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Abstract

Porcelain stoneware tile is a ceramic building material characterised by high technological properties,
especially regarding water absorption, chemical and frost resistance, bending strength and abrasion
resistance. Since mineralogy is one of the main factors affecting the mechanical properties of porcelain
stoneware, a complete determination and quantification of the mineral and amorphous phases is of special
importance in the study of porcelain stoneware tiles. In the present work, a reference industrial
composition (50% kaolinitic clay, 40% feldspar and 10% quartz) of porcelain stoneware tiles fired at
different temperatures (400°-1400°C) was characterised by X-ray powder diffraction combined with
quantitative full-phase analysis using the Rietveld method, including amorphous content. The green
composition contained albite, microcline and muscovite as fluxing agents, which start to decompose at
low temperatures (400°-800°C range) and are completely dissolved above 1200°C. The mullite phase is
formed from 1100° to 1230°C and at the latter temperature, quartz particles start to dissolve.

Studies of mineralogical evolution have revealed that the high heating rate (45-50°C/min) required in
ceramic tile manufacture leads to significant differences in comparisons with whiteware ceramics fired at
a lower heating rate (10°C/min). Thus, the formation of mullite in porcelain stoneware occurs at higher

temperatures (1100°C) whereas the transformation of B-quartz to B-cristobalite does not take place.

The experimental results of this study show that qualitative mineralogical analysis, based on the intensity
of a particular diffraction peak for each crystalline phase, is a suitable methodology to obtain preliminary

knowledge of mineralogical changes with temperature.
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Introduction

Porcelain stoneware tile is a derived porcelain building material fabricated using a fast firing cycle (the
tiles are inside the furnace no longer than 60-90 min) and characterised by a very compact microstructure
and high technical characteristics'. Porcelain stoneware microstructure is of grain and bond type with
large particles of filler (usually quartz) held together by a finer matrix, which is almost fully dense,
composed of mullite crystals and a glassy phase”*. Porcelain stoneware tile has experienced an increase in
production and sales in comparison with all other ceramic building materials, mainly due to its high
technological properties, especially regarding water absorption, chemical and frost resistance, bending

strength and abrasion resistance.

As a porcelain material, the mechanical properties of porcelain stoneware are affected by both its
mineralogical composition and its microstructure. Thus, a complete determination and quantification of
the mineral and amorphous phases is of special importance in the study of the performance of porcelain
stoneware tiles. For years, conventional X-ray quantitative analysis methods, which are based on the
calculation of the relative intensity of a selected diffraction line of a crystalline phase against the reference
diffraction line of an internal standard, have been used for phase quantification in both porcelain®® and

porcelain stoneware materials’.

On the other hand, the Rietveld method'’ is currently the most useful tool to obtain direct quantitative
phase analysis (QPA) of complex materials. Inherent advantages of this methodology have increased its

16-20

application to mineralogical characterisation of porcelains'''*, porcelain stoneware materials or other

industrial materials such as cements’ >

. This methodology involves no standards, but the crystal
structures of every crystalline phase in the sample must be known, as the process consists of the
comparison between the measured and calculated powder diffraction patterns. QPA using the Rietveld
method gives phase fractions normalised to 100 % of crystalline phases and the amorphous/non-
diffracting/non-defined crystalline content is usually not accounted for. However, the amorphous content
included in a given crystalline sample may affect its final performance™, so its quantification is strongly

recommended. The Rietveld methodology is also useful to indirectly determine the amorphous content by

adding a suitable crystalline standard®*.

