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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini This study investigates the vitrification paths of porcelain stoneware, focusing on how bulk chemical composi-
tions can influence sintering behaviour. In particular, leveraging the largest compositional database ever ana-
lysed in this context, the research aims to understand how the chemistry of ceramic bodies can influence phase
transformations during the firing and thus the properties of the liquid phase at high temperatures. Porcelain
stoneware compositions analysed were classified according to their alumosity — defined as the ratio of alumina to
the sum of alumina and total flux oxides — and silica content. Four distinct compositional fields were identified:
meta-aluminous, moderately peraluminous, frankly peraluminous, and strongly peraluminous. Each category
exhibits specific vitrification paths, i.e., the nature, rate and extent of phase reactions that determine the amount
and composition of the liquid phase at high temperature, and sintering behaviours. The study emphasizes the
complex relationship between batch composition, phase evolution, and sintering kinetics. It demonstrates how
variations in alumosity impact liquid phase development and characteristics, affecting key factors such as vis-
cosity, surface tension, and densification efficiency. This comprehensive analysis offers new insights into por-
celain stoneware manufacturing and introduces a predictive approach to batch formulation that complements
conventional technological assessments. The findings hold significant potential to improve the design and
optimization of porcelain stoneware compositions in industrial applications.
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1. Introduction

Porcelain stoneware is a highly vitrified material with about 60-70
wt% vitreous phase, characterized by a compact microstructure with
very low water absorption after fast firing at around 1200 °C [1,2]. It is
the most popular body in the manufacture of ceramic tiles and slabs,
both glazed and unglazed, all over the world [3]. This fact and the
considerable versatility of the tile-making process, especially in terms of
batch design, has enabled the use of various raw materials — beyond ball
clay, kaolin, feldspar and quartz which constitute the basic ingredients
of porcelain stoneware — and has become a common practice among
manufacturers to mitigate cost and supply risks in body formulation [1,
4,5]. This has led to a plethora of local variants, depending on the
strategy of manufacturers (often a trial-and-error approach) and the
features of the available raw materials, so that the compositional
perimeter of porcelain stoneware has substantially expanded without a
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clear conceptualized approach [6].

Apparently, regardless of compositional variability, porcelain
stoneware rapidly densifies by progressive wetting of residual and newly
formed crystals (e.g., quartz, mullite, and feldspar) through the forma-
tion of an abundant liquid phase of meta-aluminous to slightly per-
aluminous composition. This is a distinctive trait for porcelain
stoneware with industrial firing schedules typically last 40-70 min at
maximum temperature of 1180-1220 °C, versus porcelain, which needs
to be fired at higher temperature and for longer time to overcome the
barrier to mullite crystal growth [7,8].

The phase evolution during the firing of porcelain stoneware tiles has
been investigated in detail [5,9-15]. These studies have led to a better
understanding of the mechanisms governing viscous flow sintering, in
particular the kinetics and efficiency of densification as a function of the
evolution of the chemico-physical properties of the melt at high tem-
perature [16-18]. Consequently, it is crucial to characterize the
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relationship between these physical properties and the composition of
the liquid phase, as the latter depends on the melting of pre-existing
mineral phases and the formation of newly formed crystals [8,13,
18-20].

Attempts have been made to predict the firing behaviour of porcelain
stoneware in a more or less wide compositional window by means of
statistical approaches. The resulting models - taking into account the
variability of batch composition [11,13] or based on microstructural
constraints [21] — are essentially aimed at designing the batch in
mineralogical terms, with the exception of recent studies based on oxide
ratios [e.g. 22]. However, although the relationship between chemical
composition and technological properties in silicate ceramics is well
known, limited attention has been paid to constraining the effect of the
chemistry of porcelain stoneware batches [19,22-25]. In fact, chemical
composition has not yet entered industrial practice as a tool for batch
design, apart from subjective considerations on the amount of alumina
or fluxing agents (Na50, K50, CaO, MgO) and careful control of the body
colour by checking the amount of Fe;O3 and TiO; [13,26].

In this study we aim to explore the range of chemical compositions of
porcelain stoneware to gain a deeper understanding of how the phase
reactions that occur during firing are influenced by the overall batch
composition. Our objective is to uncover a potential correlation between
the vitrification path (the nature, rate and extent of phase reactions that
determine the quantity and composition of the liquid phase at high
temperature) and the technological behaviour of bodies, with a partic-
ular focus on ceramic tiles.

Although, as mentioned above, batch design is typically carried out
on a trial-and-error basis, both the tile-making process and the techno-
logical plants are globally standardized [3]. In industrial practice, this
standardization constrains several important variables — such as par-
ticle size distribution, green bulk density, and firing schedule [27-31] —
and facilitates the comparison of a wide range of bodies. We believe it is
essential to define the compositional perimeter of porcelain stoneware
on a non-empirical basis, using cause-and-effect relationships to provide
feedback as guidelines for body formulation.

The aim of this contribution is to characterize the vitrification paths
along with the evolution of key melt properties (e.g., viscosity, surface
tension and chemistry described through pseudo-structural parameters)
for a wide range of porcelain stoneware compositions. This analysis will
determine whether varying body compositions predictably influence
sintering behaviour.

2. Experimental rationale
The rationale of the present study is based on the following steps:

i) select various batch compositions, representative of the wide
range of porcelain stoneware, complying with the standard
requirement (water absorption <0.5 % according to ISO 13006,
achieved with a firing temperature below 1240 °C and a cold-to-
cold firing cycle of about 1 h);

ii) use available literature data on phase composition to follow
phase transformations during firing as a function of batch
composition;

iii) infer the properties of the melt (chemical composition and
pseudo-structural parameters) as a function of the batch
composition;

iv) draw vitrification paths occurring during the firing process,
identifying the compositional perimeter of porcelain stoneware
in the Napy0-Ko0-Al503-SiO, diagram and discriminating fields
with different phase evolution and liquid phase properties;

v) verify the extent to which different vitrification paths can affect
the sintering behaviour.

Thirty-six batch compositions were selected from the literature on
porcelain stoneware, for which both quantitative data on chemical and
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phase composition (for both unfired and fired bodies) and a full char-
acterization of the sintering behaviour were available [8,18,32-39]. In
addition, unpublished data of thirteen industrial batches (from authors’
database) were considered. A further eighteen samples were selected for
which no sintering data were available [15,40-44]. Details of the
selected samples can be found in Table S1 (supplementary material).
Moreover, for representative purposes, details on the goodness of a
Rietveld refinement of a quantitative mineralogical analysis already
published in one of our previous papers [39] and a selected XRPD
pattern are shown in Fig. 1S (supplementary materials).

Phase transformations were assessed by considering the content of
residual minerals and new formed phases after firing and their variation
with respect to the raw batch (quartz, feldspars). For mullite, a mulli-
tisation index was calculated by assuming firing reactions involving
both kaolinite and illite, as reported in Table S2 (supplementary
material).

Both the chemical and phase compositions were used to calculate the
chemical composition of the liquid phase, also referred to as melt when
at high temperature or as vitreous phase at room temperature (the
amorphous phase refers to the non-crystalline components present
around 1000 °C, before a liquid phase has formed). The methodology
followed the approach of Conte et al. [45], which consists of subtracting
the contribution of each mineralogical phase (taking into account its
stoichiometric formula) from the bulk chemistry and normalising to 100
%. The mullite stoichiometry was determined by the unit cell a-axis,
which length scales linearly with the amount of AlpO3 [18,46]. Details
are reported in Table S2 (supplementary material).

The resulting chemical composition of the liquid phase was used to
calculate pseudo-structural parameters: NBO/T, i.e. the amount of Non-
Bridging Oxygens per Tetrahedrally coordinated cation [47]; the Glass
Network Formers (GNF), Glass Network Modifiers (GNM) and Charge
Compensators of Aluminium in Tetrahedral coordination, CCAT [34,
48], as given in Table S2 (supplementary material). STAF empirical
parameter was also computed. The chemical composition and
pseudo-structural parameters of the liquid phase of all samples are re-
ported in Table S3 (supplementary material).

The data are plotted in the NapOeq-Al203-SiO2 diagram, which is
representative of almost the entire chemical composition of standard
porcelain stoneware [6,34]. This modified phase diagram allows the
contribution of potassium and alkali-earths oxides to be included in the
NayOeq parameter, calculated as the sum NapO + MgO + CaO + KO,
having care to express the data as NayO equivalents using the following
molar ratios: 1.538 (MgO), 1.105 (Ca0O), 0.658 (K20). The ternary dia-
gram was transposed in the binary plot (Fig. 1): alumosity, Al;O3/(A-
1503+Nay0eq), versus silica (calculated on a dry basis, i.e., normalized to
100 % without loss on ignition). Alumosity values of the batches are
given in Table S1 and those of the liquid phases in Table S3, supple-
mentary materials.

The phase transformation results were processed as contour maps in
the silica-alumosity binary plot by Origin software (layer boundary;
total points increase factor 100; smoothing parameter from 0.1 to 0.9).

The physical properties of the liquid phase at high temperature were
estimated by predictive models based on the chemical composition of
the liquid phase. The shear viscosity was calculated by the GRD model
[49], while the effective viscosity of the body (neff) was calculated as the
product of the shear viscosity of the melt (nmelt) by the relative viscosity
(nrel), i.e., neff = nrel x nmelt [18,34]. The relative viscosity was esti-
mated by the relation: nrel = [1—(¢/¢m)]—B¢m, where ¢ is the solid load,
¢m is the critical fraction (set to 0.72) and B is the Einstein constant (i.e.,
B = 2.5) [50]. Table S3 also reports the calculated values of the
liquid-vapor surface tension according to the Appen and Dietzel
methods [45]. A sintering timescale (1) was calculated as the ratio be-
tween melt viscosity and particle radius to surface tension [51]. These
data are reported in Table S3 (supplementary material).

Key sintering parameters were inferred from isothermal densifica-
tion curves. These include the temperature at which densification starts;
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Fig. 1. Chemical composition of samples in the NayOeq-Al03-SiO; ternary diagram (A) transposed in the alumosity [Al;03/(Aly03+NayOeq)] versus silica binary

plot (B).

the initial sintering rate (for the neck formation stage); the total sin-
tering rate; the effective viscosity of the ceramic body; the densification
efficiency; and the bloating rate. The data necessary to calculate the
above parameters were obtained by optical dilatometry (at temperatures
in the range 1100-1250 °C) and He-pycnometry (to determine relative
density) according to Conte et al. [34] and details in Fig. 2S
(supplementary material).

