Journal of the European Ceramic Society 45 (2025) 117230

ELSEVIER

Contents lists available at ScienceDirect
Journal of the European Ceramic Society

journal homepage: www.elsevier.com/locate/jeurceramsoc

Journal of the
European Ceramic Society

t.)

Check for

Sintering mechanisms, phase transformations and microstructure of e
porcelain stoneware containing thermally inertized man-made

vitreous fibres

Sonia Conte ™
Chiara Zanelli®, Alessandro F. Gualtieri”

, Riccardo Fantini”, Rossella Arletti”, Chiara Molinari ®, Michele Dondi *®,

& CNR-ISSMC, National Research Council, Institute of Science, Technology and Sustainability for Ceramics, Via Granarolo 64, Faenza 48018, Italy
b Department of Chemical and Geological Science, University of Modena and Reggio Emilia, Via Giuseppe Campi 103, Modena 41125, Italy

ARTICLE INFO ABSTRACT

Keywords:

Porcelain stoneware
Inertized vitreous fibres
Sintering mechanisms
Phase composition
Microstructure

The waste incorporation into porcelain stoneware is a key strategy for enhancing sustainability in ceramic
production. To achieve a satisfactory finished product, a crucial aspect to be investigated is the effect that a waste
can induce on the tile sintering behaviour, which, in turn, determines its final technological properties. This
study investigates the effect of a glass deriving from the thermal inertization of man-made vitreous fibres on the
sintering of porcelain stoneware tiles, obtained by pressing and fast firing. Results indicated that it is easier to

incorporate into porcelain stoneware than other peralkaline glasses, due to its tendency to crystallize in the early
stage of the densification process, limiting the interaction with the ceramic matrix and allowing the achievement
of a good densification. Otherwise, the microstructure of the fired tiles in overfiring conditions is influenced,
since the loss of bulk viscosity and likely the Fe®* reduction led to bloating phenomena.

1. Introduction

Silicate ceramics are good waste acceptors, since they are made up of
a heterogeneous mixture of minerals, which is intrinsically prone to
accommodating extraneous components. The introduction of waste into
ceramic bodies is tolerated as far as its technological behaviour re-
sembles those of conventional raw materials. This implies that variations
in the production process and of the properties of semi-finished and
finished products must be manageable with the ceramic facilities [1-5].
Porcelain stoneware, being one of the prevailing typologies of tradi-
tional ceramic tiles globally produced [6,7], is the main target of waste
recycling, accounting for more R&D studies than any other ceramic tile
type. Since light-coloured bodies, such as porcelain stoneware, are ob-
tained by complex batches, the main technological role of the waste
must be predicted prior to introduce it in replacement of a given type of
raw material. Literature data indicate that the most common substitu-
tion in these bodies is waste in replacement of flux (66 % of the 120
analysed papers in Zanelli ad co-workers [4]), and less frequently of
plastic component (22 %) or filler (12 %). Many kinds of waste, such as
those from mining, quarrying and treatment of minerals, from thermal
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processes, from construction, demolition, and dredging, from inorganic
chemical processes, from the production of ceramics, glasses, and re-
fractories, and so on, were tested at different technology readiness levels
(TRLs). Among them, Soda-Lime-Silica (SLS) glass, residues of the tile-
making process, and waste from minerals extraction, showed the higher
TRL (9), being already employed as technological solution industrialized
and put on the market [4]. Indeed, the use of waste glasses in the
ceramic tile production has been extensively investigated in the last
decades, for their fluxing power able to lower the firing temperature [8].
The technological behaviour of porcelain stoneware bodies containing
SLS glass has been thoroughly investigated, especially for as concerns
the firing stage [5,9-23]. In depth examination of sintering behaviour in
terms of kinetics, phase transformations and microstructure was also
carried out [24-26]. These studies improved the understanding of the
SLS glass effect beyond its fluxing role, disclosing the evolution of melt
properties with firing and the sintering mechanisms. The same degree of
investigation is not found for other types of glass introduced into por-
celain stoneware batches. Technological data are available, although
much less than SLS, for glasses from Waste Electrical and Electronic
Equipment (WEEE): PC-TV screen [14,27,28], PC-TV cathodic tube
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(CRT) [11,14,27]; other post-consumer glasses (such as thin-film tran-
sistor liquid-crystal display TFT- LCD [29], vial [30]); glasses from waste
melting (municipal solid waste incinerator fly ashes by the application
of thermal plasma melting [31], vitrified wastes, such as feldspar mining
residues and lime from fume abatement system of the glass industry,
admixed with SLS or PC-TV glass [32,33]). On the other hand, the effect
that these kinds of glass can induce on the sintering behaviour of por-
celain stoneware bodies has been seldom investigated [25]. Actually, all
of them are amorphous materials (or present a negligible crystalline
component), and can be basically distinguished on their chemical
composition, which is usually far from that of conventional fluxes (i.e.,
feldspar). The introduction of a glass with a very different composition,
compared to feldspathic fluxes, can induce effects on the vitrification,
mullitization and even recrystallization paths, as well as on the physical
properties of the melt, such as shear viscosity and surface tension, which
govern the sintering. This aspect turns to be crucial and cannot be
generalized in the case of glasses derived from waste melting, since their
chemical composition strongly depends on the types of residues and
additives involved in the vitrification treatment, so their behaviour has
to be evaluated case by case.

In this work, the effect of a glass deriving from the thermal inerti-
zation of man-made vitreous fibres (MMVF) — with a composition lower
in silica and higher in Ca-Mg-Fe with respect to a feldspar — on the
sintering of porcelain stoneware bodies is addressed. The inertization
process of the fibres into massive glass and the technological feasibility
of incorporating this glass into porcelain stoneware batches have been
already assessed in a previous study [34]. Here the goal is to shed light
on sintering mechanisms, particularly kinetics and efficiency of densi-
fication, phase transformations and microstructure of porcelain stone-
ware containing this inertized product.

