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ABSTRACT

As result of the collabora tion betuieen the compallY Vidres S.A. mid the Dept. ofInorganic and
Organic Chemistry of Unioersitat [aume I of Castellon, frits have beell developed of a glassy and
glass-ceramic nature (with crustallisation of chemically stabilised -cristobalite), which call be used
ill transparent glaze compositionsfor porcelain tile, with the possibility ofpolishing. Both the glassy
and the glass-ceramic glazes have beell developed ill the system SiO,-AI,O,-B,O,-CaO-ZIlO-Na,O
K,O-BaO-SrO with contents ill SiO, up to 73 wt%, using raw materials typically found ill the
ceramic indusiru. Cnjs tutlisation of cristobalite of composition Si'.xAI,Sr'i'O, mid Si,.,AI,Ca,/,O,
takes place by heterogeneous nucleation at the glaze surface and at the fr it particle COil tact points,
growillg fi rst as regular isolated crystals and then as dendritic crystals, ill which case thelj call
OCCllpy large surfaceareas of theglaze. The glazes developed, ill which thesefr its are the[undamental
component, haoe higher mechanical properties with regard to hardness, resistance to abrasion. acids
and stains than contentional transparent glazes alld the porcelain tile polished surface.
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1. INTRODUCTION

Industrial materials of the porcelain tile type (tile s with ceramic bodies whose
wate r absorption is less than 0.5 %by weight) h ave progressively evolved with time. At
firs t, production basically cons isted of unglazed bodies, either w ith a natural or polished
surface, where the decor ation w as performed in mass or using so luble salts at the su rface.
One of the main problems of the polished bodies is that this process ex poses previously
closed porosity inside the body, so that irreversible stains can appear associated w ith th e
dirt held in these pores. However, at present a very important part of production is
marketed wi th a glazed surface, ena bling traditional decorating techniques to be used
and op tio nally also polishing.

In most cases, th e glazes used are transparent ones of the glassy type and op aque
ones of the crysta lline type (i.e., white glazes made w ith ad d itio ns of zirco n
opacifiers), With a view to improving surface mech anical p roperti es, in th e last few
years white g lazes have been d eveloped for p orcela in tiles of the glass-ceram ic
type!I",,!, i.e ., g lassy glazes th at partly crysta llise during the firing cycle of the tile they
coat!'-5,,). It is clear that opaque glazes hide the body, and hence the ex is tence of
pol ishable transparent g lazes w ith good mech anical properties (i.e ., g lass-ceram ic
glazes) w ould be interesting for til es with in-mass decoration (elim ina ting the
p roblem of the closed porosity in the body ap pearing at the su rface) and with
traditional screen pri n ting d ecoration. On the other h and, it is known that w ith the
sa me chem ical and mineralogical composition, ad ding minerals to a coating (i.e. , in
th e crysta lline glazes) d oes not provide the mechanical properties fou n d w hen th e
crysta ls form in the glaze (i.e., in the glass-ceram ic glazes).

Exclu d ing th e effec t of heterogeneiti es suc h as p orosity or th e effect of liquid
immiscibility, th e transparency or opacity of the glass-cera mic glazes, depends m ainly
on two factors: i) abundance an d crysta l size di stribution of th e crysta lline materi al
an d, ii ) difference of re fracti ve index between the crysta ls and th e glass. When crysta l
size is smalle r th an in cident radiation w avelength (i.e., vis ible light), transparent
m aterial s a re found!7.' ]. H ow ever, thi s m ethod require s accurate co n trol of
crysta llisatio n cond itio ns , which in vol ves adap ting til e firing cycles to the n eeds of the
glaze , this being d ifficu lt to imagine in the til e industry, w here firi ng cycles are
d esigned for ap propriate sin ter ing of the body an d p ro fitability of the process.
Therefore, to d evelop glass-ceramic glazes adapted to the p orcelain til e firing cycles it
is convenient to investigate crystallisati on processes of crysta lline p hases w hose
refrac tive in dex is very clo se to tha t of the glass .

Based on the economic availa bility of th e raw materi al s an d taking in to accoun t
tha t the refracti ve index n of th e glasses based on Si0

2
and B,O, lies betw een 1.4 and

1.5, th ere are very few crystalline phases that can crysta llise in a glass-ceram ic glaze
with a refracti ve index similar to that of the glass. In this se nse, p revious s tu d ies and
the experience of a working group have shown th at crysta llisation in glass-ceram ic
systems fo r g lazes of co rundu m!' ! Al,O, (n = 1.77), spinel!':" MgAI

2
0 , (n = 1.72),

diopsidet" CaMgSi,o, (n = 1.67), mullite!" Al,Si,oI' (n = 1.64), w ollastonite CaSiO,
(n = 1.63), cels tan t--' BaAl ,Si

