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A BSTRACT
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This paperfi rst seeks to clarify,[rom a technical point of uicto, the terlll illology used to dcjinc
thedifferCllt Iypcs ofproducts currentlu includedunder ilu: term porcelain tile. This require» I>riefly
reoictoing the historical croluiiou of the product from its appcarallcc to the present day.

The second port Illllllyscs product performance (mechanical strength and IOllgllllcss, stain
resistance, tohitenes»alit! colour dcoclapment, andf rost resistance) and discusses 11011' perjorntancc
ca ll I>e achieocd throllgh appropriate [ired tile microstructure. 11 is also noted that strict control of
the raw materials, proccss rariablcs and grcCII microstructure are needed to achicuc these
properties. all the other hand, the origins alit! solutions to some of the problems associated witII
porcelain tile manufacturing are cxnmincd, such as lack of prcssillg powder comprcssibilit st,
segrcgatioll of III ixtures of coloured powders alld diffiClllty of polishing.

Flnalh], ill vicwof lh«porcelain rite trend itnoard illcrcasillgly perfect reproduction ofnatural
stones ill recent years, some possible [uturc R+D+I (Rcsearell+Dcl,el0Plllcllf+!llllovatiOl I) lines
reiating 10 product design and lIlallllfactllrillg tcchnologi; are outlined.

1. INTRO D UCTI O N

Porcelain tile production has witnessed remarkable grow th in the last five years,
partly due to the parallel growth of the ceramic tile industry world wide, bu t es pec ially to
the significant effort of machinery builders and frit and g laze producers to diversify the
decoration of a product that was originally unglazed .

According to the latest ava ilable data 11
[, Italian porcelain tile production in 2000

dupl icated that of 1995. The forecasts for 2001 indicate that Itali an po rcelain tile
production , Ita ly being the world 's top porcelain tile prod uce r with 50% market sha re,
cou ld reach 40% of tot al Italian ceramic tile produ ction , equal to almost 300 Mm ' . This
spec tacu lar grow th is largely the resu lt of the po werful advance of glazed porcelain tile in
the mar ket. a product that could easi ly end up exceed ing 60% of total Italian porcelain tile
production in 2001.

If we ana lyse the evolution of the Spa nish sec tor [I I, the situa tion is some w ha t
different beca use althou gh growth has been steady, it is not of such significant ma gnit ud e
as that experienced by the Italian sec tor, althoug h the ins talled spray-d ried powd er
p rod uc tion capacity suggests grea te r potential growt h in coming years. At the moment in
Spa in, porcelain tile acco u nts for jus t 6% of tota l ceramic tile production . The Spa nish
sec tor appear s to be awaiting the com mercial evolution of the product, presumabl y before
taki ng off ilS regards produ ction.

Independen tly of the existing differen ces between the tw o m ajor world producers of
porcelain tile, the reality is that today notab le research effo rts are being devoted to thi s
prod uc t, with regard to material inn ovati on as we ll to imp roving the manufactu ring
process, clearly demonstrating not just its cu rrent im portan ce, but also its promising
fu tu re.
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This paper see ks on on e hand to review the historical evolution of the product, from
its origins to th e current situation, since it can frequently be observed in the literature that
porcelain tile is believed to be a product wit h hardly any historical tradition and just a few
decad es behind it. As we will see on looking backward, its origins date back to much more
dist ant tim es.

In the second pla ce, it is so ug h t to she d so me light on the confusin g and ambiguous
terminology arou nd porcelain tile in ge ne ral, and on the qu alifi er "porcelain" in
parti cul ar, undoubted ly driven by the enormous dyn amism of the product, with ceaseless
changes in production processes and d ecorating techniques. With thi s terminology, the
su itab ility or un suitability will be di scussed o f certain qualifiers used to identify give n
types of ceram ic tiles cove red generally by the term porcelain tile.

The relati on will subsequently be analysed bet ween porcelain tile microstructure
and pe rforman ce, in pa rticu lar as rega rds its mechanical properties, s ta in resistan ce,
whiten ess and colou r devel opment. Some of th e p roblems associated with its
man ufacturing process will also be di scu ssed , such as the lack of powder com pressibility,
demixin g and seg rega tion o f the agglome rates during handling, and the difficulty of
polishing the product.

Fina lly some possibl e fu ture R+D+I lines relating to produc t innovat ion and
manufacturing technology will be outlined, d esigned , just as la test market trends show, to
ach ieve enhanced and more varied reproduction of natural stones .

2. HI STORI CAL EVOLUTI ON OF PORCELAI N TILE

For lack of a more precise definition, to be discussed below, we can d efine porcelain
tile as an impervious ceramic tile (i.e. w itho u t or practically w itho u t apparent porosi ty),
glazed or unglazed, white or colou red by add ing pigmen ts to the sta rting compos ition.

Based on this d efinition we can find certain histori cal precursors of ceramic tiles
exh ibiting g reat sim ilarities wi th the product cu rrently known as porcelain tile.

A first evolu tionary line takes us to Eng land in the mid XIXth century. Specifically,
around 1850-1860, th e Eng lish company Minton, maker of "encaustic" or inlaid tiles
introd uced dust pressing to form products based on a French patent, quickly replacing
p las tic pressing. However, the prod uct was manufactured at a low temperature, so th at its
porosity was high 12.31.

At the same time ano the r English firm, Maw and compa ny, which specialised in
mosaics, sta rted manufacturing tesserae, also d oing so by dust pressing, but in this case
with low porosity (wa ter absorp tion be low 3%), so that it was necessa ry to inc rease the
firin g tempera tu re. The material was also coloured in mass, usin g colou ring oxid es fo r
this purpose. Th is p rod uc t sho uld be cons ide red as one o f the historical precursors of
tod ay's po rcelain tile. Thi s product line wa s follow ed by other presti gious English
manufacturers, suc h as Pilkington, and mu ch later on by Johnson Tiles, amongst others.
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Thi s p roduct philosophy was
adap ted by a bu sinessman from
Reu s, Miguel Nolla y Bruixet, who
in 1860 fou nded th e factory
Mosaicos Nolla, S.A, at Meliana
(Valencia) (2.51. The manufacturing
process in corporated the English
technology for m anufacturing low
porosi ty, body-coloured tesserae.
The len gth of thei r sides di d not
exceed 7.5 ern, the most commo n
being those of 5x5 ern. Production
was eno rm ou s, ending up w ith
th ousands of worke rs . Cu rren t
testimonies of Nolla mosaic are
abundant, particul arl y in the centre
(New Dist rict ) o f th e city of
Valencia (Figure 1), althoug h the
product was installed in many parts
of the world, as it was the only
factory manufacturing a materi al of
such cha racteris tics . By way of
example, Nolla mosaic is also found
at the Krem lin on Moscow's Red
Square.
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Figure 1. Example oj MoslIico Nolinflooring ;11 a !lOu::>e of tilt'Nt'Ul
District of the city of Valencia.

Company decline began toward the end of the XIXth cen tu ry, whe n hydraulic
floori ng was developed , whi ch was mu ch chea pe r thou gh with lower performan ce than
ceramic tesserae. Ne vertheless, company activ ity continued up to 1960.

In a recent study, Borella ct al 161cha racter ise seven Mosaico Nolla tesserae, selected
from the cera mic museum of Manises. These researchers conclude that it is a product
mad e usin g com positions of a kaolin itic nature with abundant free qu artz. In the coloured
sa mples the iron oxide content is high , as is that of manganese oxide. Furthermore, the
technological test s allow establishing th at it is a highly sinte red floor tile, which means
high den sity and scarce ap pa rent porosity (water absorption between 2-3%). The starting
composition was quite likely formu lated almost exclusive ly by siliceous kaolins, such as
those ben eficiated in the towns of the North west of the Valenc ia Region, such as Lliria,
Benaguacil or Sot de Che ra.

The second h istorical porcelain tile precursor relates to the Germ an clinker [71 . The
term "klin ker" has its orig in in the clean "clink" that is heard on striking the product th at
has been fired to sintering, and comes from the Dutch word "klinken" . In gene ral, a
clinker is a brick mad e from more or less fluxing clays that den sify during firin g with or
without ad d itives, and is fired until fully sintcred, i.e., disappearan ce of appa rent
po rosity. In practice however, water ab sorption of the product was ra rely less th an 2%.
Clinker production began in Hollan d toward the seco nd half of the XVIIIth century and
qu ickly sprea d to Germa ny 1'1. Clinke rs were used for founda tions and interior and
outside walls subject to high st resses, for bearing colu mns and in ge nera l wherever special
resistan ce was need ed aga inst ag gressive agen ts (physical or che m ical) and aga ins t
mechani cal surface stresses.

