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1. FRITS . GLAZE COMPOS ITIONS AND FIRED GLAZE COATIN GS

Ceramic frits a re glasses that are prepared from raw materials of a crvstalhne nature b~' melti ng th em at temperatures
rou nd 150Q"'C, with subsequen t que nching in air or water so that thev wil l keep th eir glassy' structure.

Frits a re use d. alone or mixed with other consti tue nts of a glassv or crysta lline nat ure . to obtai n the glaze coatings
foun d in glazed ceramic floor and wall tile . On milli ng the mix. he nceforth called the glaze co mpos ttion. it is applied to a
(fired or un fired ) ceram ic hody. wh ere it forms a consoli da ted laver of part icles. In firing, the lave r melts an d un dergoes
ce rta in transformatio ns tha t convert the melt on cooling into the glaze coating of the tile.

The applicat ion of the glaze particles to the bodv, before firing, is usuall y car ried out by eit her of two procedures: a
wet or a dry method. In the "vet method. the glaze composition (frits and ad ditives) are mill ed to a pa rt icle size tha t is
normal ly below 40JlIll. in a ha ll mill with water. The resulting suspension is then applied to ceramic lmdies. coated
beforehand with engohe. Part of the wate r contained in the applied sus pens ions is eva porated and par t is ab sorbed by the
body, leavi ng beh ind a consolidated layer of particles. In the drv met hod. the frit (i ll the form of more or less sphered
particles. flakes. or gran ules made lip of par tic le agglomerates}. is ap plie d to the previous ly en gobed ceramic hod)'. onto
which ano ther "base glaze " lave r is often ap plied. Th is laver sometimes con tains an organ ic ad hesive, which serves to fix
th e fri t part icle s or granules deposited on top.

The glaze coating is the fair face of the tile. which remains visi ble afte r tile ins talla tion . It must therefore possess
ce rtain tec hnica l and aesthe tic characte ristics that match its service app licat ion. The requi rements set for floor tile glazes.
in whic h tec hn ical characteristics are man! important. diller from thOSI! set for wa ll tile glazes. wh ere the prevailing
interest lies in th e aes thetic: pro pe rties of the glaze [1](211 3][5](6].

2. OPAQUE GLAZE COATI1'\GS

Opa que glaze coa ti ngs have found wide spread acceptance in the ceramic tile ma rket. part icu lnrlv where (glossy or
mall ) whit e glaze coatings am involved , wh ich are typically use d in wall ti ling.

2.1 CAUSES (W OPACITY I:\' GLAZE COATINGS

Glaze opac ity stems from th e scalier of incident ligh t at the micro -heterogeneities within the glassy' phase. As a res ult
of this sca tte r. the int ensi ty of the light that is transmi tted through the glaze layer decreases. yielding opacity, The micro­
heterogeneities involved may he crvst alhne phases or immiscible glassy phases withi n the ma jor glassv phase [thev mav
at times he trapped gases) .

Opac ity is di rectly related to the degree of scatter ing that incident ligh t undergoes when it strikes the incl usions
dispersed withi n the ma jor glassy phase , and depend s upo n their number an d size. on their optical anisotro py'
(birefringe nce). and lipa n the differences between their refractive indices [2)[3][ 41. Th us, the great er the number of
dispersed incl us ions, an d th e grunter the differe nce between their refrac tive ind ex and that of the major glass )' phase . the
mo re intense will glaze op ncttv 1m in princ iple. as long as these inclusions me larger than the vis lhle ligh t wavelength.
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Fig. 1 schematically illustrates the mechani sm th at gives rise to opacity in ce ramic glazes.
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Figure 1. Schema tic of the mechanism viehling opacity in ceramic ~Juzcs.