2
0 , (n = 1.59), an d even anorthttet-" CaAl,Si,O, (n = 1.58),

g ive rise to opaque and translucent glazes depending on the degree of crys ta llisation .
Obviously, th e ad di tio ns of nu clea ting agents also help achieve opacity. Therefore, in
this stu dy it w as d ecided to ad d ress the d evelopment of g lass-cera m ic glazes in w h ich
the major phase in crysta llisation was cristobalite , w hose re fractive index is abou t 1.5,
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w ithout th e additio n of nuclea ting agents . With th is objective, fr its have been
develo ped wi th a h igh silica con ten t for u se in cristobalite glass-ceramic glazes, i.e.,
w h ich enab le the formation of th ese crysta ls during porcelain tile single-firing cycles.

This type of frits has a se ries of further advan tages, of which the following are
particula rly noteworthy: i) a high silica con ten t means a low materia ls cost in the final
product; ii) th e formu la tions enable the u se of simple, common ra w m aterial s in th e
ce ra m ic industry; iii ) owing to the ease w ith w h ich cr istobalite forms, su itably
proportioning the remain ing fri t com pone nts all ow s p rodu cin g a w ide range of
glaze s with di ffer ent crystallisation capacities; iv ) g iven the low reacti vity of silica,
glazes can be d esigned w ith ad d it ions of other mineral s to the starting fri t, without
undesirab le mine ra l ph ases for ming.

On the o ther hand , high silica conten ts in volve certa in disadvantages re la ting to
th is typ e of g lazes, p arti cularly : i ) the melting temperature must be as h igh as
poss ib le ; ii ) th ere is a n otable difficulty in producing a fr it (glass) with a
h omogeneous chemica l com position, iii ) ow ing to the sought transparency nucleatin g
agen ts (TiO" ZrO" P,Os' CeO" etc. ) cannot be u sed, as they are compou nds with a
very high refr ac tive in dex and give r ise to opacity; iv) important, abrupt changes can
occur in volu me (sh rinkage) owing to the ~~a transformation durin g cooling. Thi s
last drawback need s to be dealt with in d etail to exp lain how this h as been solved.

Cris tobalite is a SiO, polymorph w hose structure can be described by stacks of
layers (formed by linked rings of six units of silicon te trahed ro ns with alte rnating
ap ica l oxygens, Fig. l a) in an arrangement ABe-ABC... (Fig. I e) and in a " trans"
orien ta tion (Fig. I c). The structu re of tridymite is sim ila r to this, but w ith layer
stacking according to an order AB-AB ... (Fig . Id ) and "cis" o rien ta tion (Fig. l b ),
Cris tobali te h as a very open structure with large h oles in the centre of the interface
hexagon betw een two ABC shee ts . As a result, this has a phase transit ion of the
st ructural collapse type between a high temperature Fd3111 cubic sym metry (~-phase)

and a low temperature P422 tetragonal sym metry (a-phase), of th e displacement typ e
and reversible at about 273 °C, w ith a change in the structure angle distribution
T-O-T an d formation of a d omain structu re [10-15[. During the transition, owing to the
co lla pse indica ted of the three-dimensional te trahed ron frame, an important volu me
d ecrease (2.8 %) occurs in cooling (an d h ence of ex p ansion in heating ) with important
w ell -kn own consequences from a ceram ic point of view. The p artia l substit utions of
Si by Al in the tetrahedral holes allow in corpora ting ca tions in the large structural
ho les mentioned before, fo r local charge com pensation (Fig. If). These ca tio ns
si tu a ted bet w een the in terstices act as anchors that can partly inhibit the collapse of
the structu re and therefore d elay transition advance . When this type of structu re is
p roduced by partial substitu tion of Si by Al plus one +1 and / or +2 ca tion, its X-ray
di ffracti on (XRD) d iagrams at room temperature are sim ila r to those of ~- cristobalite,

ca lled chemically sta bilised ~-cristobal i te (CSC), i.e. advance has been impeded of the
~~a ph ase transitiont'vs". The u se of glass-ceram ic materials wi th CSC-ty pe
cris to bali te , employing it s high res is tance to thermal shock, is w ell kn own [21.221;

however owing to the chem ica l composi tion used, h igher temperatures than 1750 °C
w ere re qu ire d to h omogenise the chemical composition of the s ta rting glass, besides
the aris ing mullite crysta llisation!" ! This could be w hy, acco rd ing to in formation
available to the au thors , these mater ial s h ave not been u sed to date as g lazes fo r tiles
or o ther types of traditional ceramics, to produce transparency an d con tribu te
physical and chemical resi stance p roperties.
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Fig. 1.- a) Scheme of the layers of silicon tetrahedrons f orming hexagonal rings, whose apical oxygells are f oun d in art
alternate arrangement; bJ "cis" orientation in which two layers of tetrahedrons are lin ked by apical oxygen s connected by a ll

"m" symmetry piane; c) ditto "trails" but in this case they are connected by a "2 " a.xis; d) scheme of tridymite type
structures formed by layer slacking according to an order ABA B.... in "cis"; position e) scheme of the cris tobalite-type

structuresformed by layer stacking according to an order ABCABC... ;'1 "trans" position;fJ scheme of the position that
stabilishlg cations occupy in the cristobalite-type structu re ill the in terface behl leen tux: A BC sheets in the centre of a

hexagonal ring.