COil ' no
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After the seco nd and thi rd decad e of the XIXth century onwa rd, building products
we re in high demand, in pa rticu lar by the powerful, expa ndi ng Germa n che mical
industry. Th is need, together with the alrea dy exist ing brick clinker manufacturing
technology, led to the appearance of a type o f tile known as clinker or fine clinker,
typi cally made by ext rusion and ge nera lly un glazed, w ith wa ter absorp tion below 3'f"
(alt ho ugh a lways exceed ing 1%), in p ieces up to 24 ern long. This p rod uct sho ul d be
considered as the seco nd porcelain tile precursor.

Late r on in Italy, after the Second World War, the p roduct bega n to be im itated . It
beca me thi nner, was formed by pressing, coloured in mass, and mad e in sizes up to 10xl 0
ern. The prod uct was however used in ind ustry but hardl y in the home. Some exa mples
of manu facturers of this prod uc t are compa n ies that were located ou tside the Sas suo lo
di st rict, such as Ce ramica Vaccari (Genoa) or Ceramica Ap piani (Treviso) . This situa tion
was kep t u nt il approximately the beginn ing of the 70s 191.

In the Sassuolo d istrict, the p roduct ap peared toward the end of the 70s, mad e by
certai n m anu factu rers such as Casa lgrandc Pad an a, Nord ica, Mirage, Flav iker and Grani ti
Fian dre, wh ich saw po ten tial comme rcial success in the product, at a time w hen most
companies were hastily changing over from red to w hiteware produc tion, installi ng
sing le-firing lines at the ir facilities. This signa lled the com mencement of the grea t
technological upgrading of the sec tor, wi th the introduction of ro ller kilns. Pressing wa s
opt imised (hy d rau lic presses), the product was poli shed and its range of decorat ions
grew. Modern porcelain tile was born in Europe.

The produc t appea red in Spain mu ch more recen tly, w hen it had al ready been
manu factured for a decad e in Italy. Specifically, in 1988 I'am esa sta rted prod ucing
porcelain tile, followed by Porcelan att o in 1989 and later on, in the 90s, by the rest of the
companies ,

3. T ERM INOLOGY

We have already mentioned th at porcelain tile adopted its current physiognomy
(size, th ickness, surface finish by po lishi ng, etc.) in Italy in the 70s. It is in fact at that tim e
w hen, coincid ing with the birth of the p rod uc t, the term porcelain tile was coined .

However, over these more than 25 years of existence, the prod uct has undergone
spe ctacu lar transforma tion, the most sign ificant proba bly rela ting to its su rface
decorat ion, i.e., the upsurge of glazed porcelain tile in the las t five yea rs. Since then the
product has exhibited grea t dyna mis m, with new decorat ing techniques contin ua lly
appearing, while modi fica tion s in prod uction technology make it necessar y to constant ly
invent ter ms to identi fy these evolving va ria tions of the product. The problem stems from
the fact that term s are coined from a pu rely comme rcial point of view, without d ue
reflection and technica l rigor, wh ich can easily lead to confusion and ultimately
misunderst anding .

Thus, in these last few years terms have rapidly a ppea red such as "technical"
porcela in tile to refe r to an unglazed po rcelain tile (as if the gla zing operation involved no
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technical diffi cu lty), " red" porcelain tile 1101, to indicate that the product body ha s been
made from clays with a high iron ox ide con tent, and hen ce with a red fired colou r, and
more recen tly "sem i-tech nical" porcelain tile 111 1 to define, ra ther unclearl y, a product that
for va rious reasons does quite reach "technical" porcelain tile performance levels.

At this poin t, and in view of the evident exist ing confus ion, it is useful to rcview the
ori g inal term and its possib le implica tions. Thc Spanish term for porcelain tile, "gres
po rcel an ico" consist s of the nou n "gres" (s tone wa re) qu alified by th e adjec tive
"po rcclanico" (porcela in). The Dictionary of Ce ramics of the well-known Inst itu te of
Material s of London gives a good definition of both words 1121.

Th e d ict ionary defines gres ("s tonewa re" ) as a ge ne rally gla zed ce ram ic product
"w hich, though dense, impermeable and ha rd enough to resist scra tching by a steel point ,
d iffers from porcelain becau se it is more opaque and gene rally only partiall y vitrified. It
may be vitreo us or se mi-vitreous . It is usua lly coloured grey or brownish because of
impuri ties in the clay used ." On the other han d, "po rcelri nico". as having a porcelain
q uality, refers to a totall y vitr ified ceram ic product, which is im pervious (even witho ut
glaz ing), white or artificially coloured, translu cent (exce pt w hen it is ve ry th ick) and
resonant. In the United Kingdom the ter m is defined based on the composition, ind ica ting
that the mixture used is of the feldspathic typ e (kaolin-quartz-feldspar). Othe r co ns ulted
lite ra ture sources coincide with the foregoing definiti ons 17.131.

As can be observed , the ad jective "porcelain" basically qual ifies three as pec ts of the
defini tion of "g res": total abse nce of porosity (at lea st ap parent) on deal ing with an
impervio us product, of a white fired colour or colou red artificia lly, and made using a
com position based on the three-componen t mixtu re kaolin-quartz- feldspar.

As a result, we can d efine "g res porcelani co" (porcela in tile) as a fu lly vitrifi ed,
impervious ceramic tile, g lazed or unglazed, w hose fired body is w hi te or artificially
coloured, and w hich is made by using a compos ition based on a mixtu re of kao lin (or
kaolinitic clays) qua rtz and feld spar. In practice, thi s definition m ust be co mpa tible with
the ISO standard class ificat ion for ceram ic tiles, as a result of w hich the qua lifica tion of
fully vitrified can be understood as having wa ter absorption less than 0.51<,.

Therefo re, having es tablished the basis of the prod uct' s defin ition , we need to
interpret the uses cu rrently being made of the qua lifying term porcelain . Thus, the term
techn ica l porcelai n tile lacks all logic and rigor (a nd hen ce so does se m i-technical
porcela in tile), since there is no type of relation between non- technical and glaze d . In any
event, it wou ld a ppea r to be appro pria te to ide ntify whether the porcela in tile is g lazed or
not (as occurs w ith any type of tile), since the definition of "g res" and porcela in ind ica te
that the prod uct may or may not be glazed .

As far as " red" porcelain tile is con cerned , without be ing in any way critical of the
qu ali ty of a p rod uct of ve ry low porosity, formulated entire ly w ith Spa nish red clays, the
qu alifier porcela in shou ld not be applied eithe r, s ince it is not a whit e-fir ing product
coloured by ad d ing pigments, and has not been made using the basic porcelain
com pos ition mentioned p revi ously. Red stone ware of low or very low wa ter absorption
would p robably be a more approp ria te term .

Con -b~
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Therefore, with a view to maint aining the presti ge of the product in its future cou rse
in world mar kets, it is necessa ry to try and maintain terminological acc uracy at the sa me
tim e as th e performance features associat ed with the d efinition o f the product
(perfor ma nce featu res to be di scussed below). Only thus, sha ll we be able to transmit and
mainta in the identity of the prod uc t w itho ut deteriorati on of its image and quality.

4. PORCELAI N TILE MA NUFACTURE: AN ADVA CED CERAl\lI C PROCESS

Figure 2 schematically illu strates the porcelain tile manu facturing process. The
manufactu re of a high performan ce product such as porcelain tile, throug h rigorous
microst ru ctural contro l requi res high qu ality raw materials and a highly technologised
p roduction p rocess. These characterist ics are closer to ad vanced or high-tech ceramic p ro­
d uc tio n processes tha n to those used in manu facturing traditional cera m ic prod ucts .

Powder
handling

Spray drying

Composition
design

1+-" Raw materials
mixture

Slain Colour
resistance development

Product
performance

Mechanical Whiteness
strength and
toughness

Frost
resistance

F(o,:uYt· 2. Scheme of tilt' porcelain tilt' mall"filCturillX process and rdction
"t,tu't'('u tht'1'WCt'SS stagt's. tile micm~tru ctzm' llnd product pnJpaties.

Product req uirements are as follows: hig h degree of w hi teness, good colour
deve lopment, high mechan ical streng th (and tou ghness) and high sta in and frost
resistance.