2.2 METHODS USED FOR PRODUCING OPACITY IN CERAJ\ IIC GLAZES

The procedures normally employed in glazed ceramic tile manufacture for obtaining opaque glazes are based on
introducing or producing solid or glassy (immiscible and disperse) micro-heterogenei ties within the major glassy phase.
with a different refract ive ind ex to that of the glassy matrix.

i) Opaci ty produced as u result oj lhc immiscibility of twu glass)' phases

whe n certain Frits sta rt me lti ng in the hea ting step of the firing cycle, Inc ide nta l co mpositio nal changes arise. which
may yiel d immisci bility phenomena in the melt . as a result of whi ch one of the liqu id pha ses is dispe rsed in small
droplets within the other. a situation thai is maintained on quenching the melt. The dis persed droplets , whose refractive
index differs from th at of the major glassy phase, produce glaze opacity,

The size of the droplets of glassy phase is close ly related to the degree of glaze opacity. when the dispersed droplet
size exceed s a bounding value. glaze tra nsparency decreases. and a progressive opa lescence arises, appea ring first as a
bluish co lour. tbeo becoming while as droplet volume grows [41[7][81[91.

Th e op acity that arises as a result of glassy-phase imrruscibilitv is usu a lly less inte nse than that caused by the
presen ce of crys talline phases within it major glass)' ph ase, II sub ject dealt with below, because in the former case, the
difference between the refractive ind ices of the immiscible phases is smalle r.

ii] Opu city produced hy dispersed crysuitlinc phases within a g/w.sy phase

It is useful to distinguish between glaze coatings whose o pacity arises. wholly or part ly, as a result of the presence of
crystalline parti cles or aggregates. wh ich have not fully fused during the firing cycle of the glaze d tile , and fired glaze
coatings wh ose opa city is solely due to the presence of crystalline phases produced by devitnficnnon of the frit during
firing.

In the former case. opac ity is obtained hy ope rating in su ch a n"ay as to leave small particles of nnmelted crystalline
materia ls di spe rsed wit hin the major glassy phase when firing ends , and whose refractive index differs from the glassy
mat rix. Th ese are obt ained from frits mixed with crystalline aggregates such as co rund um , zircon. quartz. ruti le. etc. . of
suitable pa rticle size , This kind of glaze is usual ly emp loyed for coati ng ceramic flooring, owing to the presence of the
crystalline particles that they contain, wh ich bes tow \'e ry good mechanical prope rties on such tile . At times . some
crystalline phases may also be found . stemming from the devi trif ication of the starting frit. together with particl es of
unmelted crystal line material s.

In the latt er. opacity is produced by causing crystall ine phases to form as a result of frit devitriftca tion in firing. Th e
glazes obtained by this procedure are preferentially used to coat wall tile . beca use of their aest hetic characteristics
(whiteness index , su rface texture. gloss. etc.]. Among such glazes. the so-cal led "zirconium wh ites" particularly deserve
highlighting becaus e of their widespread use in glazed tile manufactu re. These a re fahricated from Frits contai ning up to
about 1-1 \\1% zirconium silicate. This perc enta ge is the maximum pro port ion, a bou nd imposed h~' the solubility limit
of zircon (used <IS a raw material) in the melt in fritti ng kilns, at the standard operating temperature (round 1500°C). In
such glazes, it has IHlen observed that zircon is the crystalline phase which produces opacity. while in some cases the
presence of diopside crystals (magnesi um and calcium silicate ) has also been detected . owing to the fact that the sta rting
Frits usually contain a certain amount of MgO and CaO, which. because of their rearran gement or reactio n with SiO~ , can
prod uce structural unit s of ~fgS iO-lCa that give rise to diopsi de crystal format ion PO-171.
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3. S UITA BILITY OF T HE TE RM "GL\SS-CERAM IC" FOR Q UALIFYI NG GL\Z ES WH OS E O PACITY
IS DUE TO T HE PRES ENCE OF DISPERSED CRYSTA LLINE PHA S ES WI TIIIN THE GLASSY
PH AS E

Of late. the term "glass-cerami c" has been increasingly used to extol the characte ristics of certain he terogenou s
crysta lline glazes tha t are heing offered as it nove lty in the glazed ceramic tile market. In view of this situation. we feel
that it would he useful to set nut a few considerations aimed at establishing the degree of accuracy or appropriateness
with whi ch th is ter m is being used . and determining whether it would also be applicable to other polycrystalltne glazes
that have been widel v used for qu ite some time in the tile branch. and wh ich to date have not bee n deemed wortIn' of
thi s qualification. . .