3. Results and discussion
3.1. Phase transformations during firing

The variation in phase composition is hereafter represented as con-
tour maps (rendered by a colour scale) as a function of batch alumosity
and silica concentration, as we would like to show trends in phase
changes as a function of Al,03/(Al;03+NayOeq) and SiO; content. In any
case, Fig. 3S is also reported in the supplementary materials, which
shows the trends of mullite, feldspars and vitreous phase as a function of
alumosity and quartz as a function of silica content (with correlation
coefficient R?).

The amount of mullite varies proportionally with batch alumosity,
with no significant influence by the silica content (Fig. 2A). It ranges
from less than 5 % for meta-aluminous batches to more than 10 % for
markedly peraluminous formulations, in agreement with the literature
[19,20,52-55 among others]. Interestingly, this trend is not only due to
the increase in alumina, but also to the degree of mullitisation (i.e., the
efficiency with which Al;O3 contained in kaolinite and illite is converted
into mullite and this latter is preserved at the end of firing). The mul-
litisation index, which is less than 0.2 in meta-aluminous and weakly

mata-aliminous line

sio,

60 &2 64 66 68 TO T2 T4
AlLOJ(ALO+Na,0_)

peraluminous batches, increases to over 0.5 in frankly peraluminous
formulations with alumosity >71, coherently with the fact that mullite is
unstable in the peralkaline field (Fig. 2B). The degree of mullitisation, as
here calculated, cannot be directly compared with previous studies
using different equations [23,25]. However, a good match was found
when the literature data could be recalculated [11-13,25,56-59]. There
also seems to be a relationship with silica concentration, with mulliti-
sation being maximum in the range of 70-73 % SiO» for alumosity >71
%. This picture is undoubtedly influenced by various factors such as the
crystallinity of kaolinite, particle size, extent of mixing, and interaction
with the melt [2,30,60-63].

In principle, the amount of quartz remaining after firing varies in
proportion to the silica concentration in the batch (Fig. 3A). For silica
concentrations above 75 %, the residual quartz content exceeds 24 %,
while for SiO, concentrations below 71 %, the quartz content is gener-
ally less than 21 %.

To a first approximation, these values correspond to the average
quartz content in porcelain stoneware [19,64]. In detail, however, fields
of different quartz content lie on sub-horizontal bands, indicate a slight
decrease in quartz with increasing alumosity. In addition, this trend is
broken in an oblique field (which includes both meta-aluminous and
weakly peraluminous formulations relatively poor in silica) where
moderate quartz contents (15-18 %) occur. This anomaly reflects the
peculiar pattern of the degree of quartz dissolution, i.e. the percentage
that is melted during firing compared to the initial quartz content
(Fig. 3B). The dissolution degree is higher in the most peraluminous
formulations, where it can exceed 30 %, which explains the inclination
of the fields in Fig. 3A, in good agreement with previous studies [25,
56-59]. On the other hand, quartz seems to be more stable in

meta-aluminous ling B
Mullitization index

60 B2 &4 66 6B
ALOJ(ALO,Na,0_)

Fig. 2. Contour map of mullite content (wt%) (A) and mullitisation index (B) in the alumosity vs. silica diagram (black dots = samples).
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Fig. 3. Contour map of quartz (A) and degree of quartz dissolution (B) in the alumosity vs. silica diagram (black dots = samples).

moderately peraluminous and less siliceous batches, in agreement with
literature models that predict a quartz dissolution of less than 10 %
relative for fast firing cycles [11,65]. It should be noted that the use of
glassy raw materials or some strong fluxes can induce a greater reac-
tivity of quartz during firing [34,36,39,40,52,63,66-69].

The quantity of residual feldspars varies according to the alumosity
and silica content of the batch. Under ceramic firing conditions, feld-
spars do not melt either by eutectic reaction with quartz or by incon-
gruent reaction (K-feldspar = leucite + liquid), as known from previous
studies [70]. At the meta-aluminous line and in relatively silica-poor and
weakly peraluminous bodies, both plagioclase and K-feldspar occur up
to 18 % (Fig. 4A) and up to 8 % (Fig. 4B), respectively. Both are almost
absent in distinctly peraluminous formulations where the degree of
dissolution of feldspars is in many cases greater than 90 %, while in
batches with alumosity below 68 % the quantity of feldspar melted is
generally less than 60 % (Fig. 4C). This is consistent with the literature,
which mostly refers to peraluminous batches [11,25,56-59].

As feldspars are unstable in the peraluminous field, their residual
content seems to be related not only to the increasing dissolution

A

meta-aluminous line

60 62 B4 66 68 0 T2 T4
NEOJMEOQ'NEEONJ
meta-aluminous line

B0 62 64

B8 6B TO0 72 T4 76
ALO,/(ALO,+Na,0, )

k]

Plagioclase

kinetics with increasing alumosity. In particular, high amounts of feld-
spars in the finished product may be due either to the persistence of the
raw material in contact with peralkaline melts or to the crystallisation
during firing of plagioclase (more or less calcic) and, exceptionally,
anorthoclase or sanidine [9,35,67,69,71,72]. This explains the peak in
the ratio of quartz to feldspar dissolved during firing, which is practi-
cally adjacent to the feldspar composition in the alumosity vs. silica
diagram (Fig. 4D). While the ratio is below 0.3 in the rest of the diagram,
it exceeds unity in this narrow compositional range, so that quartz ap-
pears to be dissolved more than feldspars.

The amount of vitreous phase varies moderately as a function of
batch composition. As a matter of fact, most bodies fall within the 60-68
% range, with the highest values found in frankly peraluminous and
silica-poor batches (Fig. 5A). These results are consistent with literature
data [12,13,19,25,56-59]. At variance, the value of non-bridging oxy-
gens per tetrahedrally-coordinated cation increases as a function of
alumosity (Fig. 5B). The vitreous phase in meta-aluminous to weakly
peraluminous bodies is strongly polymerized (NBO/T < 0.1), while that
in peraluminous formulations is increasingly de-polymerized (up to
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Fig. 4. Contour map of plagioclase (A), K-feldspar (B), degree of feldspars dissolution (C) and melted quartz-to-melted feldspars ratio (D) in the alumosity vs. silica

diagram (black dots = samples).
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Fig. 5. Contour map of the vitreous phase (A) and its degree of de-polymerization as NBO/T (B) in the alumosity vs. silica diagram (black dots = samples).

NBO/T 0.5), as expected for such compositions [47,73].

3.2. Vitrification paths

The above observations help to delineate vitrification paths, i.e. how
changes in the composition of the crystalline phases are reflected in the
amount and composition of the liquid phase at high temperature [18,
20]. Indeed, variations in the content of mullite, quartz, and feldspars
appear to correlate with batch composition, as illustrated in Fig. 6,
which shows the behaviour of representative porcelain stoneware
samples with three different levels of aluminosity. These bodies were
chosen because a comprehensive characterization is available over a
wide range of firing temperatures [8]. Indeed, the evolution of the liquid
phase composition depends on whether the batch is meta-aluminous
(GSTO), moderately peraluminous (GPOR) or strongly peraluminous
(POST), with distinct trends (Fig. 6A). The amount and composition of
the liquid phase therefore reflect the contributions of the crystalline
phases, which are progressively dissolved with increasing temperature
[19,74-76].

Fig. 6B shows the contribution of feldspar, quartz and mullite crys-
talline phases to the vitrification path of the three porcelain stoneware
bodies. The resultant of such a crystalline dissolution path substantially
mirrors the phase evolution shown in Fig. 6C. In peraluminous batches,
the amorphous phase around 1000 °C is essentially derived from clay
minerals breakdown [8,34,37,76] and its composition depends on the

efficiency with which the mullite formation takes place (or the mulliti-
sation index). As the temperature increases, a liquid phase is formed
from the melting of feldspars and quartz, so that the resultant vitrifi-
cation path is somewhere in between the “vectors” of dissolution of
these minerals (Fig. 6B). Interestingly, the contribution from mullite
precipitation (in the peraluminous field) has a direction that is more or
less the same as the feldspar “vector”. In strongly peraluminous bodies,
such as POST up to 1150 °C, the vitrification path initially lies beyond
the glass formation boundary [76], implying a melt mixed with amor-
phous aluminous components. In moderately peraluminous batches,
feldspars are much more involved in firing reactions than quartz. This is
related to the ratio of melted fractions, which is lower in moderately
peraluminous batches than in strongly peraluminous batches (i.e., on
average quartz:feldspars ~1:8 and ~1:3, respectively).

The trend is different for meta-aluminous batches containing silicate
glass as a raw material (e.g. GSTO). In these cases, the amorphous phase
around 1000 °C originates not only from the clay minerals breakdown,
but also from the soda-lime-silica glass itself, so that the non-crystalline
composition is clearly peralkaline from the outset. Mullite, which is not
stable in the peralkaline field, dissolves in the melt and contributes to
the increase in alumosity with increasing temperature. Nevertheless, the
trend remains almost sub-horizontal (i.e. a constant silica content) due
to the simultaneous melting of quartz and feldspars (with a ratio close to

unity).
It is therefore possible to identify distinct porcelain stoneware

Phase evolution
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Fig. 6. Firing behaviour of three porcelain stoneware bodies with different alumosities: A) Melt evolution (amount and composition) as a function of temperature; B)
Vitrification paths (arrows indicate the variation in melt composition as a consequence of quartz, feldspar or mullite dissolution); C) Evolution of phase composition

as a function of temperature (modified after Conte et al. [8]).
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batches, each characterized by specific ranges of alumosity and silica
content, along with their unique vitrification paths (Fig. 7A). The batch
composition can be correlated with that of the corresponding vitreous
phase, which consistently exhibits lower silica content and lower
alumosity compared to the respective batch (Fig. 7B). Based on this
information, four compositional fields can be distinguished, arranged
obliquely in the alumosity-silica diagram, each demonstrating compa-
rable phase evolution and melt composition. Similar alignments of batch
and melt compositions were noted by Owen and Dostal [77]. Conse-
quently, these porcelain stoneware classes represent different vitrifica-
tion paths (Fig. 7C), namely:

MAL: bodies with composition straddling the meta-aluminous line,
resulting in peralkaline melts;

PAL1: moderately peraluminous bodies producing liquid phases
close to the meta-aluminous line, ranging from slightly peralkaline
(more siliceous than MAL melts) to slightly peraluminous (poorer in
silica than the PAL2 melts);

PAL2: bodies with a frankly peraluminous character but producing
liquid phases close to the vertical cotectic line, with a moderately per-
aluminous composition. As the compositional field crosses the cotectic,
the most silica-rich melts are meta-aluminous, while those poorest in
silica are more peraluminous;

PAL3: strongly peraluminous bodies (~79 % alumosity is the cut-off
for porcelain-like batches, such as vitreous china, according to Conte
et al. [6]) and the corresponding liquid phases are also strongly
peraluminous.