Atta inme nt of these objec tives is basica lly related to prod uci ng the approp ria te
microstructure in the fired tile. Although thi s aspect will be dealt w ith in further d etail
below, to sta rt wit h we can say that the mi crostructure should be characte rised by being
free or practically free of ap paren t po rosity, wi th a minimum closed porosity, in turn made
up of perfectly isolated , small-size pores (IO urn or smaller) 1"1. The solid fraction,
cons isting of a glassy matrix, shou ld conta in su fficient reinforcing material (crys ta lline
ph ase ) to enhan ce the mechanica l proper ties of the matrix. Fina lly, the rela tion between
th e glassy phase a nd the cryst alli ne pha se a lso no ticeably affects the aesthe tic
characteristics of the product, such as whit en ess and colour development.

Con - 6J
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It would not be possibl e to achieve thi s fired microstructure without previ ou sly
producing an appropriate mic rostructure in the formed tile. Togethe r with this
cond it ion, the selec tion of the firin g va riables is a ba sic as pect involve d in atta in ing th is
objective. During firing besid e ot her tran sformations, tile den si ficati on occurs, which in
the case of porcela in tile takes place by a liqu id ph ase sinte ring mechani sm 115.1.,. In thi s
mechani sm , liquid phase viscos ity plays a decisive role in es tab lishing the rat e o f the
densification process, of crystalline phase d issoluti on and of the devitr ifica tion of new
ph ases.

Suitab le microstructure in the green tile refers to a tile whose porosity consists of
sma ll-size pores with a rela tively na rrow size di stri bution . Moreover, thi s microstructure
sho uld be free of deformed or incompl etely broken up gra nules, since these wou ld act as
d iscontinu ities and heterogeneities that wo uld diminish performance, not just of the
formed tile, but even of the final product 1""1. Producing thi s ideal green microstructure
depends on the selection of certain high qu alit y raw materi als free of impurities, by
rigorous contro l of the milling and spray-d ryi ng ope ration to produce appropriate
pressin g powder, and finall y a pressing program that ena bles reprodu cin g thi s
microstructure throughou t the whole tile, inde pe nde ntly of its s ize and across all the
form ed tiles.

.\.1. STARTING COMPOSITION DESIGN AS A FUNCTIO N OF PROD UCT REQU IREMENTS

Figure 3 presents a flow diagram of the formulation cr iteria to be considered in the
design of an unglazed porcelain tile compos ition (the requirem ents of the glazed porcelai n
tile body are less dem anding ).

Clay or kaolin

Procns c:h.rarttristln

Binderpla!iticiser
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As can be observed, product performance can only be attai ned by designing a
material cons isting of a glassy matrix that assu res the red uction of porosity in a fast firing
cycle at relatively low temperatures, using streng the ning of a crysta lline nature that
reduces the brittl en ess of the gla ssy matrix. Ceramics offer in finite possibilities for
designi ng materi als mad e up of the foregoin g characteristics. One of the mos t accessible
and economic combina tio ns is the one based on the ternary system Si0,l A1,0 ,/ Mp , M,O
being a flux ing alkali ne oxide, just as those su ppl ied by sod ium or po tassium feldspar. In
practice the incorpora tion of sodi um feldspar is usually preferred, owi ng to its lower
me lting temperature.

On the other hand, tile formi ng by p ressing requires a sufficient contribu tion of
colloidal pa rticles to enco urage packing and cohesion (bind ing e ffect) of the larger-sized
particles contributed mainly by the non -plastic materi al. In practice these collo idal
particles arc int roduced in the form of kaolinitic clays with low iron oxide con tents and
kaolins.

On occasions, with a view to favouring the formation of eu tec tic m ixtures wi th a low
me lt ing tem pe rature, compo unds are added which contribute alka line-ea rth ox ides (CaO
and MgO ), suc h as calci te, dolomi te, talc or wollastonite.

This type of composi tions allows thermal treatment at mod erate temperatu res
(a round 1200"C ), to produce a material mad e up of a glass y matr ix of com pos ition SiO,­
Al,O,-M,O, abu ndant silica (quartz) wit ho ut dissolving, and the crys ta llisa tion of small
proportions of mul lite (Figu re .f).

Figure 4. Fracturc surface ctclsed with acid of an j"dllslriall'lIrCt"lai/J tile firell at 1210"C. It s/It Ji(~ tilt'glassy matrix (V ),
undi ...o:.tl/l't'd quart z (QJ IUld mullitv crystal... ( .\1) .

Th us in ge neral, porcelain tile compositions are formulated based on a ra tio
ap proac hing 1:1 of pl astic material (kaolinitic clay and kao lin) and non -pl astics (mai n ly
sod ium feldspar, so d iu m-potassium feldspar and qu ar tz). The main differen ces between
the compos itions for manufacturing unglazed and glazed porcela in tile is the exclus ive
presence of imported clays (because of thei r lower impurities content an d grea ter
p lastic ity ) and the possibility of introd ucin g kao lin in the former case. Furt hermore, the
non-plastic raw materials (feldspa r and quartz) used in the u nglazed product a re of
h igher qu al ity (lower imp urities content), in orde r to ach ieve a high d egree of w hiteness,
good colou r development and minimum fina l porosity.

Con - 63
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-1 .2 I{ ELATIO N IlETWE EN PORCELAIN TILE CREE AND FIRED M ICROSTRUCrURE

Porcela in tile densificat ion occurs by a sintering mechanism with the presence of
liqu id phase. As described in the literature 11'.1.1, on increasing firing tempera ture porosity
decreases an d pore size growth takes place as a result of the progressive elimina tion of the
smallest pores. At higher tem peratures, the proportion of liquid phase rises while
viscosity decreases, enabling removal of pores of growing size. The initially
communica ting porous system loses connectivi ty with sintering advance, and closed
porosi ty starts to form.

At high temperatures, apparent porosity disappears and the evolution of the porous
texture needs to be followed by observa tion of polished cross sections of the pieces. Figure
5 shows that at temperatures around 1200°C, raisi ng temperature red uces tile porosity
un til reaching maximum densification (T"..), which is around 1220°C in th is case. A
subsequent rise in tem peratu re causes effective viscosi ty of the tile to decrease, making it
more deformable, while gas pressure in the pores exceeds capilla ry pressure, causi ng the
tile to expa nd. The optimum firing temperature o f th is type of p roduct is in fact maximum
dcnsifica tion tem peratu re (T,,) , an d the sta rting composition should be such tha t th is
temperature exceeds that at which apparent po rosity d isappear s. Ot he rwise, the fired
prod uc t would contain open pores, as is the case of stoneware floor tile in which red clays
a re used as raw materi al s 11 1'1.
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Figllrt' 5. P01i:.'11t'd :'Ilrfacc of porcelain lilt's nmdef rom 11 standard collll'(tsi tioll.

-1,2,1 Effect of spra y-dricd powdcr particle-siz e di stributioll (1'$0 )

In the literature the effect of porcelain tile composition PSO on the sintering process
and on the microstructu ral cha racter istic of the fired pieces is ana lysed. For this, Orts ct
al. 1101compa re the behaviour during firing of four porcelain tile compositions milled for
different times to obtain different mill oversizes.
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These researchers conclude that, at the same pressing variables, with a greater large
particle fractio n in the composition (highe r rejec t at 40/lm or smaller degree of milling),
less porous pieces a re produced, however containing larger pores . On the othe r hand,
with more vigorous millings (smaller reject a t 40/lm ), more porous pieces are produced,
but the pores are smaller. These results agree wit h the litera ture 1191 and confirm that
particle size is direct ly rela ted to pore size in the green pa cking.

The appea rance of the porous texture of tiles fired at maximum densificati on
tempera ture (Tm•• ) , and then polish ed, mad e from the fou r previously mentioned
compositions, is sh own in Figure 6. The figure also incl udes the mill reject a t 40/lm (R),
maximum densification temperature (T ), and fi nal porositv (s). It can be observe d tha t

m.n, '"

as the reject a t 40/lm rise s (degree of mi llin g decreases), more porous pieces a re produced
w ith larger-size pores. Th ese find ings confirm that pore size growth occu rring durin g
sin tering d epends on pore size in the green tile, so that fired tile end porosity w ill depend
more on gree n tile pore size than on pore volu me.
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-1 .2.2 EJf"ct of pressing v"ri" bles

Th e effect o f pressing va ria bles (p ress ure a nd moisture conten t) on g reen porcelain
tile mic rostructu re has been descri bed in the lite rature by variou s au thors 117," '1, Figure 7
attempts to su mma rise th is effect by plotti ng the mean pore di ameter o f porcelain tile test
specimens for med a t different press ing pressures using spray-dried powder with three
different moisture contents. It can be observed that raising pressing pressure and powder
moisture conten t lowers mean pore size, which facilitates the subse que nt sin tering
process. In a certa in way with regard to green tile microstructure, the effec t o f rai sing
powder pressure and /or moisture content is.similar to that of decreasing pa rticle size, set
out in the previou s sec tion.
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Thus increasing pressing pressu re facilit ates tile densificat ion , since it increases the
energy contr ibuted for deform ing and breaking up the agglome rates . Ra ising moisture
content leads to greater compressibility of the po wder, by decreasin g ag glomerate yield
pressure and red uci ng in terparticle friction forces 1".221 .
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figll rt>Z, [BI'ct ofpn'ssi/lS i'lI ,.i/lMt'~ (I' r t':;:;/lI"t' l/Ild pvunler m{li~ t !l re C{lI1tt'l1t) (111 I't'rcd airl
tile m elll l porl' size.