The ap pearance of the a-phase in glasses and ceram ics has always been considered
a problem and th eir che m ica l compositions are usually adapted to avoid suc h
formationt-P", The study sets out how th ese di sadvantages have been solved in the
sy nthesis of frits and in esc crysta llisa tion to develop transparent glass-ceramic glazes.

2. WORK METHODOLOGY

The following work programme was es tablished to achieve objective set:

i) First, th e experimenta l resu lts found in th e literature on the chemical stabilisation
of cristobalite 13 at room temperature were reproduced, th en extending the compositional
ran ges, and later th e ideal thermal treatments. For thi s, th e sol-gel method was used , w ith
the coprecip ita tion technique. This information was th en used for the development of the
frits.
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ii) Secondly, frits were prepared w ith a high silica content at th e usual melting
temperatures found in the ceramic sector, i.e. around 1500 DC, using the app ropriate raw
materia ls and fluxes.

iii) Th irdly, the capa city of cristobalite to crystallise from the frit s was confirmed, as
well as the crys tallisa tion extent and formation processe s when using porcelain tile firing
cycles.

iv) Fourthly, glaze be hav iour was op timised in relation to its meltability, stretch ing
and maturing by add itions to the frit of ind ustrial minerals such as quartz, alka line
feld spars, kaolin an d alumina.

2.1. CSC SYNTHESIS BY COPRECIPITATIOi\:

The so l-ge l method has already been used for the sy nthesis of cris tobalite l's ? ' ,

Specifically, the CSC form ation capa city has been observed by substituting Si by
Na+AI116.19J, Ca+A]I'6-12I, Cu +AII191and Al+SrI191. In this studv. stabilisation bv Na +AI was
di scarded owing to the diffi culty of obtaining quality glazes at p orcelain tile firing
temperatures, and by Cu +AI owing to the type of raw material s requ ired.

Using soluble salts of the precursor materials, a solu tion w as p repared to which an
agent was added that gives rise to the format ion of insoluble sa lts or hydroxides of the
ions involve d, or the ir simultane ous precipitati on . Thi s enab les achiev ing an important
degree of mixin g of the components and com positional homogeneity, and eve n if the first
case occu rs, also achieving part of the pairs of bonds be tween the ions that are sought in
the structure. The phases involved in producing cristobalite by th is technique are set ou t
in the follow ing flow diagram:

Selection of the chemical compositions

Selection of the precursors

Proportioning the precursors

Dispersion in H20 with stirring

:Vlixing of the reagents with stirring for 30 minutes

Drop-wise addition 0£30 %NH,OH to gelling at T = 70"C

Drying of the gel under infrared lamps

Calcination of the dry product at 1200"C for 15 0 30 minutes

The chemical compositions chosen to form the CSC structure cons ist of th e partial
substitu tio n of Si by AI+Sr or by AI+Ca, according to the respective formu las Si,.,A I,Sr, ,,02
and Si"AI,Ca ,,,O, .

Th e che mical precursor s of these com positions were colloid al silica for SiO"
aluminium nitrate AI(N0 3)3·9H20 for AI,G" strontium carbona te SrCO, for SrO, and
calciu m nitrate Ca(N0 3)2·4H,G for CaO.
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The proport ioning was designed to produce che mical compositions in which
x = 0.03, 0.05, 0.06, 0.08 and 0.09 for stabilisa tion with Sr and x = 0.03, 0.05, 0.06, 0.08, 0.09,
0.11,0.13 and 0.15 for Ca.

The precursors of Al and Sr, and the colloida l silica were each separately dispersed
in 50 mL of d istill ed wa ter for 15 minutes. They we re then mixed by stirr ing for 30
minutes for good quali ty dispe rsion. 30 %ammonium was subsequen tly added d rop-wise
to this colloidal di spersion, hold ing mixture temperature at 70 °C, until achieving
destabilisation wi th gel formation. This was slowly dried under infrared lamps and then
calcine d at 1200 °C with holding times of 15 and 30 minutes.