These classes have been defined primarily to facilitate the presen-
tation and discussion of the data in subsequent sections, as there is ev-
idence of a gradual transition in the vitrification paths. Therefore, they
are not intended to represent different product types within the porce-
lain stoneware assembly.

3.3. Composition and physical properties of the melt

Although the amount of vitreous phase deriving from the super-
cooling of the liquid matrix varies apparently without distinction
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between the classes of porcelain stoneware (see Fig. 5A), there are sig-
nificant differences in the chemical composition which are related to the
physical properties at high temperature. The duality in composition
between bodies and melts may induce some confusion, since the target is
to trace the observed behaviour back to the batch formulations, but to do
this it is necessary to refer to the liquid phase, which always has a
composition different from the body.

As shown in Fig. 7C, the melts tend to approach the composition of
the equilibrium liquidus, as can be appreciated for most PAL1 and PAL2
bodies. This confirms what has been observed in previous feldspar
melting experiments since the first few minutes [78]. This is not the case
with melts formed in PAL3 batches, which are still in subliquidus at the
optimal firing temperature for porcelain stoneware. In contrast, the
liquid phase in MAL bodies appears to be above the liquidus surface,
although this may only be apparent as these are relatively CaO- and
MgO-rich melts for which the liquidus surface is expected to be at a
higher temperature than that shown for alkaline systems.

All melt compositions fall within the glass formation boundary (GFB)
for the Nay0-Al;03-SiO; system, which extends towards a more alumi-
nous composition compared to the predominantly potassic porcelain
bodies [76]. However, at a Na;0/(NayO + K50) ratio of 0.7, which is the
mean value in porcelain stoneware melts, the GFB is considerably shif-
ted towards lower alumosity and approximately half of the PAL3 melts,
as well as some PAL2 and PAL1, lie beyond it (Fig. 7B). This fact explains
why the most peraluminous batches must essentially be based on sodic
fluxes. In addition, porcelain stoneware has stable melts up to a higher
alumosity than porcelain and this can explain the different evolution of
mullite [8,76].

Regarding the composition of the liquid phase, it is important to
examine the pseudo-structural parameters, i.e. the glass network for-
mers and modifiers, in terms of their constituent quantities and elements
(Fig. 8). It is worth noting that these parameters are calculated from the
chemistry of the liquid phase, which in turn is calculated from the
chemistry of the body and its mineralogical composition after firing.
This may imply some relative error in their calculation, which is why the
following discussion will present these data from a perspective of
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%) and (F) percentage of aluminium as GNM. Relative error is within the symbol size.

gradual transitions between chemical classes, rather than rigid divisions.

Glass Network Formers (GNF) in porcelain stoneware are basically
silicon and aluminium in tetrahedral coordination with oxygen, as the
concentration of iron is usually very low. The amount of GNF is gener-
ally in the 37-42 at% range, which corresponds to a highly polymerized
melt for MAL, PAL1 and PAL2 batches (Fig. 8A). A slight decrease is
observed for the vitreous phase in PAL3 compositions, which is less
polymerized. The most significant change is in the Si/Al ratio of GNF,
with the percentage of Al decreasing progressively as the alumosity in-
creases (Fig. 8B).

Charge Compensators (CCAT) are those alkaline and alkaline-earth
elements that contribute to the incorporation of aluminium in tetrahe-
dral coordination as glass network former. The amount of CCAT is in the
6-12 at% range, with a marked decrease with increasing alumosity
(Fig. 8C). In parallel, the composition of CCAT changes, becoming more
alkaline in peraluminous batches (Fig. 8D). This trend is explained to a
large extent by the increased availability of sodium and potassium as a
result of the more efficient dissolution of feldspars with increasing
alumosity. Consequently, it is the availability of alkali that is crucial to
achieve greater polymerization of the vitreous phase through the
incorporation of aluminium into the glass tetrahedral network [48].

Glass Network Modifiers (GNM) vary widely in the 1-7 at% range,
although a direct correlation with alumosity can be appreciated. Indeed,
the GNM amount increases on average from MAL to PAL3 bodies
(Fig. 8E). At the same time, there is a clear increase in the content of
aluminium as GNM, which becomes prevalent in PAL2 and almost
exclusive in PAL3 bodies (Fig. 8F). This is likely to have an implication
on the physical characteristics of the melt: when the glass network is
essentially modified by AI**, a different behaviour is expected compared
to the case where the modifiers are alkalis and alkali-earths [48]. As the
alumosity increases, there is a gradual change in the structural role of

aluminium in the melt, from being mainly a GNF in meta-aluminous
batches (MAL) to behaves equally as a GNF and GNM in strongly per-
aluminous batches (PAL3). This trend is expected and has been inter-
preted in terms of triclustered [79] or five-fold coordinated aluminium
[80].

Physical properties of the melt at firing temperature were estimated
for shear viscosity, liquid-gas surface tension and timescale (i.e., the
ratio of viscosity by initial particle size to surface tension). These esti-
mates are calculated cumulatively and compared for the various classes
of porcelain stoneware (boxplots in Fig. 9) and provided individually for
each sample in Table 3S (supplementary material).

The shear viscosity of the melt is in most cases between 3.8 and 5.3
logio Pa-s at the maximum firing temperature, which is usually close to
1200 °C. A direct relationship between melt viscosity and batch
alumosity clearly emerges (Fig. 9A). Evidence that viscosity of per-
aluminous melts is inversely correlated with the degree of alumosity
[79,81-83] does not seem to have a significant effect on the estimate
made with the GRD model (Fig. 4S) or an alternative model [84]. At
most, a slight overestimation of viscosity may occur for the most per-
aluminous samples (in the order of 0.2-0.3 log;o Pa-s). Thus, the actual
viscosity of the liquid phase in PAL3 bodies might be close to the values
for PAL2 batches.

The surface tension of the liquid phase fluctuates in a narrow range,
typically between 0.33 and 0.36 N m™' at the maximum firing tem-
perature. There seems to be an inverse relationship between surface
tension and alumosity, as the mean values decrease from meta-
aluminous (MAL batches) towards the peraluminous fields (Fig. 9B).

The timescale is lower in the meta-aluminous and slightly per-
aluminous compositions, as MAL and PAL1 batches typically have
values in the 0.4-0.8 s range due to the lower viscosity and slightly
higher surface tension of their melts. In contrast, frankly peraluminous
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compositions show a wider range of timescale, with most values be-
tween 0.7 and 1.4 s, but no significant difference between PAL2 and
PAL3 bodies (Fig. 9C). The presumable overestimation of viscosity in the
most peraluminous melts does not substantially affect the timescale of
PAL3 with respect to PAL2 bodies.

Interestingly, the viscosity of the liquid phase in porcelain stone-
ware, as predicted by the GRD model, scales with an empirical param-
eter STAF, defined as the sum of SiOy + aTiOs5 + bAl;03 +cFeOyqy, in
molar percentage, where a, b and c are adjustable parameters. The pa-
rameters a, b and c, optimised for best scale viscosity and process
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timescales (and also to highlight the potential competition between iron
and aluminium at tetrahedral sites), give the best STAF parameter when
a=1,b=1%,and c = —1. This is explained by the fact that the viscosity is
primarily influenced by glass network formers, and therefore by the
content of silica, and by the presence of cations that can be in four-fold
coordination, e.g. AI®" (with the charge mismatch compensated by
CCAT) and to a certain extent iron and titanium, which have amphoteric
behaviour in aluminosilicate melts.

The values obtained by this best-fit strategy seem to indicate that
iron does not act as a network former and it also balances/buffers the
role of Al as network former. STAF is positively correlated with the melt
viscosity, particularly for compositions straddling the meta-aluminous
line (Fig. 10A), and with the melt timescale, which accounts also for
the surface tension (Fig. 10B). Therefore, STAF could be considered as a
useful proxy for batch design once the phase transformations that occur
during firing are taken into account.

3.4. Effect on sintering behaviour

Porcelain stoneware batches behave differently in the firing process,
both in terms of kinetics (start of densification, sintering rates) and
densification efficiency (Fig. 11). Another parameter of particular rele-
vance for ceramic slabs is the dimensional stability at maximum tem-
perature [85], which is inversely related to the bloating rate.

It has been suggested that the start of densification is somehow
related to the critical liquid phase content, beyond which there is a rapid
decrease in bulk viscosity that can trigger shrinkage [17,50]. This hy-
pothesis has not been supported by experimental observations on por-
celain stoneware, since very little data is available on the solid load
present at the onset of densification (mostly between 940 and 1040 °C).
Statistically, a clear increase in temperature is observed as alumosity
increases, with the onset of densification averaging 951 + 17 °C for
meta-aluminous batches (MAL), 976 + 12 °C for moderately per-
aluminous batches (PAL1) and 996 + 19 °C for strongly peraluminous
batches (PAL3). The data for the PAL2 population are more heteroge-
neous and the average is 1011 + 55 °C (Fig. 11A).

The initial sintering rate refers to the neck formation stage, where
there is a linear relationship between shrinkage and time [18,86,87].
The rates vary quite widely, mostly in the 1.8-3.5 min ™ range, with no
clear relationship with the composition of bodies and glassy phases
(Fig. 11B). This observation is unexpected, as the theory of sintering for
glassy materials predicts that the rate of densification is inversely related
to the melt timescale [86,87]. Instead, porcelain stoneware appears to
proceed with densification once it reaches a critical condition (corre-
sponding to a given timescale). This is consistent with the different
temperature at which densification is triggered (lower in more reactive
batches, which exhibit a faster timescale).

The total sintering rate is calculated cumulatively for both neck
formation and vented bubble stages [86,87]. The densification kinetics
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is clearly differentiated between meta-aluminous batches on the one
hand and peraluminous compositions on the other (Fig. 11C). On
average, the MAL samples exhibit faster rates, mainly in the vented
bubble stage, as peralkaline melts allow maximum density to be reached
more rapidly. The peraluminous classes have broadly comparable sin-
tering rates, although statistically there is some increase from PAL1 to
PAL3. Although modest, this difference seems significant since it relates
to the efficiency of densification. The expected inverse relationship be-
tween total sintering rate and melt viscosity (or timescale) can be
glimpsed by comparing the mean values of the four classes.