·U. RE LATION llETWEEN PORCELAIN TILE FIRED MICROSTRUCTURE AND CERTAIN
PROPERTIES

4.3.1 Mechanicnl strength and to/lg/mess

Porcelain tile is a ma terial wi th high mec hanical strength in the field o f ceramic tiles,
la rgely d ue to its glass-ceram ic nature. Material failure is by britt le fractu re, which ca n be
modelled by linear fracture mechan ics. The Irw in approach is on e of the most w idely used
mo dels for determining the mec hani cal streng th of bri ttle materials 1>'1:

I K,ca =- - -
R Y.fa:

- Where u. is mechanical streng th, Y is a geome tric factor that depends on the way
of applying the load and tile geomet ry a nd, lastly, ac represent s critical flaw size, i.e., the
flaw size at which brittle fracture of the material t.ikes place. As this exp ression sho ws, to
design a ceramic material w ith high mechanical streng th it is necessary to produce good
toughness an d rigorously control the microst ru cture (flaw size) of the prod uct.

- The im p rovemen t of porcelain tile mechani cal properties is an issue of growing
interest in the literatu re ""'I, Reccn tlv some authors ha ve ad d ressed the role of resid ua l
crys ta lline ph ase (qua rtz) in streng the ning the struc ture of the material. Leonelli ct al, I'"

postulate, based on the sim ilarity of porcelain tile m icrost ructure to that of porcelain, that
in porcelain tile mechan ical streng th two mechani sms are involved which contribu te to
increasin g tou ghness. In the first pl ace, the qua rtz crystals provid e resista nce to crack
p ro paga tion by rnicrocrack form ation, Th is me cha nism is ea sily visible in the
microstructure of an ind ented tile, as a rami ficat ion of th e crack in the area wh ere it
impacts a quartz g rain (Figu re Sa), In second p lace, a crack devia tion mechanism occurs
in till' vicinity o f quartz gril ins (Figure f;bl,
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A recen t wo rk 1'"1has highligh ted the role of rnullite in reinforcin g the porcelain tile
glassy m atrix. The study ind icates that on raising the kaolin (or kaolinitic clay) content in
the starting compos ition, the mu llite proportion is increased in the fired pieces, which
leads to an importan t rise (a lm os t 40%) of mec han ical stre ng th . However, th e
streng the ning effect peaks at a kaolin content around 40% (14% mullitc) and the n
decreases . The p resence of th is ma xim um value, very co mmo n in othe r cera mic
com posites 1271, is based on the existence of two simulta neous but op posing effects, as
Figure 9 shows. Thus, increasing the mullite con tent ra ises tou ghness (K,c)' while the
populat ion and size of the microst ru ctu ral flaws (a, ), associated wit h the presence of thi s
crys ta lline phase in the glassy mat rix, also increase simultaneous ly. This last effect can be
observed in the micrographs included in Figure 9, corres pond ing to pieces made with
com pos itions conta ining 35% and 65% kaolin (12.1% and 25% mullitc).
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4.3.2 Stnii resi stance

To analyse the relation between tile porous texture and sta in resistance, Figure 10
plot s the variati on of clean abi lity and s ta in retention with firing temperature of tiles mad e
with a standa rd porcelain tile com pos ition. Thi s property w as eva luated by colorimet ry.
Thus, s ta in resi s tan ce (stain retention) was de te rmined based on the change in co lour (llE)
of a polished porcelain tile surface which was s ta ined and then w iped clean with a damp
cloth. To evalua te clca na bility, the sa me sta ined pieces w ere subsequently cleaned in a
mechanica l device (using a conve n tiona l cleaning agen t), determining the t. E between the
ori ginal su rface and the surface a fter the clea nin g process.

The ba ckground of Figure 10 shows the microst ru cture of the polishe d pieces fired
a t T<T (maximum densifi cation tempera ture), T= T and T>T . It can be observed

max max 11M"

tha t sta in ret ention decrea ses on increasing firing temperature, m inim ising a t T . This
decrease is due to the red uc tion in tile porosity, whi le the increa se found at T;·' ~rm." is
because of tile bloating caused by the pressure of the gases trapped in the pores, as
indicat ed previously.

With rega rd to clea na bilitv, ll E decreases (clca na bilitv inc reases) until reachin g T
and remains cons ta nt a t high ertemperatures. in the stud i~d range. Th e fact that t. E do';;:'~
not increa se above T is because when the tile ex pands, porosity rises by increasing po re
size and no t the nun;b~r of pores, and it is eas ier to remove mate~ia l th at has entered la rge
pores than that w hich has en te red sma ll pores.
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figure' 10. Standard porcelain tile c01ll plJ:,itillll. VariatiOlt of dirt rf'll'lltioll
/I "d cle(1lll1bi/ity witllfiring temperature hi polished p;ccc~ .

4.3.3 ~V1J ; teness

The whiteness of the fired product depends to a grea t exten t on the startin g raw
materia ls co m pos ition. Figure 11 sho ws that redu cing the qu antity of Fe,03and 110, in a
s tanda rd porcelain tile com position raises the degree of whiten ess in th e fired product
(co-ord ina te L* inc reases and co-ord ina te b* d ecreases). The figure also shows that the
porcelain tile work ing temperature a rea (marked with a circl e ) practica lly co incides with
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the product's muumum whiteness as a result of the colouring effect of Fl.'O with its
introduction in the arising glassy phase. According to Zhou and Weissman 1><1, the
incorporation of iron in the glassy phase is the main cause of the loss of whiteness in
porcelain, since at a certain iron oxide content in the composition, rnullite, which could
accommodate the sa me quantity of iron as the glassy phase, does not exhibit the same
change of colour as the glassy phase.

123011 70 Il lJ!) 12 111

Temperature (CC )

16.0

15.5

15.0

14.5

14.0
h"

13.5

13.0

12.5

12.0

11 50

b)

12601120

Temperature (OC )

11 80

i1)

70

1140

74

80

78
I."

84

76

Figure 11 , Varia/iOl Iof co-ordinate L· (a) and p- (/J) iP it/l temperaturefor two porn'la;" tilt,

compt)sit;tJ/l s witlI differellt COl/It' II ts of etl/ollri"g impurities FC!Ol IJnd Ti02.

At the same chromophore impurities content, the final whiteness of the product
depends on the na ture and proportion of the phases that develop during firing. Recently
Sanchez et a l. 12. 1 confirmed the existence of a good correlation between whiteness
(co-ordinate L*), yellowness (co-ordinate b") and the quantity of crys ta lline phases in the
fired product (q ua rtz +mullite), su ch that whiteness increases (L* increases ) and
yellowness decreases (b* decrea ses) as total crystalline phase content rises (Figure 12).
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(qllar lz +mllllitd ill I"t' fired tile,
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These res ults highli ght the opac ifying effect of the crys talline phases p resent in the
glassy matrix. Tho ug h the di fferences in refrac tive index between mullite (l.67) an d
qua rtz (1.54) wi th regard to the glassy phase (around 1.62) are sma ll, the p resen ce of
crys tals o f both compounds in the glassy phase is the m ain opacifying mechani sm. On the
other hand, owing to the low con tent in chrornophore elements (iron an d titanium )
present in these crysta lline phases, thi s opaci ficat ion raises the whiteness of the tile
(L* increases and b* decreases). The opacifying effec t of the dcvi tr ified mullite is greater
than that of the residual quartz because its particle size is muc h sma lle r.

4.3.4 Colour deoelopment

Just as w hiteness, colour development in the colou red prod ucts depends, as some
au thors indicat e (291, on the ch romophore impurit ies content in the raw ma terials. The
dec rease in the proportion of this type of impurities ge nerally mea ns be tter colour
development. However colora nt streng th is also rela ted to the glassy phase content in the
fired tile and even to the natu re of this glassy phase.