2.2 PREPARATION OF THE FRITS AN D THE IR APPLICATION

The frits were developed in the system SiO,-B,oJ-Al,o3-CaO-SrO-K,o-Na,o-MgO
ZnO-BaO. As the purpose of the frits is their crys ta llisa tion as cris toba lite, frits wi th a high
SiO, content were used, in certa in cases up to 73 %by weight. Also fundamental are AI,O"
CaO and s-o as cristobal ite-forming elements. The oxides B,0 3' Nap, K,O, ZnO, BaO and
MgO we re chosen as fluxes to obtain the fritt ed products at temperatures around 1500 "C.
The fundamental difference between the frits rich in Na ,O compared to those wi th a high
K,O content is that in the former, more cristobalite crysta llises. The alumina conce ntration
also plays a regulating role in crystallisation, as it inhibits cristoba lite forma tion at high
concen tra tions. When CaO and ZnO con tents are excess ive, CaSi03calcium silicates form
of the wo llas toni te type, and Zn,SiO, zinc silicates of the willemite type, that produce
opacity.

Owing to the high silica con tent of the che mical formulas involved, p roblems of
homogeneity occurred, which we re solved by selecting appropria te raw mater ials. In th is
sense quartz was added in the smallest possible quantities, mainly using silicates of the
alka line and alkaline-earth elemen ts, ins tead of carbonates or nit rates.

After mixing and homogeni sing the raw materi als in a ball mill , the y were fritted in
an alumina crucible in laboratory fritt ing kilns, producing enough materi al to make the
glazes and perform the tests on application onto green commercial porcelain tile bodies
and othe r made by the company Vidres S.A. The glazed pieces were fired in industrial
single-fire kilns, placing them in the production lines to ensure having results that were
industrially reproducible.

2.3. INSTRUMENTAL TECH NIQUES

Both the frits and gels were stu died by di fferential th er mal analys is (OTA)
(Mettler-Toledo 851) at heat ing rates of 25 °C/ min to have data on crystallisa tion start
and its repetition in the various formulat ions.

The gels subjected to heat treatment and the fired pieces we re stud ied by X-ray
diffraction (XRO) (Siemens 05000) to identify the crystalline phases that formed, working
at 40 KV and 20 rrtA, wi th different scanning velocities and time constan ts as a fun ction of
each test. It should be noted that the XRO diagrams of synthesised cristobalites in the
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systems SiO,-AI,O,-SrO and SiO,-Al,0 3-CaO were compared with the ASTM files
corresponding to cristobalite of composition SiO" i.e., file no. 39-1425 for the a -phase and
file no. 27-0605 for the ~-phase.

The microtextures relative to the porosity of the glaze and the crystallisations were
stud ied by scanning electron mi croscopy (SEM) (LEO 6300).To obtain the images,
secondary electrons were used and es pecially backscattering electrons which, owing to the
di fferen ce in che mical composition between glass and crystals, enabled obtaining clear
images with reg ard to the d istribution of both phases. This study was done with the help
of energy-d ispersive microan alysis EDAX (Oxford, Link model), which enables comparing
the che m ical com position of th e crystals and the glass in the glass-ceramic glazes.

2.4. MEASUREME NT OF GLAZE PROPERTIES

The p roperti es studied in th e glaz es were hardness (w ith a Vickers microhardness
tester and wi th the Mohs hardness test accord ing to standard UNE 67 101), abras ion
resistance (sta ndard UNE EN ISO 10545-7), che m ical resistance (standard UNE 67 122),
and stain resistance (standard UNE 67 11/ 85).

3. RESULTS AND DISCUSSION

3.1. CRYSTALLISATION OF CRISTOBALITE FROM THE GEL

As mentioned in the introduction, in this study it was decided to p roduce CSC in
two compositional systems: SiO,-AI,03-SrO according to the formula SihAl,Sr,/,O, and
SiO,-Al,03-SrO according to the formula Sil.,A l,Ca, I'O,. The values of x at which
crystall isa tion of cristoba lite occurred in the fir st case were x = 0.03, 0.05, 0.06, 0.08 and
0.09, while in th e seco nd these were 0.03, 0.05, 0.06, 0.08, 0.09, 0.11, 0.13 and 0.15. In both
cases and in all the compositions, th e heat treatment applied (1200 °C for periods of 15 and
30 minutes ) yield ed cr is tobalite cryst allisation, though in the syste m with Ca
crysta llisa tions occurred more rapidly and crystals of greater crystallinity formed, as can
be inferred from the charac teristics of th e XRD diagrams.

