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Abstract

The feasibility of waste glass recycling in ceramic tile production was assessed with special reference to fully vitrified products
(porcelain stoneware). Soda-lime float or container glass was introduced, in replacement of sodic feldspar, in typical porcelain
stoneware bodies (up to 10 wi.%) that underwent a laboratory simulation of tilemaking process, with a technological and compo-
sitional characterization of both fired and unfired tiles. Soda-lime glass had no significant effect on semi-finished products, but it
influenced remarkably the firing behaviour, increasing shrinkage and closed porosity, decreasing open porosity and bulk density,
and lowering mechanical and tribological performances. Waste glass promotes a more effective melting of quartz and a partial
dissolution of mullite, leading to a more abundant and less viscous liquid phase, which accelerates the sintering kinetics. In con-
clusion, soda-lime glass can be used in small amounts (5% or less) with tolerable modifications of technological behaviour and

performances of porcelain stoneware tiles.
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1. Introduction

In the last few years, due to the increased recovery of
waste glass and to difficulties in separating light- and
dark-colored types, the search for new recycling solu-
tions has become mandatory. Many investigations have
been addressed to reuse soda-lime glass to manufacture
ceramic-like glassy products [1-7]. However, even if the
technology to obtain glassy ceramics using waste glass is
known, nowadays there are just a few industrial appli-
cations [8]. As a matter of fact, the standard requisites
and the market trends are strongly oriented to the aes-
thetical and technical performances of traditional cera-
mic tiles, and glassy products do not match satisfactorily
these requirements.

The aim of this work is to assess the feasibility of
cullett glass reuse (soda-lime float and container glass)
as a raw material in ceramic bodies for vitrified tiles.

* Corresponding author. Tel.: +39-0546-699728; fax: +39-0546-

46381,
E-mail address: dondi@irtecl irtec.bo.cnr.it (M. Dondi).

For this purpose, porcelain stoneware tiles were selected
for the following reasons:

e chemical compatibility of soda-lime glass and
porcelain stoneware, since both materials are
characterized by Na,0 and CaO as main fluxes
[9,10}; ,

e abundance of glassy phase (50-65%) in the fin-
ished products [9-11];

o flexibility of tilemaking process, which makes it
possible to admix glass with other raw materials
without modifying significantly the manufacturing
cycle [11-14];

s continuously growing production worldwide [15]
that makes porcelain stoneware tiles a potential
receptor of huge waste amounts.

Porcelain stoneware bodies consist mainly of a mix-
ture of ball clays, feldspars and quartz-feldspathic
sands, often containing also glass-ceramic frits and pig-
ments. This kind of tiles is obtained by wet grinding, dry
pressing, fast drying, and fast single firing at maximum
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Table 1
Formulation of experimental bodies for porcelain stoneware tiles

Quartz sand

Wt.%  Waste glass Ball clays Feldspathic materials
Container (B) Float (L) Westerwald Devon Ukrainal Ukraina2 Albitite |  Albitite 2 Aplite  Rhyolite
Vo 0 0 15 0 0 25 20 10 10 10 10
VC5 5 0 15 0 0 25 15 10 10 10 10
vC10 10 0 15 0 1] 25 10 10 10 10 10
VF5 0 5 15 0 0 25 15 10 10 10 10
VF10 0 10 15 0 0 25 10 10 10 10 10
RO 1] 0 0 20 20 0 15 20 10 0 15
RC5 5 0 0 20 20 0 15 15 10 0 15
RCIO 10 0 0 20 20 0 15 10 10 0 15
RF5 0 5 0 20 20 0 15 15 10 0 15
RFIO 0 10 0 20 20 0 15 10 10 0 15
Table 2
Chemical composition of raw materials
Wt.% Waste glass Ball clays Feldspathic materials Quartz sand
Container (C)  Float (F) Westerwald Devon Ukrainal Ukraina2 Albitite 1 Albitite 2 Aplite  Rhyolite
Si0, 7170 71.92 61.06 48.90  57.00 57.20 66.30 69.20 71.00  72.00 92.50
TiO, 0.07 0.06 1.57 0.90 1.50 1.52 0.50 0.23 0.28 0.10 0.09
AlO4 2.10 1.22 25.24 33.70 28.00 27.90 17.90 18.60 16.00 17.00 4,50
Fe,05 0.23 0.36 1.20 1.10 0.85 1.04 0.50 0.13 0.70 0.80 0.25
MgO 2.07 395 0.46 0.00 0.60 0.60 3.00 0.07 0.80 0.40 0.19
Ca0O 9.68 7.45 0.18 0.00 0.40 0.38 1.20 0.56 1.20 0.10 0.06
Na,O  12.90 14.15 0.18 0.20 0.60 0.48 8.00 10.40 1.40 0.60 0.01
K,0 0.93 0.36 221 1.40 2.80 2.64 0.30 0.21 7.00 5.50 1.80
L.o.L 0.00 0.00 7.90 13.50 7.50 7.68 3.00 0.54 1.50 3.50 0.60