Thus in general, increasing the proportion of glassy phase encourages colour
developmen t, since it reduces the opacifying effec t of the crystalline ph ase. To verify th is
fact, the effec t of the four basic ingred ients of a sta ndard porcelain tile composition
(kaolin, quar tz, sod iu m feldspar and potassium feldspar) on colour d evelopment was
ana lysed . For this, raw ma ter ials p rac tically free of im purities we re used. Three industrial
pigm en ts were chosen: black, blue an d red. For the sake of brevity only the res ults found
wit h the black pigm en t have been incl uded in this paper. Figure 13 plots the varia tion of
chromatic co-ordina te L* of the porcelain tiles versu s the qua ntity of eac h ingredien t of a
composition to which a standard amo u nt of the black pigmen t was ad ded .
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45 45
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figure 13. Variat jOlIof chromatic co-ordinate I. " of Mack porcelain tiles with the proportion vf slartillg mixture illgretfim l::::
(a) kaolin, (bJ sodnn n feld=-l'ar, (c) pciussunn feldspar and (d) quartz.
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It can be observed that kaolin, by favouring mullite form ation, and qu artz, give n its
sca rce solubility in the melt, reduce the in tensity of the arising colour (increase of
co-ordinate L*), as a resu lt of the opacifying (whi tening ) effect described in the previous
sec tion. In cont rast, on increasin g the feldspar content, colorant yield rises striking ly
(L* decreases ). Differen ces do not appear to be noticeable with regard to the nature of the
feldspar (sod iu m or potassium), p robabl y becau se the pieces were fired to maximum
vitr ification temperature, whi ch involved usin g different temperatures in eac h case, bu t
wh ich ena bled producing the same viscosity in the glass dev eloped during sintering .
Sim ilar resu lts were fou nd with the other two pigments (blue and red ).

5. CERTAIN PROBLEMS ASSOCIATED WITH THE MANUFACTURI NG PROCESS

5.1 LA CK OF POWDER COMPRESSIBILITY

The pressing powder used in porcelain tile man ufacture ge ne ra lly exh ibits low
com pressibility, becau se:

Making a p roduct w ith min imal porosity and appropriate colour d eve lopmen t
requires using compos itions wi th a high p roportion of feldspar, in othe r words
m inimising clay conten t, since this raw materi al is usu ally also th e main con tribu tor of
impurities to the com position .

Intense milling of the composition to produce an ap prop ria te mi crostructure in the
green tile g ives rise to narrow particle-size distributions (1'50), which are not very
suitable for packing (section 4.2.1).

2.00 ,.-- - - - - - - - - - - - - - - - -----,
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Figure 14. var iation of dry bulk del1sity of porcelain till'
compositio1l5formed wi th differeHt clay contents (also hzcllltiing

tile ideal packi1rg model of bimodal spheres),
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Figu re 14 p lots dry bulk den sity usin g porcelain tile com positions with different
qu antities of a practically qu artz-free clay. The figure present s an ideal visua lisa tion of
packing with th ree different clay conten ts (the sma ll and large spheres res pective ly
symbolise clay and no n-plastics particles ). It can be observed tha t compactness peak s at a
clay proportion aroun d 33% by
weight. At th is ma ximum va lue,
th e clay part icle conte n t is
su fficient to occu py most of the
voids le ft by the non-plastics
particles. Larger clay contents
lead to an ex pa ns ion of th e
str uc ture, as shown in th e
sche me . These res u lts are
con sistent with those found in
th e literature for binarv
mixtures of spherical particle's
Il'J,JOI, in which ma ximum
packin g d ens ity is genera lly
found in a sma ll /large pa rticl e
volume ratio of 35 /65. Porcelain
tile com pos itions usu all y lie
below this optimum.
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On the other hand, intense milling of the compositio n also reduces powd er
com pressibility. The reason for this beh aviour is the na rro wing of the particl e-size
di stribution that tak es place as milling tim e increases (red ucing the oversize) . In a ball
mill, narrowing PSD main ly means decreasin g the size of th e largest pa rticles (>30-40 urn),
mainly involving th e non-plastics, since th e clay particles hardl y experience the mill ing
action. Recently Sanchez et al. 1101 showe d this effect by studying the pa ckin g of binary
mixtures of clay and feldspar. According to these au thors, reducing feldspar particle size
(more inten se milling) decreases the size of the void (pore) ava ilable to lodge the sma lles t
clay minera l particles, so that the packing expa nds and com pactness dimin ishes. There is
a minimum non-plastics:c1ay mineral size rat io, below which compactness is ad ve rse ly
affec ted (around I :10).

Fina lly, th e rise in pressu re requ ired to cou n teract in adequ at e powder
comp ressibility for the foregoin g rea sons can cause problems during product ion, since
this rise in pressure enta ils an increase in the elas tic response (axial expansion) of the tile
after pressing (Figure 15). Accord ing to some au thors, the increase in axial ex pans ion
raises the risk of lamina tions and exfoliation during pressing, so that the pressing cycle is
slowed down on requiring lon ger de-ai ring time [31.121.
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Figure 15. Variaticn of the axial expansion of the recently pressed tile u'ith prt'ssitlg pressure.

5.2 SEGREGATION AND DEMIXING

As powder flowability increases, its tenden cy to segregate also rises. If the
agglome rates were the sa me size, with the othe r agglomerate characterist ics be ing the
sa me, there would be no possibility of seg regating . However, sma ll size va ria tions amo ng
the agglome ra tes in a powder with hi gh flowability can already cause seg rega tion. Ind eed
as Figure 16 shows, segregatio n of an agg lome rate powder can start at size rati os as sma ll
as 1.1, increasi ng exponentially wit h larger di fferen ces in size.
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These size d ifferences always exist in the manufacturing process and a re especially
ev ident whe n mixing coloured powders, frequentl y producing changes of appearance
("shades") in the fina l product. In fact it has been demonstrated that agglomerate
segregation in a mixture of co loured powders can end up producing the sa me cha nge of
appearance in the final tile as an er ror in proportioning one of the ingred ients 1331.
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Agglomerate size ratio

FiXitY!, 16. Varia /ioll of the coefficient of ~('xrt'gathlll with 01/: agxlomerate size ratio.

Seg rega tion gives rise to dernixing of the powder. For this reason, powders with
high flowabil ity mix and derni x with grea t ease. Therefore, the only way of avoiding
dern ixing (seg rega tion) o f a sp ray-d ried powder in whi ch size differences exist among the
agglomera tes is by minimisin g powder movem ent. Some ac tions which can be carried out
in the production process with a view to reducing the problem of seg rega tion are:

-Red ucing, as far as possible, intermedi ate storage of spray-dried powder, in
particu lar, of mixtures of coloured powders. The fall of powder during storage is a highl y
segrega tive process (Figure 17).

- Appropriately designing bin s and hoppers'"! This involves using feed systems
fitted with flow dividers and have d ischarge ang les that favour mass flow during bin
di scharge instead of funnel flow. Mass flow (Figure IRa) ensures hom ogeneous dis charge,
unlike funnel flow (Figure ISb) in which the cen tre part of the bin, richer in sma ll
agglomera tes, empties first, followed by the parts close to the wa lls which conta in a
greater proportion of large agglome rates.

Sma ll
agg lomerates Large

agglom erates

Figure 17. Sl'xregalioll during bill jillillg with spray-dried powder tiftwo
colours: Nackagglomerates aargt') and whiff agglomerates (Sl1Ill/l) .
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A proposal com patible
wit h the foregoing
considerations is th at of
using teleguided mobile
hopper systems (provided
hopper design is
appropriate), as powder
handling is reduced, the
size of the batch is smaller
and mixture preparation
practically coincides (there
is hardly any intermed iate
storage)' with feed to the
press.

5.3 POLlSIIING DIFFICULTY

Figu re 18. Scheme of 1,;', discharge: (a) by ma~s pow
(b) 1,.11 [unncl j1f1W .