200
~ 1 0 600 ~1 ~

150

600
~ ~
;; ;;
0 100 0• sE s 400

50 ~2 200
~2

0 0
18 20 22 " 26 28 00 32 34 36 38 18 20 22 " 26 28 00 32 34 36 38

26 26

Fig. 2.- XRD diagrams gels calcined at 1200 "C for 15 mi nu tes in the composi tion SiO.97A IO.03SrO.0150 2 (a) and
SiO.95AlO.05CaO.0502 (b). The values of the 20 angle and Aspacing oregiten Table I, except for peak f32offigure b, as it

is not well defined.
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Fig. 2a shows an XRD diagram for composition Sio97AJO.,Srool,o, w ith crystallisa tion
of a structu re similar to fl-cristobalite i.e., CSc. Fig. 2b shows an XRD d iagra m for
composition Sio.95Alo.osCao.o50 , in w hich the same type of structure forms. The details of the
ge l crystallisation processes at different temperatures will be set ou t in ano the r paper. In
thi s stu dy, the foregoing results have allowed us to infer the possibility of CSC formation
from va riable che mica l com positions at porcelain tile firing temperatures in relatively
short times, and it is therefore useful to atte mpt to reproduce th is crystallisation from
ceramic frits.

At thi s point it should be noted th at the arising CSCs have XRD d iagrams with the
sa me peaks as the fl-phase, but sligh tly shi fted because stabilisation has been partial. This
is because during phase transition th e stru ctu re collapses more with a smaller stabilising
cation conten t, and therefore the position of the fll and fl2 m aximum va lues vary slightly
depending on th e che mical composition. In this sense, fu ll stabilisation, i.e., when no
d ifferences are observed be tween the di agram of aSia, cristoba lite in the standard -phase
and synthe tic cristoba lite in the system SiO,-Al,03-CaO, correspo nds to values of x = 0.15
(Sio"Alo.15Cao.0750,). As the va lues of x decrease, the difference between the positions of
these two phases rises, i.e., a lower degree of che mical stabilisation is atta ined .

3.2. GLASSY AND GLASS-CERAMIC GLAZES

Two exa mples follow of glazes exclusively made up of frits, produced in industrial
porcelain tile firing cycles at 1200 "C, illustrating the m aterials th at have been developed .

Fig. 3a shows an image made by SEM of a glaze comprisi ng a frit in which
crys tallisa tion has not taken place, thus presenting a homogeneous appearance. It is to be
no ted th at there is no engobe, w hile the glaze layer is quite thick, and the rela tive quality
in the degree of sintering is evidenced by few flaws. Owing to the grea t tra nsparency
achieved, th is type of glaze can be used in polishing p rocesses, which enhance glaze gloss
compa red with natural surfaces.

Fig. 3.- The SEA1 micrographs, made using the backscattered electron detector, of a glaze comprising afrif that does not
crystallise (n) showing the homogeneity and relative sillterillg quality of tire glaze without mgo17e. Figure (b) shows

nticrotexture detail of a glass-ceramic glaze ill 'which isolated crystals appear, some of which hnoe all octahedral
morphology (markedwith all arrow).
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Fig. 3b depicts a SEM micrograph of the glass-ceramic glaze (in which the
backscattered electro n technique en ab les registering com positional differences between
the glass an d the crys ta ls), w he re d ark-coloured regular crystals are observed, all w ith
similar sizes between 1 and 3 rn, immersed in a light-coloured glassy matrix. Th e
cha racteristics of the arising crystallisation are set out in following sections .

It may be menti oned here that regulating the starting frit compositions has ena bled
establish ing a w ide compositiona l range in the system SiO,-B,O,-Alp,-Ca O-SrO-K,O
Na,O-MgO-ZnO-BaO, in which crystall isation of -cri stobalite occurs, and CSC is fou nd at
room tem pe rature. In particular, th e frit s rich in CaO crys tallise better th an those rich in
SrO, the presence of B,O, and Nap favouring crys ta llisation wh ile K,O, MgO and Zn O
inhibi t this. This is d ue to the de crease in glaze viscosity at peak firing temperature by part
of the Na and B atoms, wh ich increases cation diffusion and thus crys tallisa tion . An excess
of these elements has the oppos ite effect, as the frit melts excessively, producing glaze
stre tching problems. Alu mina plays a key role, as it considerably modifies viscosity, with
h igh va lues inhibiting crystallisa tion, while low values keep thi s ca tion from entering the
cristobalite network so that no CSC can arise.

3.3. CRISTOBALITE CRYSTALLISATION FROM A FRIT

The ability of the frits to cry stallise is clearly demonstra ted in the DTA di agrams.
When one of the devel oped fri ts has the capacity to crystallise (Fig. 4), the DTA d iagram,
besides ind icating the glass transition temperature T, an d melting temperature T~

present s a broad, poorly defined exotherm ic peak that be gins a little after T
g

an d
ma ximises around 900 "C. The position of th is maximum varies in the stu died frits
be tween 875 and 990 °C, but always ha s a similar shape to the one shown in Fig. 4. Th is
sha pe d iffers from tha t of materi als in wh ich some nucleat ing ag en t has been used in the
formu lat ion, in which case finer, better defined exothe rmic pe aks are found that however
give rise to opaci ty in the glaze.

