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Abstract

This paper reports a systematic and comprehensive investigation of the effects of the starting mixture composition on the mineralogy and properties
of porcelain stoneware tiles using mixture design and full quantitative phase analyses by the Rietveld method. Functional relationships between
properties and the raw material mixture proportions were obtained and related to the mineralogical composition of the fired product. Mullite
crystallisation depended on the chemical environment. Dissolved quartz mounted to 10 wt% of the dry body regardless on initial amount, indicating
saturation of the surrounding melt. The paramount role of the amorphous content on the stoneware properties was disclosed quantitatively. Open
porosity decreased with increasing amount of amorphous content, and consequently both the stain and wear resistance increased. The CIE-Lab
colour parameters a* and b* increased with increased amorphous content due to interaction with surface iron in hematite. The mullite content

increased wear resistance, thus supporting the mullite strengthening theory.

© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Stoneware tiles are the foundation of the ceramic industry
due to high technological performance and outstanding aes-
thetic appearance.! The typical raw materials used to formulate
a stoneware body are quartz, feldspars and clays. However, due
to limited natural sources of conventional raw materials, efforts
inresearch have been made to introduce secondary raw materials
-8 and non-conventional or poor raw materials.’ Replacement
of traditional raw materials with other components in order to
improve the technological properties of the fired product has
also been extensively investigated.'0-13

The production process of porcelain stoneware is rather sim-
ple, including wet grinding of raw material mixtures, preparation
of slip and spray drying of the slip which results in humid (ca.
6 wt% moisture) powder aggregates. The powder is uniaxially
pressed and subsequently fired in a fast firing cycle (ca. 1 h) with
a maximum temperature in the range 1190-1230 °C. The final
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product is composed of a mixture of crystalline phases (newly
formed mullite and residual quartz and feldspar) and glass.’
The partial replacement of conventional raw materials may lead
to the crystallisation of additional high-temperature phases.>
During the firing process, a sequence of intercrystalline (regard-
ing a single crystalline/amorphous phase) and extracrystalline
(interaction of a crystalline/amorphous phase with another)
reactions take place'*: (a) dehydroxylation of clay minerals
and the consequent formation of pseudo-amorphous products
(such as metakaolinite from kaolinite dehydroxilate product);
(b) crystallisation of primary mullite from pseudo-amorphous
products with a consequent segregation of a silica rich amor-
phous phase; (c) formation of an alkaline melt originating from
the melting of feldspar; (d) viscous sintering, or vitrification, in
which the viscous melt fills up the pores in the body under the
influence of capillary forces so that a dense body is obtained;
(e) partial decomposition of quartz due to instability in the
presence of the alkaline melt; (f) crystallisation of secondary
mullite.

The technological properties of stoneware tiles such as water
absorption, mechanical properties, frost resistance, chemical
resistance and stain resistance are governed by the material’s
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Mineralogical composition of the raw materials as determined by XRPD data and Rietveld refinements.

Raw material Mineralogical composition (Wt%)

Quartz K-feldspar Plagioclase Kaolinite Anatase Muscovite-illite Smectite
A 18.1(5) - 76.0 (4) 2.7(4) - 32(7) -
B 274 (2) - - 69.6 (2) - 3.0(4) -
C 14.9 (2) 1.8 (3) 1.2(2) 65.5 (5) 0.7 (2) 9.4 (6) 6.5 (8)
D 100 - - - - - -

microstructure, the porosity in particular, which in turn is depen-
dent on the starting composition.'> Although a myriad of studies
regarding microstructural and functional properties of stoneware
tiles have been reported,'%11-15-27 3 complete picture of the
effect of raw material mixtures on the microstructure and tech-
nological properties is difficult to obtain due to the complex
interchange between raw materials as well as a high dependence
on the firing kinetics.?*?® The major component of porcelain
stoneware tiles is glass and a proper quantification of this phase
should be important for a full understanding of the system. A
suitable technique for this purpose is quantitative phase analysis
using the Rietveld method,?*3* which allows to quantitatively
determine both the crystalline and amorphous fractions. This
methodology is increasingly used for the microstructural char-
acterisation of porcelain stoneware.*1213.28,29,31

The complex reaction pathways taking place during firing
of porcelain stoneware may involve synergistic or competitive
effects between raw materials which are difficult to identify
using traditional experimental approaches. These problems can
be resolved using Mixture Design®? which is a type of Design of
Experiment (DOE) method. In DOE, experiments are properly
distributed within a factor space in order to minimise the number
of experiments required to obtain a statistically valid functional
relationship between a response and factors. In a mixture design,
the factors are the proportions of a mixture. Data are analysed
by regression methods and the validity of the results is eval-
uated using statistics such as goodness of fit (R?), goodness of
prediction (0%, analysis of variance (ANOVA) and normal prob-
ability plots.>> A final validation of the statistical models can be
performed using a number of test compositions. In traditional
ceramics, mixture design has been used to tailor the composition
of different ceramic systems such as ceramic powders,>* clay
bricks,> glazes and frits, 3038 synthetic pigments® and ceramic
tiles.!%-20-36:40-43 Correia et al. compared the results from the
statistical modeling with microstructural information extracted
from qualitative X-ray powder diffraction (XRPD) analyses and
scanning electron microscopy (SEM) analyses.**! However,

Table 2
Chemical composition of the raw materials, determined by XRF.

a full quantification of the mineralogical composition of the
fired products was not performed. In recent studies, De Noni
et al. used mixture design to relate the starting composition of
porcelain tile with the developed phases during firing and the
mechanical properties of the samples.!?2°

The present work is aimed to provide a comprehensive pic-
ture of the raw materials effect on the mineralogical composition
and various technological properties (total porosity, linear firing
shrinkage, stain resistance, resistance to deep abrasion, white-
ness and bulk density) of the fired product using fixed process
conditions. Mixture design and statistical modeling were com-
bined with microstructural information extracted from SEM
analyses and full quantitative phase analyses using XRPD data
and the Rietveld method. This investigation will help to further
contribute to the full understanding of the fast-fired stoneware
tile system in terms of mineral assemblages and microstructure.