Effective viscosity is the viscosity of the bulk ceramic body esti-
mated from the viscosity of the liquid phase, taking into account the
influence of the solid load through the relative viscosity [17,18]. This
parameter is expected to influence the pyroplasticity and thus the
dimensional stability of the tiles at the maximum firing temperature [32,
88,89]. The effective viscosity in porcelain stoneware varies in a narrow
range, mostly between 5.2 and 5.5 logjoPa-s in peraluminous batches,
while in meta-aluminous batches the average value is lower and data are
often below 5.2 logjgPa-s (Fig. 11D). This distinction is significant,
beyond the apparently small difference, because a peculiar feature of
porcelain stoneware is its ability to spontaneously dampen variations in
effective viscosity. This phenomenon occurs through a kind of buffering
effect, since the loss of solid load due to the dissolution of quartz at high
temperature induces a reduction in effective viscosity, which is
compensated by the silica increase in the liquid phase, which in turn
boosts the melt viscosity [18,45]. Data suggest that this buffering action
is effective in peraluminous formulations, especially when the phase
composition is simpler and there are no more residual feldspars (PAL3).
On the contrary, it is less effective in the presence of peralkaline melts,
especially when residual or new formed feldspars are abundant and
involved in the reactions that take place at dwell temperature (MAL).

Efficiency of densification is directly related to the batch alumosity
and again the contrast between meta-aluminous and peraluminous
batches is found (Fig. 11E). Considering the MAL samples, it emerges
that starting the densification process earlier and carrying it out with

faster kinetics (thanks to peralkaline melts) does not necessarily result in
better densified products, but often the opposite. It should be noted that
the residual porosity is on average higher in the MAL bodies and
therefore the sintering rate results higher, also because the process is
stopped earlier than in peraluminous formulations. The peraluminous
bodies show a direct correlation between total sintering rate and effi-
ciency of densification, with PAL3 batches densifying better on average
than PAL2 and PAL1. This result is not consistent with the physical
properties of the liquid phase (particularly the higher viscosity and the
lower surface tension of PAL3 bodies). Nevertheless, it must be taken
into account that the degree of densification is substantially affected by a
trade-off between the sintering rate and the onset of overfiring phe-
nomena, which have opposite effects. A faster densification process is
more difficult to control and there is evidence that it is more easily
reversed into bloating [18].

The bloating rate shows an inverse relationship with alumosity,
with decreasing average values from MAL to PAL2 and then a slight
increase for PAL3 (Fig. 11F). This ranking is consistent with the effective
viscosity, as a cause-and-effect relationship is expected between bulk
viscosity and pyroplasticity [32,45].

3.5. Repercussions on batch design

The fact that a gradual variation in the firing behaviour has been
identified across the compositional perimeter of porcelain stoneware
obviously has repercussions on batch design. The indications that
emerge are of statistical value — based on the largest data set ever studied
in detail for porcelain stoneware — and, as far as the properties of the
melt at high temperature (such as viscosity) are concerned, based on
models that in the peraluminous field seem to slightly overestimate the
predictions. This aspect, in particular, will certainly need to be investi-
gated further through experimental rheological analyses of the liquid
phase at high temperature, coupled with structural spectroscopic ana-
lyses of these complex systems. Nevertheless, the obtained information
framework is supported by a concatenation of cause-and-effect

36785



S. Conte et al.

relationships. In fact, it is possible to link the chemical and mineralogical
composition of the batches to the phase transformations that occur
during firing. From this standpoint, it is possible to identify vitrification
paths that show how the composition of the liquid phase varies during
firing. This information can be used to estimate the high temperature
physical properties that govern the sintering, and then follow their ef-
fects on the firing behaviour through the HSM experimental
determinations.

However, the technological constraints imposed by the production
process of ceramic tiles and slabs cannot be avoided in batch design. For
instance, the presence of a significant quantity of clay materials is un-
avoidable to provide the plasticity and other properties required in body
preparation and tile pressing. This explains why porcelain stoneware
batches are always peraluminous, although the alumosity degree de-
pends on the clay materials used, as the alumina content decreases from
high-grade kaolin to low-grade kaolin, kaolinitic ball clay, illite-
kaolinite ball clay, bentonite and eventually further types [4]. There-
fore, the main way to adjust batch alumosity is to tune the ratio between
clay materials (e.g., kaolin versus ball clay). Another possible solution is
to act on the flux side, even if feldspars and feldspathoids have the molar
ratio Al;03/(NagO + K30 + CaO) = 1, so that their compositions always
plot on the meta-aluminous line, even if they have different silica con-
tents. A modest excess of alumina may occur in weathered fluxes, which
may contain kaolinite, or in particular raw materials (granite, pegma-
tite, gneiss), which can be peraluminous due to accessory minerals
(muscovite, cordierite, sillimanite, etc.). However, the most effective
way of reducing the degree of alumosity is to use low alumina fluxes —
natural (talc, chlorite, diopside, wollastonite, carbonates) or glassy (e.g.,
soda-lime-silica cullet) — instead of feldspathic raw materials. The use of
peralkaline granite/rhyolite/syenite is generally not effective because
the alkali excess is mostly due to mafic minerals (e.g., aegirine), which
are removed as much as possible during raw material processing.

The indications referring to the chemical composition of the batches
cannot be easily linked to their formulation in terms of raw materials or
mineralogical composition. For instance, when the samples are plotted
in the clay minerals-fluxes-quartz ternary diagram, the MAL and PAL
classes appear to overlap to a large extent (Fig. 12A). Several samples
belonging to all four classes fall within the white and super white por-
celain stoneware [1]. However, other samples fall into the recently
proposed field based on a microstructural design of the porcelain
stoneware bodies [21]: these are mainly the PAL3 compositions (as well
as some PAL2 and MAL). This supports the importance of assessing the
degree of alumosity of the batches, which is in agreement with the
recommendation to increase the content of kaolinite as a mullite pre-
cursor [21].

The approach followed in the present study also allows the ambiv-
alent role of mullite to be highlighted, both from a microstructural point
of view and as the main buffer of alumina. In fact, the alumina content of
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the melt (and therefore its viscosity) depends to a large extent on the
dissolution-precipitation of mullite [8,13,18].

However, in order to describe the batch composition in mineralog-
ical terms, it is necessary to overcome the ambiguity, particularly
insidious in triaxial batches, that raw materials (clays, fluxes, silica
sources) do not correspond exactly to the minerals (kaolinite + illite,
feldspars, quartz).

In terms of batch design, the four classes of porcelain stoneware
correspond to predictable variations in the ratio of raw materials, with a
progressive decrease in average fluxes content and a parallel increase in
average clay minerals content as alumosity increases (Fig. 12B). How-
ever, these trends do not adequately convey the complexity of porcelain
stoneware batch design: for example, the increase of clay minerals in
peraluminous bodies is accompanied by a greater share of kaolinite. On
the other hand, the decrease in fluxes with increasing alumosity is
somewhat offset by the increase in the incidence of sodium feldspar on
the total fluxes (Fig. 12B).

Vitrification paths have been investigated here for the first time over
the whole compositional range of porcelain stoneware, but their defi-
nition still suffers from some limitations, mainly depending on impor-
tant firing reactions that have not been sufficiently studied to allow their
accurate prediction and modelling. These are, in particular, the effi-
ciency of mullitisation and the degree of involvement of quartz in
feldspar melting. Although mullite formation has been extensively
investigated in the context of porcelain-like materials [2,8,13,20,52-55,
60,61], it is not well understood how it varies upon different charac-
teristics of kaolinite and illite, such as particle size and degree of
structural disorder [62]. In addition, little is known about the stability of
mullite in contact with the liquid phase at high temperature [30,63].
Melting of quartz and feldspar does not take place according to eutectics,
but occurs with ratios that reflect a complex interplay between kinetics
and thermodynamic equilibrium, where particle size and degree of
alteration of raw materials can play a non-negligible role.

Meta-aluminous batches (MAL) can be obtained by compensating
for the peraluminous character due to clay minerals through a signifi-
cant substitution of feldspathic raw materials (10-20 wt%) with low
alumina fluxes. This gives rise to highly polymerized, slightly peralka-
line melts which, due to their lower viscosity and higher surface tension,
ensure an early onset of densification and faster sintering rates
compared to peraluminous batches. The peculiar vitrification path of the
MAL bodies, which extensively involves quartz and mullite but favours
the permanence/precipitation of feldspars, renders the typical buffering
effect of porcelain stoneware largely ineffective, resulting in lower sta-
bility at high temperature and lower densification efficiency with
respect to PAL batches.

Slightly peraluminous batches (PAL1) can be designed by using
high amount of fluxes and selecting less aluminous clay materials (e.g.,
illite-kaolinite ball clay instead of kaolin) or even using small amounts of
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Fig. 12. A) Batch formulations of the four classes of porcelain stoneware in the Clay minerals-Fluxes-Quartz ternary diagram, compared with fields of white and
super white bodies (S, after [1]) and batches with microstructure-oriented design (D, [21]). B) Amount of clay minerals and fluxes in the batches (mean value +
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low alumina fluxes (generally <5 %). These formulations produce meta-
aluminous to slightly peraluminous melts, which have higher viscosity
than the liquid phases of the MAL batches and therefore higher densi-
fication start temperatures and slower sintering rates. However, the
densification efficiency and stability at dwell temperature are on
average better than those of the MAL bodies.

Frankly peraluminous batches (PAL2) have a flux-to-clay ratio
intermediate between PAL1 and PAL3, stemming from the use of clay
materials of average alumosity (ball clay prevalent on kaolin) together
with silica sources and fluxes (in particular abundant sodic feldspar).
The resulting liquid phases are moderately peraluminous in composi-
tion. PAL2 formulations allow maximum dimensional stability and good
efficiency of densification to be achieved, despite the rather slow sin-
tering kinetics and the slowest start of densification among porcelain
stoneware batches.

Strongly peraluminous batches (PAL3) are characterized by the
lowest flux-to-clay ratios and significant use of kaolin rather than ball
clay. The resulting greater refractoriness is commonly compensated by
the extensive use of sodium feldspar or strong fluxes (not the low-
alumina ones). The liquid phases that form in these batches are the
most peraluminous and least polymerized within the porcelain stone-
ware field, placing them at a certain distance from the liquidus surface at
temperatures around 1200 °C. PAL3 formulations allow the maximum
densification efficiency to be achieved, but on the other hand they have
a slightly lower average dimensional stability at dwell temperature
compared to PAL2 bodies.

4. Conclusions

The present study highlights the existence of different vitrification
paths within the compositional perimeter of porcelain stoneware, which
was investigated for the first time across its entire range on the basis of
literature data and unpublished results for industrial and laboratory
batches. Only bodies that fulfil the requirements for porcelain stoneware
were considered: quantitative data of chemical-mineralogical composi-
tion of the batch, phase composition of fired body, and sintering
behaviour were provided.