Th e co nce pt, glass-cera mic materia l, will therefore first be introduced , sub sequently followed hv a co mparison of its
characteri stics (propert ies and formation process). with those of crys talline glazes available in the marketp lace. to a llow
dra wing the appro priate co nclusions.

KI:\GERY. IKJWE."i and 1I1lUtA"~. in their work Introduction to Ceram ics 118]. defi ne glass-ceramic materials as "materials
tha t are prod uced by controlled crys talliza tion of ap propriate glasses. Th ey consist of a large proportion. tv picallv 95 to
98 ,·o)'}f,. of ve ry small crystals. generally smaller than tu rn, with a small amou nt of residual glass phase milking lip a
porefree compos ite".

Othe r definition s of "glass-ceramic material" have been foun d in the literature [19][20J. Thev all coincide with the
former as to the following features: a] thev are polvcrvstal ltne solids that are fabr icate d by controlled crystallizatio n of
glasses : h) it is convenient for the crystals formed hy devi triffcat iun to be uniform ly size d; c) they are pore -nr void- free
solids: d ) they are formed or moulded in the glassy phase (in the molten state). before crystalline-phase formation or
devitriflcation occurs. which arises subsequently with heat treat ment.

Th ere are various discrepancies among authors. both ,vith regard to the minimum proportion of total volu me
occupied bv the crys talline phases. wh ich some au thors set iAS low as -to-50 % (the remainder bein g glassy phase). an d in
respec t of maxim um crystal size. which in some cases [20J. may reach 10 urn . Figs. 2 and 3 show microph otographs of
different glass-(:era rnic products . taken from the literature [19J[20 j. T hey exhibit the co mpact polvcrvstallme struc ture of
these materials. the typi cal size and uniformity of the r.rvstals , as well as the low pro portion of glassy phase.

Figure 2. Microstructure of V ICOR )';
glass ceramic.

Figure 3 . Sulnn icrosttucturu in a
Ul)-:l1.D:,-SiU.! ~/uss ceram ic

\Yith regard to the form.rtlon process of a glass-ceramic . it can be said that th is is qu ite complex . and gene rally arises
according to the follo wing four-step seq uence 121H22]123](2-tj: a) starting with a given glass . a dis perse amorphous phase
usually forms (on heating or cooling). wh ich is typically quite unstable and rich in one or two key oxides (e.g. zrOz 0

TiO=). wh ile heing struct ura lly incom pat ible with the host glass : hl primary crystalline nu clei are formed eithe r by
heterogeneou s nucl entlou at the phase houndaries or homogeneo us nuc leation wi thin the ma jor glassy pha se: c ) a
metastable c rysta lline phase nucleates heterogeneously at the pr lmarv nuclei and gene rally grows nt the expense of the
major glassy phase. co nstitut ing a metastable solid solution in the form of verv small -sized granules; el) the metastab le
solid phase becomes a definitive stable crvs talline stru cture (also in gran ular form) hv isocheuuca l phase tra nsfo rma tions
(allotropic chunges], as <l result of reactions between metastable phases or because of exsolu uon [exit of some elements
from withi n the metastable pha se granules ou twards into the glassv phase].

Takiru; the above into accou nt. it lila.\' he state d that there is il certa in structura l analogy betwee n the two types of
glazes whose opa city is due to the presence of dis pe rsed crystalline phases [defined above) with in il glassy pha se and
glass-ceramic mat erials. bea ring in mind that the." are all vur eo us-crvsta lltne solids.