Knowledge of the mineralogical phase evolution on firing, from the early stages of sintering (lower
temperatures) to the complete melting of fluxing agents and formation of new phases (higher

temperatures), is of great importance for both understanding the technological properties of porcelain
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stoneware tiles and optimising the fast-firing schedule. In the studies focused on porcelain stoneware tiles
given above, the mineralogy has only been determined in bodies fired at high temperatures (1180-
1280°C). In more recent studies, Tarvornpanich et al.*>*° revisited the microstructural and mineralogical
evolution resulting from the firing of single kaolinite clay, quartz, nepheline syenite, and soda-lime-silica
(SLS) glass and their mixtures (binary, ternary and quaternary) to form conventional whiteware
compositions (clay:flux:filler 50:25:25). Those investigations included some quenching experiments in
which pellets were fired at various temperatures from 600° to 1200°C at a heating rate of 10°C/min. For
quenching, after the furnace was heated to the specified firing temperature, specimens were taken from the
furnace and immediately dropped in cold water. Although quenched experiments could be correlated to
cooling in porcelain stoneware tile production, a heating rate of 10°C is slower than that of 45-50°C/min

required by the fast-firing process to ensure “cool-to-cool” in 60-90 minutes.

The aim of the present work is the full quantitative mineralogical characterization of a standard porcelain

stoneware body fired between 400° and 1400°C using a fast firing process.

Experimental procedure

The raw materials used in the present investigation were kaolinitic clay and feldspar (provided by
Compaiiia Europea de Arcillas, S.A.) and designated hereafter as AR-2097-G and FC-100, respectively,
and quartz sand (facilitated by IETcc, CSIC). Table I displays their mineralogical composition provided
by the suppliers (the method used for quantitative phase analysis is unknown). All the above materials

were crushed, ground and finally powdered to <160 pm prior to further use.

A standard composition for porcelain stoneware tile production was prepared by mixing 50 wt.%
kaolinitic clay, 40 wt.% feldspar and 10 wt.% quartz”’. Batches (300 g each) were prepared by milling the
constituents with distilled water (1:1) for 30 min in a planetary ball mill and using alumina balls as
grinding media. The resulting slurry was oven-dried overnight at 110°C, powdered using a porcelain
mortar and pestle, and sieved to pass through a 100 mesh (150 um). Table II shows the chemical analysis
obtained by X-ray fluorescence of the starting reference porcelain stoneware powder. SiO,, Al,O; and
alkaline oxides (R,0) are the main components (97.99 wt.%) and the remaining 2.01wt.% is considered to

be minor impurities
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Table I. Mineralogical composition of raw materials

Mineralogical composition (wt.%)

AR-2097-G FC-100
—_ Quartz sand
Kaolinitic clay Feldspar
70.6% kaolinite 65% microcline
12.7% muscovite 20% albite Mainly quartz
10.6% quartz 13% quartz microcline as minor phase
6.1% others 2% others

Table II. Chemical analysis (wt.%) of the starting porcelain stoneware powder

Si02 A|203 Fe, O3 CaO MgO Na,O K>O Ti02 MnO P,Os

70.34  21.55  0.89 037 024 096 514 042 0.01 0.08

The powder was moistened by spraying with distilled water (6.0 wt.%), hand granulated, and uniaxially
pressed at 40 MPa in a steel die. Discs 20 mm in diameter and 5 mm in height were formed from 3 g of
powder. After drying in an oven at 110°C, the compacts were placed on alumina rollers in an electric
furnace and fired between 400 and 1400°C following a fast firing process. After drying in an oven at
110°C, the compacts were placed on alumina rollers in an electric furnace and fired between 400° and
1400°C following two different heating schedules. Thus, samples fired at temperatures lower than 1000°C
were heated from room temperature to the required firing temperature at 50°C/min. On the other hand,
samples fired at temperatures higher than 1000°C were heated from room temperature to 1000°C at
50°C/min, and from 1000°C to the specified firing temperature at ~20°C/min. In all cases, after being held
for 15 min at the maximum temperature, the samples were cooled in the furnace at 50°C/min to room

temperature.

Phase identification was carried out by X-ray diffraction (XRD, Philips X'PERT MPD) using CuK,
radiation and operating at 50 kV and 30 mA. For XRD, powder samples (sieved <60 pm) were scanned in

the 5°-75° (20) interval at a scanning speed of 0.5 °min™'. Table III lists the powder diffraction files,
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selected from the International Centre for Standard Data (ICSD)*, and used to identify the present

crystalline phases.

Table III. Powder diffraction files (PDF) used to identify the crystalline phases present in porcelain
stoneware bodies fired at different temperatures and ICSD codes of the crystal structures used to perform
Rietveld quantitative phase analyses.