2. Experimental

The four different batches analysed here were previously produced
to assess the technological feasibility of the use of inertized man-made
vitreous fibres, named Re.Wo. (Recycled wool), for porcelain stoneware
production [34]. The batches considered are a benchmark, named VO,
representing a classical industrial formulation for porcelain stoneware,
and three batches with increasing additions of Re.Wo. in substitution of
feldspars: 3 wt% (V3), 6 wt% (V6) and 9 wt% (V9). Formulations of the
batches and their chemical composition (wt%) are reported in Table S1,
supplementary materials. These batches underwent the simulation of
the industrial tile-making process at the laboratory scale. The raw ma-
terials were ball milled in a porcelain jar using dense alumina grinding
media, 40 wt% water (by weight of the slip) and 0.3 wt% deflocculant
(sodium tripolyphosphate) by weight of dry batch, for 15 min. The slips
were oven dried, de-agglomerated using a hammer mill with grid of
500 um and manually granulated exploiting a sieve 2 mm with moisture
~ 8wt% as in use in the industrial practice. Powders were compacted
with a hydraulic press at 40 MPa into 110 x 55 x 5mm tiles and then
dried in oven at 105 °C overnight. The tiles were fired at different
maximum temperature (Tpay) based on their thermal behaviour: the
benchmark VO was fired at T2y = 1180, 1200, 1220 and 1240 °C, while
batches containing Re.Wo. were fired at Tpax = 1160, 1180, 1200 e 1220
°C. The results of the laboratory-scale simulation demonstrated that the
introduction of Re.Wo., within certain limits, retains the properties
required for the semi-finished and finished products. This despite the
relatively high amount of iron oxide (up to 1.2 wt%), beyond the values
typical for porcelain stoneware [34].

In the present work, the sintering behaviour of the four batches was
evaluated by hot stage microscopy, using an optical thermo-dilatometer
(TA, ODP868, Germany) which registered the size variation of a
5 x5 x 5mm chip cut from the dry samples, determined by the pixel
count during a thermal cycle. The tests were run under isothermal
conditions at different maximum temperatures, from 1100 up to 1220
°C, with a gradient of 80 °C x min~! and dwell time of 30 min. Results
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were expressed in terms of both areal and linear firing shrinkage as a
function of time [35,36]. Different stages of the sintering process were
identified with reference to the densification curve, as described in
Figure S1, supplementary materials. Isothermal sintering rates were
calculated from early, linear and decreasing shrinkage (derived from
specimen height variation) by dwell time at the various maximum
temperatures. These in-situ tests also allowed the determination of the
kinetics in the de-sintering stage, i.e., the stage consisting in an inversion
of the sintering process that may occur once the maximum density is
reached, leading to a more or less accentuated expansion of the ceramic
body.

Other properties were calculated as follows: relative density — of both
unfired and fired bodies -with respect to specific weight by He-
pycnometry (ASTM C329); closed porosity =total — open, total
porosity calculated by He-pycnometry; efficiency of densification (ie.,
the density gained during the firing) as (relative density after firing —
unfired relative density) * 100.

Quantitative phase analyses (QPA) of all the fired tiles were obtained
from Rietveld refinement. X-Ray powder diffraction patterns were
collected using a 6-0 Bragg-Brentano PANalytical 'XPert Pro Diffrac-
tometer equipped with a Cu Ko radiation (A 1.5418 A) tube operating at
40kV and 40 mA and with a real time multiple strip (RTMS) detector.
The samples were ground using an agate mortar and the powder was
mixed with 10 wt% of corundum (a-Al;O3) NIST 676a as an internal
standard. Data were collected in the angular range 3-110°26, using a
step scan of 0.0167°20 and a counting rate of 12s/step. A 0.5° diver-
gence slit was used together with 0.04 rad Soller slits. The XRPD patterns
were analysed using the X-Pert High Score Plus suite [37]. To obtain
quantitative phase analyses the Rietveld method was used [38,39], and
the data were fitted using the Profex version 5.3.0 software [40]. The
crystal structures employed for the Rietveld refinements and other de-
tails are reported in Table S2, while selected XRPD patterns are shown in
Figure S2 (both in supplementary materials). A qualitative XRPD anal-
ysis was also performed on the V9 sample (fired at 1160 °C) after etching
the powder in HF 15 %. This data collection was performed in the 27-32
°20, with step size of 0.0167°26 and a counting rate of 600 s/step.

The chemical composition of the vitreous phase was estimated based
on the quantitative chemical and phase composition of fired body by
subtracting the chemical contribution of each crystalline phase,
considering its stoichiometric formula, from the bulk chemistry (the
resulting values were normalized to 100 %). The physical properties of
the non-crystalline phase at high temperature were estimated by pre-
dictive models based on its chemical composition. The shear viscosity
was calculated based on the Giordano-Russell-Dingwell model [41], and
the gas-liquid surface tension was estimated interpolating the data ob-
tained by Appen’s [42] and Dietzel’s [43] methods. The melt timescale
was calculated based on Vasseur et al. [44], as (melt viscosity x mean
particle size) / surface tension. Moreover, the effective viscosity of the
body (nefr) was calculated as the product of the shear viscosity of the
melt (Nmert) by the relative viscosity (nre, i.€., Neff = Nrel X Nmelt [25,35].
The relative viscosity was estimated by the relation: 1y
= [1-(¢/Ppm)]1 BP™, where ¢ is the solid load, ¢, is the critical fraction
(set to 0.72) and B is the Einstein constant (i.e., B = 2.5) [45].