5

Tmax
c

4
U
0 Tg0

E 3...
Q)
J:...
0
>< 2
W

200 400 600 800 1000 1200

Temperature ' C

Fig. 4.- DTA diagram of a fri t with glass-ceramic behaviour. The glass trans ition mid meltillg temperature arc
rc::>pectiI>c/y markedas T,. and T, T,max is the maximum cxcthcnn ic temperature caused by the crysta/lisi1thm

process. Hcatillg rate 25 "Chninute.
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3.4.GLASS-CERAMIC GLAZES
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Fig. Sa shows the XRD diagram of a glaze completely made up of a frit rich in Srf),
i.e., in which ~-cristobalite has crystallised in the system SiO,-AI,O,-SrO. To be noted is the
poor definition and low intensity of the d iffraction peaks compared to those of a frit rich
in CaO of the system SiO,-AI,o,-CaO (Fig. Sb), correspond ing to a glaze completely made
up of this frit with additions of quartz (ma rked with Q in th is figure). In these cases, the
position of the diffraction peaks ~l and ~2 is closer to the values measured at high
temperature of the ~-cristobal i te of standard SiO, type (Table I) than to those of the
position of type a (Table 11).

61 62
~ - eristobalite SiO,' 21.620.4.110 35.640.2.517
~ -eristobalite Fi.,. 2a 21.695.4.093 -
~ -eristobalite Fi.,. 2b 21.727.4.087 35.789.2.506
~ -eristoba l ite Eiz. 5a 21.612.4.108 35.633. 2.517
~ -eristobalite Eiz. 5b 21.690. 4.090 35. 770. 2.508

('ASTM File no. 27-0605)

Table 1.Values of the 28 angles and d spacings in A measured in the mean position of tire peak

at half height ttl the XRD diagrams of the samples indicated in the text (Cu Ka] radiation),
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Fig. 5.- XRD diagrams of two jrits trith glass-ceramic behm nour. ojfrif based on the system SiO~-AJ10J-SrO

showing the formation of a esc U'W, a hig1J[y heterogeneous character, wllieh explains the tridtlt of the lines; b)

glaze made lip of a frit based 011 the system Si01-AI10J
-CaO and quartz (peaks marked by Q).

Glaze crystallisation has not been homogeneou s th rough ou t the applied layer
thickness owing to different nucleation mecha nisms tha t cond ition crys tal formation. Fig.
6a shows the microtexture inside the glaze, i.e., between the surface and the body. In th is
inner part, an irregular distribution can be observed, along guid ing lines tha t give rise to
separate regions without crys tallisa tion. Th is distribution is caused by crystallisa tion
occurring at grain boundaries of frit particles before sin tering, as in these zones flaws
accumulate that serve for a heterogeneou s nu cleation process.
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F(-.: . 6.- 5EAJmicrographs /isil1g the backscattcred dectroll detector with the 5t1ll11' magll{ficatioll (1000xJ. aJ
A1icrotextllr6 ob-eried 1I15i&' the gla:e layer. ,{'hen' crystals accumulate ill linear regio1l5 that correspond ttl

pn',,'i01l5 int ergran ular contac ts of the fril. bj Micro/ex/lift's obsen)('d at the gla:e layer 5 11 ~fa((', ,chere fht' crystals
present a ll irregular distribution.

However, when th e glaze surface is observed (Fig. 6b) larger areas of crystallisa tion
ap pear, wi th larger-size crystals than inside, as well as regions without crys tallising that
resemb le those of the inner reg ions . It is therefore clear that su rface nucleation is pri mari ly
involved , enco uraged by the surface flaws of the frit part icles or by those crea ted at these
int erfaces at sintering start. Isolated crystals are observed to appear in the centre parts of
the individ ua l reg ions me ntioned before, bo th insid e the glaz e and at the surface, which
are in terp reted as homo ge neous nucleation processes, though these processes are much
less widespread than the other two.

Wh en images are made of microtextural deta ils wi th bac kscattered electrons, clearer
contras ts can be ob served in the parts surrounding the crystals than in the cen tre parts of
these dar ker homogeneous regions (Fig. 7). This effect is interpreted as involving chemical
composition gradients around th e crys tals gene rated by d iffusion processes for crystalline
grow th, i.e., the crysta ls grow by a tom ic d iffusi on and not by in terface processes, as was
to be expected given the difference in che mical composition between melt and crystal.