However. the propo rtion of crystall ine pha ses in the glazes tha t we are dea ling with is usually lower than the
minimum limit of -to%. previously set for glas s-ceramics. Figures -I and 5 de pict the photographs of the glaze coatings of
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two md ustnal lv produced floor tiles. one of them conta ini ng unfused crystalline pa rticles and the other. having zircon
crystals formed hv frit devitrificati on. It can he qualitatively observed that the crys ta lline ph ase percen tage is of the orde r
o(al mo st 20-30 \:01% in both ca ses.

Figure 4. .\ficrogroph {SEAl] of the
cross-secuo nol area of a :daze containing
un m elted crys tallin e fJ urticJm;
(take n from an indu strial floor tile).

Figure 5 . Microp,ruph {SEAt} of th e
cross-sectional (m'o of a white zirconium gla Zl!
(taken from all industrial wull tilt~)

Th e fact that the c rystalline glazes used in the ceram ic floor and Willi tile ind ustry have such a low crystallin e-phase
pro portion is part ly due to the procedure used in firing glazed tile, and therefore in producing these glaze coatings, Thus,
if the proport ion of crys ta lline phases in the glaze beca me greater tha n the indicated amount, the viscos ity of the whol e
layer of cry stals and glassy phase might rise excessively, during the beat ing ste p of the firin g cycle. hindering the
sinteri ng process that lakes place in parallel or sequentia lly with the de vitr ificntion process , as set out be low. Thi s woul d
give rise to glazes of a commercially un acce ptabl e quali ty, since they would have II rough , matt surface, wit h open Ix>res.

In glazes whose opacity is due to the presence of unmelted crysta lline aggreglltes left on firing the gillzed tile, there
are also other im portant differences with regard to glass-ceram ics: a) Th ey are materia ls with inner porosity in the range 8
to 16% (l-ig. 6J: b) Most (or all ) the crys tal line aggregates tha t they contain have not been formed by dcvi trification of a
glass but am part icles of crystalline materials (zircon, corundum. or quartz) that were mixed with the sta rting frits lind
did not fu lly dissolve in the glassy phase that formed during the firing of the ceramic tile: c) Som e of these crysta lline
aggregates have sizes that considerably exceed t cum (Fig. 4J. Th us . we consider that glazes pos sessing such
charact eristics cannot he cal led glass-cenmucs.

Figure 6. .". ficrogrop h (op tical microscopy) of the cross-sectional arcu of u glaze contatn tng un molted crystatttno
particles (taken from an in dustrial floor tile).

However. glazes whose opacity is due to the presem:e of crystals form ed hy devit rification of a homogen eou s starting
glass (frit), as in the case of the white zirconium glazes conta ining zircon crys tals or that of the glaze known
commercially as CER·GL-\SS, pre sented at CE\'lSA.\I..A- 1994 123 j, containing diopstde c rvstals. are in many ways similar
to glass ceramics , because : <I) They possess very low inner porosity [between 1.0 a nd 2.5%), wh ich . as may be obse rved
in the photographs of Fig. 7 correspo nding to a whi te zirconium glaze and to CER·GLASS, is co ns ulerah ly lower th an that
exhibi ted hy the other types of glaze (Fig, 4): b) Most of the cryst als th..t they hea r a re smaller than lO,um. as Ci IIl Ill:
observed ill Figs. 5 [zircon crystals), 8 (d iopside crystals), and 9 [gah nite crystals); c ] Crvs tnlline-phnse formation is quite
simila r to that of the glass-ceramics.
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As far as this last s imila rity cr iteriun is co ncerned. on studying the process involve d in ohta ining opaque glazes from
zirconium frits or from frits based on other. diffe rent, oxide systems. it has been observed that stages (el and Idl.
described above for glass-ceramics. arc stnctlv follo wed. T hus, in accordance with stage (c). metastable precurso r
crysta lli ne phases form, of the solid solution type . which bJTOW from the micro-heterogenei ties existing at the frit p article
su rface (hete rogeneous nucleation), and wh ich act as "active cent res" or crvstalhzeuon nuclei: and in accordance wit h
stage (el) fina l crysta lline struc tures are formed as It result of the tran sfor mation of metastable prec ursor phases . or hy
thei r int eractions or reaction s with some other glass y-phase co nst ituents.