Crystalline Phase PDF ICSD
Kaolinite 06-0221
Quartz 46-1045 63532
Microcline 19-0926 201601
Muscovite 06-0263 74608
Mullite 15-776 66263

For Rietveld analysis, finely powdered porcelain stoneware samples were mixed with ~30% high purity
calcined a-Al,O3 (PDF 43-1484; ICSD 73725) as is the internal standard. The mixture was homogenized

by hand milling for 5 minutes in an agate mortar with acetone.

Powder diffraction patterns suitable to perform Rietveld QPA were collected at room temperature using a
Siemens D5000 (CuK, radiation) diffractometer working at 40 kV and 30mA. Intensities were collected
by step-scanning in the 10°-70°(20) range, with steps of 0.03° and a counting time of 8 s for each step. In
order to minimise the preferred orientation effects and to enhance the average particle distribution, the
samples were spun at 15 rpm during data collection. QPA was performed by means of the GSAS
(Generalized Structure Analysis System) suite of programs®. The Inorganic Crystal Structure Database
(ICSD) codes for the crystal structure descriptions used for Rietveld QPA are given in Table III. When
anisotropic vibration temperature factors were reported, these were converted to the corresponding
isotropic values and introduced in the Rietveld analysis. The atomic parameters were not refined. The
optimised parameters in the final refinements were background coefficients, cell parameters, zero shift

error, peak shape parameters, preferred orientation (when appropriate), and phase fractions.

The microstructure of fired specimens was examined by Scanning Electron Microscopy (SEM, Philips
XPERT microscope) using an accelerate voltage of 20 kV. For analysis of phase assemblages and

morphology, the fresh fracture surfaces were etched for 4 min in 15% HF solution, washed ultrasonically
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with distilled water and ethylic alcohol, dried and subsequently Au-Pd coated (Balzers SCD 050 sputter).

Secondary electron images (SEI) were used for microstructural examination.

Results and Discussion

Figure 1 shows the X-ray powder patterns of the standard porcelain stoneware body after firing between
400 and1400°C. All the peaks due to a given phase have been labeled. At 400°C, the main mineralogical
phases of the raw materials are identifiable. The intensity of peaks resulting from kaolinite decrease after
firing at 500°C because of its transformation to metakaolinite by loss of —OH groups from its structure,
which is complete at 800°C. Albite and microcline phases, constituents of FC-100 feldspar, remain in the
fired body up to 1100°C (partial melting) and are completely melted at 1200°C, which is in agreement
with the results of former studies on melting in the albite-quartz system™ and on heating nepheline
syenite”. Quartz is present at all firing temperatures, although the intensity of peaks decreases above
1100°C, indicating a partial dissolution concomitant with the formation of the liquid phase. In the earlier
investigation of the mineralogical evolution of clay-based ceramics, Tarvornpanich et al. clearly detected
o-cristobalite after holding quartz for 3 h at 1300°C, and cooling slowly to room temperature™. However,
in the present study, a-cristobalite is not distinguishable in the difractogram of the porcelain stoneware
body after firing at 1300°C, probably due to the fast firing feature of the process. Finally, mullite is
detected in the pattern of the porcelain stoneware body fired above 1100°C, whereas Tarvornpanich et al.
found mullite formation at 1000°C in binary mixtures of kalonite clay and nepheline syenite. This

discrepancy may also be explained by the higher heating rate used in the fast firing process.

The qualitative mineralogical evolution occurring during firing in the 400°-1400°C interval was estimated
by following the intensity of a particularly strong and non-overlapped diffraction peak for each crystalline
phase. The diffraction lines of quartz at 3.359 A (101), mullite at 1.526 A (210) and albite at 3.199 A
(220) were selected. The development of an amorphous phase was estimated from the baseline. This study

was not applicable to microcline due to preferred orientation.