Fi:;.7.- 5£M lIl icrograpl15 I/si1lg the ltacksCIltfcred vivct ron detector at a Hlagll~ficatioll of 2500x,
sltmcillS three colours: black for tile cry::lfals, grey for the glass mid a ligllt colour for the (ontact

: 011('5 betwt't'll tire cry:,-tals IiJld the glassy mat rix ,
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On performing spot chemical analysis by EDAX on the crys tals and glassy matrix,
the role of each element in the forma tion of the glass-ceramic mater ial can be appreciated.
In this sense the frit compos ition can be divid ed into three groups of compo nents:

i) Fundamen tal SiO, compo nent, in which crys tal concentration always exceeds that
of the glassy ma trix, with over 75 % by weight in crys tals and less than this value in the
glass.

ii) l3-cristoba lite stabilising components that need Al instead of Si for the entry of
cations +1 and 2+ in the irregular holes of the three-dimension al tetrahedron fram e of the
cristoba lite struc ture. The Al,O, concentration in the crys tals is sma ller tha n 5 %by weight
and higher than this value in the glass. It has also been observe d that not just Ca and Sr
enter the crysta l struc ture, but Na, Zn and Ba can also participate in the cristobalite
chemica l stab ilisation processes, though in much sma ller concentrations than Ca and Sr.
All these elements are always found in larger concentra tion in the glass than in the
crys tals .

iii) Residual components that do not participate in the crystals but help ada pt the
cha racte ristics of the glaze to the bod y, as well as for the melting of the raw materials, such
as BP3(which cannot be measured by EDAX) and MgO.

3.5. l3~a TRANSFORMATIONS IN THE GLAZES

When the porcelain tile firing cycle is excessively slow during cooling or the hold at
peak firing temperature is too long, 13 phase destabilisation occurs at roo m temperature.
Fig. 8a sho ws an XRD diagram of a tile glaze that has been cooled more slowly than usu al
in the industry, wi th a low concentration of stabilising elements. As a result at room
temperature the a -phase appears (Table II). Similarly, Fig. 8b shows an XRD diagram of a
tile subjected to heattrealmen t for 10 h at 1200 °C, in which not only a -cris tobalite appears
at room temperature but also peaks of tridymi te (ma rked as T1 and T2 in this figure).

a 1
[i] " 1 ~250 700

600
200

500

'" '50 '".. .. 400c c• !
:1: ' 00 .E JOO

200

50 ,,2 113

~..... 100 a 4 a 2 .3
T1 12

0
20 22 " 20 28 30 32 " 36 38 20 30

28 211

Fig. 8.- XRD diagrams ofa glaze that has been cooled slow ly (a) tile a-cristobalitc phase, only three
reflections clearly appearing (u.1, al, a3) of the jour characteristic reflections ill this 28 range. III (b) a

sample is depicted treated at 1200 "C for 10 h, clearly showing the j ollr reflections «(11. u l , (13 , (1.4) together
wi th tile nco tridymite phase maxi mums (T1 and T2). The vatues of the 2Hangles and A spacings of these

reflections aredetailed ill Table 11.
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a l a 2 a3 a 4
c -cristobalite S iO~ * 21.98. 4.040 31.47.2.837 36.08. 2.487 28.44.3 .136
a -cristobal ite Fig. 8a 21.99. 4.037 31.46. 2.840 36.09.2.487 -
u-cri srobalite Fig. 8b 21.96. 4.044 31.42. 2.845 36.04 .2.480 28.37. 3.143

(*AST~1 Fl1e no. 39-1425)

Table 2. Va! lU'Sof the 20 /lIlgies and d spacillgs ill Ameasured ill the meall posit ;ol/ of the peakat ha~f height ill the XRD
diagrams of the samples indicated in the text (e ll Ka, radiation]

The appearan ce of the a -phase in these cases indicates th at the 13~a transition has
occurred during cooling because the structure of l3-cris tob alite is metastable, and th ough
it can ini tially form w ith great ease, it tends to expe l foreign cations from th e structu re to
achieve chemical s tability of the SiO, phase. Th us, in p ro lon ged heating, the following
reaction occu rs:

f3 -cr istobal ite rich in A!, A-, A-- ~ SiO, 13-cristobalite + tr id vmite rich in A!, A-, A---- ~

so that when cool ing tak es place, the cristobalite with the composit ion closest to SiO,
tran sform s into th e a -phase, owing to the absence of stabilising cations . -

Th e form at ion of poor che m ical stabilisa tion, because of defects in the frit starting
chemical composition, effec t of prolonged heating or excess ive ly slow coo ling, w hich give
rise to the ap pearance of the a phase at room temperat ure, has a pronounced macroscopic
effect at the glaze surface, giving it a w rinkled an d cra cked appearan ce. Fig. 9a shows a
glaze that has been held on purpose for lon g time at pe ak firing temperature, w ith
crysta llisa tion practically extending over the whole glaze surface. However, cracks are
observed across the en tire surface. In th is case, if regions are so ught that s till con tain a
glassy part, it can be observed th at the y are assoc iated w ith the crystal-glass contact
(marked by an arrow in Fig. 9b) . It is clear th at thi s is due to the di fference in shrinkage
during coo ling of the glass and the glaze, which gives rise to crack formation at th is
contact point , i.e., in the weakest area.