. -- .
•

Figu re 7. Alicm p,ruph (optical microscopvi oj llu: cross-sectiunal ai('o or aj CER·GLASS: h] whi te zirconium f!./uz( ~

Figure 8 . Microgm ph fSEMj of the cro....s-sectloncl
urt!u of a glazf~ containing diopside crystal...

{of un ind ustrial-size lilc coate d with CER·GL-lSSj

/,'jgu r e 9 . .\1icm gm J,h fSE.\ l} (~r lhe
cross-soctioncl ai('U f~" (J p.luzt.· coruaintng
j,lohni te crys tuls {l(1kf~n [ turn O il

industrial floor tile].

Taking the for mation proces s of whitt! zircon glazes <IS an exam ple of this beh aviour. W I' ha ve observ ed (Fig. lO) tha t
when test specime ns m.nlu usin g zirconium Irit particles sized below -t O~ 1II are hea t-treated under isothermal conditio ns,
,I metastable solid solutio n for ms first. probably it calciu m zircnnnte . with a tetragonal zirconiu m ox ide crysta lline
s tructure. wh ich is tran sform ed (by calcium exso lution) in to monocli nic zirco nium oxide . Parnllel lv, diopside crystals a re
formed (pete rluni te has also been detected at certain tem peratu res, when Zn is present). Finally. the se c ryst als a re
tra nsformed into zircon (zirconi um stltcatel h~' react ion wit h SiD! \26J. Th e sam e crvstallme-phase format ion Sf!que nce
could he ohser-ved Oil hea t treating identical tes t pieces at a constant rate of heatin g, a heat ing met hod th at is mort! like
the one th at th e ti lt~ undergoes in the heat ing step of the firing r. ~'clt~ for glazed tile . Fig. II shows tha t as tem perature
rises. the solid so lution with a tet ragonal zirconium oxide crystalline structure an d monoclinic zirconi um oxide th at firs t
ar ise. progressively 11IfII into zircon. wh ich is tilt! so le crysta lline ph'ISI ~ to survive at the peak firing temperature interval
in the firing cycles usually employed in the ce ramic floor ami wall ti le indust ry (from 1110 to 11-10 °C). Thu s. for test
specimens marie us ing frit part icles sized below -lO/-1m (standard size interval used on appl ~'ing the glaze co mposition as a
sli p or aqueous suspension]. it has been observed It O). that the SO I I~ crystall ine phases w lII'lining in the interval 1110 to
1140 °C are zircon and some dicpside. as the XRD diagrams show in Fig. 12. .
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Figure 10. Counts of the maximum intensity peak of the devitr ifying crystalline phases l-'. dwell time. T= 950 COC:
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Figure 12. Crystalline phases idvn tified at differellt p p.<l k firing tempetulu tus. Healing rok' = ;j a/m in. (Zirconium frill

It may' he inferred frum th e above. that there a re only two diffe rences worth mentiuning between the oparlue glazes
obta ined by c rvstalh ne-phase de vitri fication of Frits a nd glass-ceram ic materials : namely. the proportion of crys tall ine
phases tho! thev contai n (be low -40%) and thei r po ros ity (from 1.0-2.5%). Howe ver. the process that yields be th is qu ite
alike. i.e. th e wav in wh ich the different stages unfold. which give rise to c1 final polvcrvstal ltne solid from a glass. by IWClI
treat me nt .

