnesia to lime >0.2 diop-

ide crystals were observed.15 The crystals were columnar in
oth firings. The crystal length was 2–5 �m in fast firing and
–40 �m in conventional firing. If the ratio was around 0.2, wol-
astonite and diopside were observed in the same glaze. Under
rolonged firing, however, the wollastonite crystals either grew
n size or dissolved in the glassy phase depending on the total

laze composition. In glazes 3 and 4, where both wollastonite
nd diopside were formed in fast firing, the wollastonite crystals
issolved under prolonged firing leaving diopside as the main
rystal phase.

t
a
f

able 4
verage concentrations of ions (mmol/dm3) dissolved from glazes containing differe

ain crystal type Immersion time (days) Average concen

K+

iopside 1 –
4 –

northite 1 –
4 –

lagioclase 1 –
4 –

ollastonite (dendritic) 1 –
seudowollastonite 1 0.039

–) Below detection limit.
– –, ¤ –, ¤ –, ¤

itic wollastonite; PW, pseudowollastonite; (–) no corrosion; (¤), corrosion of

.1.4. Wollastonite
Wollastonite was observed as the major crystalline phase

n fast-fired glazes with molar ratio of magnesia to lime
0.2. The crystals were tiny (2–5 �m) and columnar. Accord-

ng to SEM-EDX analysis, the chemical composition of
he columnar crystals was roughly the same whatever the
otal glaze composition. With prolonged firing time the crys-
als grew in size and the crystal habit changed into long
5–45 �m) dendrites. SEM-EDX analysis suggested slight
ifferences mainly in the alumina content of the dendritic
nd the columnar wollastonite crystals (Table 2). It was
ssumed that at the longer maturing time more aluminum
as dissolved as solid solution within the wollastonite crys-

als.

.1.5. Pseudowollastonite
Hexagonal pseudowollastonite crystals (Ø 2–10 �m) were

ound only in glazes where the molar ratio of magnesia to lime
as less than 0.01. The oxide composition of the crystals was
ot affected by the firing time. According to EDX analysis also
hese crystals contained some alumina, but less than the dendritic
ollastonite crystals (Table 2).

.2. Chemical resistance
Observations on the overall corrosion tendency of the crys-
alline phases in the experimental glazes in the acidic to alkaline
queous solutions as suggested by SEM micrographs of the sur-
aces are summarized in Table 3. Average concentrations of the

nt crystals during immersion in HCl by ICP-AES analysis

tration (mmol/dm3)

Na+ Mg2+ Al3+ Ca2+ Si4+

– – 0.006 0.004 0.005
– 0.001 – 0.006 0.015

– 0.001 – 0.006 0.007
– 0.001 – 0.012 0.012

0.008 0.077 0.021 0.033 0.098
0.010 0.072 0.022 0.030 0.094

0.003 0.009 0.010 0.154 0.051
0.049 0.002 0.037 0.963 0.335
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ons dissolved from the surfaces in the hydrochloric acid solution
iven by ICP-AES analysis are shown in Table 4.

.2.1. Corrosion of diopside
Chemical resistance of surfaces with diopside was good in

ll test solutions (Table 3). SEM and COM images recorded
fter immersion showed no signs of attack on diopside. ICP-
ES analysis of the hydrochloric solution from the test with the

onventionally fired diopside glaze showed slightly increased
ilicon and calcium ion concentrations after 1 and 4 days of
mmersion (Table 4). However, the levels were under the limit
or reliable detection and therefore not taken as an indication
n the dissolution of diopside. Likewise, the level of magnesia
n the solution was below the level of reliable detection, which
urther suggested that diopside had not corroded.

.2.2. Corrosion of plagioclase
SEM-micrographs indicated weak signs of corrosion of
olumnar plagioclase mainly in the interfacial layer between
he crystal and the glassy phase after immersion in citric and
ydrochloric acids. Also some signs of corrosion were observed
n the crystals, cf. SEM-micrograph in Fig. 3. The crystals

w
s
i
s

Fig. 4. SEM-micrographs of corrosion of pseudowollastonite (glaze 13) and
ig. 3. SEM-micrograph showing corrosion (black arrows) mainly along inter-
acial layers of plagioclase (glaze 14) after 4 days in hydrochloric acid. The bar
quals to 10 �m.
ere not attacked by water, weakly alkaline detergent, or potas-
ium hydroxide solutions. ICP-AES analysis showed slightly
ncreased levels of silicon, calcium, aluminum, magnesium, and
odium ions in the hydrochloric acid solution after immersion,

dendritic wollastonite (glaze 11) after immersion in hydrochloric acid.
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ig. 5. Corrosion of pseudowollastonite crystals (glaze 9) and dendritic wollasto
ize COM: 160 �m × 158 �m.

f. Table 4. Also the ion composition of the solutions suggested
hat both the glassy phase and crystals had partially corroded.

.2.3. Corrosion of anorthite
No signs of attack on the flake-like anorthite in any of the test

olutions could be observed by SEM. Only minor changes were
bserved in the ion concentrations of the hydrochloric acid solu-
ion. It was assumed that as anorthite formed in glazes with high
orundum contents, also the glassy phase was high in alumina,
hus leading to increased durability of the surface.