2. Materials and methods

The investigated raw materials, commonly used for the indus-
trial manufacture of stoneware tiles, are: (A) sodium feldspar,
(B) kaolin, (C) kaolinite-illite rich clay and (D) quartz sand. The
stoneware tile samples were prepared in such a way as to repro-
duce common industrial conditions as follows: each mixture
was wet milled for 20 min in an alumina jar using a solid:liquid
ratio of 1.5 and alumina balls as grinding media. A fluidiser
(Reoflux 30/70 Lamberti Ceramic Additives srl) was added to
improve the rheology of the slurry (0.1 wt%). Following milling,
the suspension was dried at 110°C and the resulting powder
was deagglomerated and humidified (6 wt%). A fixed amount
of humidified powder (25 g) was dry pressed (515 kg/cm?) into
a disc with a diameter of 40 mm. Five discs from each mixture
were prepared. The as-prepared bodies were dried at 110°C
for 24 h followed by firing in an electric kiln at a maximum
firing temperature of 1220 °C using a heating/cooling rate of
5°C/min and a plateau at maximum temperature of 5 min. The
firing temperature was chosen based on preliminary experiments

Raw material Chemical composition (wt%)

SiO; Al O3 Fe,03 TiO, CaO MgO Na,O K,O L.O.L
A 70.50 17.90 0.12 0.27 0.57 0.07 9.95 0.26 0.36
B 57.6 30.7 0.66 0.28 0.23 0.01 - 0.42 10.1
C 57.2 28.2 1.1 0.6 0.54 1.0 0.15 0.79 10.5
D 99.7 0.10 0.03 0.04 0.02 0.001 0.07 0.03 0.01
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in which the linear firing shrinkage was followed as a function
of temperature.

X-ray powder diffraction (XRPD) data were collected using
a 6/0 diffractometer (PANalytical, CuKa radiation), equipped
with a real time multiple strip (RTMS) detector. Divergence
and anti-scattering slits of 0.125° and 0.25°, respectively, were
mounted in the incident beam pathway. The pathway of the
diffracted beam included a Ni filter, a soller slit (0.02 rad) and
an antiscatter blade (5 mm). A virtual step scan (0.0167° 26)
was performed in the range 3—-80° 26. Samples were carefully
ground and mounted in aluminum sample holders using the side-
loading technique. Quantitative phase analyses were performed
using XRPD data and Rietveld refinements. The refinements
were accomplished with the GSAS package** and its graphi-
cal interface EXPGUL* As a large amount of glass phase is
expected to be present in the stoneware tile samples, the quan-
titative phase analysis method using Rietveld refinements was
combined with the internal standard method.* 10 wt% corun-
dum (NIST 676a) was added in samples of fired products as
internal standard and included in the refinements. The refined
weight fractions of the crystalline phases were rescaled with
respect to the known weight fraction of added standard in order to
obtain the real crystalline phase weight fractions. Consequently,
the glass content could be calculated.*

The microstructure of fired bodies was investigated using a
Philips XL-40 scanning electron microscopy (SEM), equipped
with an energy dispersive X-ray fluorescence spectrometer
(EDS). The surface structure was observed on as-fired samples,
whereas bulk observations were performed on polished sam-
ples (embedded in epoxy resin). The samples were mounted on
aluminum stubs and gold coated (ca. 10 nm thin layers).

Chemical analyses of raw materials were performed using
X-ray fluorescence spectroscopy (XRF, Philips PW 1480).

The linear firing shrinkage was calculated using the formula
((Lg — Ly)/Lg) x 100, where L, and Ly are the mean diameter of
the dry and the fired discs, respectively.

The CIE-Lab colour parameters (L*, a* and b*) of fired
samples were determined using a COROB-Colour Engineering
spectrophotometer with optical geometry d/8, illuminant D65
and observer 10°.

The functional surface staining of fired samples was evalu-
ated using methylene blue as staining agent (aqueous solution,
10 g/1). The sample surface was subjected to the staining agent
for 24 h after which the samples were carefully washed under
running water and dried. The amount of staining agent retained
by the surface after washing was quantified by AE* which is
calculated according to the following formula:

AEx = V/AL%2 + Aax? + Abx?

where AL*, Aa* and Ab* are the difference between the colour
parameters L*, a* and b*, before and after staining.

Deep abrasion tests of fired samples were performed
according to EN ISO 10545.7 using an abrasimeter (Ceramic
Instrument AP/87). The diameter of the rotating steel disc was
200.1 mm and alumina grains (FEPA 80) were used as abrasive
medium. The number of revolutions was limited to 40 so that

the trace would not exceed the sample border. The volume of
material removed by abrasion (Vy},) was calculated according to
the following formula:

where sin(a/2)=1/d, | is the length of trace, d and & are the
diameter and thickness, respectively, of the rotating disc.

A GeoPyc 1360 Envelope and T.A.P. Density Analyzer
(Micromeritics Inc., USA) was used to determine the bulk den-
sity of the fired samples (pp).

The true density (p;) of the fired samples was determined
using a gas displacement pycnometer instrument (AccuPyc
1330, Micromeritics Inc., USA). The total porosity (TP) was
calculated according to:

TP = (1—”‘7) % 100
123

The dry bulk density (p45) was determined, after drying at 24 h
at 110 °C, using the weight and the dimensions which were care-
fully determined using an analytical balance and a micrometer,
respectively.