\Ve are thu s left in doubt co nce rning wh ich term sho uld reall y he used for class ifying glazes obta ined by frit
devltr ificatfon : are they glass-ceranucs or just crystalline glazes? Faced wi th this doubt. we have decided to IISt~ the
second expression in the tit le and throughout this conference. while awai ti ng it definitive co nclusi on in this regard .

Finally, 10 round off the reflect ions set out in thi s section. I beli eve it is important to po int ou t tha t a mo ng all the
heterogeneous glaze coa tings cornmo nlv used in tile manu facture. w hit e zirconium glazes lie closes t to the glas s-ceramic
co nce pt. since t lwy possess very low inne r po rosity (=1.5-2 vol%), a nd an: polycrvstalltne solids in whic h the exis ting
crvstalfine pha ses [normal ly sized belo w lO,umJ am formed hv devi trificati un of th e sta rtin g fril du ring ti le firi ng, while
fnllo wing. as de scribed abo ve. the char acte ristic prm.:ess stages th at yield glass -cera mic materials.

4 . FAC roRS INFLUE:" C(:"G T ilE QUALITY OF CRYSTALLI:-..'E GLAZES

The quality' of a glaze is defined hv its aestheti c and technical properties, within the constrai nts of th e glazed tile's
pros pective service functio n: i.e. for II Sf: as wall cladding or flooring.

Its most im portant aes thet ic prope rties are its wh iteness index or co lour, gloss . find surface tex ture (smooth or rough ).
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As far as the tech nical properti es are conce rne d. a d istinction needs to be made between mecha nica l an d chemical
properties. The principal mechan ical properties to he considered in a glaze are : wear resistance, sc ratch hardness,
microhardness. impac t resistance. and toughness. Particularly worth highli ghting among the chemical pro perties are:
resis tance to chemica l attack [acids and a lkalis ), ami stain resista nce .

Some factors are set out in the following. which can impact the quality of crystalline glazes . and the res pective
prope rt ies th at may he affected are detailed.

i) Starting [sit compositiun and patticle-size distribution

The starting frit co mposi tion defines the nat ure of the crystalline phases that will arise during devtt rt flcntion. It shall
therefore be selected according to the targeted aes thetic and technical characte ristics of th e glaze coa tings. ..vhil e keeping
their coefficient of linea r thermal expansion at rou nd 65·1O·70C ', so that it will be su fficiently dose to tha t of the red- or
white-firing bodies. co mmonly use d in ind ustry. in order to keep defo rmatio ns from arising in the tile as a resu lt of glaze­
body mismatch es .

On the other han d. once the set of oxides has been chosen, which is to make UJl the frtt. as well us the respective
oxide proportion s th at will allow the frit to meet the requirements indicated in the prev ious paragraph, its composition
may need to be slightly adjusted to obtain the appro priate sintering curve (Section 5) in respect of bo dy to be used (red­
or white-fir ing). the firing procedu re to be employed (single- or twice-firing). or the type of prod uct sought (floor or wall
tile). T hu s, for instan ce , in the case of porous, single-fired \v·all tile, the sea ling temperatu re of the molten glaze
(tempernture at which the layer becomes impermeable), shall exceed 960 °C or 980°C respecti ve ly. accordi ng to whether
the bod y is white- or red-firing. Th is requirement need not be co mplied with if th e same product (porous wall tile ) is
processed by twice firing. since on applying the glaze layer to a fired body (first fir ing). frits or glazes tha t have
considerably lowe r sealing temperatu res can be used for th e second firing. Section 5 sets out the convenience of having a
su itable frit si nte ring curve that will yie ld ap propriate devitrification (produci ng npacitv] and the targe ted surface texture.
on reaching th e standa rd peak firing temperature interva l used in ceramic tile manu facture (1110-1150°C).

