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bstract

he low porosity of porcelain tile is the result of strict control of the material’s processing conditions (milling of raw materials, compaction
nd sintering) and the characteristics of the raw materials used in its formulation (formation of liquid phases). Sealed pores remaining after
he manufacturing process are revealed at the surface after polishing and are the main factor responsible for staining the product. The porous

icrostructure of the sintered material depends on the characteristics of the porous microstructure of the green compact and on how the densification

rocess evolves during sintering. The present work evaluated how the size distribution of spray-dried granules acts upon the porous microstructure
f green compacts and of polished porcelain tile. The results revealed that minor adjustments in the granulometric distribution curve can reduce
he visibility of stains on the polished surface, thus improving this property.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

Porcelain tile is a ceramic product that stands out for its low
ater absorption and high mechanical strength. In general, the
roperties of the product result from its low porosity due to
he processing conditions (high degree milling of raw materials,
igh force compaction and sintering temperature), and the poten-
ial of the raw materials to form liquid phases during sintering
high densification). However, in the case of polished porce-
ain, the sealed pores remaining after the manufacturing process

ay impair some of its technical properties, such as its stain
esistance.1–4

Sealed pores are the result of incomplete densification of
he material during sintering, and depend basically on the

icrostructure of the green compact and on the thermal cycle
dopted. With respect to the green compact, the main vari-

bles that may interfere in the characteristics of the porous
icrostructure are particle and grain size distribution, morphol-

gy, humidity and pressing pressure.5,6

∗ Corresponding author. Tel.: +55 16 33617980; fax: +55 16 33615404.
E-mail address: helquimica@yahoo.com.br (H.J. Alves).
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There are basically two types of pores that make up the
icrostructure of the green compact: intragranular pores (spaces

etween the particles that comprise the grains) and intergranu-
ar pores (set of voids that form during packing of the granules).
nother type of pore that can also frequently be found inside

arger grains results from the spray-drying process and is referred
o by some authors as “hollow”.7,8 This type of “hollow” can be
lassified as a kind of intergranular pore in view of its similar
ize and characteristics. Experiments conducted by BELTRÁN7

ndicated that part of the medium-sized or large sealed pores in
he microstructure of the end product are probably associated
ith the use of spray-dried mixtures, more specifically with the

haracteristic “hollow” granules of the agglomerates that con-
titute these mixtures. However, the author’s results were not
onclusive, so they require careful interpretation. The author
tudied extreme conditions, evaluating the influence of the use of
istinct specific granulometric ranges on the porosity of the final
roduct (very fine granules obtained after grinding in a mortar
nd pestle, or granules with a very narrow range of diameters),

hich are completely unlike the viable industrial conditions for

he use of powder for pressing.
The present work, in contrast, seeks to correlate the porous

icrostructure of the green compact with the closed porosity and

mailto:helquimica@yahoo.com.br
dx.doi.org/10.1016/j.jeurceramsoc.2009.11.018
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where ρC is the apparent density and ρR corresponds
to the absolute density (determined by helium gas
pycnometry—Quantachrome Ultrapycnometer 1000). Were
260 H.J. Alves et al. / Journal of the Europ

tain resistance of the end product. To this end, alterations were
ade in the green compact microstructure through the preselec-

ion of granules of a standard spray-dried mixture, originating
istinct mixtures with varied granule sizes. These alterations
ere made while the remaining process variables were kept

onstant, thus allowing for an evaluation solely of the effect
f the granule size distribution on the final porous microstruc-
ure.

. Materials and methods

For this study, an industrial spray-dried mixture was selected,
alled STD, which is currently used in the manufacture of pol-
shed porcelain tile.