A D-optimal mixture design, accomplished using the soft-
ware Design-Expert v. 6.0.10 (Stat-ease Inc.), was utilised to
define the raw material mixtures for the preparation of the
stoneware bodies. The same software was used in consequent
data analyses. Constraints were set on the component propor-
tions, so that the proportions of the raw material were only
allowed within limited ranges. These ranges were set to 20-60,
5-40, 5-25, and 0-25 wt% for raw materials A, B, C and D,
respectively. Statistically relevant regression models, connect-
ing the raw material proportions to the measured properties (i.e.
TP, LFS, AE*, Vg, L* and pp), were obtained using analysis of
variance (ANOVA). For final verification of the applicability of
the statistical models, a test set of five compositions, different
from the ones defined by the design but within the experimental
domain, was prepared and evaluated.

50

40 1

30

20 A

v=1.79x+7.03
RZ=0.983

Wit%qried kaolinite

W,
‘ﬁred CWit%

Wiried

fired mullite

Fig. 1. The wt% of kaolinite in the dried body (calculated based on the miner-
alogical composition of the raw materials and their proportions in the mixture)
as a function of the wt% mullite multiplied by the fired/dried absolute weight of
the ceramic body.
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3. Results and discussion
3.1. Characterisation of the raw materials

The mineralogical and chemical composition of the raw mate-
rials used for the preparation of the stoneware tile samples are
shown in Tables 1 and 2, respectively. The agreement factors of
the Rietveld refinements for quantitative phase analyses (QPA),
as defined in GSAS* were in the ranges Rp=0.057-0.089,
Ryp=0.076-0.117 and x> =1.82-2.27.

3.2. Statistical analyses and model evaluation

Table 3 reports the composition of the body formulations
under investigation, defined by a D-optimal mixture design, as
well as the experimental results for the dry bulk density and var-
ious properties of the fired samples. Based on the experimental
results, statistically valid mathematical models were obtained
that relate measured properties of the fired stoneware tile with
the proportions of the raw materials. These models were used
to obtain Design-Expert constant contour plots, presented in a
later section, which graphically demonstrate the net effect of the
raw materials on the investigated properties of the fired prod-
uct. The equations, as well as the model statistics, are available
upon request to the corresponding author. To counter-check the
statistical models, five test specimens were prepared and evalu-
ated. The raw material compositions of these samples are shown
in Table 4, together with measured/predicted properties. There
is a high accordance between the experimental and predicted
values, which is mirrored in high linear regression coefficients
(predicted vs. experimental), see Table 4. In fact, the probabil-
ity to obtain such high values for uncorrelated data is less than
0.6%.%¢ In addition, the regression line invariably lies within the
error bars of each property.

3.3. Effect of raw materials on the phase composition of the
fired sample

Results from quantitative phase analyses of the fired products
are displayed in Table 5. The agreement factors of the refine-
ment, as defined in GSAS* wereinthe ranges R, =0.041-0.064,
Ryp=0.051-0.091 and x*=1.18-3.6. The main component of
the fired samples is the amorphous phase. The crystalline frac-
tion is composed of residual quartz and feldspar in addition to
newly formed mullite.

The QPA analyses using the Rietveld method also provide
accurate values of the unit cell parameters of mullite which can
be used to obtain information regarding the crystal structure and
chemical composition.*’*® The latter parameter is difficult to
obtain with high accuracy using electron microscopy in com-
bination with energy dispersive spectroscopy (EDS) analyses
due to limited spatial resolution.*® It is well-known that mullite
may form solid solutions with cations of transition metals such
as Fe, with a consequent increase in the unit cell parameters.>”
Considering that the raw material mixtures contain Fe, it was
speculated that some Fe could have been incorporated in the
mullite structure and that a correlation could exist between the

Table 3

Mixture composition (wt%) and experimental results for dry bulk density (ogp), total porosity (TP), staining resistance defined by AE*, volume of material removed by abrasion (Vyp,), fired bulk density (pp), true

density (p;), linear firing shrinkage (LFS) and the CIE-Lab colour parameters (L*, a*, b*). Mean of 4-5 samples is reported together with the 95% confidence interval.

pap (glem?) TP (%) AE* Vap (mm?)  pp, (gfem®)  p; (glem?) LFS (%) L* a* b*

D

A

Run

Mix

9.6 + 0.1

99+03

6.5+ 0.2
11.65 £ 0.06

1.9+ 0.1
22+02
0.7 £ 0.1

81.3 + 0.6
80.7 £ 0.5
92.0 £ 0.3
76.1 £ 0.3
872+ 0.5
86.9 + 0.5
80.9 + 0.7
90.1 £ 0.7
919 £ 0.3
812+ 0.5
79.6 £ 0.9
789 £ 0.6
75.8 £ 0.3

58+0.2
7.5+ 0.1
36103
6.0 + 0.1
4.8 £0.3
6.93 £+ 0.08
79 +£0.2
5105
34405
6.2+ 0.2
8.1+ 0.1
6.6 + 0.1
58+ 0.1
69+ 0.5
82+ 0.1
52 +0.1
57+02
32+03
7.7 £ 0.1
38+02

2.544 + 0.007

2.35 £ 0.06
2.36 £ 0.02

49 + 11
48 + 4
75+ 12
54£3
80 £5
42 +£2
45 + 4
58+ 6
128 + 22

8+2 39+2

741
20£2

2.02 + 0.01

25

25

45

2.53 £0.01

2.62 £ 0.02

2.50 £ 0.01
2.561 + 0.003

6+4

59 +£2

1.962 £ 0.007
2.035 £ 0.007
1.97 + 0.01
2.00 + 0.01
2.028 £ 0.009

0
25

40
30

55
20
60

2.1 + 0.04
231 £0.02
2.22 £+ 0.04
2.37 £ 0.04
2.37 £ 0.01

25
20

16

28 +0.2
14 £0.1

9+ 1
53+3
40 £ 5

8+1
13+£2

15
25

8.0+ 0.1
8.8 £ 0.1
10.0 £ 0.2
7.1 +£04
55+02
9.7 £ 0.6
103 £ 04
10.5 £ 0.1
10.3 £ 0.1
7.7+ 0.5
10.7 £ 0.4
8.9 + 0.1
9.7+ 0.2
56+ 04
9.7+ 0.5
54+ 0.1