The phase transformations that give rise to the different vitrification
paths — observed in previous studies for more or less narrow composi-
tional ranges — were interpreted in relation to the SiO3-Al;03-NagO
phase diagram. In this way it was possible to corroborate the observa-
tions of previous studies and to place them in a conceptual framework
which allows the batch composition to be related to phase trans-
formations during firing, liquid phase properties and sintering behav-
iour in a cause-and-effect manner. Thus, non-linear trends as a function
of alumosity (Al,03/Al,03+NasO + K30 + CaO + MgO) and silica
content of batches emerge, consistent with the stability of the crystalline
phases in contact with peralkaline or peraluminous melts, as predicted
by the phase diagram.

Although the liquid phase forms in comparable amounts throughout
the compositional range of porcelain stoneware, it is possible to identify
chemical gradients suggesting a complex patchwork in which pseudo-
structural parameters of the melts change mainly as a function of
alumosity. These gradual variations have significant effects on the
physical properties that govern the sintering behaviour, first of all the
melt viscosity. The liquid phases in most of the porcelain stoneware
range are more or less highly polymerized, with little variation in the
values of pseudo-structural parameters. Nonetheless, there are impor-
tant changes in the composition of glass network formers, modifiers, and
charge compensators as a function of alumosity.

Crucial in this regard is the role of aluminium, as it can easily change
its distribution between crystalline phases and melt, where it can
simultaneously act as a glass network former and a modifier. Aluminium
speciation is largely controlled by the formation and persistence of
mullite, with a direct effect on the liquid phase. As the alumosity of
porcelain stoneware batch increases, a greater quantity of mullite is
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formed (also thanks to a greater mullitisation index). The liquid phase
reacts by increasing Al as glass network former (to the extent allowed by
the availability of charge compensators) and then converting Al from
former to modifier. These complex phenomena contribute to reducing
the variation gradients of the melt viscosity, since Al as a glass network
modifier has less impact than alkalis, and the viscosity-alumosity curve
is much less steep on the peraluminous side than on the peralkaline side.
Another relevant effect is the persistence/dissolution of quartz, which
allows the loss of solid load (reduction in effective viscosity) to be
compensated by increasing the silica content of the melt (increase in
liquid phase viscosity). Therefore, there are two distinct mechanisms
that spontaneously dampen variations in effective viscosity across the
compositional range of porcelain stoneware.

Batch design has been revisited in relation to the chemical compo-
sition of the bodies, attempting for the first time to describe the
dependence of performance on composition in terms of pros and cons. In
this way, a predictive tool is available to complement the inescapable
technological assessments in the formulation of porcelain stoneware
batches.
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SUPPLEMETARY MATERIALS

Table S1 (supplementary material)
Chemical composition (dry basis) and mineralogical composition of unfired batches. Phase composition of fired porcelain stoneware bodies.

[34] [36] [8] [40] [37]
% weight 10 ‘ B2 | F2 L2 S2 G2 | G4 STD W6.5 D12 P14 GSTO | GPOR | POST BR ‘ BFO BF1 | BF5 ser-S ser-F
SiO; 7081 70.61 6821 70.73 68.75 70.66 70.52 71.36 69.74 69.47 68.43 72.53 71.66 71.97 73.81 71.14  71.59 71.65 76.76 73.76
TiO, 0.70 0.66 0.66 0.65 0.72 0.79 0.87 0.98 0.92 0.87 0.89 0.61 0.50 0.78 0.54 0.48 0.48 0.48 0.79 0.02
Al,Os 1993 17.17 18.76 16.88 17.09 20.24 20.55 18.51 17.33 16.66 18.84 16.53 19.35 20.02| 1747 1768 15.67 16.84 16.76 15.01
Fe,O3 0.74 0.72 0.68 0.67 0.66 0.89 1.04 2.19 2.07 2.01 2.40 0.58 0.42 0.51 0.58 0.52 0.52 0.52 1.01 0.18
MgO 0.44 0.78 0.60 0.95 0.42 0.46 0.48 2.34 2.25 4.16 2.17 1.07 0.70 0.66 0.49 1.39 0.43 1.17 1.04 0.00
CaO 0.86 2.58 2.66 1.59 0.82 0.92 0.98 0.17 3.13 2.63 0.36 2.50 0.43 0.59 0.58 2.94 3.75 2.27 0.03 0.19
Na,O 3.64 5.05 3.14 5.89 4.02 3.13 2.62 0.06 1.46 5.03 6.13 4.40 4.16 3.72 3.72 3.72 0.19 2.99
K20 2.87 2.43 2.84 2.47 3.69 2.78 2.70 3.32 3.11 3.04 3.46 1.16 0.81 1.07 2.27 2.03 2.03 2.29 3.42 7.84
ZrO, 0.01 0.39 0.09 0.19 0.24 0.22 0.21 0.22 0.00 0.00 1.69 0.96
others 245 0.14 3.43
Alumosity* 73.56  61.62 64.00 60.99 63.77 75.11 76.67 75.61 65.90 59.45 71.60 62.94 73.90 74.71 71.29 62.85 61.35 63.86 66.25 66.05
lllite +1/S 11 11 11 11 11 11 10 8 8 7 9 13 10 13 37 16
Kaolinite 22 21 21 21 21 21 20 20 26 25 25 19 19 20 18 26
Quartz 23 19 19 19 19 24 24 32 31 30 31 24 25 28 38 40
Plagioclase 27 18 18 18 18 18 10 1 1 1 14 22 44 37
K-feldspar 15 10 10 10 10 10 5 31 20 20 18 <1 1 <1l 2 8
Glass 20 20 20 20 13 26 20
Fe-oxides 1 1 1 1 1 1 <1 2 2 2 2 <1 <1 1 2 1
Accessories 1 1 1 1 1 2 4 8 14 17 1 1 1 1 4 3
Quartz 23.2 14.0 16.0 15.9 13.3 23.0 22.4 27.2 25.8 28.9 24.4 14.9 20.1 20.4 20.5 18.0 13.7 17.9 20.0 28.2
Mullite 5.9 1.9 3.4 0.5 1.3 7.4 9.3 7.7 3.9 3.7 3.6 4.6 6.9 3.0 5.7 4.7 3.5 4.8 6.9 6.8
Plagioclase 4.7 10.4 9.3 11.3 3.0 2.2 0.8 0.5 3.3 1.8 0.9 19.1 6.4 35 53 15.7 11.8 11.7 0.5 1.9
K-Feldspar 4.6 3.2 10.6 2.2 12.1 0.4 0.3 1.4 1.0 1.6 1.0 1.9 1.2 34 2.5 2.2
Zircon 0.7 0.8
Vitreous phase 61.6 70.5 60.7 70.1 70.3 67.0 67.2 64.6 65.6 62.1 71.1 59.7 65.6 71.2 67.3 58.2 66.1 62.9 71.9 62.3

*[Al203/(Al203+Na20eq)*100]




Table S1 (continued)
Chemical composition (dry basis) and mineralogical composition of unfired batches. Phase composition of fired porcelain stoneware bodies.

[39] [33] [35] [18] [32]
% weight vo | e EGo | EAs3 | ENs3 | Eas3 co | cs NA | NnaB | AT | AP | NAK | K wr | wiz | we
sio, 70.90 69.23| 7041 6887  68.73 67.93| 7204 7053| 7000 7104 7273 7389  69.66  69.31| 69.55 6779  67.56
TiOs 0.65 0.70 0.72 0.63 0.63 061| 062 064 0.72 0.22 0.60 0.54 0.67 0.63 0.24 0.24 0.26
ALO; 20.79 2051| 2020 2078  20.84 21.25| 1048  1897| 2127 2098 1876 1750 2096  20.65| 21.38 2285  23.34
Fe.0s 0.46 0.98 0.72 0.80 0.78 076| 056 082 0.46 0.56 0.62 0.58 0.45 0.44 0.43 0.46 0.47
MgO 0.59 1.26 0.72 0.69 0.69 0690| 036 061 0.30 0.41 0.24 0.49 0.28 0.27 1.31 1.30 1.30
Ccao 0.55 175 0.80 0.65 0.65 061 045 212 0.38 0.77 0.79 0.58 0.34 0.30 0.82 0.71 0.71
Na;O 473 422 3.82 3.39 3.55 387| 416 387 5.66 476 451 4.16 3.67 1.69 3.44 2.98 2.94
K,0 1.32 1.34 2.62 421 4.15 427| 232 244 121 1.25 1.74 2.27 3.96 6.71 0.67 151 1.25
10, 2.12 2.13 213
others
Alumosity* 74.46 69.55| 7284 7238 7213 71.63| 7428 7030| 7435 7481 7312 7129 7475  7509| 7588 7720  78.08
llite +1/S 12 12 17 17 17 17 18 25 4 4 5 6 5 16 8 14 12
Kaolinite 21 20 15 14 14 14 11 11 23 23 18 16 23 16 32 32 36
Quartz 22 22 23 19 20 19 26 26 19 23 27 29 19 20 27 24 25
Plagioclase 40 34 33 35 36 35 40 30 48 42 41 37 32 15 29 24 25
K-feldspar 3 3 10 15 14 14 5 6 5 8 11 20 31 1 3 3
Glass 6 1
Fe-oxides <1 1 1 1 1 1 <1 <1 <1 1 1 1 <1 1 <1 <1
Accessories 2 2 1 1 1 1 1 1 1 1 4 4
Quartz 21.9 18.8 19.7 17.7 20.2 192 214 215 17.8 19.1 235 22.0 19.7 18.6 17.4 15.5 13.8
Mullite 9.9 7.8 10.2 9.7 9.9 9.0 9.5 6.8 10.2 9.6 7.0 6.1 9.9 9.9 115 12.6 14.0
Plagioclase 5.0 9.4 3.0 15 2.8 15 202 8.3 2.4 2.0 16 11
K-Feldspar 2.8 3.9 1.7 3.7
Zircon
Vitreous phase 63.2 64.0 67.1 69.8 64.5 689| 658 477 63.8 69.0 67.3 71.6 70.5 69.9 67.7 69.6 69.9

*[AlL,03/(Al,05+Na,0eq)*100]




Chemical composition (dry basis) and mineralogical composition of unfired batches.

Table S1 (continued)

Phase composition of fired porcelain stoneware bodies.