temperature around 1190-1230 °C. Finished products
exhibit excellent technical properties, especially
mechanical strength, resistance to deep abrasion, frost
resistance as well as chemical and stain resistance [9,10,
16-19].

The feasibility of waste glass recycling in ceramic tile
production has been appraised through laboratory
simulations of the tilemaking process and technological
characterization of both fired and unfired tiles. Tiles
with addition of float or container glass were compared
with waste-free porcelain stoneware in terms of techno-
logical, mechanical, and tribological properties. Parti-
cular attention was paid to sintering behavior, in order
to comprehend the effect of soda-lime glass on phase
composition and chemico-physical properties of the
liquid phase formed at high temperatures.

2. Experimental procedure

Two wastes, coming from the recovery of float (F) and
container glass (C), were selected together with two por-
celain stoneware formulations (VO and R0), both consist-
ing of different mixtures of ball clays, quartz-feldspathic

sands, sodic and potassic feldspars. The float and con-
tainer glasses were added to both mixtures in percen-
tages of 5 and 10%, in replacement of the feldspathic
component (Table 1).

Raw materials were characterized from the chemical
(ICP-OES, Varian, model Liberty 200) and miner-
alogical (XRPD, Rigaku, model Miniflex) viewpoints
(Table 2).

All bodies were experimented at a laboratory scale,
simulating the industrial tilemaking process:

e wet grinding in porcelain jar with dense alumina
media (18 h);

e slip drying (10545 °C in oven), powder deag-
glomeration with hammer mill and humidifica-
tion (5-6% water);
dry pressing of 110-55.6 mm? tiles (40 MPa);
drying in electric oven (105+5 °C);

e firing in electric roller kiln (60 min from cold-to-
cold at maximum temperatures from 1120 up to
1200 °C).

Technological properties were measured on both semi-
finished and finished products. Slips were characterized
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Fig. 1. Particle size distribution of porcelain stoneware slips: comparison between experimentai and typical industrial bodies.

Table 3

Technological properties of semi-finished products

Product Propurty Unit Vo vCs vCl10 YF5 VF10 RO RCS RCI10 RF5 RF10

Slip ‘Water content wt.% 357402 36.6+0.2 354402 354402 351+02 36.6+02 358402 359402 346+02 359402
Weight volume gem™®  1.654+0.01 1.63+0.00 1.654+0.01 1.66+0.01 1,66+0.01 1.6340.01 1.634£0.01 1.6240.01 1.66+0.01 1.64+0.01

Powders  Median particle size pm 29+£02 32402 32+£02 38%£02 34£02 3.1+02 28£02 324062 32402 29402
Working moisture  wt.% 4.7+0.1 49+0.1 66+01 44401 45+£01 6.0+£0.1 59+£0.1 52401 54=£01 56401
Compressibility adim. 3.0£0.1 29401 29401 29+001 28+0.1 2.8+0.1 3.0+£01  2.8+0.1 3.0+£0.1  2.8+0.1