Th e part ic le-size distribution of the sta rting frit par ticles is very im portan t stnce on raising frit mean pa rticle size. the
tempera ture Inte rval at whi ch devitrification 'Irises shifts towards the higher temperature region [101, as we ll as lowering
crystalliza tion in tens ity. as may he observed in Fig. 13. which show s the DTA diagram corresponding to samples of an
industrial zirconium frit with different parti cle-size dis tribu tions.
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Figure 1:1. DTA cu rves (.'ormsjJondiIlj!, to dJfferen t putiiclu-size f rac tions of (J zirconium [ til. l/l.'o lin p. rate l(} OC/min.
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Figure 1-1. Dio!,sidl! cry stal growth fro m tlv - ~wrface of the [rit pcutlclus inwards.

T his outcome ca n he explained h~' mak ing the ass um ption that when fn t pa rticle s undergo heat treatmen t. nuc leat ion
is heterogenous and takes place <It the surface. so tha t crv stal s grow from the particle surface inwards. as Ill" .\' he observed
in Fig. 1..1. which corresponds to dinpside devitrifying frit pa rticles. Consequently. the smaller the starti ng Irit particle. the
greater will crys tal density be in the resul ting final glaze. as the photographs in Fig. 15 reveal. i ll which the results
ob tained are compared on subjecti ng lest specimens forme d using different ly si zed particles. co rresponding to a gabru te
duvit rifyi ng frit. to the same heat-treatment cyc le. This phenomenon has also Iwen observed in indus trial practice. Thus,
when zirconium frit granulars (w ith particle sizes ranging from 1 to 3 mm ) are applied. glazes are produced with a much
low er whi te ness index than when the same frit is ap plied [hv the wet me thod ), w ith a partic le-si ze below -IOp-m. after
both have unde rgone the same firi ng c.\'c:1t!. This is because the resulting crys tal densi ty in the fire d glaze coat ing is
cousidemblv lower in the former than i ll the latte r G ISI!,

O n th e o the r ha nd. frit part icle-size d istri bu tion is close ly linked to the s inlt!ring phenom en on th at a rises in firing,
co ncurren tly (parall el to . or sequentiullv l with crvstnllme-ub asu for mation. and w hic h. as wi ll he seen fu rther on. must
occur at the right moment, in order tn obtai n a gl (J ss~' or mnt t glaze . \vith a smooth surface, without 'iIlY' O P I! l l pores.

Figure 15. l[Jlhw[JCl ~ of the particle size lif u ~ahnite-df.' I·ilnfl·jJlg frit upon resulting cryslul density.

ii] Glcuo upJlliculion technique

The glaze application procedure td rv or wet meth od ) ca n affect the opacity of the result ing glaze, 10 the extent that frit
particle size dOl'S . as ind icated previously Th us. on usinc the drv method. mea n frit partic le size tends to he considerablv
la rger than when Ilsin g an <tqueolls suspens ion lin this G ISf: . mean part icle size tvjuca llvIies below -IOJ,.l. Ill).

\Vhen gl il Zf~ is a pplied by the wet method , the fact that the "queans glazp suspension is appl ied hv spraving or hy
cu rta in glazing mav infl uen ce the result ing sur face tex ture of the glaze. In the form e!' Cil Sl! [airbrushi ng or di scing]. when
the targe te d glazes am sys tems tha i h.rvu high vtscost tv in the mel t. . \S is the cas e with c rystalline gl.lzl's . not verv smoot h
sur faces are ohnuued . which mfl~' affect thei r final gloss . H(J\\'I !H~ r, if the suspension or slip is a pplil'd II.\' cu rta in glazing
(waterfall-curta in or hldl glazing). il smooth gl ilZI~ coating is IIS11illl ~' produ ced . w hich enhances gloss .

i ii] Sal im" sizl~ (JJl() closene ss (~r tlw crvstul« thin dm'ilrib ' in firing glazed tile

Th es e factor s condit ion glaze opacitv, its coefficient of thermal expa nsi on. its ha rdness (:' Iohs .uul Vicke rs ]. ilS well as
its abrasion resi stance .
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a ] Opac ity

Glaze opacity depends on the difference betwee n the refract ive index of the crvs tnls present an d that of th e resid ual
glassy ph ase . It wil l th ere fore he high ly influenced hy the refract ive index of the devitri fy ing crys ta lline phases. whi ch
depends on th eir nature . since the refracthie index of the residual glassy phase varies only slight ly with its composition
(between 1.5 and 1.6).