21.667 14.167
25

40
40

39.167

35
55

5

1.0+ 0.2
2.1 £03
1.0 £ 0.1
0.9 + 0.1

2.57 £ 0.02
2.54 £ 0.01
2.59 £ 0.01
2.59 £ 0.02
2.54 £ 0.01
2.51 £ 0.01

8+2
6.5 £ 0.7
15+2
21+3

0

10
17
13
20

5+4
55+3

1.94 + 0.01
2.01 + 0.02
1.926 £ 0.003
2.03 + 0.04
1.85 + 0.01
2.05 + 0.01

2.2 £0.04
2.05 £ 0.05
2.35 £ 0.02
2.35 £ 0.04
241 £ 0.04
2.34 £ 0.10
2.28 £ 0.01
2.34 £+ 0.03

17.292
25

18.125

32.708
40

31.875
30

8

58 £ 5.0
32+6
38+2

1.8 +0.2
24+0.3

48 £ 7
58 +£7
42 £5
49 £ 3
63 £5
58 +3
65 £ 4
49 + 4
99 £+ 18
50 + 8
125 £ 8

7+1
612
6+ 1
7+4
11+1

17.292
25

18.125

15.208
10

49.375
60

10

11

15

1.8 +0.2
244+ 0.2
1.23 £ 0.04

2.55 £ 0.008
2.519 + 0.003

442
2+1
51£5
31+ 4
46 £ 2
46 +£ 3
59+6
13£3
56 £5

25
25

27.5
15
40

47.5
60

12
13
14
15
16
17
18
19
20

14

2.05 + 0.02
1.933 £ 0.005
1.83 + 0.01
2.02 + 0.04
2.05 + 0.03
2.015 £ 0.005

88 £ 1
78.6 £ 0.3
83.8 £ 0.6

2.56 £ 0.02
2.51 £ 0.01
2.54 £ 0.02
2.56 £ 0.01
2.619 + 0.006

12.5
25

42.5
60
45

12
19
18

25+0.1

1.5+ 0.1
1.34 £ 0.08

0.6 £ 0.1
2.01 £ 0.09
0.87 £ 0.05

7+1
9+1
10+ 2
22 +2

10

2.3 +£0.04
2.31 £ 0.06
2.05 £ 0.05
2.36 £ 0.01
2.07 £ 0.09

25

25
25
25

85+ 1
93.1 £0.3

12.5
25

22.5
30

40

20
60
30

81 +£1
92.1 £0.3

2.52 £ 0.04
2.60 £ 0.01

1.90 £+ 0.01 6+2
20+ 4

12.5
25

25
40

11

1.951 £ 0.004




for explanation of abbreviations). The 95% confidence interval is also given. In addition, the linear regression coefficient (predicted vs. experimental) for each sample is also included to further demonstrate the high

accordance between experimental and predicted values.

Mixture composition (wt%) and experimental/predicted values for test set used for validation of mathematical models connecting some measured properties with proportions of raw materials (see caption of Table 3

Table 4
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. § 'é § § § mullite unit cell parameters and iron content. However, no such
X |oScas S correlation was found in this work. In fact, the unit cell param-
© o o 0 ® eters were rather similar for all samples (a=7.553 £0.002;
S99 5 b=7.70240.005 and ¢=2.8852 +0.0007) and comparable to
2RELZ those found for the iron-free sample prepared at 1200 °C and
ir\o; E % £ § reported by Ocafia et al. (i.e. a=7.553 (2); b=7.686 (2) and
T3S ¢=2.8850 (8)).50 Hence, it is probable that the mullite crys-

% ; g ; g 5 tallised in the stoneware tiles studied here does not contain

structural iron. This result may have important implications on
s2g288 the interpretation of the CIE-Lab colour parameters measured
2@ ﬂ ﬂ ﬂ ﬁ for the stoneware tile samples, and discussed later in Section 3.4.
§ § % g § According to Ban and Okad.a,47 the mol%.A1203 of mullit?,is

g 3 3 3 3 3 relat'e{i to the lengt'h of the a-axis (nm) according to the following

2lx3essg empirical expression:

- [© Y nwn o
o Al O3 (mol%) = 1443 x a — 1028.06
§§ 288 According to this equation, the mullite crystals in our
By j 3 j 3 samples contain 61.8 0.3 mol% Al,O3. Hence, the mullite
ﬁ = %1 § ﬁ crystallised in our system is close to the so-called “stoichio-
Badadaa metric” 3:2 mullite (3A1,03-2Si0,). This is in full accordance

"E S § § §§ with the results obtained by Paganini et al. for sanitary-

Slzdiis wate.”

S|anenn Fig. 1 shows the wt% kaolinite in the dried body, cal-
o culated on the basis of the mineralogical composition of
222<s:sS the raw materials and their proportions in the mixture, as
dand a function of the wt% mullite multiplied by the fired/dried
JaSas absolute weight of the ceramic body. The conversion factor

o § g g §§ applied to the wt% mullite is necessary in order to com-

E|loccsc o . . . .