Green tiles Pressing expansion ¢m-m~' 0,7+£0.1 08401 07£01 07+£01 07+£01 07+£01 07401 07+£01 07+01 0.7+0.1
Modulus of rupture MPa 1.14£0.1 1.1+£02 L.1%0.1 1.0+0.1 1.1£0.1 1.1+0.1 1.1£0.1 1.0=x0.1 1.1£0.1 1.0=£0.1

Dry tiles  Drying shrinkage cmm™' <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Modulus of rupture MPa 22402  23+01 29404 23+01 26403 29+03 22+04 26402 27+£02 26402

measuring weight/volume and water content (gravi-
metric method), while particle size distribution (ASTM
C 958), moisture content (ASTM C 324) and compres-
sibility (mould depth/tile thickness ratio) were deter-
mined on powders. Green and dry tiles were tested for
pressing expansion, drying shrinkage (ASTM C 326)
and bend strength (ISO 10545-4).

All fired samples were characterized measuring: firing
shrinkage (ASTM C326); open porosity, water absorp-
tion and bulk density (ISO 10545-3); total porosity by
the ratio between bulk density and specific weight
(ASTM C329), while closed porosity by difference; mod-
ulus of rupture (ISO 10545-4). The resistance to deep
abrasion (ISO 10545-6) and CIE-Lab colorimetry (ISO
10545-16, Hunterlab, model MSXP-4000) were deter-
mined only on fully sintered samples (fired at 1180 °C).

Furthermore, the phase composition of stoneware
was quantitatively determined by RIR-XRPD using
CaF; as internal standard (Rigaku, model Miniflex,
CukK, radiation). The chemical composition of the vitr-
eous phase was calculated on the basis of bulk chem-
istry and phase composition. Viscosity [20] and surface
tension [21] of the glassy phase at firing temperatures
were estimated on the basis of its chemical composition.

3. Results and discussion

3.1. Semi-finished products

The particle size distribution (Fig. 1) and the char-
acteristics of slips (Table 3) are very close to those of
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Table 4

Technological properties of porcelain stoneware tiles (bodies scries V)

Body Firing Firing Water Open Closed Total Bulk Specific Modulus of
temperature shrinkage absorption porosity porosity porosity density weight rupture
(o] (cm-m~1) (wt.%) (vol.%) (vol.%) (vol.%) (grem™?) (g-em=3) (MPa)

Vo 1120 48+0.1 43405 9.6£1.0 1.240.1 10.8+1.1 2,2640.01 2.5340.01 46.7+2.0
1140 6.1+0.2 1.5+0.1 3.6+0.3 29403 6.5+0.7 2.374+0.01 2.53£0.01 53,5431
1160 6.7+£0.1 0.3+0.1 0.84+0.1 0.6+0.1 1.440.1 2.41+0.01 2.4440.01 612429
1180 6.740.1 0.114+0.07 0.3£0.2 22402 2.5+0.3 2.4240.01 2.4540.01 52.5+3.2

V(G5 1120 5.240.1 4.4+0.4 9.84+0.8 3.6+04 134+1.3 2.25+0.01 2.60+0.01 42.9+0.5
1140 6.54+0.1 1.4402 3.31+0.6 4.1£0.4 7.4+0.7 2.364+0.01 2.5540.01 514421
1160 6.9+0.1 0.1440.11 0.4+0.3 22402 24402 2.4240.01 2.48+0.01 48.0+6.1
1180 6.7+0.1 0.16£0.07 0.44+0.2 3.0+£0.3 3.4£03 2.3940.01 2.48+0.01 42.44+1.6

VC10 1120 5.340.1 3.1+04 7.1£0.8 4.94+0.5 120+1.2 2.2840.01 2.5940.01 43.7+1.5
1140 6.5+0.1 0.7+£0.2 1.7+£04 33403 5.0£0.5 2.374+0.01 2.50+0.01 517423
1160 6.5+0.1 0.340.1 0.7+0.3 3.0+0.3 3.7+04 2,394+0.01 2.4840.01 429+1.1
1180 5.8+0.2 0.2+0.1 0.5+0.1 3.7+£04 42404 2.3240.01 2.43+0.01 382+14