The microstructural evolution of the fired ceramic batches and the
analysis of phase assemblages and morphology were studied on polished
samples embedded in epoxy resins. To have more detailed information,
the samples’ surface was etched for 4 min with a 15% HF solution,
washed ultrasonically with distilled water and dried. In both cases the
samples were coated with carbon film to prevent charging under the
electron beam. The analyses were carried out exploiting a scanning
electron microscope (SEM) (JSM-6010 LA InTouchScope, JEOL, USA)
equipped with a silicon-drift energy dispersive X-ray spectroscopy (EDS)
detector (energy resolution: 133 eV or better) and FEG-SEM FEI Nova
Nano-SEM 450, equipped with a Bruker XFlash-5010 EDS detector
(energy resolution: 126 eV). EDS analyses of specific areas of interest,
conducted to gain better understanding of element diffusion, were
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performed exploiting the Phi- Rho-Z method and several analytical
points and chemical maps per sample were collected. Images were ob-
tained using both backscattered and secondary electron detectors.

The same HF-etched specimens employed for SEM analyses, without
carbon coating, were also used for Micro-Raman spectroscopy. The
experiment was performed using a confocal Horiba LabRAM HR Evo-
lution (Horiba Jobin Yvon, Edison, NJ, United States) micro-
spectrometer in backscattering geometry, with notch filters to elimi-
nate the exciter, detector CCD front illuminated open electrode multi-
pin phased, with 1024 x 256 x 16 pixels, cooled by a Peltier system.
The employed source was a Nd-YAG laser of 532nm. Spectra were
collected at 50x magnification (1 pm-size spot, maximum power at the
sample of 100 mW) with 30s exposure time for three accumulations.
LabSpec6 was used for the spectra elaboration.

3. Results and discussion
3.1. Sintering mechanisms and kinetics

The firing behaviour of the ceramic bodies was previously studied by
ex-situ tests, firing the powder compacts in an electric roller kiln at
different Tpax (1160, 1180, 1200, 1220 and 1240 °C), to follow the
technological properties of the tiles over a wide thermal range: from an
incomplete sintering to overfiring conditions [34]. The maximum
densification temperature was 1220 °C for VO and V3 and 1200 °C for V6
and V9. In this work, the sintering mechanisms of the batches were
investigated by in-situ experiments through hot stage microscopy (HSM)
under isothermal conditions, with runs at different temperatures (1100,
1150, 1200 and 1220 °C). The main parameters resulting from HSM tests
are reported in Table 1.

The temperatures at which the densification starts are quite variable,
even so, the average of the four isothermal runs of each sample shows a
linear decrease with the increase of Re.Wo. concentration, from 1053 °C
of VO down to 1017 °C of V9. The behaviour of the four bodies just
slightly differs as extent of sintering stages (Fig. 1). There is a modest
increase in the extent of the constant rate phase and a limited reduction
of the decreasing stage as the Re.Wo. increases. Actually, the last stage of
the sintering is predominant in all the bodies. This feature, with 45-60 %
of the entire shrinkage occurring during the decreasing stage, is in
contrast with what previously observed for porcelain stoneware bodies
containing glassy waste, where the introduction of an increasing amount
of glass induced a significant shortening of the final stage in favour of the

Table 1

Journal of the European Ceramic Society 45 (2025) 117230

non-isothermal early stage. This imbalance in the extent of the stages
provoked a lower efficiency of densification in the bodies containing
glassy waste with respect to the benchmark [25,26].

This phenomenon is not observed adding Re.Wo. glass to the ceramic
batch: being the last stage of sintering well represented, the densifica-
tion degree is quite comparable for all the samples, as reported by the
sintering curves collected at the temperatures of maximum densification
for each body, ie., 1220 °C for VO and V3, 1200 °C for V6 and V9
(Fig. 2A). The sintering proceeds with similar behaviour for V0-V3-V6,
which reached their maximum linear shrinkage (5.5-6.7 %) followed
by a good stability during the 30 min at dwell temperature. An incipient
bloating can be perceived for V3 and V6, occurring after a stable plateau,
extended over 8-9 min (Table 1). On the other hand, the shrinkage
observed for batch V9 keeps going on during the dwell time, reaching
values even higher than the benchmark at the end of the run (6.9 % of
linear shrinkage, after 30 min, Fig. 2B).

In order to verify the effective densification efficiency of the ceramic
products at the end of firing, we have to take into account ex-situ ex-
periments, which simulate the industrial firing cycle (40 °C-min~,
5 min of dwell time) and evaluate it in terms of density gain during
firing. Data reported in Table 2 indicate a very similar efficiency of
densification for VO and V3 at Tp,q, ~17 %, while it slightly decreases
with the increasing of Re.Wo. in the batches (~16 % in V6-V9 at Tpq).

The drop of the densification efficiency is more evident when
comparing all the batches at the same temperature of 1220 °C. The
important loss of bulk density of V6 and V9 is due to the increase of
closed porosity, up to values well above those observed for well densi-
fied porcelain stoneware [26,46]. In this sense, the HSM tests confirmed
the overfiring conditions with the occurrence of bloating after a short
plateau of stability (less than 1 min) for both the batches at 1220 °C
(Table 1).

HSM isothermal runs also allowed to determine the sintering kinetics
for each step of sintering (Table 1, Fig. 3). The sintering rates vary
depending on the stage considered: they are slow in the early stage,
accelerate during the constant rate phase (with a significant increase as
temperature rises), and then slow down again in the final stage. Dif-
ferences in kinetics emerged between the four samples at the highest
temperature, in which the Re.Wo.-bearing bodies exhibit a faster sin-
tering rate than the benchmark, especially in the decreasing rate stage.

Firing behaviour of ceramic batches in the HSM tests. The densification stage’s extent along with the rate are reported for the early, constant and decreasing stages
along with the total sintering rate, the plateau of stability and the bloating rate (when observed). The value reported are referred to the range and formulas described in

Figure S1.