ﬁn HAH pensate for the weight loss C?u'rlng. firing ar.ld thus render. it

s|leazaa comparable to the wt% kaolinite in the dried body. A lin-
ear dependence between kaolinite and mullite is observed,

a3 i e indicating that the mullite formed in our system is mainly
oo of primary nature.>3 It is interesting to note that, extrap-

2 Iuxnao olating the linear curve, no mullite should be found when

S i ﬁ j H the dried bodies contain less than ca. 7 wt% kaolinite. Under

Slogdgs these conditions, the chemical environment is undersaturated
- o with aluminum which leads to a complete dissolution of the
Huw HHH kaolinite relicts in the glass matrix. Another important obser-
§ g % g §l vation, also reported by other authors, %20 is that the fraction
:j 2 g i $ of kaolinite transformed into mullite varies between 23 and

& |92 ﬂ doo 45wt% from low to high kaolinite content which is con-

dlavns s siderably lower than the theoretical value of 54%. These
ow o observations indicate that the crystallisation of mullite from
3j§ jj kaolinite is highly governed by the chemical composition
cwe X Qo of the liquid melt, and is accompanied by the formation of
S8 i = 3 amorphous aluminosilicate. Martin-Marquez et al. stated that

SHinp i 4 the incomplete conversion of kaolinite to mullite is mainly due

ElgRa=g to the fast-firing process.>8

Fig. 2 shows the wt% quartz in the original mixture, cal-

Al ;e . .. .
- ad culated based on the raw material compositions and their

Cleagdog> proportions in the mixture, as a function of the quartz content

R in the fired body. The latter was renormalised to the weight of

the dried body so a direct comparison is possible. A linear curve
<|H8&ETE with a regression coefficient of 0.983 is obtained (<0.05% prob-

o ability for uncorrelated data),46 with the intercept of 10.3. That

2 is, quartz contents less than 10.3 wt% in the dry body leads to

SIa8838 a complete engulfment of the crystals in the liquid melt during



678

Table 5
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Mineralogical composition of the stoneware bodies, prepared using the raw material mixtures defined by DOE (mixtures 1-20, see Table 3 as well as a test set of

mixtures different from those defined by the design (see Table 4).

Mixture Mineralogical composition (wt%)
Quartz K-feldspar Hematite Mullite Plagioclase Amorphous phase
5 30.2(3) 0.05 (15) 0.005 (35) 8.9(3) 0.4 (1) 60.4 (4)
2 12.1 (1) 0.3 (1) 0.01 (3) 13.9 (2) 0.84 (8) 72.8 (3)
16 36.3 (4) 0.3 (1) 0.03 (3) 18.3 (3) 0.7 (1) 44.3 (6)
6 20.7 (2) 0.5 (1) 0.04 (3) 6.3 (2) 0.7 (1) 71.8 (3)
4 333(3) 0.3 (1) 0.02 (3) 11.8 (3) 1.0 (1) 53.5(5)
10 154 (2) 0.7 (1) a 22.9(3) 0.5 (1) 60.5 (3)
17 12.6 (1) 0.70 (8) a 13.9 (2) 0.5(8) 722 (2)
13 29.2 (3) 02 (1) a 17.4 (3) 0.7 (1) 52.4 (5)
20 36.3 (4) 4 a 14.4 (3) 1.6 (1) 47.6 (5)
15 254 (2) 0.7 (1) 0.01 (3) 9.6 (2) 0.6 (1) 63.7 (4)
8 29.8 (4) 4 0.03 (4) 3.1(3) 2.1(1) 64.9 (5)
14 11.5 (1) 0.8 (1) 0.01 (3) 16.7 (2) 0.5 (1) 70.5 (3)
7 10.1 (1) 0.6 (1) a 12.6 (2) 0.6 (1) 76.0 (2)
12 244 (2) 0.5 (1) a 13.7(2) 1.6 (1) 59.9 (4)
19 32.7 (4) a 0.08 (4) 3.29 (5) 1.8 (1) 62.2 (5)
18 30.7 (4) a 0.02 (4) 8.1(3) 1.1(2) 60.1 (5)
9 222 (2) a 0.02 (4) 15.1(2) 0.5 (1) 62.3 (3)
1 37.0 (5) a 0.06 (4) 18.9 (4) 0.7 (1) 43.3(6)
11 22.1(2) 0.8 (1) a 7.8(2) 1.9(1) 67.3 (3)
3 358 (4) 0.4 (1) a 14.4 (3) 1.5(3) 479 (5)
21 21.7 (2) 0.5 (1) a 11.1(2) 1.1(1) 65.6 (3)
22 14.1 (1) 0.5 (1) a 122 (2) 1.1(1) 72.0 (3)
23 344 4) 02 (1) a 16.2 (3) 0.7 (1) 48.5(5)
24 29.8 (3) 0.4 (2) 0.05 (3) 11.2 (3) 1.0 (1) 57.6 (4)
25 21.1 (2) 0.7 (1) a 16.3 (2) 1.4 (1) 60.5 (4)

2 Below detection limit.

firing. Increasing the quartz content in the dry body does not
lead to a much higher quartz dissolution (note that the slope of
the linear curve in Fig. 2 is close to one) which indicates sat-
uration of the surrounding melt, i.e. dissolution of the quartz
crystals is controlled by their chemical environment. Based on
these observations, it can be assumed that the average grain size
of the residual quartz crystals increases with increasing amount

45
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10 1
5 | y=0.917x+10.3
R%=0.983
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Wt%dried quartz
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—fired o Wit% g, oq qUArtz

dried

Fig. 2. The wt% quartz in the dried body, calculated based on the raw material
compositions and their proportions in the mixture, versus the quartz content in
the fired body. The latter was renormalized to the weight of the dried body so a
direct comparison is possible.

of quartz in the dry body. Sdnchez et al. found that 64-85% of
the quartz in the starting composition remained undissolved. !
In accordance with the results presented here, a linear relation
between the quartz content in the dry and fired body was also
found.!326