VF5 1120 5440.1 39403 8.8+0.6 3.5+04 123412 2.27+0.01 2.58+0.01 43.3+4.7
1140 6.6+0.1 1.5+0.3 3.6+0.8 3.1+03 6.71+0.7 2.35+0.01 2.52+0.01 49.8+4.1
1160 7.0%0.1 0.5+0.4 1.240.9 [.6+0.2 2.84+0.3 2.39+0.01 2.46+0.01 46344
1180 6.8+0.1 0.34+0.1 0.6+0.1 1.0+£0.1 1.6+0.2 2.3940.01 2.4340.01 342414

VF10 1120 5.6+0.1 2,7+0.4 6.1+0.8 4.5£0.5 10.6+1.1 2.304£0.01 2.57+0.01 46.24+3.0
1140 6.74+0.1 0.4+0.1 1.0£0.1 34404 4.4+0.4 2.4040.01 2.51+0.01 56.2+5.0
1160 6.7+0.2 0.07+0.02 0.2+0.1 2.7+£0.3 29403 2.40+0.01 2.47+0.01 449420
1180 6.31+0.2 0.114+0.03 0.3+0.1 3.6+04 39404 2.34+0.01 2.4440.01 42,8423

industrial bodies, confirming that the presence of waste
glass does not affect significantly the grindability of
porcelain stoneware [16].

On the other hand, values of compressibility, pressing
expansion, drying shrinkage and bend strength are
similar each other, being the small differences mainly
due to limited variations in the process parameters,
particularly the moisture content (Table 3). The addi-
tion of a soda-lime glass does not modify sensitively the
technological behavior during pressing and drying, in
agreement with data of literature [16].

3.2. Firing behavior

The soda-lime glass has different effects on firing
behaviour depending on the type (float or container)
and sometimes on the composition of the porcelain
stoneware (Tables 4 and 3).

In general, firing shrinkage increases with the amount
of recycled glass, which tends to fasten sintering, as
bodies with 10% waste begin to soften and reduce their
shrinkage after firing at 1180~1200 °C. The values of
bulk density are quite similar, though the reference
bodies are in general slightly denser than glass-bearing
samples.

The occurrence of 5% waste does not substantially
change the values of water absorption and open poros-
ity, which decrease sensitively when 10% soda-lime
glass is added, particularly in bodies V, confirming some
data of literature [16]. On the other hand, waste glass
seems to foster the persistance of larger amounts of

closed porosity; this tendency is particularly con-
spicuous in bodies containing 10% float or container
glass.

The flexural resistance of reference bodies is system-
atically higher than that of mixtures containing waste
glass, as previously registered by Esposito et al. [16]. In
fully sintered products (i.e. fired at 1180-1200 °C) this
difference is around 5~10 MPa. Considering the tribo-
logical properties, the behaviour of bodies with 5%
waste glass is very close to that of reference materials,
while the addition of 10% glass produces an increased
amount of material removed (Table 6): from 120-130
mm? to 140-150 mm? (bodies V) or from 130-140 mm?
to 150-160 mm?3 (bodies R).

Moreover, soda-lime glass causes a slight darkening
of color (AE around 1-2 for 5% addition; AFE around
2—4 for 10% addition). This variation consists mainly in
a decrease of lightness (L*), while the differences in a*
and b* parameters are limited to a general reduction of
yellowness and redness in waste-bearing tiles (Table 6).

In summary, soda-lime glass seems basically to accel-
erate the densification process, increasing the firing
shrinkage and decreasing the open porosity in respect of

reference bodies, especially when glass addition is as
high aec 1N0/ At all avante  thic acce!erated kinetics

brings about the formation of a larger amount of closed
porosity and, consequently, slightly lower values of bulk
density. This circumstance can to a large extent explain
the lowered mechanical and tribological performances
of tiles containing waste glass, However, the con-
spicuous differences between the modulus of rupture of
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Table 5

Technological properties of porcelain stoneware tiles (bodies series R)