Firing Start of Early Constant Decreasing Early Constant Decreasing Sintering Plateau of Bloating
T densification stage stage extent stage extent stage rate  stage rate stage rate rate (total) stability! rate
extent

Unit °C °C %vol %vol %vol %/min %/min %/min %/min s %/min

Vo 1100 1049 21% 28% 52% 0.76 0.21 0.03 0.06 - -
1150 1077 7% 32% 61 % 0.58 0.44 0.08 0.12 - -
1200 1032 16 % 32% 52% 0.56 1.08 0.14 0.23 - -
1220 * 1053 20% 25% 54 % 0.85 1.93 0.19 0.31 - -

V3 1100 1042 18% 37% 46 % 0.57 0.15 0.03 0.06 - -
1150 1000 17 % 30% 53% 0.45 0.43 0.07 0.13 - -
1200 1053 17 % 35% 48 % 0.62 1.32 0.14 0.25 - -
1220 * 1022 17 % 33% 50 % 0.55 1.81 0.20 0.36 513 0.02

A% 1100 1016 27 % 32% 40 % 0.50 0.21 0.03 0.06 - -
1150 1028 16 % 31% 53% 0.31 0.45 0.07 0.12 - -
1200 * 1002 20% 35% 45 % 0.70 1.49 0.20 0.37 503 0.05
1220 1031 25% 35% 40 % 0.65 1.45 0.22 0.42 34 0.09

Vo 1100 1022 27 % 28% 46 % 0.41 0.25 0.03 0.06 - -
1150 1011 16 % 31% 53% 0.39 0.44 0.07 0.12 - -
1200 * 991 13% 28% 58 % 0.45 1.28 0.17 0.25 - -
1220 1042 16 % 43% 41 % 0.51 1.41 0.22 0.39 50 0.07

1 — time between the achievement of maximum densification and the start of bloating; * = maximum densification temperature.
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Fig. 1. Extent of densification in the early, constant and decreasing stages vs. temperature (°C) of isothermal runs, as reported in Table 1.
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Table 2
Firing behaviour of ceramic batches, elaboration of ex-situ tests and pycnometry data.
Firing T Bulk density Real density Relative density ~ Bulk density  Real density Relative density Closed Efficiency of densification (density
(unfired)! (unfired) (unfired)? (fired)! (fired) (fired)? porosity gain during firing)
°C g/cm® g/cm® adim. g/cm® g/cm® adim. % volume %
VO 1200 2.016 (5) 2.617 (2) 0.770 2.344 (3) 2.524 (1) 0.929 1.91 15.9
Tmd 2.365 (2) 2.501 (1) 0.946 4.01 17.6
1220
V3 1200 2.001 (4 2.640 (1) 0.758 2.362 (1) 2.524 (1) 0.936 3.72 17.8
Tmd 2.333 (4) 2.512(1) 0.929 6.53 17.1
1220
V6 Tma 2.015 (5) 2.628 (1) 0.767 2.357 (1) 2.538 (1) 0.929 6.04 16.2
1200
1220 2.278 (1) 2.524 (1) 0.903 9.41 13.6
V9 Tia 2.016 (4) 2.639 (2) 0.764 2.345 (3) 2.544 (1) 0.922 7.20 15.8
1200
1220 2.198 (3) 2.518 (1) 0.873 12.37 10.9

1= data from Arletti et al. [34]; 2~ Bulk density/Real density.
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3.2. Phase evolution

The phase evolution of the ceramic batches with firing temperature is
summarised in Fig. 4 and Table S2, supplementary materials.

Quartz partially melted during firing [47-50], with a clearly
different stability as a function of the Re.Wo. content. There is a rela-
tionship between the amounts of waste glass and residual quartz: the
greater is the Re.Wo. addition, the lower is the quantity of quartz present
in the fired bodies. Indeed, at 1220 °C, the residual fraction of quartz,
expressed as percentage of the amount in the unfired body, decreases to
93 % for VO and to 70 % for V9, with V3 and V6 representing inter-
mediate values. This effect is due to the peralkaline composition of Re.
Wo., richer in Ca, Mg, and Na than in Al (molar base). These chemical
features induce a shift in the composition of the ceramic batch, from
frankly peraluminous (benchmark) towards the peralkaline field, which
enhances the stability of feldspars at the expense of mullite formation
and quartz persistence (Figure S3, supplementary materials), as
observed in the literature [25,26,46,51-53]. Moreover, there is an in-
crease of the quartz dissolution rate for the benchmark between 1220
and 1240 °C, with a drop of ~15 %, which induces a significant growth
in the amorphous phase, thus vitrification degree.

Plagioclase progressively melted during firing in all the batches, as
expected [26,35,54]. All trends run linearly with temperature and pro-
portionally to the Re.Wo. contents. Indeed, the Re.Wo.-bearing bodies
show at the end of firing at Tr,q a high content of plagioclase (9-12 wt%
for V6-V9, respectively), despite their initial content was lower with
respect to VO (being the waste glass introduced in substitution of feld-
spar). As mentioned before, this could be expected, considering the
chemical composition of the bodies with Re.Wo., based on previous
research about porcelain stoneware containing glassy waste [25,26],
strong fluxes [46], as well as biomass bottom ash [51].

Mullite exhibits diverse trends in the four bodies. In VO, its amount
increased up to 1220 °C, reaching a mullitization index (ie., the
maximum quantity of mullite that can be formed by stoichiometric re-
action from kaolinite (55 %) and illite (34 %) of the batch) of 75 %, then

slightly decreased after firing at 1240 °C. The percentage of mullite was
rather constant in V3, while in V6 and particularly in V9 its amount
decreased regularly as the temperature increased, with a drop of the
mullitization index down to 45 %, differently from what expected for a
classical porcelain stoneware [55]. It is known from the literature that
the efficiency by which Al;,O3 contained in kaolinite and illite is con-
verted into mullite (and this latter is preserved at the end of firing) does
not depend only on clay minerals, but also on the total amount of
alumina in the batch and its ratio with the alkalis [35,53]. In this work,
indeed, the introduction of Re.Wo. shifts the chemistry of the ceramic
body toward the peralkaline field (Figure S3, supplementary materials).
As mentioned above, this tends to decrease the mullite stability. It
should also be taken into account that the addition of other compounds
to ceramic batches, such as CaO-rich ones, may induce the formation of
different phases by reacting with AloO3 sources, such as anorthite, thus
competing with mullite [30,32,56,57]. Despite the quite high CaO
content of the Re.Wo. (19.9 wt%, Table S3, supplementary materials),
no anorthite was identified during XRPD or SEM analyses, while small
amount of augite was highlighted as discussed in Section 3.3.1.