Figures 2-4 show the evolution of the measured intensities of these selected peaks as a function of
temperature. In Figure 3, the derived amorphous content is also included. Albite decreases from 400°C and
leads to an amorphous phase, which substantially increases above 1000°C, corresponding to a clear
decrease of quartz by dissolution in the liquid phase. Crystalline mullite is first detected at 1110°C and

increases up to 1400°C.
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Figure 1. X-ray diffractograms of a standard stoneware body fired in the 400°-1400°C interval
(Q = quartz, K = kaolinite, ® = microcline, O = albite, m = mullite).
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Figure 2. Intensity of albite diffraction peak (220) as a function of temperature.
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Figure 3. Intensity of mullite diffraction peak (210) and derived amorphous phase as a function of
temperature.
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Figure 4. Intensity of quartz diffraction peak (101) as a function of temperature

Rietveld QPA, including amorphous content, was performed on porcelain stoneware samples fast fired at
1000, 1100, 1200, 1230, 1260, 1270, 1300 and 1400°C. In order to determine indirectly the amorphous
content, the procedure described in reference 24 was followed. Figure 5 gives the Rietveld plot of the
porcelain stoneware sample fired at 1260°C and mixed with a-Al,Os, as an example of the series, where

the main peaks chiefly due to a given phase have been labeled.
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Figure 5. Rietveld plot for porcelain stoneware sample fired at 1260°C with a-Al,O; added as an internal

standard to perform amorphous quantitative phase analysis. Bragg peaks from bottom to top: SiO,,
mullite (m) and Al,O;.
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Table IV shows the evolution of phases on firing for a standard porcelain stoneware composition. It
should be noted that the amorphous content, given in Table IV, includes the glassy phase together with

non-diffraction phases such as intrinsic defects or grain-boundary regions.

Table I'V. Rietveld quantitative phase analysis results, including amorphous content, for porcelain
stoneware body fired at different temperatures.

Temperature (°C)

1000 1100 1200 1230 1260 1300 1400

Amorphous phase 44.2(7) 52.8(6) 56.9(3) 61.5(3) 61.2(3) 61.4(3) 67.0(5)
Quartz 29.3(2) 28.2(2) 27.7(2) 24.1(1) 24.2(1) 24.6(1) 19.3(3)
Microcline 17.8(3) 15.5(4) 3.2(3) - - - -
Albite 3.3(3) - - - - - -
Muscovite 5.3(4) - - - - - -
Mullite - 3.6(3) 122(3) 14.4(22) 1452) 14.02) 13.7(2)

Albite (=8 wt.% in the green body) and muscovite (=6.35wt.% in the green body) show a similar
behaviour. They partially breakdown at 1000°C and are totally dissolved at 1100°C. Microcline (=26wt.%
in the green body) starts to decrease around 800°C and totally dissolves in the melt above 1200°C. As a
result, the percentage of the amorphous phase continuously increases from 800°C up to 1230°C because of
the partial dissolution of albite, muscovite and microcline. In the 1230°-1300°C range, the formation of the
amorphous phase reaches a constant value due to the complete melting of fluxing agents. Above 1300°C,
the amorphous phase starts to increase again owing to the partial dissolution of quartz particles in the
formed glassy phase. The mullite phase is first detected in the porcelain stoneware sample fast fired above
1000°C and increases up to 1230°C. In the 1230°-1400°C interval the percentage of mullite remains

constant.

It is necessary to point out that qualitative curves, shown in figures 2-4, present a similar trend to the
results obtained from Rietveld analysis. This indicates that qualitative analysis is a suitable methodology

for preliminary knowledge of mineralogical changes with temperature.

According to its main components, the composition of the starting porcelain stoneware powder (Table II)
can be represented within the Si0,-Al,0;-K,0 ternary systern3 YinF igure 6 with the point labeled with a P.

Moreover, by considering that the contribution of non-diffraction phases to the amorphous phase is

10
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negligible and hence, the overall amorphous phase determined by the Rietveld method is owing to a glassy
phase, the chemical composition of such a phase can be calculated from Tables II and IV. The
composition of the glassy phases developed after firing at 1230°C (approx. 71wt.% SiO,, 19wt.% Al,O;
and 10wt.% R,0) and 1400°C (approx. 73wt.% SiO,, 18wt.% AlL,O; and 9wt.% R,0) are represented in
Fig. 6 by the points labeled as L, and L,, respectively.