[42] [38] [44] [15] [41] [26]
% weight CE co N | kb | ko | kr L 0s RU TaB | Tac | TaD L20 G17 c17 s15a | st5c
SiO; 73.70 73.96 74.31 72.96 69.47 69.75 74.71 69.79 69.36 70.15 70.44 68.81 67.68 75.17 70.13 73.54 71.01
TiO, 0.43 0.45 0.42 0.33 0.46 0.55 0.67 0.56 0.72 0.96 0.69 0.65 0.53 0.58 0.94 0.45 0.23
Al,O3 16.25 16.23 15.84 16.42 18.04 17.88 16.13 19.21 19.35 21.55 20.54 21.56 23.96 17.83 19.55 16.49 20.14
Fe,O3 0.73 0.79 0.72 0.90 1.11 0.52 0.77 0.66 0.63 0.53 0.64 1.25 0.52 0.33 0.44 0.66 0.64
MgO 0.44 0.45 0.50 0.42 0.30 0.40 0.50 0.72 0.75 0.21 0.46 0.56 0.59 0.29 0.58 1.00 0.69
CaO 1.62 1.56 1.60 1.38 1.27 1.29 1.64 1.89 1.93 0.74 0.74 0.79 0.63 0.37 0.73 1.47 2.44
Na,O 2.95 4.02 4.04 4.42 4.88 4.93 3.07 5.36 5.55 4.85 4.80 4.81 3.92 3.42 5.20 3.17 4.32
K20 2.37 2.40 2.42 1.55 1.55 1.57 2.38 1.62 1.47 1.01 1.69 1.57 1.90 1.81 2.43 0.53 0.53
ZrO, 1.52 0.14 0.15 1.61 2.93 3.11 0.14 0.19 0.24 2.69
others
Alumosity* 69.96 66.94 65.97 68.33 69.91 69.08 69.09 66.63 66.37 76.40 73.43 74.00 77.96 76.53 69.70 71.16 72.57
lllite +I/S 10 15 9
Kaolinite 21 16 24
Quartz 21 21 19
Plagioclase 41 42 41
K-feldspar 6 5 6
Glass
Fe-oxides <1 <1 1
Accessories 1 1 1
Quartz 28.8 24.5 26.5 21.7 18.0 16.3 27.3 15.1 14.3 11.2 10.3 9.9 17.2 35.7 24.2 28.0 19.0
Mullite 6.5 5.9 5.1 5.7 6.0 5.5 5.9 6.1 4.8 121 111 10.1 11.8 5.7 4.2 6.3 10.1
Plagioclase 6.7 6.3 1.2 6.8 8.8 1.4 20.0 22.1 1.9 5.2 3.0 1.9 1.6 10.6
K-Feldspar 3.8 2.0 4.0 2.4 2.5 2.4 2.7 6.5 4.6 1.0
Zircon
Vitreous phase 59.2 60.9 58.1 67.2 62.1 63.0 62.7 52.3 54.2 74.8 73.4 77.0 68.2 57.0 71.6 61.7 60.5

*[AlL,O3/(Al,05+Na,0eq)*100]




Table S1 (continued)
Chemical composition (dry basis) and mineralogical composition of unfired batches. Phase composition of fired porcelain stoneware bodies.

unpublished
% weight C Vo GF5 GF9 GR | G1 | G2 GPO AM FW P2 P4
SiO; 68.89 68.24 70.75 67.68 65.72 67.92 69.92 69.67 70.85 71.90 65.92 70.41 70.00
TiO, 0.38 0.31 0.73 0.67 0.60 0.79 0.93 0.80 0.56 0.67 0.37 0.78 0.85
Al,O3 19.00 19.23 21.46 20.64 21.46 22.02 21.02 20.71 21.45 18.72 23.76 20.58 21.22
Fe,03 111 1.01 0.45 2.93 3.06 1.20 0.80 1.49 0.43 0.62 0.34 0.95 1.15
MgO 0.42 0.32 0.09 1.35 1.33 0.75 0.73 0.75 0.55 0.24 0.21 0.44 0.44
Cao 0.67 0.42 0.27 1.06 1.22 0.98 1.13 1.67 0.40 0.92 0.79 0.86 0.86
Na,O 2.49 3.36 4.78 3.83 3.94 2.95 3.01 2.96 4.74 5.08 4.89 3.21 2.77
K20 2.52 2.99 1.47 1.81 2.65 3.28 241 1.81 1.02 1.84 1.19 2.66 2.46
ZrO, 4.56 4.40 0.03 0.02 0.10 0.04 0.13 2.53 0.07 0.14
others
Alumosity* 77.44 75.37 77.61 71.41 70.27 74.95 75.08 74.32 76.20 70.92 77.57 75.66 77.75
lllite +1/S 17 17 21 13 9 8 10 5 11 10
Kaolinite 19 18 21 22 23 27 14 28 21 20
Quartz 22 19 24 25 27 23 25 16 23 22
Plagioclase 34 36 24 30 32 38 43 42 18 10
K-feldspar 6 8 7 9 8 3 8 5 10 5
Glass 14 28
Fe-oxides 2 2 1 1 1 1 <1 1 <1
Accessories 1 1 3 1 4 2 3
Quartz 24.9 21.4 18.5 23.1 17.1 23.9 24.8 25.5 13.6 24.0 15.7 23.3 20.5
Mullite 14.4 13.4 9.0 7.5 4.3 7.4 4.8 6.9 8.8 5.2 7.4 9.9 115
Plagioclase 0.7 0.4 3.2 3.9 1.0 3.8 2.0 1.8 10.0 54 34 13 0.5
K-Feldspar 0.4 1.2 11 15 3.9 15 13 0.5 0.2
Zircon 2.4
Vitreous phase 52.1 57.4 68.2 64.4 76.1 60.9 68.3 65.8 66.1 64.1 71.1 65.0 67.3

*[AlL,O3/(Al,05+Na,0eq)*100]




Table S2 (supplementary material)
Methods followed for calculation of parameters used in data interpretation.

Parameter Definition
Ratio of alumina to the sum of alumina and total flux oxides (Wt%): Al203/(Al203+Na2Q0eq)*100.
Alumosity Contribution of K, Ca and Mg are included in the Na2Oeq parameter, calculated as the sum Na2O + MgO + CaO + K20, having care to express the

data as Na20 equivalents using the following molar ratios: 1.538 (MgO), 1.105 (Ca0), 0.658 (Kz20).

Chemical composition of mullite

Formula Ala+2xSiz2-2xO10-x (0.17<x<0.59)
Al20sMY (mol%) = (1443+*a) — 1028.06; SiO2MY = 100 — Al203MY, where a = length of a axis of the unit cell of mullite (nm)

Mullitisation index

Ratio between mullite in the ceramic body and mullite potentially formed by kaolinite and illite in the batch: Mullite/(potential Mullite)
where potential Mullite = (fk * %wt kaolinite) + (fi * %wt illite); factors fk = 0.55 and fi = 0.30 by stoichiometry of firing reactions:
1.125-Al4Si4010(OH)s (kaolinite) = Ala5Si1.500.75 (mullite) + 3-SiO2 (amorphous silica) + 4.5-H20 (water vapour)
1.8:(Ko.56,H300.44)Mgo.4Al2 2Si3 5010(OH)z2 (illite) = 0.66-Al45Si1509.75 + 1.0-KAISisOs + 0.7-MgO + 2.1-SiO2 + 2.2:-H20

Quartz variation (%)

100 * (Qp — Qc) / Qp, where Qc is the amount of quartz in the ceramic body and Qp is the amount of quartz in the batch, normalized to the loss of
ignition: Qp = 100 * Qb / (100 — L.0.1.)

Feldspars variation (%)

100 * (Fv — Fc) / Fo, where Fc is the amount of feldspar in the ceramic body and Fy is the amount of feldspar in the batch, normalized to the loss of
ignition: F = 100 * Fp / (100 — L.0.1.); F can be either plagioclase or K-feldspar, or their sum.

Quartz/feldspars melted
fractions ratio

Ratio between the quartz variation and the feldspars variation after firing: (Qv' — Qc) / (Fo — Fc)
It represents the fraction of quartz melted every unity fraction of feldspars melted.

Degree of polymerization of the melt
(NBO/T)

From the composition of the liquid phase: Number of Non-Bridging Oxygens (NBO) per Tetrahedrally-coordinated cations (Si, Al) as atomic
percentage.

Charge compensated aluminium in
tetrahedral coordination (CCAT)

From the composition of the liquid phase: AI®* charge compensated by alkali and alkaline earths: CCAT (atom%) = Na+ K+ 2Ca + 2Mg (up to
max value = Al)

Alumina excess in the melt (Alex)

Alumina in the liquid phase exceeding the CCAT, corresponding to Al** with oxygen coordination higher than 4: Alex (atom%) = Al (total) — CCAT

Glass network formers (GNF)

From the composition of the liquid phase: GNF (atom%) = Si + CCAT, corresponding to Al** charge compensated by alkali or alkaline earths

Glass network modifiers (GNM)

From the composition of the liquid phase: alkali and alkaline earths exceeding CCAT: GNM (atom%) = Na + K + Mg + Ca — CCAT

STAF

Empirical parameter, defined as the sum of SiOz + aTiO2 + bAl203 +cFeOt, in molar percentage, where a, b and ¢ are adjustable parameters.

Relative viscosity (nrel)

estimated from the steric effect of crystals dispersed in the liquid phase by the Costa’s relation: nrel =[1-(¢/¢pm)]-8¢™, where ¢ is the solid load, ¢m is
the critical fraction (set to 0.72) — below which the relative viscosity starts to lower — and B is the Einstein constant (i.e., B =2.5)

Effective viscosity (nefr)

the effective viscosity of the body (neft, Pa-s) is the product of the viscosity of the liquid phase (nmer, Pa-s) by the relative viscosity (hrel, adim.): neft =
Nrel * Mmelt.
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Table S3 (supplementary material)
Chemical composition, pseudo-structural parameters, and physical properties of the liquid phase. Sintering behaviour of porcelain stoneware.