Body Firing Firing Water Open Closed Total Bulk Specific Modulus of
temperature shrinkage absorption porosity porosity porosity density weight rupture
Q) (cm-m~") (wt.%) (vol.%) (vol.%) (vol.%) (grem™3) (g-cm™) (MPa)

RO 1120 5.9+0.1 43402 9.84+0.5 3.5+04 13.3%1.3 2.26+0.01 2.61+0.01 38.8+2.0
1140 7.240.1 1.7+0.1 39403 24403 6.3+0.6 2.36+0.01 2.524+0.01 46.8+£2.3
1160 7.8+0.1 0.240.1 04402 3.8+0.4 42404 2.41+0.01 2.5240.01 48.7+1.9
1180 8.040.1 0.05+0.04 0.1+0.1 2.840.3 2.9+03 2.42+0.01 2.4940.01 40.8+3.6
1200 7.8+0.2 0.104£0.03 0.2+0.1 5.610.6 5.8+£0.6 2.4240.01 2.57+0.01 37.8+1.0

RCS 1120 5.940.1 44404 9.94+0.8 0.84+0.1 10.7£1.1 2.244+0.01 2.514£0.01 40.04+0.7
1140 7.24+0.2 1.6+0.3 3.84+0.7 3.0+0.3 6.8+£0.7 2.34+0.01 2,51+£0.01 440+1.6
1160 7.940.1 0.13+£0.05 0.34+0.1 3.110.3 34403 2.39+£0.01 2.47+0.01 41.5+2.4
1180 7.84+0.2 0.07+0.02 0.240.1 2.4+0.3 2.6+0.3 2.40+0.01 2.46+0.01 39.1+2.6
1200 8.0+0.1 0.07+0.03 0.2+0.1 3.6+0.4 3.8+04 2.4040.01 2.5040.01 33.6+0.9

RCI0 1120 5.640.1 45102 10.14+0.4 4.3+0.4 11.9£1.2 2.23+0.01 2.53+0.01 36.2+0.9
1140 6.940.1 1.940.1 4.5+02 3.7+04 8.2+0.8 2.32+0.01 2.53+0.01 429424
1160 7.440.2 0.240.1 0.54+0.1 46+0.4 514058 2.39+40.01 2.52+0.01 457+1.9
1180 7.54+0.1 0.07£0.02 0.2+0.1 42404 4.4+0.4 2.38+0.01 2,49+£0.01 38.0+3.9
1200 7.6+0.2 0.1040.05 0.240.1 29403 3.1+03 2.40+0.01 2.48+0.01 33.8+1.1

RF35 1120 53401 5.2+0.1 11.5+£0.2 1.7+£0.2 13.2+1.3 2.2240.01 2.56+0.01 358+1.5
1140 6.740.1 23404 53408 4.6+0.5 9.9+1.0 2.324+0.01 2.57+£0.01 409422
1160 7.440.1 0.34+0.1 0.7+£0.2 4.8+0.5 5.5+£0.6 2.39+0.01 2.53£0.01 45.8+3.1
1180 7.5+0.1 0.08+0.04 0.2+0.1 4.8+0.5 5.0+£0.5 2.404:0.01 2.53+0.01 373411
1200 7.7£0.3 0.184+0.14 0.2+0.1 57406 59+0.6 2.414+0.01 2.56+0.01 36.9+1.5

RF10 1120 5.940.1 49402 10.940.5 1.940.2 12.8+1.3 2.20+0.01 2.52+0.01 35.8+19
1140 7.4+0.1 1.8+0.2 4.1+0.4 4.0+04 83408 2.31+0.01 2.524:0.01 40.7+2.0
1160 8.340.1 0.18+0.03 0.4+40.1 4.8+0.5 52405 2.38+0.01 2.51+0.01 39.7+£1.2
1180 8.0+0.1 0.07+0.05 0.2+0.1 5.9+0.6 6.1+0.6 2.36+0.01 2.51+0.01 36.6+0.6
1200 8.340.3 0.08+0.03 0.240.1 50405 5.2+0.5 2.38+0.01 2.51+0.01 30.0+3.1

