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Abstract: Physical properties of some double- and once-fired glazed tiles were
assessed in the light of the microchemistry and microstructure of their interfaces
as investigated using a computer-controlled electron-probe microanalyzer. The
properties investigated are melting temperatures and thermal expansion of glazes,
as well as crazing resistance and gloss of glaze surfaces. The double- and once-
fired glaze layers are strongly bound to their ceramic tiles, as indicated by high
resistance to crazing. The application of zircon-ZnO opacifying mixtures in the
presence of 5-0-8-0 wt% B,0, leads to maximizing the gloss of glaze surfaces.
Increasing B,O; content enhances bubble formation whereas a mat layer results
at the surface of once-fired glazes containing higher zircon and ZnO contents at
the expense of B,0O;. The recrystallization of silicate phases, especially in double-
fired glazes, is hindered by minimizing the lime and alkali oxides content in the

presence of up to 10wt% ZnO.

1 INTRODUCTION

The application of the electron-probe microana-
lyzer (EPMA) for investigating glaze/ceramic in-
terfaces 1s a useful tool to simultaneously study
the microchemistry and microstructure of glaze,
interaction zone and ceramic body. Hence, physi-
cal properties of glazed-ceramic bodies, e.g. gloss,
resistance to crazing and thermal expansion, can
actually be assessed in the light of EPMA investi-
gations.? Opaque glazed tiles are produced using
once- and double-fired techniques. The glaze sur-
face characteristics of both types depend not only
on glaze itself but also upon the nature of the
body and its interaction during firing. The interfa-
cial layer of the body dissolved in the glaze allows
glaze to withstand thermal shocks more readily.
Proper interaction depends upon the firing process
and the total composition of the glaze, as well as
its individual compounds.

All giazed tiles presumably contain some
bubbles in their glaze and interfacial layers
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which, if sufficiently numerous, can influence their
properties.?™

The coverage capacity and wetting characteris-
tics of a glaze are controlled by its surface tension,
contact angle, viscosity and opacity.® Opaque
glazes should have a considerable amount of
finely dispersed opacifying material exhibiting a
noticeable difference in refractive index with the
glassy matrix. Zircon (ZrSiO,), ZrO,, ZnO, TiO,
and SnO, are used as opacifying agents to produce
opaque glazes. ZrSiO, was proved to enhance
opacity, especially in the presence of ZnO providing
that SiO,/Al,0, molar ratio is equal to 10.>®

In a previous work,”® the properties of semi-in-
dustrially prepared double- and once-fired glazed
tiles were investigated and some of them were se-
lected on the basis of their composition and prop-
erties. The aim of the present work is to study the
microchemistry and microstructure of the inter-
faces of these tiles using EPMA in relation to their
properties: namely gloss, thermal expansion and
crazing resistance.
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2 EXPERIMENTAL PROCEDURE
2.1 Preparation of glaze slips

Three frit formulae were designed, thoroughly
mixed and fused at approximately 1300°C in a
pilot gas furnace for 4 h. The mature melts were
quenched in tap-water and the produced frits were
used for the preparation of both engobe and glaze
slips. The engobe slips were prepared by wet-
milling of 1/1 weight ratio of frit plastic kaolin
mixtures with 45wt% water. These slips were ap-
plied on the surface of 15X15 cm green and fired
tiles as an intermediate layer between glaze and
body to prepare once- and double-fired glazed
tiles, respectively. For double-fired glazes, Swt%
plastic kaolin and 0-3wt% carboxy methyl cellu-
lose (CMC) were added to 100wt% of the pre-
pared frit. In the case of once-fired glazes, mix-
tures of 65wt% frit, 15wt% plastic kaolin, 2wt%
ALO;, 0-3 wt% CMC as well as various ratios of
ZrSiO, and ZnO were added, up to 100%. For
both types of glazes, 45wt% of tap-water was
added, wet-milled for 5 h to prepare slips of den-
sity 1750 g/litre and 1650 g/litre for the production
of double- and once-fired tiles, respectively. The
glazed biscuit and green tile samples were fired in
an industrial tunnel kiln using the nominal firing-
schedules of 18 h or 55 min to produce double-
and once-fired tiles, respectively. The maximum
temperatures of these schedules were 980 and
1080°C, respectively.