70
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20
10

amorphous phase

quartz

Phases (wt%)

o
mullite

U B SR LA L L L B

700 800 900 1000 1100 1200 1300 1400 1500

Temperature (°C)

Figure 6. Detail of the SiO,-Al,0;-K,0 ternary system.

On the other hand, the ratio of Si to Al in the crystalline phase can be calculated from Table IV
(73.38/26.62 at 1230°C and 70.19/29.81 at 1400°C) and the points are represented in Figure 6 as Si/Al;
and Si/Al,, respectively. Furthermore, the proportions of amorphous to crystalline phases have been
determined using Rietveld QPA results (61.5/38.5 at 1230°C and 67/33 at 1400°C). Therefore, the
composition of the porcelain stoneware body can be located within the SiO,-Al,03-K,0 system (points
labeled as RM,; and RM, respectively) by applying the lever rule’®. It can be seen that the data obtained

from the chemical analysis agree with those achieved using the Rietveld method.

The mineralogical composition of porcelain stoneware bodies fast fired in the 1230-1300°C interval was
found to be approximately 61% glassy phase, 24% quartz, and 14% mullite (Table IV). This composition
concurs with the typical mineralogical composition of commercial porcelain stoneware tiles, which

commonly is 55-65% glassy phase, 20-25% quartz and 12-16% mullite®. The percentage of mullite

11
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formed is slightly below 19.4%, which is the maximum amount of mullite that could be formed on firing
using the assumption that all the kaolinite contained in the green composition is transformed to mullite.
This difference in mullite formation is due to the fast firing process used for porcelain stoneware
production. Most of the reactions occurring during firing are kinetically governed processes™ that do not
reach thermodynamic equilibrium during fast firing. Nevertheless, upon comparing the theoretical value
with the experimental data, it is shown that the proportion of crystallized mullite is ~ 72% of the amount
that could be stoichiometrically formed from the kaolinitic clay and this value is above the data reported

by other studies on porcelain stoneware®.

Another way to evaluate mullite crystallization is to use the mullite formation index (MFI) given by the
ratio between the experimentally determined quantity (M.,) and the potential mullite (M,,). The latter is

calculated by assuming that all the alumina in the body can be converted into mullite during firing:
MFI = Mexp/Mpot = 0.718 Mexp / Al,O;

The MFI values obtained after fast firing above 1230°C are around 0.48, indicating that only half of the
mullite phase that could potentially be generated from raw materials upon firing is actually formed. This

value is in good agreement with data reported by other studies on porcelain stoneware” >’

Figure 7 shows SEM images of the standard porcelain stoneware body after firing in the 500°-1400°C
interval. Bodies fired from 500° to 1000°C (Fig.7a-b) show a typical underfiring ceramic microstructure
with high-interconnected porosity. The general microstructure consists of angular quartz particles, clay-
derived agglomerates and a fine matrix of decomposed clay, feldspar and quartz. Tarvornpanich et al.*®
have sketched the microstructure of a standard whiteware fired at 600°C as quartz and feldspar grains
surrounded by clay relicts, without observing the fine matrix of decomposed clay, feldspar and quartz
detected in the present study, and this might be due to the greater particle size distribution in their
formulation (the powder was passed through a 212 pum sieve instead of the 160um sieve used in the
present study). They have also detected primary mullite in clay relict agglomerates and secondary mullite
from feldspar/clay relict particles after firing at 1000°C. The lack of mullite crystals the standard porcelain
stoneware body fired at 100°C may possibly be due to the higher heating rate and lower holding time used
in the fast firing process. At 1100°C (Fig.7¢) the general microstructure is comprised of pure clay and
clay-feldspar relicts together with rounded quartz particles. Although Rietveld analysis allowed the
quantification of 3.6(3) wt.% of mullite at this firing temperature, its formation is not visible by SEM,

likely due to the small size of the first developed mullite crystals. The microstructure of the sample fired at

12
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1200°C (Fig.7d) is more compact than that observed at lower temperatures because of the liquid phase
formed from the fluxing agents and secondary mullite crystals with needle shape are clearly identified by
SEM (Fig.7e-f). A deeper study on the microstructural evolution on firing in porcelain stoneware will be

presented in a forthcoming publication.