.1. Preselection and characteristics of the spray-dried
ranules

Initially, part of the spray-dried powder of the STD mixture
as dried at 110 ◦C for 24 h, and then separated by sieving into

hree granulometric fractions: <150 �m (FINE), 150–300 �m
MEDIUM) and >300 �m (COARSE), using a vibrator mechan-
cal under controlled conditions. The morphology of the grains
omprising these fractions was evaluated in a digital optical
icroscope (Olympus MIC-D). Four granulometric composi-

ions were then prepared with the spray-dried powder (MM,
, G and F), each containing different percentages of prese-

ected granules, as shown in Table 1. For each granulometric
ompositions were weighed in analytical balance, 500 g of the
pray-dried powder according to the percentages indicated in
able 1. For purposes of comparison, the STD standard sample
as also evaluated. In addition, the possibility of heterogeneities

n the chemical composition of the spray-dried granules of dif-
erent sizes was also checked, since that might affect the results
f this work, for the presence of microregions with distinct
ompositions can cause gradients of fusibility and densifica-
ion during sintering, thereby altering the characteristics of the
esulting pores. Thus, the FINE and COARSE granulomet-
ic fractions were analyzed chemically by X-ray fluorescence
Philips MagiX Spectrometer). The crystalline phase composi-

ions of STD were qualitatively determined by X-ray powder
iffraction (XRD) by using a Siemens Kristalloflex equipa-
ent.

able 1
ranulometric compositions evaluated.

ompositions Spray-dried powder (mass%)

<150 �m
(Fine)

150–300 �m
(Medium)

>300 �m
(Coarse)

M 15.0 70.0 15.0
30.0 40.0 30.0
15.0 30.0 55.0
55.0 30.0 15.0

TD 10.0 41.0 49.0 F
s

eramic Society 30 (2010) 1259–1265

.2. Characterization of the green microstructure

Several 6.0 cm × 2.0 cm test specimens of each granulomet-
ic composition were prepared under the following conditions:
pray-dried powder containing 0.060 kg water/kg of dry mixture,
ressured under a uniaxial pressure of 40 MPa. The test spec-
mens were oven-dried at 110 ◦C up to constant weight, after
hich their apparent density was evaluated by the geometric
ethod and their porosity by mercury porosimetry (Micromerit-

cs AutoPore III).

.3. Characterization of the microstructure after sintering

The choice of sintering temperature of the MM, M, G, and
test specimens was based on the previously determined vari-

tion of linear shrinkage and water absorption with sintering
empertature of the STD spray-dried mixture (Fig. 1), under the
onditions described in item 2.2. Because the maximum densifi-
ation of STD occurs at 1210 ◦C, this sintering temperature was
elected for the other compositions.

The oven-dried test specimens were fired in an electric lab-
ratory furnace using a heating cycle of approximately 55 min,
ith heating rate of 45 ◦C/min, 8-min threshold at 1210 ◦C, and

ooling rate of 60 ◦C/min. After sintering, the following values
ere determined:

Water absorption (WA) by the water boiling method for 2 h,
following the ISO 10545-3 standard9;
Apparent porosity (εA) by the Archimedes principle;
Total porosity (ε) and sealed porosity (εF), based on equations:

ε = 1 −
(

ρC

ρR

)
(1)

εF = ε − εA (2)
ig. 1. Variation of linear shrinkage (LS) and water absorption (WA) with
intering temperature of the STD spray-dried mixture.
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Table 2
Chemical analysis of the STD spray-dried powder.

Oxides (%) STD

Fine Coarse

P.F. 3.37 3.43
SiO2 56.91 57.16
Al2O3 24.42 24.65
Fe2O3 0.28 0.28
TiO2 0.10 0.09
CaO 1.07 1.08
MgO 0.43 0.42
K2O 0.96 0.96
Na2O 2.42 2.49
Li2O 0.54 0.54
Z
P
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t

m
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3
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s
c
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the results of this work. Fig. 2 presents the mineralogical com-
position of STD mixture determined by XRD. The crystalline
phases present in the STD mixture are: �-quartz, kaolinite,
albite, muscovite, microcline, zircon, calcite and dolomite.
H.J. Alves et al. / Journal of the Europ

used eight specimens for each sample for the tests to deter-
mination of the porosity.