2.2 Assessment of glazed tiles

The microchemistry and microstructure of the
glaze/tile interfaces were studied after slicing, em-
bedding in polymer resin, gradual polishing and
coating with a carbon thin film of 1X1 ¢cm sam-
ples. A computer-controlled microanalyzer of the

type CAMEBAX SX 50 attached with an energy
dispersive system (EDS) for tracing light elements
was used for this investigation. The microstructure
was revealed from back-scattered electron images
(BSE) whereas line scans were carried out across
glaze, interface and ceramic body to follow up the
minor variations of oxide contents at 10 um inter-
vals by stepwise point analysis.

The phase composition, as well as physical prop-
erties, of glaze and its surface were investigated. X-
ray diffraction (XRD) was used for the qualitative
determination of crystalline phases of frit and
glaze samples. Melting temperatures of glaze com-
positions were followed in the range of 900-
1050°C applying the cone fusion test.** The ther-
mal expansion coefficient («) of glaze samples was
calculated at 580°C from the thermal expansion
curves obtained using an automatic THETA
dilatometer according to ANSI/ASTM procedure
C8 24-76. Specular gloss of glaze surfaces was
measured at 60° using a glossmeter of the type D
48 D (ANSI/ASTM C 58-71). The resistance of
glaze surfaces to crazing was evaluated after
steam-curing in an autoclave according to
ANSI/ASTM C 424-60. Ten identical uncut glazed
tiles were steam-cured at a pressure of 3-5 kg/cm?
and gradually increased up to 17-5 kg/cm? at inter-
vals of 3:5 kg/cm?. A dye solution was used for
the examination of glaze surfaces after each test.

3 RESULTS AND DISCUSSION

Table 1 illustrates the chemical composition of the
ceramic body, as well as glaze formulations used
for double- and once-fired glazed tile samples. The
double-fired samples are referred to as DF1, DF2
and DF3, whereas OF1, OF2 and OF3 represent
the once-fired species. It is evident that the body is
mainly composed of Si0,-Al,0,;-Ca0Q and Fe,0; in
addition to limited amounts of TiO,, MgO, Na,O

Table 1. Chemical composition of the ceramic body and glazes used for double- and once-fired ceramic tiles

Oxide Body Double-fired glaze Once-fired glaze
weight % (biscuit) DF1 DF2 DF3 OF1 OF2 OF3

Sio, 60.96 55-93 56-23 58-31 48-47 48-63 52.23
Al,O4 22.78 3.85 9.20 8-89 9.46 13:20 12.05
F9203 194 — - - - - -
TiO, 119 — —_ — — — —
B,0; — 5-98 13-30 8-19 4.18 9.36 6-22
ZrO — 6-97 7-60 7-70 12.79 13.22 851
Zn0 — 9.97 1-90 5.28 13-10 7-46 12.25
Ca0 10-92 10-98 1-93 3.87 7-66 1.33 2.95
MgOo 0-61 2.22 0-97 0-69 1-40 0-67 0.51
Na,O0 0-71 4.05 8.61 3.70 2.79 5.98 2.76
K0 0-89 0-05 0-05 3.36 0-15 0-15 2.52
Acid/base g

ratio — 2.05 4.18 3.45 1.93 3.12 2.49
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Fig. 1. Back-scattered electron images (BSE) of double-fired
glazed tile samples.

and K,O. Therefore, on firing this body up to
1100°C, anorthite (CaO-AlL,O52 Si0,), free quartz
and glassy phase are the main phases, as previ-
ously detected in its biscuit by XRD."#
Concerning the glaze compositions, SiO, is the
major oxide. Its content ranges between 55 and
59wt% for double-fired samples, while once-fired
glazes contain a lower level (48-53wt%). The
latter samples also show lower Al,O; content
(3-9 wt%) as compared with double-fired ones
(9-14 wt%). The acid/base ratio Si0,/(R,0 + RO)
for all samples ranges between 1-93 and 4-18. The
lower acid/base ratio of DF1 and OF1 glazes
can be attributed to their much higher content
of ZnO, CaO and/or Na,O. The latter oxide
is the main alkali oxide present in all samples
except in DF3 and OF3 which contain a mixture
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Fig. 2. Back-scattered electron images (BSE) of once-fired
glazed tile samples.

of approximately equal amounts of Na,O and
K,O.

Figures 1 and 2 exhibit the back-scattered elec-
tron images (BSE) obtained by EPMA investiga-
tions of glaze/tile interfaces of all samples. The
line scans done to follow-up variations of chemi-
cal composition across these interfaces are super-
imposed on the BSE images, the length of which
varies between 210 and 490 pum. Generally, as the
thickness of the glaze layer increases in double-
fired samples, longer line scans are obtained.