Cristobalite
Tridymite

Quartz
K,0-4SiO,
K,Si,Oq

AlL,O
K,O 23

Figure 7. SEM images of a standard porcelain stoneware body fast fired at: a) 500°C, b) 1000°C, c)
1100°C, d) 1200°C, e) 1300°C and f) 1400°C.

Conclusions

A mixture of 50% kaolinitic clay, 40% feldspar and 10% quartz was selected as a representative
composition of commercial porcelain stoneware tiles produced via a fast-firing process. Mineralogical
evolution revealed that the high heating rate (45-50°C/min) required in ceramic tile manufacture leads to
significant differences from that in whiteware ceramics fired at a lower heating rate(10°C/min). Thus, the
formation of mullite occurs at higher temperatures (1100°C) whereas the transformation of B-quartz to B-

cristobalite does not take place.

After the qualitative and quantitative characterization of mineral and amorphous phases present in the

body after firing in the 400°-1400°C interval, the following conclusions can be made:

e The fluxing constituents (albite, microcline and muscovite) start to decompose at low temperatures

(400°-800°C interval) and are totally dissolved above 1200°C.

13
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e Quartz particles start to dissolve in the formed glassy phase around 1230°C.

e As result of the former remarks, the amorphous phase continuously increases in the complete

temperature interval studied.

e Mullite is first detected in the porcelain stoneware sample fast fired above 1000°C and increases up to

1230°C. At higher temperatures, the percentage of mullite remains constant.

e The mineralogical composition of porcelain stoneware bodies fast fired in the 1230°-1240°C range

was found to be approximately 61% glassy phase, 24% quartz, and 14% mullite.

e Because of the fast firing process, the percentage of mullite formed is ~ 72% of the maximum amount
of mullite that could be formed during firing based on the assumption that all the kaolinitic clay

contained in the green composition is transformed into mullite.

e For the same reason, the MFI values obtained after fast firing above 1230°C are around 0.48,
indicating that only half of the mullite that could potentially be generated from raw materials during

firing, is actually formed.

The experimental results of this study show that qualitative mineralogical analysis, based on the intensity
of a particular diffraction peak for each crystalline phase, is a suitable methodology to obtain preliminary

knowledge of mineralogical changes with temperature.

Acknowledgements

The authors gratefully acknowledge Compatfiia Europea de Arcillas S.A., for providing raw materials.

References

L. Barbieri, L. Bonfatti, A. M. Ferrari, C. Leonelli, T. Manfredini and D. Settembre,
“Relationship between microstructure and mechanical properties in fully vitrified stoneware”; pp.
99-105 in Ceramics: Charting the Future, Vol. 3A. Edited by P. Vincenzini. Techna Srl, Modena,
1995.

> W. E. Lee and W. M. Rainforth, “Ceramic Microstructures”. Edited by Chapman and Hall,
UK, 1995.

14



Evolution with Temperature of Crystalline and Amorphous Phases in Porcelain Stoneware. J. Martin-Marquez, A.G.
De la Torre, M.A.G. Aranda, J. Ma. Rincon, M. Romero
Journal of the American Ceramic Society, 92 (2009) 229-234; DOI: 10.1111/j.1551-2916.2008.02862x

> Y. Igbal and W. E. Lee, “Fired porcelain microstructure revisited”. J. Am. Ceram. Soc., 82

[12] 3584-3590 (1999).

% G. P. Souza, E. Rambaldi, A. Tucci, L. Esposito and W. E. Lee, “Microstructural Variation

in Porcelain Stoneware as a Function of Flux System”. J. Am. Ceram. Soc., 87 [10] 1959-1966
(2004).

> S. P. Chaudhuri, “ Influence of mineralizers on the constitution of hard porcelain: I

Mineralogical compositions”. Am. Ceram. Soc. Bull., 53 [2] 169-171 (1974).