The viscosity of the glass melt is of major importance for the
microstructure development of porcelain stoneware tiles dur-
ing firing. A liquid phase of low viscosity better fills up pores
and voids. In addition, gases trapped in the viscous melt can
escape more easily. Calculation of the chemical composition of
the overall glass phase, based on the chemical analyses of the raw
materials and the quantitative phase analyses of the fired samples
may help to make a qualitative approximation of the viscosity
of the liquid aluminosilicate melt.>* However, it should be kept
in mind that this type of discussion is highly approximate as
the glass phase cannot be considered homogeneous as the con-
tributions from feldspar, quartz and kaolinite are at least partly
segregated.19 The concentration of K,O + NayO, which should
be most indicative for the viscosity of the melt,* has a nega-
tive effect on viscosity. A linear decrease of the concentration
of these alkali oxides in the glass phase of the fired stoneware
tile was found with increasing amount of clay minerals in the
starting composition (R? =0.725). Instead a positive trend was
found between alkali oxide content and feldspar (R2=0.873).
No correlation was found with quartz content, probably as the
amount of dissolved quartz is independent on quartz content in
the initial mixture (see Fig. 2).
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B:15 60

D=0 wt%

C:0 B:-10 60

C:-25
D=25 wt%

Fig. 3. Constant contour plots at low (0 wt%) and high (25 wt%) percentage of quartz sand for TP (total porosity). The raw material codes A, B, C and D correspond

to feldspar, kaolin, kaolinitic-illitic clay and quartz sand, respectively.

3.4. Mineralogical composition and technological
propetrties

The net effect of raw materials on various properties (i.e. TP,
AE, Vab, pa, LES and L*) of the fired products is graphically
demonstrated in Design-Expert constant contour plots drawn
using the regression equations obtained by statistical modeling.
A contour plot is a two-dimensional representation of 3D data,
in which data points giving the same response value are joined to
form so-called contour lines. Often, the regions between contour
lines are shaded/coloured to indicate their magnitude, which
helps to read the different values of the dependent variable.

As the design involves four mixture components, one compo-
nent must be set as constant in each plot. It was chosen to display
the contour plots at low (0 wt%) and high (25 wt%) concentra-
tion of added quartz sand (component D) for each property. The
plots corresponding to each property will be discussed one by
one below.

3.4.1. Total porosity (TP), fired bulk density (pp)

The pore structure in porcelain stoneware tile is one of
the most important physical properties which determines the
overall characteristics of the product. The sintering process

60

D=0 wt%

24
22 1
20 1
18 1
16 1
14 1
12
10 1

R2=0.949

Total porosity (%)

40 50 60 70 80
Wt% glass

Fig. 4. Total porosity (TP, %) as a function of wt% glass in the fired body.

is dependent on the viscosity of the melt which in turn, in
case of fixed temperature cycle, is dependent on the chemical
composition.>>-¢

Fig. 3 shows the constant contour plots at low (0 wt%) and
high (25 wt%) concentration of added quartz sand for TP. Very
similar plots were obtained for the fired bulk density and there-
fore not shown here. In fact, fired bulk density is linearly

D=25 wt%

Fig. 5. Constant contour plots at low (0 wt%) and high (25 wt%) percentage of quartz sand for AE*. The raw material codes A, B, C and D correspond to feldspar,

kaolin, kaolinitic-illitic clay and quartz sand, respectively.
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Fig. 6. AE* as a function of wt% glass in the fired body. The curve can be
divided in three different zones based on the slope.

correlated to total porosity with a correlation coefficient of
0.98. The probability that twenty observations between two vari-
ables with this correlation coefficient are actually uncorrelated
is less than 0.05%.%¢ The feldspar content strongly decreases
the porosity. This is expected as viscous sintering, i.e. densifi-
cation, is promoted by feldspar. In addition, the concentration
of alkali oxides in the overall liquid melt (approximated from
chemical and mineralogical analyses of the raw materials and
the fired stoneware, see Section 3.3) increases with increasing
feldspar content, thus rendering the liquid melt less viscous
which speeds up the sintering process. The opposite effect is
observed for quartz and kaolin. The negative effect of quartz
and kaolin on total porosity observed here can be explained
on the basis of previous microstructural studies performed on
porcelain stoneware.>?! In the early stage of firing, pores are
formed due to dehydroxylation reactions resulting in a more

Wt% glass=47.9
AE*=56

Fig. 7. Top and side view BSE images of samples with different values of AE*, prepared from mixtures 7 (a and b), 15 (c and d) and 3 (e and f).
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D=0 wt%
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Fig. 8. Constant contour plots at low (0 wt%) and high (25 wt%) percentage of quartz sand for V. The raw material codes A, B, C and D correspond to feldspar,

kaolin, kaolinitic-illitic clay and quartz sand, respectively.

porous structure compared to the dry body.?! These pores have to
be filled by the viscous melt in order to form a dense body. Coarse
quartz grains introduce larger voids in the dry compact which
are difficult to eliminate by viscous sintering.’ In fact, constant
contour plots at low (0 wt%) and high (25 wt%) concentration of
added quartz sand for dry bulk density (not shown here), showed
that an increased amount of quartz resulted in a decrease in dry
bulk density. An effect of kaolin on the viscosity of the glass
melt is also expected, based on the estimation of the chemical
composition of the glass phase (see end of Section 3.3). The
viscosity of the liquid melt should increase with increasing con-
tent of kaolinite, thus slowing down the sintering process. This
explanation is also in concert with the increased temperature of
maximum density with increasing kaolinite content observed by
De Noni et al.'”

Fig. 4 shows the total porosity as a function of glass content
in the fired body. A very strong dependence between the two
parameters is observed, in accordance with the model that fore-
sees an important effect of the feldspar content on total porosity.
Perhaps the most interesting observation is that the curve flat-
tens out at amorphous contents higher than about 66%. That is,
higher amounts of liquid phase do not result in a more sintered
body. An explanation to this observation could be the presence of
gas bubbles entrapped in the liquid phase which cannot be elim-
inated by viscous sintering, thus forming closed pores which
contribute to total porosity.