The calculated mean values of chemical compo-
sition of glaze, interface and ceramic body as de-
termined by stepwise point analysis along each
line scan are summarized in Tables 2 and 3. It is
worth noting here that B,O; cannot be quantita-
tively detected, but it is qualitatively traced for
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Table 2. Computerized mean chemical composition of interface layers of the double-fired glazed tile samples as
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determined by microprobe analyzer

Layer DF1 DF2 DF3

Glaze Interface Body Glaze Iinterface Body Glaze Interface Body
SiO, 46.98 52.74 47.-69 58.03 63-81 57.-69 55.59 6155 53.95
Al,O, 13-43 22.67 14.47 11.48 14.95 18.08 9.88 12.72 22.05
FeO 0-24 0-75 2.63 0-19 0-83 4.51 0-28 0-45 1.12
TiO, 0-20 0-50 0.72 0-21 0-70 2.74 0-08 0-21 0.55
ZrO, 10-04 1-82 0.18 7-00 3.86 0-02 7-37 6-18 0.43
Zn0O 9-44 3.07 0-17 1.81 211 0-18 10.-54 4.04 1.42
Ca0 2.55 2.22 8-83 3.72 2.44 8.96 365 2.71 3.90
MgO 0.07 0-19 023 0-10 0-14 0-40 0-61 0-44 0-35
Na,O 4.84 3-30 1-02 5.42 4.84 2.23 316 3-:04 2.08
K,O 0-40 0.93 0-28 0-84 0-80 0-25 212 2:44 1.62
Total 88-19 98-11 76.22 88-80 94.48 95.06 93.28 93.78 87-47

sample DF1 as an example (Fig. 3). The total
oxide contents are lower than 100% in glaze, and
the interfacial layer is mainly due to the undeter-
mined B,0O;, while in case of the ceramic body it is
related to its porous microstructure.

The microstructure of the ceramic body as
shown in Figs 1 and 2 exhibits pores with variable
sizes and shapes (black) in between quartz grains
(dark grey), anorthite patches (light grey) and fine
iron-oxide rich crystals (very bright). All of these
phases are bonded by a glassy phase (bright).

The interfacial layer of all samples can easily be
distinguished in Figs 1 and 2 according to its inter-
mediate brightness as a reaction product between
the opacified glaze and the darker ceramic body.
Also, an abrupt decrease in ZnO and ZrO, con-
centrations is observed towards the body at the
contact of intermediate layer with glaze and body
which contains traces of these oxides (Tables 2
and 3). In all samples, the interfacial layer exhibits
quartz grains of variable sizes embedded in ZnO-
and ZrO,-rich bright silicate matrix. It is evident
that more regular interaction layers are observed
in double-fired samples as compared with those of

once-fired specimens. This is mainly attributed to
the more vigorous attack of giaze on green tiles in
the case of the latter samples which are also fired
at a relatively high temperature of 1080°C.>*

Both the glaze and interfacial layers of all sam-
ples show round, closed pores (bubbles) of vari-
able number and size. The formation of such bub-
bles is mainly due to the liberation of some gases
from the ceramic body and/or glaze during glaze
melting at later stages.>* In the early stages of
cooling, most of the gases entrapped in the bub-
bles contract and draw the glaze surface down-
wards, leading to the formation of pin-holes and
pits.>!® The formation of such surface defects is
evident in samples DF2, OF2 and OF3 (Figs 1
and 2). The relative increase of bubble size in sam-
ples DF2 and OF?2 is related to its higher content
of B,O; (9-14wt%) as severe flux and also to its
higher acid/base ratio (3-0-4-2), i.e. higher viscos-
ity during melting. The larger pore size in sample
OF2 is attributed to the faster rate and higher
temperature of its melting during the once-firing
process as compared with the conventionally fired
DF2 sample (11-13).