Magnetite was detected only in the batches containing waste glass
and its amount, even if very low and near to the quantification limit of
the method (generally 0.1-0.5 wt%, for details see Table S2, supple-
mentary materials), is proportional to the Re.Wo. additions in the
starting bodies. Magnetite content tends to decrease with the tempera-
ture: the dissolution rate appears to be quite slow and regular for V3,
while V6 and V9 are characterized by a faster dissolution rate at the
highest temperatures, with a loss of 30-50 % of magnetite after firing at
1200 and 1220 °C.

The amorphous phase grew with the firing temperature, reflecting
the dissolution degree and rate of the different phases. A quite linear
growth is observed for V3-V6-V9, corresponding to almost constant
dissolution rates of quartz and plagioclase, while the trend is nonlinear
for VO, dictated by a higher dissolution rate of quartz between 1220 and
1240 °C. The degree of vitrification at Tpq are comparable for all the
bodies, with values between 63 and 66 wt%, falling in the typical range
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of porcelain stoneware [35,50].
3.3. Microstructure

3.3.1. Firing at 1160 °C (V3-V6-V9)

At the lowest temperature considered (Fig. 5), all samples exhibit the
microstructure of partially sintered bodies, with abundant open and
interconnected porosity. This is particularly true for the V9 batch, which
still shows crystals with sharp edges, embodied in the vitreous matrix
stemming from the melting of feldspars. Indeed, as it can be seen from
the graphs of phase evolution (Fig. 4), at this temperature the amor-
phous phase is ~46 wt% for V9 and higher in the other batches (up to
50 wt%). However, the peculiar feature of these microstructures is the
presence of highly backscattering zones, characterized by a coarse pore
inside, in amount increasing with increasing Re.Wo. addition.

A detailed investigation — with the analysis of elemental distribution
maps - allowed to identify in these zones the occurrence of two kinds of
crystals rich in iron, calcium and magnesium. Specifically, smaller sized
and iron-rich crystals, located at the edge of the scattering zone, and
elongated crystals enriched in Fe-Ca-Mg, in the middle, around the
cavity (Fig. 6). The iron-rich crystals can be easily attributed to
magnetite, detected by XRD and already discussed in paragraph 3.2. On
the contrary, the Fe-Ca-Mg phase was not detected by XRPD analyses,
being below the detection limit. Since magnetite was found only in
bodies containing the waste glass and the frequency of high scattering
zones scales with the Re.Wo. percentage, it is conspicuous that these
compounds crystallized from the waste glass during firing. This
conclusion is supported by the fact that Fe, Ca and Mg are the essential
constituents of Re.Wo. itself. The thermal behaviour of pristine Re.Wo.,
investigated by HSM and reported in Figure S4 (supplementary mate-
rials), further confirmed that the waste glass devitrifies upon heating
treatment with a crystallization plateau between 850 and 1180 °C

SEM detector
13

MAG: 1544x HV:20kV WP:6.2mm

13
MAG: 1544x HV:20kV WD:6.2mm
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approximately, followed by melting. In addition, the coarse pores in the
high scattering zones are compatible with a crystallization process,
known in literature as induced crystallization porosity [58-61]. Indeed,
the volume variation related to the crystallization induced the formation
of spherical intragranular pores in the glassy matrix. This is a peculiar
phenomenon of the sinter-crystallization process governing the densi-
fication of the glass-ceramics, for which the volume variation accom-
panying the crystalline phase formation can yield to a shrinkage when
the effective viscosity of the bulk is low, or to the formation of additional
closed porosity when the viscosity of the system is high [58-61]. In our
case, at this low temperature the effective viscosity is quite high
(6.5-7.0 log Pa-s, Table S4, supplementary materials).

The partial crystallization of glasses during the sintering of porcelain
stoneware is documented in the literature, related to both devitrification
of the glass itself and/or to glass-ceramic matrix interactions [31].
Different new-formed phases were detected in minor quantity,
depending on the glass type introduced in the ceramic body. Those rich
in one or more alkali/alkali-earths can lead to the crystallization of
plagioclase [16,30,62] and/or feldspars in general [32,33], as well as
gehlenite and wollastonite in presence of high CaO [31]. B-spodumene
was detected in ceramic bodies containing B-rich frit with Li [63], while
cristobalite formation is known in presence of SLS glass [26,30]. Glasses
rich in iron, typically obtained from the melting of iron-rich waste, have
been largely employed as precursors in the production of glass-ceramics,
thanks to their strong crystallization ability upon second warm-up (see
the review of Chinnam et al. [64] for a panoramic on this topic).
Otherwise, they are much less investigated in the field of porcelain
stoneware, for the well-known bloating issue which Fe;O3 can induce
during the sintering process [65]. Bernando and co-workers [66] made
an attempt, using an iron-rich glass obtained from the plasma melting of
asbestos containing waste, as secondary raw materials in different kinds
of ceramic products, including porcelain stoneware-like material. The

13
MAG: 1544x HV:20kV WD:6.2mm

Fig. 6. Elemental distribution maps of sample V6 fired at 1160 °C: detail of the Re.Wo. glass in crystallization. Orange = Fe, Purple = Ca, Green = Mg.
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presence of this glassy-waste induced the formation of pyroxene phases,
with an intermediate composition among those of augite and diopside,
or melilite and anorthite, depending on the heating ramp used for the
firing.