The sintered test specimens were then sandpapered and pol-
shed using an automatic system with water, composed by a
otary disc and a series of five sandpapers, in order to simulate
ndustrial polishing. The test specimens were set and the time
pent in each sandpaper was 15 min, what ensure the obtained
f surfaces prepared under the same conditions. The charac-
eristics of the samples surface microstructure after polishing
ere determined from digital images (micrographs) obtained
y scanning electron microscopy (SEM, Leo Stereoscan 440).
he analysis of the digital images using Image-Pro 4.5 Plus
oftware allowed for the determination of the percentage corre-
ponding to the area covered by pores in relation to the total area
f the analyzed images, the distribution of their diameters, and
he morphological aspects (aspect ratio).

Concomitantly, the polished test specimens were subjected to
he stain test, according to the procedures of the ISO 10545-14
tandard.10 The staining agents used were chrome green (oily
olution containing 40 wt% of Cr2O3 – recommended by the
tandard) and soil (aqueous solution containing 50 wt% of red
oil – simulating everyday conditions).

The staining agents were applied dropwise so that they would
pread in a flat circular area, remaining in contact with the sur-
ace of the tile for 24 h. After this time, the test specimens were
ubjected successively to the following cleaning steps:

(a) Washing of the surface with warm water.
b) Manual cleaning with a neutral detergent.

(c) Manual cleaning with an alkaline abrasive paste.
d) Immersion for 24 h in chloric acid (3% in volume).

After the first cleaning step (a), the tiles were examined visu-
lly and, if the stains had not been removed, they were subjected
o the next cleaning steps (b–d) if necessary. According to the
ase with which the stains were removed and the cleaning test
erformed, the tiles were classified according to their cleanabil-
ty, as follows:

. Unremovable stain.

. Stain removed with chloric acid.

. Stain removed with alkaline abrasive paste.

. Stain removed with kitchen detergent.

. Stain removed with warm water.

The intensity of the stains was evaluated by the difference
n coloring, �E*, between the surface before staining and after
leaning the area to which the staining agent was applied.10

he values of �E* were determined by diffuse reflectance
pectrophotometry (Konica Minolta CM-2600d), applying an
bservation pattern of 10◦ and standard D65 light (equivalent to
aylight), based on the following equation:√

E∗ = (L∗

0 − L∗)2 + (a∗
0 − a∗)2 + (b∗

0 − b∗)2 (3)

here L∗
0 a∗

0 b∗
0 and L*a*b* are the chromatic coordinates of the

pecimens before staining and after the cleaning procedures,
rO2 10.16 9.75

2O5 0.15 0.15

espectively. The higher the value of �E* the stronger the stain
bserved on the surface.

Were used five specimens for each sample for the stain resis-
ance assay and colour measurements.

Based on the results of the experiments, an evaluation was
ade of the real influence of the granulometric distribution of the

pray-dried powder on the porous microstructure after sintering
nd, hence, on the stain resistance.

. Results and discussion

.1. Characteristics of the spray-dried powder

Table 2 shows the results of the chemical analysis of the pre-
elected FINE and COARSE granules. Note that the chemical
ompositions are very similar, without appreciable differences,
hus eliminating the possibility of interference of this variable on
Fig. 2. XRD of STD mixture.
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Table 3
Apparent density of the green test specimens.

Green test specimens ρC (g/cm3)

MM 1.85 ± 0.01
M 1.85 ± 0.02
G 1.86 ± 0.01
F 1.84 ± 0.01
STD 1.83 ± 0.01
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ig. 3. MOD micrographs of distinct granulometric fractions of the STD spray-
ried powder: (a) <150 �m, (b) 150–300 �m, and (c) >300 �m.

Fig. 3 indicates that the morphology of the granules varies
ccording to their size. The smaller the granule the greater the
endency for a spherical shape and the larger the surface area.
hus, the FINE granules (Fig. 3a), have a regular morphology
ith a greater tendency to be spherical, while the COARSE
rains (Fig. 3c), show an irregular morphology and a smaller
pecific surface area.