Table 3. Computerized mean chemical composition of interface layers of the once-fired glazed tile samples as
determined by microprobe analyzer

Layer DF1 DF2 DF3

Glaze Interface Body Glaze Interface Body Glaze Interface Body
Si0, 50.79 60-32 51.99 46.51 51.83 45.30 5774 48-68 43.87
Al,O, 13.27 16.37 13.96 14-10 18-96 24.65 8.79 1471 20-13
FeO 0-27 0-86 3.03 0-29 0-48 2-66 0-28 3-38 2.63
TiO, 0-25 0-83 2.16 0-12 0-20 1.01 0-15 5-08 0.74
Zr0, 13.73 4.17 0.08 12.72 773 019 7-32 4.93 0.03
Zn0 6.72 1.92 0.10 10-06 5.76 0.74 5.01 2:46 0.21
Ca0 2-59 1-69 12.56 8.08 5.90 872 5.24 2.38 10-59
MgO 0-13 0-43 0.25 0-14 0-21 0.42 0-24 0-21 0.24
Na,0 4.31 1-18 0.88 2.20 2-61 2.81 3.76 2.78 1.48
K,O 0-59 0-82 0-14 0-59 1.42 1.19 212 1.569 0-28
Total 92.65 94.59 85.15 94.81 95-10 87.67 90-65 86-20 80-19
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Fig. 3. Tracing of boron across the glazes, interface and ceramic body for DF1 glazed tile samples.

The glaze layer of all samples show that bright
zircon grains with variable sizes are the main
opacifying agents. In sample DF2 (Fig. 2), the size
of zircon grains 1s reduced to less than 1 um and
dessiminated in the glassy silicate matrix (grey) as
detected by focussing the electron beam at higher
magnification. The presence of very high B,O;
content in DF2 (13-30 wt%) minimizes the size
of zircon grains by dissolution in B,O;-rich glassy
phase. This is responsible for the brightness of the
DF?2 glaze in spite of its lower ZnO content (1-9
wt%). The addition of higher amounts of ZnO
(5-13 wt%), together with zircon in the rest of
glazes, increases its brightness due to enrichment
of the glassy silicate matrix by ZnO as shown in
Figs 1 and 2. In samples DF2 and OF3, some
coarse zircon grains are also embedded in its
interfacial layer. Zircon is known to be the major
crystalline phase, promoting opacity in zirconium
glazes regardless of the type of zirconium-bearing
opacifier used.'

Figure 4 shows the XRD patterns of DF1 and
OF1 glaze samples. Some silicate phases, namely
anorthitic plagioclase s.s. {(Na, Ca)-AlS1,04}, as
well as (Na,O, ZnO)-zirconium alumino silicate
s.s. phases, are detected beside zircon, the main
crystalline phase detected in all glaze samples. In
glaze DF1, the (Na,O, ZnO)-zirconium alumino
silicate s.s. predominates at the expense of zircon
and plagioclase s.s. phases. The chemical analysis
of the former phase is determined by point analy-
sis along line scanning of DF1 and OF1 glazes; its
mean values are given in Table 4. As shown in
Table 1, the strong increase of CaO (7-11 wt%)
in these glazes together with higher ZnO (9-13
wt%) and Na,O (6-8-6 wt%) contents lead to a
decrease in its acid/base ratio down to 1.9-2-1
wt%, which in turn enhances the glaze fluidity
during melting up to 980 and 1080°C, respectively.
Hence, the ionic diffusion accelerates in the glaze
melts and the above silicate phases recrystallize
during cooling. If the amount of lime is increased

o Anorthite plagioclase S.S.
e (Na, Zn) — Zirconium — Alumino — Silicate S.S.
4 Zircon

Relative intensity

w
L i L 1 1l 1 1
64 56 48 40 32 24 16
20 (grad)

Fig. 4. XRD patterns of DF1 and OF1 glaze samples.
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Table 4. Mean chemical composition of the Na,O, ZnO-
zirconium-alumino-silicate phases as detected by point
analysis in samples DF1 and OF1

Oxide DF1 OF1
Sio, 40.96 46-26
ALO, 18.24 15.156
FeO 0-30 0-35
TiO, 0.26 0.33
Z2r0, 9-40 15.83
ZnO 12.69 9.27
Ca0 2.34 2-29
MgO 0.07 0-13
Na,O 4.74 3-86
K,O 0-35 0-52
Total 89-35 93-99

up to more than 10wt% in DF1 in the presence
of about 10wt% ZnO and 6wt% Na,O the fluidity
of glaze is intensified and much recrystallization
of the (Na,O, ZnO)-zirconium, alumino silicate
s.s. occurs on cooling at the expense of zircon
and plagioclase s.s. Additionally, the longer
firing/cooling schedule used for double-fired glaze
(DF1) has increased the rate of crystallization of
the (Na,O, ZnQO)-zirconium alumino silicate s.s. as
compared with that of the once-fired sample
(OF1). In the latter glaze, this phase could not
easily be detected by XRD (Fig. 4); it seems to be
in the amorphous state as detected by EPMA. The
point analysis (Table 4) shows that the amorphous
phase in OF1 contains higher amounts of SiO,
and ZrO, and lower amounts of Na,O, ZnO and
Al,O; than that of DF1 glaze.