Porcelain tile polish ing is an expe nsive process inv olving significant consumption of
raw mater ials and energy. The diff icul ty of polishing porcelain tile has a double o rigin. On
the one hand , porcelain tile is a very ha rd prod uct, which requires the use of very hard
conve ntio nal abrasives, such as silicon carbide, or eve n su per-abrasives such as diam ond.
Figure 19 shows the position of porcelain tile in a d iagram that attempts to symbolise the
polishing difficul ty. The diagram depicts, in qu alitative form, the hard ness and tou ghn ess
of different ma terials, including porcelain tile. The polishing di fficulty increases acco rdi ng
to the diagonal of the two Cartesian axes, i.e., on increasing the hardness an d toughness
of the material to be polis hed. It can be observed that porcelain tile is a d ifficult material
to machine.
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t

Toughness

Figure 19. Diagram of polishi,rg t ·tl~ ' (hanltu'ss w rSIlS tOllglmt'ss). Polis!tillg difficulty
increases according to the ,jiaS0tlal of the co~ordi"ate axe:- (Sol/rce: ref 35),
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On the oth er hand, a fter firin g the product is no t flat, but rather presents various
types of curva ture, which enormo us ly hinder the action of polishing tools. To facilitat e
th is action, it is necessary to reduce tile curvature, using diamond tools that need to
rem ove a g rea t quantity of materi al, with h igh ene rgy consumption , whi le also producing
consi derable deterioration of the tile su rface (Figure 20). Th is deterioration cond itions the
rest of the polishing opera tion tremendously, since the damage suffered by the tile needs
to be repa ired by successive tools con taining progressively smaller-size abras ive (silicon
carbide) g riL As Figure 21 shows, around 70% of the ind ustrial polishing train is used to
repa ir the damage caused in the initial levelling step, which takes place with cons ide rable
material removal. After this step, gloss increases rapidly, tending finally to a more or less
stab le va lue, which as se t out in the literature 136.371 is related to tile porosity.

Unpolished tile

68.9 urn

25 urn

25 urn

Tile after levelling

25 ~U11

25 ~1Il1

Figuft· 20. Appt'llra"ce of the porcelain tile surface alta the It'1.'t'llillg step (comparison with slw original sllr/ace).

The use of tool s that deteriorate the tile su rface less in the levelling step, and
diam ond tools tha t increase the effectiveness of the actua l poli shing step are two
proposals currently already in an advanced sta te of developm ent, wh ich will lead to
improved efficiency of the opera tion, reducing its ecolog ical rucksack (consumption of
raw ma terials and energy) and reducing the environmen tal impact,
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Figllrt· 21. Variatitm of //loteria/ loss alld slIrfan: :;:[oss during porcelain tilt'polis!r i"X'

6. I'ORCELA IN T ILE AND NATU RAL STONE: TWO SIDES OF THE SA ME MATTER

The latest d iscussion forums on the future of porcelain tile 1"''''1 suggest that the
immedia te fu ture of the product is a firmly associated with reproduction, not just of
typically pol ished decorative stone such as granite an d marble, but also of quarry stones
such as sandstone, sla tes, etc. This has bee n showcased at the latest cera mic tile trade fairs ,
wh ich are starting to resemble an exhibition of natural stones rather tha n a ceramic event.
Some companies are making this tendency a marketing policy by omitting the word
"ceramic" an d all related terms in their advertising. This tendency is based on the
possibili ty of rep roducing a natural material, while improving its performance (red ucing
porosity and improving its mechanical strength, and resis tance to sta ins and frost) at a
highly competitive pr ice, or achieving market growth by reproducing natural materia ls
tha t are being depleted. The field moreover is simply huge, since over 5000 types of
commercial na tural stones are found worldwide, with innumerable stones no t in the sales
catalogues.

From a scien tific point of view, the class ification of na tural stones encompasses the
wh ole range of causal anteceden ts of the rocks, from those with an igneou s ori gin such as
granite, to a purely sedi mentary origin such as limestone, via the typical metamorphism
of slates [WI, etc. Figure 22 presents a highl y simplified vision of the causa l genes is of
natural stone, compared with the porcela in tile production process. It can be observed that
both materials exhibit great similar ities. However, there are also differentiating features:
the time scale and the simultaneous applicat ion of pressu re and temperature during rock
genesis. Thi s di fferentiation makes reproduction on an ind ustrial sca le of the effect
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ach ieved by the nature over millions of years, using d ifferent sy nthesis cond itions,
ext remely di fficult. Thus for exa mple, the size of a crys tal in a granite p roduced by cooling
magm a ge nera lly exceeds 5 mm and can even reach 1 em. On the other hand, the
application of high pressures (up to 700 MPa) and temperatures (up to 1000"C), during
geolog ic times favours producing mineralogical species or crystalline lattice modi fications
which are un th inkable under current industria l man ufactu ring conditions.

GEOLOGIC PROCESS

Volcanic rod.

Metamorphism

P-:!OO-600 MPa L --'
T < JOOO °C

vtelting

T - 1000'C

Cooling

Plutonic rod..

_ - - - - - ------------ Iot'years - - - - - - - - - - _

CERA) IIC PRO CESS (PO RC EL \! :" TILE)

Starting raw
materials

Pressing

P- 35·55 ~1 Pa

T-25'"<:

Sintcring

T - 1200"C

Fast

Cooling

_ - - - - ------------- 10-3ycars- - - - - _

Figure 22. Comparison betweell tilt' gmt'sis of " al l/ ml sfollt' lind thrpo rcciuiu tilt' //lall/lfactl/rillS !'met's5.

Th is new tendency, targeting more and better reproductions of natu ral stones,
requires developing ne w research lines in porcelain tile, which to date have tended to
focus more on product per formance. This new dri ving force could be defined as porcelain
tile aesthe tic engineering, and should envisage actions in prod uc t design and
manu facturi ng technology.

6.1 EW LINES OF R+D +J IN MATE RIALS E:" C IN EERINC

To engineer materials for use in porcelain tile production, some futu re resea rch lines
coul d be:

- Redi scovery of phase diagram s. Phase d iagrams we re abandoned in designing
porcelain tile compositions since they were practically wh olly based on the porcelain
compos ition, with minor modifications. This tool enables more rationally analysing the
melting and crys tallisa tion routes of sta rting compos itions, in orde r to enginee r new
glass-ceramic materials or pred ict solid solu tion phenomena, exsolu tion or phase
separation, which favour ach ieving certa in aes the tic effects. In this respect it is conve nient
to note tha t the possib ilities of us ing glass-ceramic ma terials are greater in the case of
porcelain tile compa red with the glaze coating, since the firing tem perature is higher and the
smooth glossy finishes are generally prod uced by mechanical proced ures such as po lish ing.
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- Granular and microgranu lar appl ications that encou rage th e imita tion of
crys talline growth, colora tion, exsolution and ot her phe nomena which tak e place during
magma cooling in the ge nesis of the na tural s tone . This line of ac tion would also be
und ertaken in rela tion with the engineer ing of materials of an essentia lly vit reous nature,
which imitate the transparency of sing le crys tals or large-size crysta lline aggreg ates.

- Development of compos itions wi th very high degrees of w hiten ess and optimum
colou r development

- Engi neering of material s for ap plication by non-contact decorat ing techniques,
such as laser 1'01, inkjet printing HII, etc. Some of these ma terials could include nan oparti cle
suspe ns ions, ge ls, cera mic- poly mer com posites, etc.

- Development of ceram ic materials with very small particle sizes and high
flowability for dry ap plica tion . Thi s will require explori ng new powder f1 uidisation
techniques such as those based on particle enca ps u lation and microen capsulation ' IZI.

6.2 NE W R+D+I LINES IN MA NUFACTURING TECH NOL OGY

The new tendency in aesthe tic eng ineering indicated above will a lso require
implementing new manufacturing technologies, which w ill need to be sup ported by
extens ive R+D+I work.

F(<S llre 23. Example of tilt'
reproduction of quarry stone
by in-pn'ss d('(OmtiolJ
(Source: n:f44).

At present th e g ra d ua l
tran sfe r of the d ecorating line
from its tra dit iona l loca tion
after the dryer; to the p ressi ng
section is al ready a rea lity '''I.
The d rivi ng force beh ind this
change is the above-ment ioned
rep roduction o f stone effects,
man y of w hich lose th ei r
inten sity and effectiveness
when it is a tte mp ted to produce
them in a traditional glazing
line. The tile sho wn in Figure 23
exemplifies thi s. As can be
observed, th e d epth of th e
veining or bas-rel ief decoration
would be impossible to ach ieve
by current g lazing and
decorating app roac hes (screen
print ing, ro togravure, e tc).