6 K. Hamano, Y. H. Wu, Z. Nakagawa and M. Hasegawa, “Effect of grain size of quartz on

mechanical strength of porcelain bodies”. J. Ceram. Soc. Jap., 99 [2] 153-157 (1991).

Ty, Kobayashi, O. Ohira, Y. Ohashi and E. Kato, “Vitrification of whiteware bodies in
alumina-feldspar-kaolin system™. J. Ceram. Soc. Jap., 100 [5] 737-743 (1992).

8 S. P. Chaudhuri and P. Sarkar, “Constitution of porcelain before and after heat-treatment. I:

Mineralogical composition™. J. Eur. Ceram. Soc., 15 [10] 1031-1035 (1995).

’ M. Dondi, G. Ercolani, C. Melandri, C. Mingazzini and M. Marsigli, “The chemical
composition of porcelain stoneware tiles and its influence on microstructural and mechanical
properties”. Interceram, 48, 75-83 (1999).

' H. M. Rietveld, “A profile refinement method for nuclear and magnetic structures”. J. Appl.
Crystallogr., 2, 65-71 (1969).

gy M. Amigo, J. V., Clausell, V. Esteve, J. M. Delgado, M. M. Reventos, L. E. Ochando, T.
Debaerdemaeker and F. Marti, “X-ray powder diffraction phase analysis and thermomechanical
properties of silica and alumina porcelains”. J. Eur. Ceram. Soc., 24 [1] 75-81 (2004).

' K. Dana, and S. K. Das, “Partial substitution of feldspar by B.F. salg in triaxial porcelain:
Phase and microstructural evolution™. J. Eur. Ceram. Soc., 24 [15-16] 3833-3839 (2004).

B A. H. de Aza, A. G. de la Torre, M. A. G. Aranda, F. J. Valle and S. de Aza, “Rietveld
quantitative analysis of Buén Retiro porcelains”. J. Amer. Ceram. Soc., 87 [3] 449-454 (2004).

"% T. Tarvornpanich, G. P. Souza and E. W. Lee, “Microstructural evolution on firing soda-lime-
silica glass fluxed whitewares”. J. Amer. Ceram. Soc., 88 [5] 1302-1308 (2005).

1> A. Karamanov, E. Karamanova, A. M. Ferrari, F. Ferrante and M. Pelino, “The effect of fired
scrap addition on the sintering behaviour of hard porcelain”. Ceram. Int., 32 [7] 727-732 (2006).

161, Esposito, A. Salem, A. Tucci, A. Gualtieri and S. H. Jazayeri, “The use of nepheline-
syenite in a body mix for porcelain stoneware tiles”. Ceram. Int., 31 [2] 233-240 (2005).

Y. Pontikes, A. Christogerou and G. N. Angelopoulus, “Use of scrap soda-lime-silica glass in
traditional ceramics”. Glass Technol., 46 [2] 200-206 (2005).

'" S Ferrari and A. F. Gualtieri, “The use of illitic clays in the production of stoneware tile
ceramics”. Appl. Clay Sci., 32 [1-2] 73-81 (2006).

15



Evolution with Temperature of Crystalline and Amorphous Phases in Porcelain Stoneware. J. Martin-Marquez, A.G.
De la Torre, M.A.G. Aranda, J. Ma. Rincon, M. Romero
Journal of the American Ceramic Society, 92 (2009) 229-234; DOI: 10.1111/j.1551-2916.2008.02862x

- A. Tucci, E. Rambaldi and L. Esposito, “Use of scrap glass as raw material for porcelain
stoneware tiles”. Adv. Appl. Ceram., 105 [1] 40-45 (2006).

20 AL Tucci, L. Esposito, L. Malmusi, L. and E. Rambaldi, “New body mixes for porcelain
stoneware tiles with improved mechanical characteristics”. J. Eur. Ceram. Soc., 27 [2-3] 1875-
1881 (2007).

2l A. G. de la Torre, A. Cabeza, A. Calvente, S. Bruque and M. A. G. Aranda, “Full phase
analysis of Portland clinker by penetrating synchrotron powder diffraction”. Anal. Chem., 73 [2]
151-156 (2001).