[36] [8] [40] [37]
property unit 10 | B2 ‘ F2 ‘ L2 | S2 ‘ G2 ‘ G4| STD ‘ W6.5 ‘ D12 | P14 | GSTO | GPOR ‘ POST| BR | BFO ‘ BF1 ‘ BF5| ser-S| ser-F
Firing temperature °C 1200 1200 1200 1160 1220 1200 1220 1215 1185 1185 1170 1200 1200 1225 | 1220 1220 1240 1220 1225 1195
SiO, Yowt 65.77 67.24 63.42 65.76 64.49 65.56 66.66 | 66.02 63.23 60.28 61.46| 66.30 6840 68.51|70.38 66.83 69.64 68.44| 71.04 68.37
TiO, Yowt 0.99 0.93 1.10 0.94 1.59 1.32 1.58 1.90 1.76 1.75 1.59 1.02 0.76 1.05| 0.80 0.83 0.76 0.76 1.17 0.85
Al,Os Yowt 21.39 18.19 20.14 19.27 18.84 21.41 20.28| 19.63 20.02 2121 2283| 19.76 19.34 23.23|18.05 18.27 15.86 17.08| 15.32 17.46
FeOtot %wt 1.04 1.03 1.12 0.97 0.94 1.33 1.54 3.42 3.19 3.26 3.43 0.97 0.64 0.77| 086 0.89 0.79 0.83 2.04 1.69
MgO %wt 0.63 1.10 0.99 1.36 0.61 0.70 0.73 3.65 3.47 6.01 3.10 1.78 1.07 1.13| 0.72 239 0.67 1.86 3.94 4.58
CaO %wt 1.17 3.04 3.73 1.59 0.99 1.25 1.43 0.11 3.81 2.64 0.46 3.85 0.55 0.63| 0.86 5.06 490 361 2.31 2.59
Na,O Yowt 5.03 5.79 3.75 6.90 5.32 4.37 3.79 0.00 0.00 0.10 1.97 4.84 8.25 361| 526 322 356 3.74 0.23 0.74
K20 Yowt 3.99 2.68 1.73 3.00 2.34 4.05 3.94 5.18 4.44 4.66 4.95 1.48 0.98 1.08| 3.07 251 245 3.05 3.94 3.73
others Yowt 4.04 0.21 4.89
Alumosity* Y%owt 68.35 59.05 60.22 60.07 62.51 69.30 69.06| 68.21 61.62 58.06 68.48| 6140 6345 77.50|65.90 56.38 57.73 57.53| 57.25 57.16
Solid load 1 0.384 0.295 0.393 0.299 0.297 0.330 0.328| 0.354 0.344 0.379 0.289| 0.403 0.344 0.288|0.327 0.418 0.339 0.371| 0.281 0.377
NBOT at 0.236 0.058 0.050 0.047 0.033 0.298 0.259| 0.275 0.083 0.134 0.324| 0.040 0.054 0.541|0.127 0.087 0.062 0.068 0.09 0.09
GNF %at 39.0 40.8 40.3 40.5 40.1 37.3 38.8 39.8 41.5 42.0 40.1 41.5 41.0 38.340.40 40.77 40.95 41.00 40.2 40.2
Al fra GNF % 21% 23% 26% 24% 25% 21% 20% 18% 22% 25% 21% 22% 20% 19% | 19% 23% 20% 22% 20% 23%
GNM %at 3.67 1.68 3.35 1.51 3.30 5.53 3.63 1.53 1.36 1.87 2.12 1.01 1.23 514 | 258 2.67 204 1.88 1.47 1.58
Al fra GNM % 84% 16% 0% 29% 0% 78% 86% 7% 0% 0% 80% 0% 100% 100% | 80% 5% 0% 1% 0% 0%
CCAT %at 8.25 9.36 10.66 9.76 9.97 7.86 7.60| 10.60 10.60 11.23 9.99| 10.46 9.01 7.28| 750 953 839 901 8.30 9.60
NaK fra CCAT % 85% 70% 40% 78% 59% 69% 80% 65% 43% 42% 72% 46% 7% 69% | 86% 47% 56% 59% 40% 43%
STAF %mol 80.29 78.96 76.12 78.35 79.31 80.18 80.67| 7755 7440 7097 7460| 78.39 80.83 83.72|82.69 77.80 81.14 79.74| 79.71 77.88
Surface Tension N/m 0.346 0.344 0.358 0.347 0.342 0.343 0.339| 0.347 0341 0.369 0.359| 0.354 0.343 0.350|0.334 0.352 0.338 0.343| 0.343 0.354
Shear viscosity log Pas 491 4.65 4.30 4.82 4.64 4.96 4.90 4.59 453 3.821 4.568| 4.586 459 4916| 4.89 443 482 465 4.82 4.64
Relative Viscosity 1 3.94 2.58 4.14 2.63 2.60 3.01 2.99 3.38 3.22 3.84 2.52 4.37 3.22 251| 297 478 314 368 2.44 3.80
Effective Viscosity log Pas 5.50 5.06 491 5.24 5.05 5.44 5.37 5.12 5.04 4.41 4.97 5.23 5.10 532| 536 511 531 521 5.20 5.22
Melt timescale S 1.18 0.80 0.35 1.07 0.67 1.20 1.11 0.38 0.37 0.07 0.36 0.37 0.30 0.74 0.40 0.59
Bloating rate 1/min 0.0014 0.0074 0.0008 0.0063 0.0047 0.0007 0.0018| 0.0003 0.0010 0.0012 0.0009 | 0.0030 0.0019 0.0030 0.0043 0.0015
Sintering rate 1/min 3.51 2.56 1.25 2.92 1.95 2.27 3.42 3.30 3.60 3.10 3.30 1.78 1.98 2.56 3.20 1.16
Start densification °C 1036 928 985 946 942 991 990 971 952 949 954 957 1006 1035 961 969
Particle size um 5.1 6.1 6.3 5.6 5.3 4.5 4.8 34 3.7 3.7 35 34 2.7 3.1 2.1 4.8

*[AL,O4/(Al,05+Na,0eq)*100]




Table S3 (supplementary material)
Chemical composition, pseudo-structural parameters, and physical properties of the liquid phase. Sintering behaviour of porcelain stoneware.

[39] 33] [35] [18] [32] [44] | [15] | [41]
property unit VO | V6| EGO | EAS3| ENS3 ‘ EQS3 Co | c6 NA | NAB | AT ‘ ATP ‘ NAK | K w7 ‘ W12 | wo| L20| G17| cC17
Firing temperature | °C 1220 1200 1200 1200 1180 1180 1200 1180 1200 1200 1200 1200 1200 1200 1185 1190 1185| 1200| 1230 1200
SiO, Yowt 70.32 68.79 | 68.22 65.64 65.31 65.45 68.88 67.89| 68.86 69.72 6861 70.27 67.36 67.58| 70.13 70.37 69.11| 67.40| 65.23| 62.70
TiO, Yowt 1.13 1.23 1.07 0.97 0.91 0.88 0.95 1.34 1.13 0.33 0.53 0.43 0.95 0.90 1.04 1.01 1.03 0.79 1.02 1.31
Al,Os Yowt 17.63 17.41| 18.32 19.60 20.03 19.73 18.87 18.17| 18.98 19.29 19.47 18.04 19.34 18.44| 19.15 19.06 19.84| 21.29 | 23.17 | 22.88
FeOtot %wt 0.80 1.72 1.07 1.24 1.13 1.09 0.86 1.57 0.72 0.85 0.92 0.80 0.64 0.63 0.64 0.67 0.66 0.77 0.58 0.61
MgO %wt 1.04 2.22 1.07 1.07 1.00 0.99 0.56 1.12 0.47 0.62 0.36 0.68 0.40 0.39 1.94 1.86 1.87 0.87 0.51 0.81
CaO %wt 0.53 2.21 1.19 1.00 0.94 0.88 0.57 1.52 0.60 1.17 1.17 0.81 0.48 0.43 1.21 1.02 1.03 0.81 0.53 1.02
Na,O Yowt 7.30 5.51 5.16 4.98 4.67 5.54 6.11 4.46 7.34 6.14 6.36 5.81 5.21 2.42 490 4.22 4.29 5.52 5.76 7.26
K20 Yowt 1.25 0.91 3.90 5.50 6.01 5.45 3.21 3.93 1.90 1.89 2.59 3.17 5.62 9.22 099 1.79 2.17 2.56 3.19 3.39
others Yowt
Alumosity* %owt 63.11 59.28 | 63.15 63.34 64.14 62.94 66.06 63.48| 65.56 66.71 66.28 64.70 65.81 65.88| 65.98 67.11 66.99| 69.31| 71.51| 65.85
Solid load 1 0.368 0.360 | 0.329 0.302 0.355 0.311 0.342 0.523| 0.362 0.310 0.327 0.284 0.295 0.301| 0.323 0.304 0.301| 0.319| 0.430| 0.284
NBOT at 0.04 0.07| 0.054 0.067 0.092 0.051 0.14 0.08| 0.120 0.158 0.150 0.092 0.129 0.126| 0.129 0.169 0.159| 0.256| 0.351| 0.152
GNF Y%at 40.3 39.9 40.5 40.3 40.3 40.3 40.1 40.1 39.9 39.9 40.0 40.8 40.6 41.3 39.3 394 39.1| 38.82| 38.11| 38.73
Al fra GNF % 18% 19% 21% 24% 24% 24% 20% 21% 18% 19% 20% 19% 22% 24% 17% 16% 17% 19% 20% | 24%
GNM Y%at 2.37 2.92 1.88 1.44 1.51 1.61 2.43 2.17 3.48 2.67 2.92 2.11 1.42 0.38 466 4.55 4.59 4.50 5.00 3.30
Al fra GNM % 87% 62% 60% 53% 58% 39% 85% 79% 83% 87% 82% 7% 79% 0% 78% 80% 80% 88% 93% 82%
CCAT %at 7.46 7.76 8.56 9.61 9.73 9.57 7.93 8.33 7.33 7.73 7.92 7.93 9.11 9.76 6.49 6.47 6.84 7.32 7.61 9.42
NaK fra CCAT % 79% 50% 83% 86% 87% 80% 91% 59% 84% 91% 87% 88% 94% 97% 69% 71% 73% 85% 91% 87%
STAF %mol 82.08 78.92| 80.74 79.05 79.18 78.98 81.94 80.10| 8193 82.01 8141 8229 8159 82.28| 82.36 82.79 82.12| 81.51| 81.20| 78.39
Surface Tension N/m 0.336 0.349| 0.337 0.336 0.338 0.338 0.336 0.341| 0.338 0.342 0.340 0.336 0.331 0.322| 0.357 0.354 0.354| 0.342| 0.346| 0.346
Shear viscosity log Pas 4.64 4.60 | 4.8681 4.73518 4.95589 4.858418 4.94 5.08 4.86 4.90 4.87 4.93 5.00 5.27 | 5.0837 5.056 5.1895 4.91 4.69 4.64
Relative Viscosity |1 3.63 3.48 3.00 2.66 3.40 2.77 3.19 10.31 3.52 2.76 2.98 2.46 2.59 2.65 293 2.69 2.65 2.86 5.14 2.47
Effective Viscosity | log Pa s 5.20 5.14 5.34 5.16 5.49 5.30 5.44 6.10 541 5.34 5.35 5.32 541 5.69 555 5.49 5.61 5.37 5.40 5.03
Melt timescale S 0.72 0.70 0.68 0.48 0.80 0.64 0.83 1.42 0.75 1.53 1.23 1.53 1.26 2.30
Bloating rate 1/min 0.0002 0.0006 | 0.0019 0.0023 0.0019 0.0033| 0.0020 0.0011 | 0.0006 0.0002 0.0003 0.0005 0.0006 0.0003
Sintering rate 1/min 2.07 1.70 2.47 2.58 3.05 3.25 3.24 2.88 0.53 2.67 1.20 2.74 1.29 0.69
Start densification | °C 1000 992 1030 994 971 967 985 950 1083 1067 1022 1091 1022 1122
Particle size um 5.5 6.1 3.1 3.0 3.0 3.0 3.2 4.0 35 6.6 5.6 6.0 4.2 4.0

*[AL,O4/(Al,05+Na,0eq)*100]




Table S3 (supplementary material)
Chemical composition, pseudo-structural parameters, and physical properties of the liquid phase. Sintering behaviour of porcelain stoneware.