.2.4. Corrosion of wollastonite and pseudowollastonite
Corrosion of the wollastonite and pseudowollastonite crys-

al was studied with several methods. The slight differences
n the chemical composition of the crystals seemed to affect
heir chemical resistance. The tiny columnar wollastonite and
he pseudowollastonite crystals were easily dissolved all but the

ost alkaline solution (Table 3). The dendritic wollastonite bet-
er withstood the neutral to alkaline environments; it was not
issolved by water or the solutions of potassium hydroxide or
he weakly alkaline detergent.

First signs of attack on pseudowollastonite and tiny colum-
ar wollastonite could be seen in the SEM-micrographs already
fter 5 min, in citric or hydrochloric acid. The influence of the

mmersion time in hydrochloric acid on the corrosion of pseu-
owollastonite (glaze 13) and dendritic wollastonite (glaze 11)
s shown by the SEM-micrographs in Fig. 4. A clear attack on the
endritic wollastonite was not detected before 1 h, immersion.

o
g
p
m

rystals (glaze 11) after 1 h in citric acid by COM and SEM-micrographs. Image

On large crystals early signs of attack could be detected
lso in the COM topography images. Fig. 5 shows COM and
EM-micrographs of pseudowollastonite (glaze 9) and dendritic
ollastonite (glaze 11) after 1 h, in citric acid. Severe corrosion
ue to leaching of pseudowollastonite was indicated by the large
oles in COM images and black areas in the SEM-micrographs.
artly dissolution of dendritic wollastonite crystals was given by

he pits on crystal surfaces in both COM and SEM-micrographs.
Fig. 6 shows the surface profiles and average surface

oughness Sa given by COM at different immersion times in
ydrochloric acid. Corrosion is clearly seen by the topographic
mages and increasing deviations in the surface profile as well
s increased roughness values when the crystals dissolve in the
olution. Thus, topographic analysis offered a rapid method to
etect also the very early signs of corrosion.

ICP-AES analysis of the hydrochloric acid solution after the
mmersion of glazes 13 (pseudowollastonite) and 11 (dendritic
ollastonite) for different periods of time in hydrochloric acid

ndicated clearly increased concentrations of calcium and sili-
on ions (Fig. 7). The calcium ion concentration increased at a
aster rate than the silicon ion concentration for both glazes, thus
uggesting an incongruent dissolution of the crystals. In addi-
ion, minor concentrations of sodium, potassium, aluminum, and

agnesium were measured (Table 4). The relative molar ratios

f these ions in the solutions corresponded to their ratio in the
lassy phase, thus suggesting a slight corrosion of the glassy
hase, too. Microscopic analysis after corrosion showed that
ainly crystals had corroded while the glassy phase was intact.
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imes in hydrochloric acid. Image size: 160 �m × 158 �m.
In situ pH measurements of glaze 13 (pseudowollastonite)
nd glaze 11 (dendritic wollastonite) in hydrochloric acid
howed increased values for glaze 13 as a function of immer-
ion time (Fig. 8). The ICP analysis of the solution indicated

ig. 7. ICP-AES analysis of the ions dissolved from glazes 13 (P, pseudowol-
astonite) and 11 (W, dendritic wollastonite) in HCl at different immersion
imes.
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from COM analyses for glaze 13 (pseudowollastonite) at different periods of

uch higher calcium than silicon ion concentrations, and only

ow concentrations of alkali and magnesium ions (Table 4 and
ig. 7). Thus, the pH increase was assumed to be mainly due to an

on exchange reaction of calcium in the crystals with hydrogen
ons in the solution.

ig. 8. pH of hydrochloric acid solution at immersion of glazes 13 (pseudowol-
astonite) and 11 (dendritic wollastonite) for 6 days.
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ig. 9. SEM-micrographs of glazes 13 (pseudowollastonite, attacked) and 11 (
0 �m.

When the glazes were immersed in ultra pure water, a minor
ncrease in pH from roughly 7 to 7.5 was observed for glaze
3 (pseudowollastonite), while no changes in pH were detected
or glaze 11 (dendritic wollastonite). SEM-micrographs of the
seudowollastonite glaze after 6 days in water (Fig. 9) showed
hat some crystals had dissolved. No signs of attack on the wol-
astonite glaze could be seen in the SEM-micrographs (Fig. 9).

. Conclusions

The chemical resistance of matte glazes in water solutions
learly depended on the crystal type in the surface. Glazes with
iopside showed a good chemical resistance in all test solu-
ions. Glazes with plagioclase crystals were attacked only in
ery acidic solutions leading to corrosion mainly along the
nterfacial layers between the crystal and the glassy phase.

ollastonite-type crystals in the surfaces showed poor chem-
cal resistance, and were attacked in acidic to slightly alkaline
queous solutions. The tiny columnar wollastonite crystals in
ast-fired surfaces and hexagonal pseudowollastonite in both
ast-fired and conventionally fired surfaces reacted easily in all
ut the most alkaline test solutions. ICP-AES analysis indicated
faster leaching rate for calcium than silicon, i.e. an incongruent
issolution of these crystals. Formation of pseudowollastonite
as avoided in magnesia -containing glazes. The wollastonite

rystals in conventionally fired glazes exhibited considerably
etter chemical resistance. These larger dendritic wollastonite
rystals contained some alumina, which was assumed to con-
ribute to their resistance. The results can be applied to adjust
he composition of matted glazes for each firing cycle in order
o possess surfaces with good chemical resistance in aqueous
olutions.
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