Table 6 interpretation of X-ray patterns allows to outline the

Resistance to deep abrasion and color of fully vitrified tiles (fired at
1180 °C)

Resistance to deep abrasion Color CIE-Lab

Body  Average volume Standard L* a¥ bt AE*

removed (mm?) deviation

VO 123 1 67.2 3.1 130

VCs 123 2 643 3.1 125 29
VvCIio 147 2 641 3.0 129 3.1
VF35 131 1 65.0 29 124 22
VFIO 139 3 633 31 127 39
RO 139 2 725 23 114

RCS 131 3 707 23 114 19
RCI0 156 1 688 22 111 37
RF5 139 1 71.8 21 11.0 038
RFI0 147 5 708 21 112 25

glass-bearing and glass-free tiles could be connected
with both phase composition (e.g. lesser amounts of
mullite) and microstructure, in particular flaws origi-
nated by the peculiar behavior of soda-lime glass, such
as larger pores, glassy plagues, etc. [16, 22].

3.3. Phase composition

Porcelain stoneware contains quartz, mullite, plagio-
clase and an abundant vitreous phase. The quantitative

following trends in the 1100-1200 °C range (Figs. 2 and
3).

Plagioclase melts rapidly passing from about 10%
(1100 °C) to few per cents at 1200 °C; however, there 18
more residual feldspar in waste-bearing samples than in
reference bodies.

Quartz decreases slowly for increasing temperatures;
the amount of residual free silica is inversely propor-
tional to the addition of soda-lime glass, with the single
exception of sample RF 10.

The percentage of mullite increases gradually with
firing temperature, going from 7-10% (1100 °C) up to
12-20% (1180-1200 °C) as expected by literature data
[10, 22]. At any event, the amount of mullite is slightly
lower in samples containing waste glass; this trend is
evident increasing the temperature, particularly in bod-
ies R.

Vitreous phase increases regularly with firing tem-
perature, showing a faster rate in glass-bearing bodies:
the larger the addition of soda-lime glass, the more is
the glassy component of tiles.

As a matter of fact, soda-lime glass seems to modify
the equilibria between the co-existing glassy and crys-
talline phases in porcelain stoneware. Its relevant con-
tribution of Na,O and CaQ promotes on one side a
more effective melting of quartz and, on the other
side, probably a lesser crystallization and/or a partial
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Table 7
Chemical and physical properties of the glassy phase

Body Vo VG5 VC10 VF5 VFI0
Firing *C120 1140 1160 1180 1120 1140 1160 1180 1120 1140 1160 1180 1120 1140 1160 1180 1120 1140 1160 1180
Si0; cgg™! 640 655 666 686 656 660 680  69.1 652 685 686 694 66.8 66.7 67.5 69.0 65.6 69.0 69.2 69.8
TiOa 14 L4 1313 13 1.3 12 12 13 1z 12 Ll 14 13 12 12 13 12 12 L1
ALO; 29 202 190 178 200 196 180 173 194 165 168 162 18.1 186 182 17.1 19.4 162 160 15.3
Fe0y 13 13 13 1.2 12 12 12 Ll 12 12 Ll L1 13 12 12 LI 12 L LL oL
MgO 1.8 17 L7 16 1.6 16 15 14 16 14 L4 13 L9 17 16 16 14 17 16 16
CaC 06 08 08 09 12 13 13 14 17 18 Ly 20 10 12 L2 i3 14 16 1.7 17
N0 43 46 48 47 46 48 47 47 50 sl 50 50 48 49 50 49 51 52 53 54
K:0 46 45 43 4l 44 43 41 19 46 43 41 39 47 43 4l 39 42 40 39 38
Viscosity MPas 220 128 83 57 166 1.1 T4 52 137 81 62 44 155 106 7.4 52 152 85 60 42
Surface tension N-m=' 0362 0.360 0360 0359 0357 0359 0358 0359 0356 0352 0355 0.356  0.3530.3570.3590359  0.35703520.3540.354
Body RO RCS RCI0 RFS RF10