Fig_9.- SEM micrographs made l/sing the backscattered electron detector with the Sl1llI t' lIIagll ~ficatioll

(1000:1: ). 11) ;\1icrofexture." ObSCY<.'i'd at the eurfncc of the glaze layer corre::;polldillg to the XRD diagram (~f

Fig. Sa, ill which tmctnrce are I/O /iced that cross tIT" entiresurface of the glaze. b) .\ 'fiero/ex /ll rcs (l[lsen 't'd at
the suriacc of the gla:e layer, toith 1111arenof residual glass cOlltainillg dendr itic crystals and micrcf mcmree

at tire crystal-glass interlace,
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In this figure it can be observe d that the crysta ls have a de ndritic morphology, a
character that contrasts with the rest of the images whe re regular iso lated crystals or
crys tal aggregates are mainly found . It can therefore be stated th at the initial ra te of crysta l
growth is slower than with crys tallisa tion advance . This is due to the compositiona l
changes of the melt during crystallisa tion, i.e., as crystallisation advances it becomes
riche r in B and Na while silica decreases. Thus cationic diffu sion is consi derably
enco uraged, increasing th e crystal growth rate.

3.6. CERAMIC PROPERTIES OF THE GLASSY AND GLASS-CERAMIC GLA ZES

Glass -ceramic glazes, mainly made up of a frit, w hich is very rich in SiO, (whic h can
crysta llise che mically stabilised cris tobalite CSC), together wi th industrial minerals
(quartz, potassium feldspars, sod ium feldsp ars, kaolin and alumina), can be used for
transparent coa tings of porcelain tile bodies. The hardness va lues on the Mo hs sca le are
variable in a ra nge th at stre tches from over 5 to under 7. The Vickers microhardness
va lues range from 550 to 700 kg / em', exhibiting higher va lues than those of con ventional
transparent glazes and of the polished porcelain tile surface. The chemical resistan ce tests
have show n th at the glaze resis ts acids and bases, and a ra ting of PEl III is found.
Similarly, th e glaze pol ishing processes give rise to high gloss surfaces and great
tran sparency with a notabl e microtextural qu ali ty in the end glaze surface, w hich
provides sta in resistance.

4. CONCLUSIONS

In th is study conclusions can be d rawn concerning two aspects : relat ive to the
charac teris tics of th e materials developed and relative to their industri al app lica tion.

4.1. CO NCL USIONS RELATIVE TO TH E MATERIALS

i) The crysta llisation exp eriments usin g the sol-ge l method by the coprecip ita tion
technique have enabled verifying th at a structu re simila r to th e ~ cristoba lite phase can be
stabilised (i.e., CSC) in a wide range of Si subs titu tions in SiO, by AI+Ca or AI+Sr, w ith
heat treatments similar to those involved in porcelain tile firing .

ii ) Cera mic frits have been d evel oped in which CSC crystallisa tion can take place in
a wide range of compositions of th ese frits and under porcelain tile firing cycle condi tio ns.
The most interes ting compositions are th ose that are based on the system SiO,-Al,O,-CaO
for CSC crystallisa tion with ad d itions of othe r oxide s to adap t the beh aviour of th e frit in
terms of required meltability and stretching.

iii) Nucleation is heterogeneous an d arises mainly at th e glaze surface and at the
contac ts between frit particles inside the glaze . Crystal growth first p roduces regu lar
shapes and as th e process adva nces, dendritic crystallisations occur.

iv) The frit can be used to develop glazes comprising thi s frit and ind us trial m inerals
such as quartz, alka line felds pars, kaolin and alumina .
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4.2. RELATIVE TO THE IND USTRIAL PROCESSES

=QUALI 'Ym 2002

i) The frits with the capacity to crystallise CSC and form a glass-ceram ic glaze can
be produced in industrial fritting kilns at temperatures of 1500 "C.

ii) The frit s developed can be used together w ith industrial minerals to prepare
glazes (glassy and glass-ceramic) for transparent coatings on porcel ain tile bodies in the
usual firing cycles employed for manufacturing these materials.

iii) The mechanical and physico-chemical resistance properties of th e glazes
developed are higher th an those of conventional transparent glazes and of these
properties in polished porcelain tile surfaces . The glazes en able producin g polished
surfaces with im proved stain resistance compared to polished porcelain tile.
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