[42] [38] [26]
property unit CE ‘ CcOo ‘ IN | KD | KO ‘ KT ‘ LI | [0 | RU TaB TaC TaD S15a ‘ S15c
Firing temperature °C 1200 1200 1200 1200 1200 1200 1200 1200 1200 1220 1200 1200 1220 1220
SiO, Yowt 66.54 68.70 67.89 69.06 66.84 66.32 68.11 66.48 65.21 73.40 73.84 71.07 69.09 63.88
TiO, Yowt 0.74 0.72 0.74 0.48 0.93 0.74 1.06 1.09 1.35 1.22 0.92 0.82 0.80 0.79
Al,O3 Yowt 19.97 17.72 18.37 18.38 20.39 20.42 18.86 20.31 21.44 15.61 14.67 16.82 19.04 21.60
FeOtot %wt 1.25 1.27 1.23 1.34 0.85 1.78 1.22 1.26 1.16 0.69 0.85 1.56 1.07 0.74
MgO %wt 0.04 0.07 0.02 0.01 0.02 0.02 0.03 0.02 0.04 0.29 0.62 0.71 1.62 0.32
CaO %wt 2.77 2.55 2.76 2.06 2.11 2.04 2.62 3.69 3.61 0.91 0.73 0.89 2.38 4.75
Na,O Yowt 5.23 5.42 5.81 6.47 6.93 6.28 4.80 5.87 5.62 6.53 6.11 6.15 5.13 4.75
KO Yowt 3.03 3.40 3.03 1.75 1.93 1.89 3.15 1.09 1.34 1.35 2.26 1.99 0.86 3.17
others Yowt
Alumosity* Y%owt 65.86 62.62 62.79 64.97 65.87 67.57 65.74 65.51 67.02 63.75 61.05 63.84 63.74 63.21
Solid load 1 0.408 0.391 0.419 0.328 0.379 0.370 0.373 0.477 0.458 0.252 0.266 0.230 0.383 0.396
NBOT at 0.150 0.043 0.047 0.115 0.141 0.221 0.138 0.140 0.195 0.06 0.03 0.08 0.073 0.054
GNF Yoat 39.51 40.82 40.55 40.01 39.51 38.69 39.91 38.98 38.37 41.1 41.8 40.5 39.50 39.60
Al fra GNF % 21% 21% 22% 19% 21% 20% 20% 20% 21% 17% 17% 18% 18% 25%
GNM Yoat 3.17 1.60 1.90 2.74 3.28 3.85 2.85 4.17 4.76 1.88 0.90 2.16 4.21 3.48
Al fra GNM % 68% 42% 48% 73% 7% 81% 67% 68% 73% 78% 51% 75% 68% 49%
CCAT %at 8.40 8.71 8.81 7.73 8.27 7.69 8.07 7.91 7.89 6.79 7.31 7.28 7.21 9.74
NaK fra CCAT % 76% 79% 78% 81% 82% 81% 7% 67% 67% 88% 88% 85% 63% 63%
STAF %mol 79.97 80.65 80.16 81.02 80.48 79.43 81.09 79.64 79.48 84.50 84.05 81.76 80.61 78.01
Surface Tension N/m 0.343 0.337 0.339 0.341 0.344 0.345 0.340 0.350 0.352 0.330 0.330 0.336 0.348 0.349
Shear viscosity log Pas 4.90 4,94 4.87 4.87 4.83 4.78 5.08 4.85 4.86 5.04 5.12 4.91 4.61 4.53
Relative Viscosity 1 4.51 4.09 4.81 2.99 3.84 3.66 3.72 7.06 6.17 2.17 2.29 2.00 3.92 4.20
Effective Viscosity log Pas 5.56 5.55 5.55 5.35 5.42 5.34 5.65 5.70 5.65 5.38 5.48 5.21 5.21 5.16
Melt timescale S 1.67 1.32 1.01
Bloating rate 1/min 0.0011 0.0010
Sintering rate 1/min 2.83 2.56 2.89
Start densification °C 990 987 985
Particle size um 5.0 3.3 4.2

*[AL,O4/(Al,05+Na,0eq)*100]




Table S3 (supplementary material)
Chemical composition, pseudo-structural parameters, and physical properties of the liquid phase. Sintering behaviour of porcelain stoneware.

unpublished

property unit C E VO GF5 GF9 GR Gl G2 GPOR AM FW P2 P4
Firing temperature °C 1200 1200 1220 1200 1200 1200 1210 1220 1200 1200 1220 1200 1220
SiO, %owt 68.45 68.08 69.43 61.40 60.38 61.09 62.38 62.80 72.27 66.08 62.92 65.54 65.79
TiO, %owt 0.75 0.55 1.10 1.05 0.79 1.30 1.37 1.22 0.85 1.05 0.50 1.26 1.53
Al,O3 %owt 16.70 16.92 19.88 21.57 23.28 24.34 24.76 22.97 18.51 20.78 23.67 21.60 21.11
FeOtot %wt 2.18 1.80 0.70 4.55 4.01 1.96 1.18 2.26 0.65 0.97 0.46 1.41 1.77
MgO %wt 0.83 0.57 0.10 2.10 1.75 1.24 1.07 1.14 0.83 0.37 0.29 0.67 0.69
CaO %wt 1.33 0.75 0.30 1.39 1.55 1.35 1.53 2.42 0.01 1.08 0.88 1.17 1.29
Na,O %owt 4.76 5.89 6.39 5.38 5.05 4.26 4.13 4.24 5.77 7.14 6.22 4.46 4.08
K20 %owt 4.85 5.32 2.10 2.52 3.15 4.29 3.53 2.75 1.16 2.53 1.62 3.86 3.66
others Yowt

Alumosity* %owt 60.95 60.38 70.65 64.63 66.88 69.90 71.65 68.66 70.42 66.53 73.12 69.88 70.16
Solid load 1 0.479 0.426 0.318 0.356 0.239 0.391 0.317 0.342 0.339 0.359 0.289 0.350 0.327
NBOT at 0.063 0.061 0.275 0.203 0.285 0.36 0.40 0.27 0.24 0.16 0.42 0.298 0.310
GNF Y%at 40.8 40.8 39.21 40.2 40.6 37.1 36.9 38.6 39.5 41.0 375 38.4 38.2
Al fra GNF % 22% 22% 17% 19% 20% 23% 21% 21% 14% 24% 19% 20% 20%
GNM %at 0.81 0.80 3.90 2.48 2.04 5.32 6.25 4.06 4.32 1.57 6.39 4.29 4.40
Al fra GNM % 0% 0% 96% 0% 0% 84% 86% 84% 94% 100% 94% 85% 84%
CCAT %at 8.84 8.95 6.76 7.64 8.31 8.45 7.74 7.94 5.72 9.74 7.00 7.78 7.48
NaK fra CCAT % 86% 98% 96% T77% 73% 80% 7% 83% 92% 74% 88% 84% 81%
STAF %mol 79.21 79.33 83.40 71.82 72.26 76.62 78.79 76.80 84.64 80.03 81.19 80.14 80.01
Surface Tension N/m 0.333 0.329 0.336 0.356 0.357 0.353 0.353 0.353 0.339 0.344 0.349 0.344 0.344
Shear viscosity log Pas 4.76 4.64 4.96 3.96 4.04 4.59 4.67 4.37 5.20 4.75 4.69 4.95 4.81
Relative Viscosity 1 7.17 5.01 2.85 3.41 2.07 4.09 2.84 3.18 3.14 3.46 2.52 3.31 2.97
Effective Viscosity log Pas 5.61 5.34 541 4.50 4.36 5.20 5.12 4.87 5.70 5.29 5.09 5.47 5.28
Melt timescale S 0.66 0.79 0.53 1.27 0.72 0.63 0.98 0.68
Bloating rate 1/min 0.0012 0.0007 0.0018 0.0011 0.0017 0.0002 0.0007
Sintering rate 1/min 3.70 3.59 1.52 2.50 2.12 1.69 211 3.69 2.14 271
Start densification °C 973 980 945 956 910 993 994 995 1009 991
Particle size um 3.3 4.1 6.0 6.0 8.0 2.7 4.4 4.5 3.8 3.7

*[AL,O4/(Al,05+Na,0eq)*100]
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Figure 1S (supplementary material)
Graphical results of Rietveld refinement for sample V6 [39] fired at 1200 °C.
Goodness-of-fit statistics: Rp (%) 4.5; Rwp(%) 5.8; CHI**2 1.7
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Specimen volume

Figure 2S (supplementary material)

Methods followed for calculation of parameters used in data interpretation: Sintering behaviour

densification during the heating ramp

Vit start of
viscous flow

isothermal dwell time

constant rate ramp (80°C/min)

V3,t3: switch in densification rate:

V5.t maximum firing temperature

densification at constant rate:
neck formation stage

Ve, ts: shrinkage at the
end of dwell time

from constant to decreasing de-deneinical
e-densification

~ bloating

densification at decreasing rate:

\

vented bubble stage

V4ty: maximum shrinkage

Firing time =2
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Start of densification:
temperature at V.t

Initial sintering rate:
(Vo= V3) /(- 1)

Total sintering rate:
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Bloating rate:
(Vs = V)it — 1)



Figure 3S (supplementary material)
Trends of mullite, feldspars and vitreous phase as a function of alumosity and quartz as a function
of silica content
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Figure 4S (supplementary material)
Shear viscosity of peraluminous silicate melts (SiO2 content 67%) as a function of temperature and alumosity
Comparison with estimated viscosity of melts formed during the firing of porcelain stoneware
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