.2. Green microstructure
After pressing, the values of apparent density, ρC, obtained
or the test specimens revealed that the granulometric compo-
itions evaluated showed very similar degrees of compaction
Table 3), indicating that the total volume of pores generated

a
a
d
o

ig. 4. Distribution of the mercury penetration diameters (green compact).

n the green compact is the same, independently of the initial
ranule size distribution. This was confirmed by the results of
he porosimetry analysis (Fig. 4), which shows that the volume
f Hg penetrated into the test specimens of all the granulometric
ompositions tested here was practically the same.

Although the pore volume is constant and the distribution
f Hg penetration diameters is similar (Fig. 4), it is important
o point out that there are some differences between the green
ompacts analyzed. As can be seen, only M, G and STD have
ores with penetration diameters of 1.0–4.0 �m, which may be
ssociated with the higher percentage of COARSE granules used
n these compositions (Table 1).

.3. Final microstructure

Table 4 presents the results of the characterization of the test
pecimens’ porosity after sintering. Note that the values of WA,
A, εF and ε obtained for all the evaluated compositions are
ery similar, suggesting that the pores have the same volumetric
raction. However, it should be pointed out that MM, M, G and
have a slightly higher total pore volume than that of the STD

tandard.
Under the conditions found here, in which the microstructures

f the green compacts are similar (pore volume) and porosity

fter sintering is constant (total pore volume, apparent porosity
nd sealed pores), the only possible effect caused by the use of
ifferent granulometric distributions, according to the methodol-
gy adopted here, would be related to the size and morphology of
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Table 4
Characterization of the porosity of the sintered test specimens.

Granulometric compositions WA (%) εA (%) εF (%) εa (%)

MM 0.10 ± 0.05 0.26 ± 0.11 8.06 ± 0.20 8.32 ± 0.16
M 0.12 ± 0.03 0.31 ± 0.08 8.13 ± 0.11 8.44 ± 0.17
G 0.10 ± 0.05 0.25 ± 0.12 8.18 ± 0.17 8.42 ± 0.18
F 0.20 ± 0.04 8.32 ± 0.18 8.52 ± 0.16
S 0.15 ± 0.01 7.59 ± 0.01 7.74 ± 0.01
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0.08 ± 0.02
TD 0.06 ± 0.01

a The value of ρR obtained for the calculation of ε was 2.740 g/cm3.

he pores in the final microstructure. About this point, it is worth
mphasizing that two samples can present the same pore volume
ut distinct size distributions, which may suffice to modify their
urface properties, such as stain resistance. To verify the valid-
ty of this hypothesis, the fired test specimens were polished and
hen analyzed by SEM and evaluated with respect to their stain
esistance.

.3.1. Stain resistance
Table 5 lists the results of the stain resistance test, indicating

imilar behaviors for the evaluated compositions (MM, M, G and
) and STD. Stains are still visible even after the most aggressive
leaning process with chloric acid (3%, v/v), and were classified
s unremovable, belonging to Class 1 cleanability. The only dif-
erence found was in regard to the green chrome staining agent
pplied to the test specimens of the MM composition, which
as removed by cleaning with abrasive alkaline paste, and was

lassified as 3 (the higher the cleanability class the easier the
emoval of the stain and the less aggressive the cleaning process
hereby the stain can be removed).
Although a large part of the test specimens presented unre-

ovable stains after the cleaning procedures, the intensity of the
tains showed visible differences, with the MM and F composi-
ions showing stains of lesser and greater intensity, respectively
Fig. 5).