3.4.2. Amount of staining agent retained by the surface
(AE¥)

Fig. 5 shows the constant contour plots at low (0 wt%) and
high (25 wt%) concentration of added quartz sand for AE*. A
decrease in AE* is observed with increasing amount of feldspar.
On the contrary, quartz and kaolin have a positive effect on
AE*. These trends are qualitatively the same as the ones found
for the TP (compare with Fig. 3), but not strictly correlated.
In fact, Dondi et al. showed that the penetration of staining
agent, and a consequent increase in AE*, is manly determined
by the pore structure rather than the total porosity.!” Sénchez
et al. studies polished porcelain tiles with different microstruc-
ture, obtained by varying the peak firing temperature.!> They

found that AE* increased with increasing porosity at firing
temperatures lower than the temperature of minimum poros-
ity. However, at higher temperatures which represent overfiring
conditions, the AE* did not increase as much as porosity. This
was explained by the fact that the pore structure had changed
from irregular, interconnected pores to isolated round pores
which are easier to clean. The kaolinite-illite clay seems to
have a positive effect on AE* only at low quartz content, an
observation which requires further studies to be explained ade-
quately.

Fig. 6 shows the wt% glass in the fired body versus AE*.
The curve can be divided in three different zones by the slope
of the curve. No significant change in AE* can be observed
at low and high glass content (zone 3 and 1, respectively). At
intermediate glass content (zone 2), AE* decreases linearly with
glass content. At low glass content (zone 3), the density of inter-
connected pores is so high that a difference in colour between
samples in this zone is hardly detected due to colour saturation.
In zone 2, the density of interconnected pores is low enough
to reveal a decrease in AE* with increasing glass content due
to a decrease in open porosity contributing to total porosity

70
Total porosity=T+1 %
60
50 A ]
E 1
£ 40 4
£
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2 30
-]
>
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R%=0.838
0 r . :
0 5 10 15 20 25
Mullite (wt%)

Fig. 9. Volume of material removed by deep abrasion (Vyp,) as a function of wt%
mullite in the fired body. All samples have a porosity of ca. 7 4 1% and contain
mostly closed porosity.
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Fig. 10. Volume of material removed by deep abrasion (V) as a function of
total porosity (TP) for samples with a glass content <ca. 66 wt%.

(compare with Fig. 4). When the glass content is higher than
ca. 68% (i.e. zone 1), AE* does not change as a function of
glass content. This is readily explained by considering Fig. 4
where the total porosity is plotted as a function of glass con-
tent. When the glass content is higher than about 66%;, the body
is fully sintered, i.e. only closed porosity contributes to total
porosity. Hence, the pigment cannot enter the sample via inter-
connected pores at high glass content. Fig. 7 shows top and
side view BSE images of samples from mixtures 7 (a and b)
15 (c and d), and 3 (e and f), belonging to zone 1, 2 and 3,
respectively. The sample prepared using mixture 7 has a glass
content of 76 wt%, and should thus be free of connected pores
(see Figs. 4 and 6), which indeed is confirmed by the BSE
images of this sample (see Fig. 7a and b). Only large spheri-
cal closed pores may be observed. The sample prepared using
mixture 15 has a glass content of 63.7%, thus belonging to zone
2. However, although the total porosity of this sample is very
similar to the one found for the sample prepared from mixture
7, the degree of staining is higher (33, compared to 2 for sample
from mixture 7). In fact, this sample has some interconnected
pores which may absorb the staining agent with an increased
value of AE* as a result. The sample prepared using mixture
3 has a very low glass content (47.9 wt%) and belongs to zone

D=0 wt%

LFS
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Fig. 12. CIE-Lab colour parameters (L*, a* and b*) as a function of wt% glass
in the fired body.

3. The value of AE* for this sample is in fact high (56), thus
indicating a high density of open pores which is confirmed by
the BSE images of this sample (Fig. 7e and f). It can be con-
cluded that connected pores, such as those found in samples
from mixture 15 and 3 are detrimental for the resistance to stain-
ing. Instead, closed pores as those found in sample 7 have less
influence.

3.4.3. Material removed by deep abrasion (V)

Fig. 8 shows the constant contour plots at low (0 wt%) and
high (25 wt%) concentration of added quartz sand for Vy,. From
the figure, the positive effect of quartz on Vy, is quite evident.
At low quartz-content, no conclusions can be drawn regarding
raw material effects as the variations in Vy;, are within the model
prediction error. At high quartz content, the volume of mate-
rial removed by deep abrasion (Vyp) decreases with increasing
proportions of feldspar. Oppositely, kaolin has a positive effect
on V. These trends are quite similar as the ones observed
for porosity. Recent tribological and microstructural studies of
porcelain stoneware showed that the porosity and the mullite
content were important in determining the amount of material
removed by abrasion.!!2” In order to further investigate the
effect of porosity and mineralogical composition on volume

B:-10 60
D=25 wt%

C:-25

Fig. 11. Constant contour plots at low (0 wt%) and high (25 wt%) percentage of quartz sand for linear firing shrinkage (LFS, %). The raw material codes A, B, C
and D correspond to feldspar, kaolin, kaolinitic-illitic clay and quartz sand, respectively.
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D=0 wt%

A:10

D=25 wt%

Fig. 13. Constant contour plots at low (0 wt%) and high (25 wt%) percentage of quartz sand for L*. The raw material codes A, B, C and D correspond to feldspar,

kaolin, kaolinitic-illitic clay and quartz sand, respectively.

of material removed by deep abrasion, Fig. 4 is reconsidered
in which total porosity is plotted as a function of glass con-
tent. At glass content higher than ca. 66 wt%, the total porosity
is independent of glass content and remains in the approxi-
mate range 7+ 1%. In these samples, it is likely that closed
porosity is the main factor contributing to total porosity (see
previous discussion regarding Fig. 4). However, a closer look
at the volume removed by deep abrasion for these samples (see
Table 3) shows a significant variation which could possibly be
explained by the difference in mineralogical composition. In
fact, plotting Vg as a function of mullite content results in
a negative linear correlation, see Fig. 9. Hence, fully sintered
samples with similar values of total porosity may show differ-
ent resistance to deep abrasion possibly due to differences in
phase composition, as found by others.>?” Decreasing the glass
content below ca. 66 wt% gradually increases the open poros-
ity (Fig. 4). Plotting the material removed by deep abrasion as
a function of total porosity results in a positive linear trend,
see Fig. 10. Hence, open porosity significantly contributes to
decrease the wear resistance. This interpretation is in concert
with the conclusions drawn by Martin-Marquez et al. who stud-
ied the effect of microstructure on the mechanical properties
of porcelain stoneware.>> They found that the bending strength
decreases and increases with open porosity and mullite content,
respectively.