> A. G. de la Torre and M. A. G. Aranda, “Accuracy in Rietveld quantitative phase analysis of
Portland cements”. J. Appl. Crystallogr., 36, 1169-1176 (2003).

- A. Fernandez-Jimenez, A. G. de la Torre, A. Palomo, M. G. Lopez-Olmo, M. Alonso and M.
A. G. Aranda, “Quantitative determination of phases in the alkali activation of fly ash. Part I:
Potential ash reactivity”. Fuel, 85 [5-6] 625-634 (2006).

* A. G. de la Torre, S. Bruque and M. A. G. Aranda, “ Rietveld quantitative amorphous content
analysis”. J. Appl. Crystallogr., 34, 196-202 (2001).

- T. Tarvornpanich, G. P. Souza and W. E. Lee, “Microstructural evolution in clay-based
ceramics I: Single components and binary mixtures of clay, flux and quartz filler”. J. Am. Ceram.
Soc., 91 [7] 2264-2271 (2008).

26 T. Tarvornpanich, G. P. Souza and W. E. Lee, “Microstructural evolution in clay-based
ceramics II: Ternary and quaternary mixtures of clay, flux and quartz filler”. J. Am. Ceram. Soc.,
91 [7] 2272-2280 (2008).

27 J. Martin-Marquez, J. Ma. Rincon and M. Romero, “Effect of firing temperature on sintering
of porcelain stoneware tiles”. Ceram. Int., 34 [8] 1867-1873 (2008).

% Powder Diffraction File Release 2000, Data Sets 1-50 plus 70-88 PDF*, JCPDS-International
Centre for Diffraction Data, http://www.icdd.com.

»- A. C. Larson and R. B. Von Dreele, Los Alamos National Lab. Rep. No. LA-UR-86-748, Los
Alamos. GSAS program, http://public.lanl.gov:80/gsas/.

30 A. G. Simakin and J. Ma. Rincon, “Structural thermodynamic model of the melt in the system
albite (NaAlSi;Os)-quartz (SiO) [Ab-Q]”. Phys. Chem. Glasses, 43 [4] 187-188 (2002).

1 E. M. Levin, C. R. Robbins and H. F. McMurdie, “System SiO,-Al,03-K,O”; p. 156 in Phase
Diagrams for Ceramist, American Ceramic Society, Columbus, OH, 1964.

3> C. G. Bergeron and S. H. Risbud, “Introduction to Phase Equilibria in Ceramics”, American
Ceramic Society, Columbus, OH, 1984.

3 W. M. Carty and U. Senapati, “Porcelain — raw materials, processing, phase evolution, and
mechanical behaviour”. J. Amer. Ceram. Soc., 81 [1] 3-20 (2004).

16



Evolution with Temperature of Crystalline and Amorphous Phases in Porcelain Stoneware. J. Martin-Marquez, A.G.
De la Torre, M.A.G. Aranda, J. Ma. Rincon, M. Romero
Journal of the American Ceramic Society, 92 (2009) 229-234; DOI: 10.1111/j.1551-2916.2008.02862x

R, Sanchez, M. J. Orts, J. Garcia-Tena and V. Cantavella, “Porcelain tile composition effect
on phase formation and end products”. Amer. Ceram. Soc. Bull., 80 [6] 43-49 (2001).

3% A. Gislimberti, R. D. Maschio, M. P. Campolo and S. Primio, “Porcelain stoneware.
Correlation between chemical-physical properties of the raw materials and technological
characteristics of the final product: durability and mechanical strength”. Ceram. Acta, 9, 46-47
(1998).

% E. Sanchez, J. Garcia, A. Barba and C. Feliu, “Effect of porcelain tile raw materials
composition on pressing behaviour of the resulting spray dried powder”. Ceram. Acta, 9, 44-45
(1998).

37 E. Sanchez, M. J. Orts, J. Garcia and R. de Lamus, “Effect of porcelain tile raw materials
compositions on the arising phases in firing”. Ceram. Acta, 9, 205-207 (1998).

17