Some of the futu re R+D+l lines relating to porcelain tile manu facturing technology
focussing on the trend mention ed above could be:

- In-p ress tile decoration 1"1 . This cou rse of action is alrea dy in a clear development
ph ase, as indi cated, and a grow ing evolu tion is expected in the futu re, by incorporating
new d ecorat ing systems at the press. O f the latest sys tems (powder screen prin tin g,
pre-cha rge systems, multiple cha rg ing, materi al removal by pneuma tic pressure, etc), it is
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perhaps the doubl e-p ressing technique that poses the grea test techn olog ical challenge. All
these systems, as well as their combina tion and the new proposals that appear, w ill
require cons iderable resea rch e fforts to improve an increa sing ly co mplicated a nd
demanding p ressin g opera tion.

- on-contac t d ecorating systems . Bas-relief decoration cou ld be the ga teway for the
incorpora tion of an infini ty of decorati ng techniqu es requ iring no contact with the
substra te to be d ecorated , such as:

• Laser decorati on. Laser technology, grea tly developed in the last few yea rs 140
' ,

cou ld find an important field of applicat ion in porcelain tile, such as in
prod uc ing reliefs, texture cha nges (ma ll-g loss effects), decorating on relief an d
bas-relief, tile CUlling, sinter ing. poli shi ng, etc.

• Ink jet p rint ing. Cera mic inkjet prin ting has recen tly been d eveloped 'H' and is
already in the industri al implementa tion phase. This technology has required
and will in the future requ ire even fur ther ad aptation of the so lids used in the ink
form ulati on, ta king into account the eme rging technology of nan oparticle
sy nthesis. However, o the r inkjet decorat ing systems exist that cou ld also be
incorporated in the nea r fu tu re, suc h as those based on applying a binder to a
bed o f particles, or by injecting a ge lling agent into a sus pension layer '411.

-Mechanochcmical po lishing, wi dely used in other indust rial sec to rs, could provid e
an importan t imp rovemen t in the surface fin ish of po lished tiles ""I.

- lew tile forming methods:

• Hot pressing. Selling forth the transfer of the decoration line towa rd the press, in
the fu ture, we m ight be able not only to decorate but also to fire, i.e. to apply
hea t, in the press itsel f, as occurs in rock metamorphosis. With this techniq ue,
aesthet ic effec ts could be achieved, at p rese nt unimaginable by the traditional
process (cold pressing followed by sin tering). Th is technology is widely used in
prod ucing advanced ceramics '471, and in sintering meta ls an d glasses.

• Form ing based on the melt. Give n the glass-cera mic cha rac teristic of the p roduct,
the possibil ity could be considered of manufacturing porcelain tile accord ing to
the technology used in the glass ind ust ry for producing glass-ceramic materials:
form ing of the me lt, for ins ta nce as a shee t, followed by thermal treatment to
produce the crysta lline ph ases. Th is tech nique would hu gely ex tend the
glass-ceramic systems th at cou ld be used .

• Prod uc ing sheets. A recently p resented innovation 1"1 related to porcelain tile is
the production of thin sheets (up to 3 mrn ) to be marketed on a subs tra te that
p rovides a ce rta in rig id ity. The porcelain tiles (sheets) a re mad e by pressing the
powder held between tw o flexib le sheets at very high p ressure. This innovation
is directed toward new appl icati ons o f porcela in tile, d ifferen t from cu rren t ones,
for rep lacing materials suc h as wood, p last ic or metal, since the possibilities
rega rd ing the tile sizes th at can be manu factured are practica lly un limited .
Following on with thi s new line of development, o the r sheet-fo rm ing method s
could be incorporated into porcela in tile production technology, such as tape
cas ting, typ ically used in producing elcctroceram ics I'"'. The advan tage of this last
techniqu e is th at the sheet is obtai ned di rectly from the sus pe nsion, without
previous spray drying.

Con - I'll



CASTE LL6 N (SPAIN )

AC KNOWLEDG EMENTS

The paper has so ught to se t out part of the expe rience ga thered in the las t few years
by technical staff at ITC in the field of po rcelain tile. I should therefore like to express my
gratitude to all the people at !TC wh o have participated direct or indi rectly in these
stud ies, as we ll as to the compa nies, and Slate and Regional organisations whose
economic support has made the research possible.

I wo uld also like to than k the people who, with their comments, di scussions and
suggestions, have facilitated the preparation of th is paper: Javier Garcia-Ten (ITC), Arnold
Van Gelder (ITC), Jose Luis Porcar (IPC), Jaim e Sanchez (Tau Ceramica), Vicen te Beltran
(ITACA ), Manuel Lombardero (ITGE) and Manue l Regu eiro (!TC E).

REFERENCES

[I ] Crcs po rceldnico: n1L'S~l red on do . Tee. (cram. 29L 1152-1172. 2001.

121 ESTALL i PO LES, \'. ; PO RCAR, ] .L. El d esa rroll o industria l y tccnologico du rante el S.XIX basta e l primer terc!o del
S,XX. In: Tile ceramic rOllte [Travelli ng exhibi tion ]. Castellon : Ali cer, 2000 , pp.144-154.

1311'EREZ CA~'I PS, J. l.a evolucio n d e la azu lejerfa valcnciano cnt rc 1860 y 1936 . In: TIJI' ceramic nJlIfl' ITra ve lling exh ibi-
tion ). Cast ello n: Ali ce r, 2000, p p .171-18 1.

(4} I' II'\AZO , F. EI pasado inglt-... dela huerta . £1Pa{~ ; COII/I II/idad Va!t·I/Ciall fl. 28 April 1997.

IS} PINAZO, F. La r nald icio n del Palau de Nella . El Pm:c: Cvmunid ad vaicnciano. 17 Septe mber 1Y96.

161BOTEl lA A5 Ut'\C10r\. I ~ ; LAREK A. COlOM, .\t j .; PEREZ CA~1PS, j . EI mosa ico Nollil. Aportacio n al es tudio de
las pa st as em pleadas en su prcduccion . 11 COJlgrl.'!'o /IIlf iO/IIlI Iff' Are unnnetr ia. Zaragoza, 16-19 September. 1997 [Abstract]

[7j BENDE R, W. Lrx ikuuder l il'gd . z- ed . Be rlin : Bauverl ag, 1'195.

[SI BOCKI IOR N ER KLlI\:KER GMIIB. 2000.ICommercia l ca talogue ]

1YJ DIFFI, G. II grcs porcd /mr.l lo: nuinunte Ii i jabl' r icazimli' I' tenr ich!' Ii i im piego. Faenza : Eaen za Edi tri ce. 1997.

11O) I'ENALVER, [ . et al . Desa rrollo de so po rtes de gr l's porcclanico de pasta roja con matcr ins p rimas tot almen te na cio-
na il'S, es ma ltado, d and o luge r .1 prod uctos d e alt as prcs taciunes tecnicas . Ceni m. I,,! , 2!2Z 95-115, 2000 .

I ll ] BJ\LELLI, A. L'irnpianto ~wr il porrella na to "sem itecnico" . C t'r (/111 in.f. :lliZ, sizsu , 200 1.

112) DO DD, A. Dictionarv o!ct'ramics. 3n1 cd . Lon don: Inst itut e of Mater ials. 199-t

[13] ASTM C 2ot2: 1997..a. Standard ter minol ogy of ceramic wh itewa res a nd related prod ucts.

[141 BELTRAI\:, V.; FERRER. c. nAGAN, V.; SAI\:C H EZ. E.; GA RCi A. j .; MESTRE. S. Infl uen ce of p ress ing powd er cha­
rac te rist ics an d firing te m peratu re on the porous microstructu re a nd st ain resist ance of porcelai n ti le. Ccrdmice Acta,
t!l±5l. 37-51. 1996.

[15) Ok'I'S TA Rt M] . SiJJ!t'ri: lIcjlS" de pit': a!' ill ' pl/l'imt'll to xrl'~ ifi(l1dt). Castellon: Unive rsita t de Valenc ia, Dcpartam c nt
d'Enginyerta Qu imica, 19Y1.l00clo ral d isser ta tion ]

116) ORTS, M.j .; AMOR6s, J.I..; GA RCIA TEN, j .; S.A.NCl IEZ, E.; GOZALBO, A. Propieda d es supcr ficiales de l gres po r­
celani ro: rela cion con 1.1 mic roes tru ctura . Tee. ccrdsn. Z2Z 12-l0-12-l8, 2(XJ1.

117) BAGAN VARGAS, V. Ef ecto delns nmti icioltcs tit' 01't'rIlcit'JI/ (' It Il l S dijt'Tt'1ltt's ('tapas dt'1l'rtlct'so ~llm' las I'rllpicda.ics y came­
f f'r (..t icoe de parimento de "'''.11 bajl11l(Jrlls idad. Valencia: Univcrsida d. 1991. IDoctoral disse rtati on]

118) SANC HEZ, E,; GA RCfA -TEN, j .; Q L1EREOA, 1'.; BELTRAN, V.Arcilla de Mor ella . Nueva ma ter ia p rim a pa rala fabr i­
GKi6 n d e baldosus cer a mica s d e pasta roja . Tee. cerdm, (in pres s), 20(11 .