In glaze OF1, a zircon-rich mat layer having a
thickness of about 30 um is shown at the surface
of very bright glaze bulk. This layer exhibits rela-
tively low ZnO and high ZrO, and SiO, contents
than the glaze bulk. The seggregation of this glaze
into two distinct layers may be a result of insuffi-
cient deflocculation of its glaze slip and/or the
lower content of B,O5(4-18wt%). This may be also
due to the loss of B,O; by evaporation through
the surface as detected in Fig. 1 for DF1 glaze as
an example.

Table 5 illustrates the physical properties of the
glazed tile samples. It is evident that once-fired
glazes have generally higher melting temperatures
than those of double-fired ones. This is mainly at-
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tributed to the higher Al,O; and ZrO, contents of
the former glazes. The relative lower melting tem-
peratures of DF3 and OF3 glazes in comparison
with their corresponding samples are probably
due to the combination of comparable amounts of
K,0 and Na,0. This leads to lowering the eutectic
temperature of the whole glaze oxide batches.>*

The results of glaze-surface gloss indicate that
double-fired samples show generally better gloss
values (87-95) than the once-fired (16-88). In
double-fired glazes, the decrease of gloss in DF2
can be attributed to its lower ZnO content
(1-9wt%) as compared with DF1 (10-0wt%) and
DF3 (5:3wt%). On the other hand, the great dete-
rioration of gloss of glaze OF1 is due to the for-
mation of a seggregated mat layer at its surface as
shown previously in Fig. 2. This figure also ex-
hibits an unsmooth surface for OF2 and OF3
glazes due to the formation of numerous pin-holes
in the former and some pits in the latter. There-
fore, the gloss of these glazes is reduced to 58 and
88, respectively.

The calculated thermal expansion coefficients of
ceramic body and glaze samples measured be-
tween 20 and 580°C are also summarized in Table
5. The temperature of 580°C is selected from the
thermal expansion curves of the glazes made up to
about 650°C because it exists within the tempera-
ture range including the lower critical temperature
(7), at which the rate of expansion begins to in-
crease rapidly. At this temperature, the difference
in expansion between body and glaze determines
the stress set in the cold glazed tiles.

From Table 5 it is evident that double-fired
glazes show generally higher thermal expansions
than once-fired samples due to the longer
firing/cooling cycle of the former type (18 h)."”
Glazes DF1 and OF1, which have more crystalline
silicate phases, show higher thermal expansion
than the other double- and once-fired samples, re-
spectively. The latter samples contain only zircon
as crystalline a phase. Both of the double- and
once-fired glazes show slightly lower expansion
than the ceramic body in its fired and green state
(Table 5). In such a case, the final glaze stress is
compressive and satisfactory fitness between glaze
and body is expected.** This is confirmed by the

Table 5. Physical properties of double- and once-fired glaze samples

Double-fired glaze

Once-fired glaze

DF1 DF2 DF3 body OF1 OF2 OF3 body
Melting temp- (°C) 940 940 920 — 1020~ 1020 1000- —
1040 1020
Average gloss (60°C) 95 87 91 — 16 58 88 —
Thermal expansion 6.1 5-3 5.6 6-4 5.8 4.9 5-1 6.2

coefficient X 1078
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high crazing resistance of all the glazed tile sam-
ples. No evidence of crazing was observed under
vapour pressure, even after soaking identical
uncut tile samples for 5 h up to 250 psi. The
higher crazing resistance of the studied samples
can also be related to the interaction layer be-
tween glaze and body, which has intermediate
chemical composition.'® Furthermore, the pres-
ence of 3-0-6-0wt% of K,O and/or Na,O in the
studied glazes leads to the development of the
tetra-coordinated boron which is bonded more
strongly in the glaze vitreous matrix than the nor-
mal tri-coordinated one."”

4 CONCLUSIONS

1. The formation of a proper interaction layer
having intermediate chemical composition and
physical properties between glaze and ceramic
body leads to the high crazing resistance of glaze
surfaces.

2. The application of zircon-ZnO opacifying
mixtures with the addition of 5-0-8-0wt% B:0s
is helpful in maximizing the gloss of glaze
surfaces.

3. The recrystallization of silicate phases, especially
in double-fired glazes, is hindered by minimizing
lime and alkali oxides contents in the presence of
up to 10wt% ZnO.
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