In this work, the second phase crystallized from Re.Wo. can be evi-
denced after HF-etching of the sample surface and secondary electron
images (SEI) collected by SEM. By this way, prismatic crystals, grown in
parallel aggregates around the coarse pore, are evidenced (Fig. 7). The
EDS analyses conducted on these aggregates rendered a composition
fully compatible with a pyroxene, such as augite. The identification as
augite was confirmed by further micro-Raman and XRPD analyses car-
ried out on the etched samples (Fig. S5a,b, supplementary materials).

Due to augite content below the detection limit of XRPD experiment
(mainly for the occurrence of broad peaks with very low signal to noise
ratio and partially overlapping major phases), it was not possible to
quantify the crystallization ability of Re.Wo., that is, its degree of
crystallization upon the second heating treatment [67,68]. It is known
that this degree depends on various factors, such as the initial grain size
of the glass, the heating ramp (with fast ramps favouring sintering over
crystallization), the thermal cycle and the kiln atmosphere [68,69].
Another parameter to take in account is the interaction with the ceramic
matrix. In this sense, it appears evident from the elemental distribution
(map in Fig. S6, supplementary materials) that, at 1160 °C, the inter-
action between Re.Wo. and the ceramic matrix is very limited. It can be
observed that chemical diffusion is extremely restricted, apart from the
in-situ crystallization of augite and magnetite, to the point that the glass
can be considered a rigid particle with minimal interaction with the
surrounding matrix at 1160 °C. This circumstance and the co-presence of
MgO and CaO can explain the crystallization of augite rather than
anorthite in this system.

3.3.2. Firing at 1180 °C (all batches)

The temperature increase caused a rounding of sharp edges of the
particles, along with an increase in the degree of vitrification of the
matrix, which, however, still exhibits some porosity (Fig. 8). This
porosity appears to be different in the benchmark with respect to the Re.
Wo.-bearing batches: still mainly open in VO (as also testified by the
higher water absorption, see [34]), closed in the V3 and especially in the
V6-V9 batches, presumably due to crystallization. In this sense, glass
crystallization seems to influence the sintering process of the ceramic
body by favouring the development of closed spherical pores which will
lead, at the Tpq, to a lower densification efficiency for V6-V9, as

25
HV:15kV WD: 6.7 mm

Spectrum  ALO, Sio, TiO, K,0 Ca0 Na,0 MgO Fe,0,
V3-1160 90 8.66 45.16 1.02 0.05 25.23 0.28 11.45 8.15
V3-1160 91 8.27 47.92 0.82 0.05 22.35 0.35 13.36 6.88

V3-1160 92 10.16 43.90 1.40 0.10 24.02 0.46 11.76 8.21
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observed in the paragraph 3.1. Furthermore, observing the micrographs
in detail, it is clear how at 1180 °C the high scattering zones are less
sharply defined. This turned the Re.Wo. particles from rigid (with almost
no interaction with the matrix) into partially reacted (with diffusion
halos of the elements and blurred rim) supporting a certain degree of
interaction between Re.Wo. and the surrounding ceramic matrix.

The elemental distribution maps in Fig. 9 actually help to better
understand what described above. While at 1160 °C it is possible to
clearly distinguish magnetite and augite crystals (Fig. 6), at 1180 °C only
the magnetite octahedra are still visible (thanks to high Fe concentra-
tion), while augite begins to melt, as evidenced by the diffusion of its
components into the surrounding matrix (Fig. 9). The behaviour
observed here is consistent with previous studies on an iron-rich glass
used as precursor for glass-ceramics [67,68,70]. Indeed, the silica glass
obtained by the melting of iron-rich waste underwent crystallization
during the heating treatment, firstly of magnetite and then of pyroxene
solid solution. These phases are characterized by different stability at
high temperature, with magnetite persisting, while pyroxene being
affected by a progressive melting as the temperature increases [64,67,
68]. SEM images collected on etched samples containing Re.Wo.
(Fig. S7, supplementary materials) further confirm the persistence of
well-defined magnetite, while augite is scarce and characterized by less
defined shapes with respect to the firing at 1160 °C. The elemental
distribution maps of V3-V6-V9 at 1180 °C (Fig. S8, supplementary ma-
terials) show that the partial dissolution of augite induced a greater
interaction with the ceramic matrix, but the diffusion of elements is still
limited, as they remain concentrated in the proximity of the Re.Wo.
relics.

3.3.3. Firing at 1200 °C (all batches)

Samples V6 and V9 are at their maximum densification temperature,
showing a typical compact microstructure with relics of quartz and
feldspars crystals (the so-called “skeleton”) and rounded isolated pores,
dispersed in an abundant vitreous phase (Fig. 10). Pores present a
bimodal distribution: a series of small pores (diameter <10 pm) together
with relatively large ones (around 20-30 pym in diameter). These latter
are probably related to the induced crystallization porosity and cause
the slightly lesser efficiency of densification mentioned above. VO and
V3 are still characterized by a significant open porosity, especially the
benchmark (5 % and 3 % respectively, compared to 0.6-1 % of V9-V6,
see [34]). In all the Re.Wo.-bearing batches, the high scattering zones,
corresponding to the waste glass relics, are much less evident than at

HV:20kV WD: 6.3 mm

Spectrum  Al,0, Sio, TiO, K,0 Cao Na,0 MgO Fe,0,
V9-1160 29 9.84 46.40 1.20 0.08 25.12 0.63 9.79 6.93
V9-1160 30 5.30 29.15 1.19 0.22 42.37 0.04 8.35 13.37
V9-1160 31 9.50 44.21 0.87 0.00 24.68 0.37 13.28 7.09

Fig. 7. Etched V3 and V9 sample fired at 1160 °C, EDS analyses compatible with a pyroxene phase, such as augite.
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Fig. 9. Elemental distribution maps of sample V9 fired at 1180 °C: detail of the augite melting. Light-blue = Fe; Green = Ca; Yellow = Mg.

lower temperatures, indicating a deeper interaction with the ceramic supplementary materials) — still reveal the presence of magnetite, while
matrix. augite is no more distinguishable. The elemental distribution maps of

SEM micrographs — collected both at higher magnification (Fig. S9, V3-V6-V9 at 1200 °C (Fig. S11, supplementary materials) well describe
supplementary materials) and on etched samples (Fig. S10, the diffusion of the elements through the matrix, testifying, at this
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Fig. 10. Backscattering scanning electron microscope image of all samples fired at 1200 °C.