[ILJ I SAt\!C H EZ, E.; GA RCIA -TEN, j.; BARBA,1\. ; BELTRAN, V. E..tima tion of packing d en sit y of raw mate ria l m ixtures
used in tile ma nufactu re. Rr. ( ('(ll lll. tmns., 97H l lot9-15-1.1YLJS.

[201RAGAN, V: ENR IQU E, J.E.; MAlLOL, G.; SANC HEZ, E. Influence of Process Variables on tilt.'Q uali ty of Im pervious
Tiles. tile Br ick 1" 1., fll3.13 5-42, 19LJO.

[21] AMOR6s ALBA RO, J.1.. PIiMll 'i ceninu cas para pl1 l'i1l/1'Itto 'i !lt' tl/ tl/WC()CciOH: intlucncia de Ills 1'l1rillMc.. 11c prcnsado soltrt' IllS

l'r0l'icdadcs lit' la picza I' ll crudo y soorc SII compovtnmiento durante d l'reHslldo y III coccion, Bur jil..so t: Universi tat de
Valencia, Dcpa rt nu..-nt of Che mica l Eng ineering, I987.[Doctora l di ..se rtation]

122) A~vl0R6s, J.I..; FELfu , c.; GINEs, E; SAI\:C H EZ, E. Influen ce of spray-d ried granule moisture content on dry
mechanical s treng th of po rcelain tile bodies In: CA RTY, W. .\'1 .; SINTON, C.W. (Iids.) Sdt'HC(' (If w lt ifl7t'l1rC'i 11 .

Wt."StI.'Tville: AC ERS, 2000. pp. 299-308

[2Jj IR\VIf'J, G.R. Analysi s of stn·s"t·s and stra ins ne ar the end of a crack traversing a plan..-. " .II'PI. ttlf'c1l1m., Z1.. 361-36-1-,

Con - X2



CASTE l l6:-.J (SI'AI:-.J )

1957.

1241 LEONELLI, c.ct ul. Enh ancing the mecha nical prope rties of porcelain stoneware tiles: a microstruct ural epp rocch.j.
Ellr. Cemm. Soc. , 2L 785-793, 2001.

(25) SETIEMBRE, D. G rcsificacion y microestruct ura en pastas de gees porcelanlco. Ccrem. tnf.,~ 11-18, 1998.

(26) SANCIIEZ, E.; ORTS, ~lJ . ; GARCfA-TEN, J.; CANTAVEL LA, V. Porcelain tile composition e ffect on phase for m ation
and en d prod ucts. Am. Ccram. Soc. BIIII ., tiUlfz143-49, 2001.

f271 STEVENS, R. Engi nee rin g properties of zirconia. In : Ceramics an d glass~'s: Eng incrrnt materials handbook: t'()1. 4. [Ohio}:
ASM Inte rna tional , 1991, PI' , 775-786.

128) ZHOU, I\'1.;WEt~~'1ANN, R. Optimierung dcr " \vc jgc " des Porzcllans-bcsoudc rs bci Schn cll b ra nd . Cil-Cenun Forum.
l ilt . Uill. .j9-53, 1991.

[291 Die z rcfl exiones sobrc cl grcs porcclanico . Ceram. lIif,.Q:!, ..1,3-55, 1999.

[301 SAN"CHEZ, E.; GARCfA-TEN", J.; BARBA, A.; FELfu , C. Effect of porcelain tile raw materials com posi tion on pres­
ving behaviour of the resu lting spray-dried po wder. Ceratn. A cta, 120 12 ) 1 8~30, 2000.

[31J N EGRE, E; SAf\:CHEZ, E.; GARCIA, }.; Glf\: ES, E; CARTY, IV. Evaluating la mi na tion in porn-la in tile. I,
Measu rement . Am. Coram. Soc. Buil., 770 ) 63-68, 1998.

[32) SAN"CHEZ, E.; Gl:"JES, E; GA RCfA, J.; FELfu, c. Evalua ting lamina tion in porcelain tile, pari II. Pressing cy cle and
powder char acte ristics. A lii. Ceram. Soc. Buil., 77(3) 81-85, 1998.

133) Caracterizacion. alntacenanuvnto .'I transportc dt ' ~6lido~ t'1/ la industria cenisnica: COl/rse, 13-15 NOl't'IIII'l'r 2000. Castelkin :
ITC-ASEBEC, 2000.

13-l1A~\'10ROS, J.L.; MALLO L, G.; SANCH EZ, E.; GA RCfA, J. Diseno de silos y tol vas para el alrnacenamiento de m ate­
rlale s pulverulentos. Problema s asociados a la operacion de descarga. Tee. Ceram.. :lli±. 725-738, 20lXJ.

135) RATIERMA I , E.; CASS IDY, R. Abrasives. In: Ccm snicv and gla~&~: Etlgiuct'n'timlltcrillls IWlllibook. pol. 4. [Ohio ]: AS\·1
International, 1991, p p. 329-335.

[36J O RTS, M.}.; SAI\iCHEZ, E.; GARCIA-TEN , j .; IBANEZ, M.j .; SANCHEZ, J. ; Sal EK C ; PO RTalES, J.
Comportamiento del gres porce lani cc durante la operacion de pulido. Bol. Soc Esp. Ccrdm. Vidrio.,:1Q...{21 429 ~-l37,

200 1.

137J ESPOSITO, L.; TUCCI, A. Porcela in stoneware tile surfaces. Alii. Cam". Soc. Buli., Z2....G1 59-63, 2000.

138) SAVORA:"JI, G.; B1FFI. G. Pe r que producir gre", po rcelanico: factores ccono m icos y d e mcrcado. Cenun rn! . llll, 53­
60, 2001-

139J LO~1BARDERO BARCEL6, ~t; QUERE DA RODRICUEZ-!'\AVARRO, j.M . La piedra natural para 1<1 con struccion.
En: GARCiA GUINEA, J.; rvlARTfNEZ FRfAS, J.(Coord.). Ren lr50S tnineralre de Espatla. Madrid : Consejo Super ior de
Inves tigaciones Cientfficas. 1992, pp. 1115· 1150.

HOi STEE:"J, W.M. Laser materia/processing. 21'k1ed . London: Springer, 1998.

I·HJ SIGM UND, W.M.; BELL N S .; BERGSTROM, L. K"o\"(:,1 pow der -processing met hods for advanced ce ramics. t. Am.
Cvram. Soc., fil.iZ1 1557- 1574, 2000.

[42] Mi cr(lt'/lc(lp slIlatio" all/I particle coating: course, 28 -30 A1arcIJ 1994. Amsterdam: Center for l' rofcssional Advunccmc nt,
199.j.

[·13) SCOCCA, E Tecnicas de decoracion en 1<1 prensa de l gres porcelani co. In: ll/or11luitls ('I I iecnicas decoratim s .II trata­
nuentoeeupcrficiales, Castellon 23 and 24 Ju ne 1999. Castellon: Asocia ci6n Espanola de Tccni cos Ccrrimicos, 1999, p p.
81-90

(44) ~HLITARE. A. Tccnoslatc. a technique fur im proving porcelain tile. Ceramic \Vorld Rt''V;ew, .±l 104-108, 200 1.

[45) Tile decoration moves into de 2 1" cen tur y, a di gital revolution: the story of Kerajet technology. Jil t. Ccmm., Aug us t,
71-72, 2001.

(46)INDGE, J.H. Lapping, honing and pol ishing. In: Ceramics and :< lll~se~: EllxillL't'red materials handbook. vot. 4. [Ohio ):AS~1
Intern ationa l, 1991, pp. 351-358.

(47 ) MCCO LM, I.}.; CI.ARK, N.J. Forming, slmping mid toorkiug of higll-pafo rlllllllCt' ceramics. Glasgow: Hlackie, 1988. ,
pp.2.j8-250.

(48) VENTU RELLI, ~.1. Lamina revolu tion: an innova tive ceo- friendly process . Cemm. 'YVorltt Reu. .l.Q..Q21 86-tili, 2000 .

[..1,9) Tape cas ting. In: REED, J.5. Principles of ceramics precessing. 2r..J ed . New York: John Wiley, 1995, Chapter 26, pp.
525-5-l1.

Con - 83