3.4.4. Linear firing shrinkage (LFS)

Fig. 11 shows the constant contour plots for the linear firing
shrinkage (LFS) atlow (0 wt%) and high (25 wt%) concentration
of quartz sand. LFS tends to increase with increasing propor-
tions of kaolin and feldspar at low and high quartz-content,
respectively, in agreement with previous work.*? These results
are explained by a higher degree of vitrification promoted by
feldspar and a higher degree of sintering prompted by kaolinite.
In fact, the linear correlation coefficient between LFS and the
wt% glass is 0.602 (<0.2% probability that the two variables
are uncorrelated*®) which further highlights the important influ-
ence of feldspar on LFS. Quartz sand has a negative effect on
the linear firing shrinkage, as expected.

3.4.5. Lab colour parameters (L*, a*, b*)

The specific colour, defined by the CIE-Lab colour parame-
ters, is clearly changing with composition, see Table 3. Positive
values for a* and b* is observed, demonstrating that the colour
is towards red and yellow. Fig. 12 shows the colour parameters
as a function of wt% glass in the fired body. Increasing the glass
content results in a darker and more coloured body. Sanchez et al.
found a linear increase and decrease of L* and b*, respectively,
with the wt% of crystalline phases (mullite + quartz) in fast-
fired porcelain stoneware tiles.”® The authors attributed these
observations with the opacifying effect of the crystalline phases,
but pointed out that other mechanisms also could contribute to
an increased whiteness such as accommodation of Fe** in the
structure of mullite as well as the presence of pores which also
contributes to increasing the whiteness. In this work, we have
observed that the mullite structure crystallised in our system
does not contain iron. Instead, iron is present in the form of
hematite (see Table 5). The surface iron in hematite changes
from six to fourfold coordination in contact with the alkaline
glass matrix, thus giving a dark brown colour.’’ This is proba-
bly the main mechanism governing the change in colour in our
system. In fact, increasing the glass content increases the contact
surface between the liquid melt and the hematite particles, thus
increasing the CIE-Lab parameters a* and b*.

Fig. 13 shows the constant contour plots at low (0 wt%)
and high (25 wt%) concentration of added quartz sand for the
whiteness, L*. The whiteness decreases with increasing feldspar
content whereas kaolin and quartz has a positive effect on this
property. The effect of the latter two parameters is possibly
related to their positive effect on total porosity and quantity
of crystalline phases (mullite and quartz) which both have a
positive effect on the whiteness of the ceramic body as a whole.

4. Conclusion

In the present work, the effects of the raw material proportions
on the mineralogical composition and various technological
properties of porcelain stoneware tiles were investigated using
mixture design and statistical modeling in combination with
microstructural studies by various techniques such as XRPD
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data and Rietveld refinements. The aim was to contribute to the
full understanding of this important ceramic system which, due
to the high complexity, is not yet reached. The investigated prop-
erties were total porosity, linear firing shrinkage, stain resistance,
resistance to deep abrasion, CIE-Lab colour parameters (a*, b*
and L*) whiteness and bulk density. The following conclusions
could be drawn regarding the system studied here:

(i) Based on the refined unit cell parameters, the overall
chemical composition of mullite was approximated to
3A1,03-2S10;7 which is the so-called stoichiometric iso-
morph. In addition, no evidence was found for the presence
of structural Fe in newly formed mullite. The crystalliza-
tion of mullite from kaolinite was highly governed by the
chemical composition of the liquid melt as the fraction of
kaolinite transformed into mullite varied between 23 and
45 wt% from low to high kaolinite content.

(i) A fixed amount of quartz (10 wt% of the dry body weight)
was engulfed by the liquid melt during firing, regardless
of the initial amount in the raw materials mixture. This
indicates saturation of the surrounding melt, i.e. the disso-
lution of the quartz crystals was controlled by their chemical
environment.

(iii) Bulk density was strictly correlated to total porosity.

(iv) The weight fraction of amorphous phase in the stoneware,
and consequently the weight fraction of flux in the raw
materials mixture, was the most important factor govern-
ing the properties of the stoneware: (a) open porosity, and
consequently the amount of staining agent retained by the
surface (quantified by AE*) decrease linearly with the
amount of amorphous phase in the stoneware. A mini-
mum of about 66-68 wt% of amorphous phase is needed
to minimize open porosity and thus obtain maximum stain
resistance: (b) material removed by deep abrasion is pos-
itively dependent on open porosity, and thus amorphous
content. In fully sintered samples, i.e. samples having an
amorphous content higher than 66—-68 wt%, a negative cor-
relation exists between volume removed by deep abrasion
and mullite content, thus supporting the mullite hypothesis
as a mechanism of strengthening of porcelain stoneware:
(c) the CIE-Lab colour parameters a* and b* increased with
increasing amount of amorphous phase. Instead, a decrease
in the whiteness (L*) with amorphous phase was observed.
The increase in a* and b* with glass content was attributed
to a change from six to fourfold coordination of surface iron
in hematite, due to contact with the alkaline glass matrix.
A positive effect of kaolin and quartz on whiteness was
observed, and possibly related to their positive effect on
total porosity and quantity of crystalline phases (mullite
and quartz) which both increase the opacity of the ceramic
body.
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