Fig. 11. Backscattering scanning electron microscope image of all samples fired at 1220 °C.
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temperature, a significant contribution of Re.Wo. (and the phases crys-
tallized and then melted) to the formation of the amorphous phase, even
if not uniformly in the ceramic body.

3.3.4. Firing at 1220 °C (all batches)

VO and V3 are at their maximum densification temperature and
exhibit the typical compact microstructure of porcelain stoneware at this
stage of the sintering; on the contrary, V6 and V9 are in evident over-
firing conditions (Fig. 11). Such a growth of the pores size with respect
to the lower temperature in the two latter samples suggests a strong
instability of the ceramic body, related to bloating phenomena. This
feature is confirmed by both technological data, with an abrupt loss of
bulk density between 1200 and 1220 °C (Table 2), and by HSM data,
indicating a very short plateau of stability followed by a significant
expansion (Table 1). Concerning the high scattering zones, the micro-
graphs reveal that the development of relatively big, closed pores (up to
100 pm in diameter) occurred in correspondence of these areas. This
feature may depend on the combination of two phenomena: the porosity
induced by crystallization, already described, and the porosity induced
by the release of oxygen, stemming from the reduction of Fe>* to Fe?" in
overfiring conditions [71,72]. Indeed, a progressive dissolution of
magnetite with the increasing temperature (Fig. 4), which implies the
release of Fe?> and Fe®™ to the melt, was observed. As recently
demonstrated by Nodari and co-workers [65] for ceramic bodies with
relatively high FesO3 (~1.5 wt%), the transition between the condition
of maximum densification and that of overfiring may shift the Fe®t =
Fe?" equilibrium of the melt towards the reduced species, with oxygen
release, boosting bloating phenomena.

SEM images at 1220 °C, collected at higher magnification (Fig. S12,
supplementary materials), reveal that nothing remains of Re.Wo. par-
ticles, except a halo of diffusion of the elements and some magnetite
crystals, as also confirmed by the etched samples (Fig. S13, supple-
mentary materials), where no augite was found.
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3.4. Physical properties of the vitreous phase and repercussions on the
sintering behaviour of the ceramic bodies

The physical properties of the melt at high temperature were esti-
mated by predictive models based on its chemical composition, as
described in the experimental section. Since the quantification of augite
was not possible through XRD analysis, its contribution to the melt
composition, as consequence of its dissolution, was evaluated based on
the SEM results. Actually, the Re.Wo. particles were considered as a
single component, including augite. Subtracting the chemical contri-
bution of magnetite (quantified by XRPD) to the total chemistry of the
Re.Wo. (Table S3, supplementary materials), we obtained a chemical
composition accounting for both crystallized augite and residual glass.
Thus, waste glass was treated as a rigid component with a specific
chemical composition. As seen above, the SEM-EDS analyses allowed to
identify different degrees of interaction between these “particles” and
the ceramic matrix at each firing temperature.

At the lowest temperature considered (1160 °C), Re.Wo. was iden-
tified as a rigid particle with negligible interaction with the ceramic
matrix. Increasing the temperature, a certain degree of interaction, in
terms of elements’ diffusion, was observed: at first limited to the area
immediately surrounding the Re.Wo. relics (at 1180 °C), then increas-
ingly widespread in the ceramic matrix (at 1200-1220 °C). Therefore,
we considered every Re.Wo. grain (augite + residual glass) as a 100 %
unique rigid particle at 1160 °C (with no contribution to the chemical
composition of melt). For the higher temperatures, the amount of Re.
Wo. unreacted relics was estimated, based on microstructural images
analyses, assuming 50 % (1180 °C), 25 % (1200 °C) and 0 % (1220 °C)
of the starting value. This implies a corresponding contribution to the
melt chemical composition up to 100 % at 1220 °C. In order to verify the
reliability of this hypothesis and carry out cross-interpretations, espe-
cially about the stability of the ceramic body, the experimental data of
the sintering process (get by HSM) were compared with those calculated
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from the physical properties of the melt at high temperature (Table S4,
supplementary materials).

The predicted physical properties of the melts are reported in Fig. 12,
as a function of temperature. It is possible to see that both shear viscosity
and surface tension decrease with increasing temperature, but their
behaviour is different as a function of Re.Wo. content. Viscosity shows a
decrease accompanied by a faster rate from VO to V9, while the situation
is opposite for surface tension, which results to be higher in Re.Wo.-
bearing batches, with lower decreasing rates with temperature. This
likely reflects the relatively lower silica and higher alkalis and alkali-
earths amount of the melts present in Re.Wo.-bearing bodies.

The body effective viscosity accounts for the contribution of the melt
viscosity plus the skeleton (or solid load), which, as known, can increase
the viscosity of a silicate melt up to several orders of magnitude [73,74].
Here, the effective viscosity decreased with rising temperature: V3, V6
and V9 are characterized by lower values with respect to VO above 1190
°C (Fig. 12). At temperatures close to maximum densification, such a
decrease is proportional to the Re.Wo. addition to the batch. This is the
consequence of the natural drop in the viscosity of the melt with
increasing temperature, and the simultaneous loss of solid load due to
melting of the crystalline components, such as feldspars and, to a lesser
extent, quartz.