The use of a diffuse reflectance spectrophotometer to evaluate
he intensity of stains or the degree of cleanability of the product,
quantitative evaluation, was considered very promising since,
esides standardizing the evaluation of the surface after the stain
ests, it eliminates possible deviations caused by the qualitative
isual analysis recommended by the ISO 10545-14 standard.10

.3.2. Image analysis
Eight micrographs were recorded at random points of the

urface of each polished test specimen (Fig. 6), which were

hen treated and analyzed using Image-Pro 4.5 Plus software.
he results of the image analysis (pore areas, mean diameter
nd aspect ratio) are presented in Table 6 and in Figs. 7 and 8,
espectively.

able 5
esults of the stain resistance test of the polished test specimens.

taining agent MM M G F STD

reen chrome 3 1 1 1 1
oil 1 1 1 1 1

a
v

T
A

M

M

5

ig. 5. Variation of cleanability according to the surface pore area of polished
est specimens.

The image analysis revealed that the pore size distribution
Fig. 7) and the aspect ratio (Fig. 8) of the test specimens of MM,

, G, F and STD were very similar, confirming their similar
ehavior in the staining test and results of the characterization
f the porosity after sintering (Table 4). However, the following
oints deserve to be mentioned:

All the compositions have very similar percentages of
pores with diameters ranging from 5 to 20 �m (critical
for staining), which justifies their similar stain resistance
behavior11;
In general, the pores of F have a more irregular shape than
those of the other compositions, which may be due to the type
of pore formed when a high percentage of FINE granules are
used.
In this case, where the pore size distribution is similar, the
rea of pore coverage seems to contribute to the intensity of the
isible stain. As Table 6 indicates, the areas corresponding to

able 6
rea corresponding to the pores.

ean pore coverage area/total area of the image (%)

M M G F STD

.03 ± 0.58 6.60 ± 0.83 7.28 ± 0.72 8.57 ± 0.66 6.71 ± 0.56
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Fig. 6. SEM micrographs of the surface of the polished test specimens: (a) MM, (b) M, (c) G, (d) F, and (e) STD.

Fig. 7. Distribution of surface pore diameters.
 Fig. 8. Distribution of surface pore aspect ratio.
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[1
ao manchamento em porcelanato polido. Cerâmica Industrial, São Paulo,
H.J. Alves et al. / Journal of the Europ

he pores of MM (weaker stain) and F (stronger stain) are the
mallest and the largest, respectively, among all the analyzed
amples. Fig. 5 confirms this behavior. Note that the values of
E* increase as the area of pores increases, i.e., the stain is

tronger where the area of pores is the largest.
It should be noted that the analysis of the digital images

eveals the pore coverage area in relation to the area of the
mage, and not the volume occupied by the pores. In some
ases where the pores present a regular spherical morphol-
gy distributed uniformly throughout the material, the pore
rea may be related with the volume to a certain degree. In
he case under study, this relation is not possible since the
ore morphology is irregular, and the depths of the pores can-
ot be determined by this type of two-dimensional analysis.
herefore, comparing the compositions evaluated here, the dif-

erences in pore areas may be attributed to a possible pore
rientation, since the volume was very similar (Table 4). In the
ase of the compositions with larger pore areas (F), the pore
epth should be shallower. On the other hand, the composi-
ions with smaller pore areas (MM) should be constituted of
eeper pores. The remaining compositions (M, G and STD) have
ntermediary characteristics between the two aforementioned
ituations.

.4. Relationship between the granulometry of the
pray-dried powder and the porous microstructure after
intering

Several aspects should be taken into consideration for a better
nderstanding of the results of this work12:

a) Composition with high FINE (F) content: In this case, the
initial arrangement of the FINE granules favors the forma-
tion of a large quantity of intergranular pores after pressing.
After sintering, the microstructure is composed of a high
number of pores, the sum of whose areas justifies the larger
area of coverage in relation to the area of the image (stronger
stain).

b) Composition with high MEDIUM (MM) content: Corre-
sponds to the better condition found: weaker stain. The use
of a high content of granules medium contributed to reduce
the area corresponding to the surface pores, due to a possibly
oriented of the pores (greater depth).

c) Compositions with high COARSE contents (G and STD):
COARSE granules generate large pore volumes in pow-
der ready for pressing, because the irregular morphology
prevents the reduction of pore volume. Therefore, green
compact shows intergranular pores with large diameters,
composed basically of residual pores and “hollow” granules.