Firing C 1120 1140 1160 1180 1200 1120 1140 1160 1180 1200 1120 1140 1160 1180 1200 1120 1140 1160 1180 1200 1120 1140 (160 1180 1200
Si0; cgg~' 629 664 682 718 744 630 662 700 703 707 659 683 0.0 693 703 64.2 66.4 69.5 708 TL5 63.1 66.2 82 69.0 70.3
TiO, 12 12 1l 11 1z 13 12 Ll 0 L 12 11 L1 10 10 13 12 L1 &1 LI L3 12 L1 L1 10
Al0; 243 204 185 145 114 21 187 160 160 155 186 170 151 161 152 20.8 189 169 150 14.1 201 178 160 155 146
Fe, 0y 11 11 1.1 11 L1 21z 10 10 Lo 12 1l 10 L0 16 L3 12 10 10 10 13 12 11 L1 10
MgO 13 13 12 12 13 18 16 14 13 13 17 16 LS L5 14 L8 L7 15 15 15 22 21 20 19 I8
Ca0 06 07 07 08 09 10 14 14 15 15 18 14 20 21 21 10 12 1.2 L3 14 L7 LT 17 18 19
Na,0 52 55 57 62 65 58 &l 58 58 60 59 57 59 59 59 58 60 58 61 63 66 64 64 64 63
K,0 34 35 3 33 33 37 A7 32 3l 30 38 34 33 3l 30 38 35 31 32 A1 36 35 34 32 3l
Viscosity MPas 175 90 56 3. 20 147 74 5l 37 26 113 77 48 37 15 140 82 56 35 25 12178 52 36 27

Surface tension N-om=! 0368 0.360  0.358  0.350 0344 0364 0.357 0354 0356 0357 0356 0355 0353 0.3580.3580.3600.3580.3570.3540.3530.361 0.3570.3550.356 0.356
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dissolution of mullite, leading the liquid phase to a
saturation in SiO,, Al,O3, Na,0O and CaO, which fosters
the stability of feldspar even at the highest temperatures
(1200 °C).

3.4. Sintering

The chemical composition of the vitreous phase
changes continuously with firing temperature. In parti-
cular, a progressive enrichment in SiO,, Na,O and CaO
can be observed in all samples, with a relative decrease
of Al;,05 and K,O concentrations (Table 7).

In waste glass-bearing tiles, the vitreous phase con-
tains more Na,O and CaO (plus MgO in the case of
float glass) with lower amounts of Al,O; K,0 and
sometimes SiO,. These variations bring about a lowered
viscosity of the liquid phase at sintering temperatures in
the materials containing waste glass. These chemical
fluctuations have little effect on surface tension, that
nevertheless is systematically lower in glass-bearing
tiles, with the exception of body R0 at 1180 and 1200 °C
(Table 7).

On the whole, the presence of soda-lime glass con-
tributes to accelerate the sintering kinetics, lowering
appreciably the viscosity of the liquid phase. On the
other hand, surface tension has just a modest effect on
densification, since its values are higher or close to those
of reference bodies at sintering temperatures (> 1160 °C).

4. Conclusion

Soda-lime glass can replace conventional fluxes, such
as sodic feldspar, in bodies for porcelain stoneware tiles,
without relevant drawbacks in the technological pro-
cess, but with some significant repercussions on the
properties of finished products.

The presence of waste glass, in fact, does not remark-
ably change the technological behavior during grinding,
pressing and drying. During firing soda-lime glass
accelerates the densification process, with some positive
effects (lower open porosity) combined with negative
ones (higher values of shrinkage and closed porosity,
lower values of bulk density, mechanical and tribologi-
cal properties). These differences are limited and toler-
able with the addition of 5% cullett glass, but become
conspicuous when 10% waste is added.

Soda-lime glass seems to modify the equilibria
between the coexisting glassy and crystalline phases:
minor amounts of quartz and mullite as well as abun-
dant vitreous phase. Moreover, the occurrence of waste
glass improves sintering kinetics, lowering appreciably
the viscosity of the liquid phase, though the effect on
surface tension is probably modest.
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