The timescale describes the sintering kinetics by taking into account
the ratio between viscosity and surface tension of the melt, the two key
parameters governing the sintering process by viscous flow [35,36,48,
75-79]. Timescale shows that the reaction times of samples with Re.Wo.
are slightly faster than those of the benchmark, especially for V6 and V9
starting from 1180 °C onwards (Fig. 12). This is a reflection of the
enrichment of Fe, Ca and Mg and of the decrease in silica (due to the
significant contribution of the Re.Wo. to the melt chemical composition
with increasing temperature). As a consequence, a decrease in viscosity
and a simultaneous increase in surface tension of the melts occurred.
These results are in good agreement with the kinetics experimentally
determined by HSM, which indicate for Re.Wo.-bearing bodies a faster
sintering rate with respect to the benchmark (Fig. 3). Indeed, calculated
and experimental data appear to be effectively correlated, showing the
expected negative relationship between sintering rates and melt time-
scales for V3-V6-V9 (Fig. 13A). The same relationship can also be
perceived for VO, which nevertheless exhibits a very steep sintering
rate-timescale trend as a consequence of the smaller variations of the
physical properties (especially viscosity) as a function of temperature.

Further interesting cross-interpretations between predicted proper-
ties and experimental data can be made in relation to the stability of the
ceramic body. As already discussed in the sections on sintering behav-
iour and microstructure, the bodies with Re.Wo. are characterized by de-
sintering phenomena at the maximum temperature tested, showing

Isothermal sintering rate (min-1)

0.0

1.0 2.0 3.0

Melt timescale (s)

4.0 5.0 6.0
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significant expansion. Nodari et al. [65] recently reported for porcelain
stoneware with high iron that: “the phenomenon of bloating can be
attributed to two main causes: i) oxygen release from Fe>* reduction to Fe?>*
[72] and ii) progressive relaxation until the collapse of the material when the
bulk viscosity turns too low [73]”. In this work an iron reduction can be
hypothesized for Re.Wo.-bearing bodies at high temperature. This
would be related to the magnetite dissolution and to the occurrence of
large spheroidal pores, consistent with the release of oxygen due to the
reduction of Fe3" at overfiring temperatures, as described in paragraph
3.3. Moreover, the bloating rate is negatively correlated with the
effective viscosity in the tested samples, even if in a non-linear way
(Fig. 13B). It seems indeed that there is a critical value of effective vis-
cosity of ~5.2-5.3 log Pa-s, below which bloating is triggered. This is in
good agreement with previous studies indicating that, in order to ensure
an adequate dimensional stability at maximum densification, it is
necessary to have an effective viscosity of at least 5.2 log Pa-s [25,26,
36]. Thus, it is likely that the bloating is promoted by the two phe-
nomena acting simultaneously: gas release and excessive decrease of the
viscosity of the tile [65].

4. Conclusions

Thermal inertized man-made vitreous fibres MMVF behave differ-
ently from other glasses studied in the literature and introduced in
porcelain stoneware bodies as fluxing agents. Indeed, there is evidence
that Re.Wo. glass is quite refractory and maintains its individuality
during firing, behaving as rigid particles during the early stages of sin-
tering and then gradually being incorporated into the melt up to 1220
°C.

The sintering mechanisms, in terms of stages’ extent, remain sub-
stantially unchanged after addition of Re.Wo., allowing a good densifi-
cation efficiency of the waste-bearing batches, even if slightly lower
than the benchmark. On the other hand, the presence of Re.Wo. affects
the densification kinetics, as a result of modest but important variations
in microstructure and phase transformations of porcelain stoneware.
Actually, Re.Wo. underwent crystallization of two phases (magnetite
and augite) during the heating treatment. This crystallization induced
the formation of spherical intragranular pores in the glass matrix, as
observed by SEM, which slow down the densification process in the
early stages, with repercussions also at Tpq4, such as the slightly wors-
ening of densification efficiency. Moreover, augite and magnetite act as
buffer of Fe-Ca-Mg, affecting the properties of the ceramic melt
increasingly with the rising temperature, when their dissolution induced
a diffusion of these elements able to lower the melt viscosity and
accelerate the kinetics. The increasing interaction of the Re.Wo. with the
ceramic matrix also significantly affected the stability of quartz and
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Fig. 13. Trends of isothermal sintering rate (at the constant stage) of porcelain stoneware bodies (experimentally determined by HSM) as a function of melt timescale
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mullite, implying a decreasing in their amount, while preserving a
higher quantity of feldspars and comparable percentage of glassy phase
at Tpg.

The stability at high temperature is comparable for the benchmark
and Re.Wo.-bearing bodies at the temperature of maximum densifica-
tion, while significant development of large closed pores is recorded for
the batches with the highest content of waste glass (6-9 wt%) once in
overfiring conditions. These bloating phenomena can be attributed to
two different causes acting simultaneously: excessive loss of bulk vis-
cosity (due to melting of crystalline phases and decrease in melt vis-
cosity as reflection of enrichment in alkalis and alkali-earths) and
release of oxygen (by reduction of Fe3*to Fe™).

This study demonstrated that the glass derived from the thermal
inertization of man-made vitreous fibres is easier to incorporate into
porcelain stoneware than other peralkaline glasses. This is because its
tendency to crystallization allows to not release some fluxing elements
to the melt, limiting the interaction with the ceramic matrix at lower
temperatures and avoiding an excessive change in the firing behaviour
of the body. By this way, classic issues related to the introduction of glass
- such as the too strong lowering of the temperature at which the
densification starts and the shortening of the decreasing stage, which
lead to a lower sintering efficiency - are prevented.
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