The final porous microstructure has intermediary character-
istics between (b) and (c).

Composition M presents properties between (a) and (b).

[1
eramic Society 30 (2010) 1259–1265 1265

. Conclusions

The results of this study led to the following conclusions:

The granulometric distribution of the spray-dried mixture
STD in the conditions evaluated in this work does not inter-
fere significantly in the pore size distribution of the material
after sintering. Distinct granulometric compositions led to the
same porosity profile in the sintered product.
The only effect cause by the use of granules with distinct
characteristics was on the area of surface pores, which was
quantified by image analysis. In this case, the area occupied by
surface pores is directly related to the intensity of the stains,
i.e., the larger the area the more visible the stain.
The use of the diffuse reflectance spectrophotometer proved
efficient in the evaluation of staining since, besides quantify-
ing the intensity of the stains, it reduced the errors resulting
from the visual analysis recommended by the ISO 10545-
14 standard.10 The values of �E* obtained showed a good
correlation with the porosity.
Although some authors suggest that “hollow” granules are
responsible for the formation of porous microstructures that
are more susceptible to staining, no evidence was found in
this study to confirm this hypothesis.

eferences

[1]. Rastelli E, Tucci A, Esposito L, Selli S. Stain resistance of porcelain
stoneware tile: mechanisms of penetration of staining agents and quan-
titative evaluation. Ceram Acta 2002;14(1):30–7.

[2]. Sánchez E. Technical considerations on porcelain tile products and their
manufacturing process. Part II. Interceramic 2003;52(3):132–9.

[3]. Sánchez E. Porcelain tile microstructure: implications for polished tile
properties. J Eur Ceram Soc 2006;26:2533–40.

[4]. Dondi M, Raimondo M, Zanelli C. Stain resistance of ceramic tiles. Ceram
World Rev 2008;77:82–91.

[5]. Amorós JL, Fuentes AB, Navarro JEE, Medall FN. Caracteristicas de
polvos ceramicos para prensado. Bol Soc Esp Ceram Vidr 1987;26:31–7.

[6]. Amorós JL, Orts MJ, García-Ten J, Gozalbo A, Sánchez E. Effect of
the green porous texture on porcelain tile properties. J Eur Ceram Soc
2007;27:2295–301.

[7]. Beltrán V, Ferrer C, Bagán V, Sánchez E, Garcia J, Mestre S. Influence
of pressing powder characteristics and sintering temperature on the porous
microstructure and stain resistance of porcelain tile. In: Proceedings of the
IV world congress on ceramic tile quality. 1996. p. 133–48.

[8]. Amorós JL, Cantavella V, Jarque JC, Felíu C. Fracture properties of
spray-dried powder compacts: effect of granule size. J Eur Ceram Soc
2008;28:2823–34.

[9]. International Standard ISO 10545-3, Ceramic Tile—Part 3: determination
of water absorption, apparent porosity, apparent relative density and bulk
density; 1997.

0]. International Standard ISO 10545-14, Ceramic Tiles—Part 14: determina-
tion of resistance to stains; 1997.

1]. Alves HJ, Minussi FB, Melchiades FG, Boschi AO. Porosidade susceptível
Brasil 2009;14(1):21–6.
2]. Arantes FJS, Galesi DF, Quinteiro E, Boschi AO. O manchamento e a

porosidade fechada de grês porcelanato. Cerâmica Industrial, São Paulo,
Brasil 2001;6(3):18–25.


	Effect of spray-dried powder granulometry on the porous microstructure of polished porcelain tile
	Introduction
	Materials and methods
	Preselection and characteristics of the spray-dried granules
	Characterization of the green microstructure
	Characterization of the microstructure after sintering

	Results and discussion
	Characteristics of the spray-dried powder
	Green microstructure
	Final microstructure
	Stain resistance
	Image analysis

	Relationship between the granulometry of the spray-dried powder and the porous microstructure after sintering

	Conclusions
	References