It has been shown in white zirconium glazes [261 that the whiteness index. which is closely related to opa city, rises
with the zircon crysta l conten t, ten ding asymptoti cally to a peak value th at arises when th is crystal mass fraction in the
glaze is about 16% (fi g. 16).

On the other hand, opacity appears 10 peak when mean crystal size is the same as the incident light wavelength.
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Figure 16, Variation of the degree of whiteness (R,Y"' WWl tlio zircon crystal rnass fraction. (ll'hite zirconium glazes)

b) Coefficient of thermal expansion

This property depends on the nature and proportion of the crystalline and glassy phases that are prese nt. Some
authors [14J suggest that the coefficien t of thermal expansion of a vitreou s-crystallme material is an additi ve property. so
that it can be com puted qu ite closely from the corresponding values of th is property in the glassy phase and in the
crystals, by ap plying the law of mixes.

c) Mohs ha rd ness and Vickers microhardness

Mnhs hardness and micmhardness of the glaze are influenced by the respective values uf these propert ies in the
devitrifying crystalline phase (therefore depending upon its nature ) and on the close ness of the crystals in the glaze (the
closer the crystals are to each other, the better ''''i11 the glaze he able to withstand scrat ching or indentation hy a pointed
solid ). Thus, in gah nite devitri fying glazes (hardness 7.5·8), it has been shown (Fig. 17) that micro hardness increases as
the mean intercrystal spacing decreases [271 .

(' J R, = Percentage reflect ance to the blue filter {450nrnl us ing it sample of BaSO..as a reference (R,.= lOU).
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il") Properties uf the residu al glassy phase

As a crystalline glaze is a compos ite material in which a glassy phase th at remains aft er c rysta llizat ion ho mls the
devi tn fied crys ta ls, its pro perties mu st be infl uence d IJ~' hoth the propert ies of the crysta ls that have formed and those of
the residua l glassy phase.

The properttes of the glassy phase that remains after crvstnlhzau ou must the refo re influe nce the values of the
differen t glam properties . such ,15 : opaci tv : gloss and surface texture; I Oll gh [ H~SS . abrasion res ist.uu:e and res tst.uu :e to
chemic al attack [3J.

Thi s property is ha rd ly affected by th e refracti ve index of th e residual glassy pha se since , 'IS nlreadv me ntioned abo ve.
this glaze property ge nerally vari es with in very narrow boun ds (1.5· 1.6). However, in the few cases in w hich the
refractive index of the cry stalline ph ase of the glaze lay below that of th e res idual glassv pha se . glaze opacit y WIIS

enhanced bv adding some lead to the starting composi tion . which ra ised the refrac tive index of th is glassv phase.
increasing the diffe re nce wit h that of the crystalline phase.

h] Surface texture (rough ness lind open po res ) a nti gloss

In firing gl'lZt!d tile . the viscosity of the res idual glassy phase (ur rather. of the whole made up of crystals and gl.rssv
phase) mu st he appro priate. both wi thin the carbonate breakdown temperature interval , so as to avoid the defect known
as pinholing. and within the pea k firing temperatu re interva l. to achieve proper mat uring of the glaze (absence of open
pore s), thus prod ucing a smooth. and glossy surface if so desired . The viscosity of the residua l glassy phase can be
mo dified bv varying the proportion of ce rtain start ing frit oxides . which by not intervening in the urvstal ltzatfun process.
remain fully contained in the glas sy phase. changing its com position and he nce its viscosity

c) Tough ness an d abrasion resistance

It has bee n observed (28} that th ese two proper ties are directly related . Consequently. it will he convenient to obtai n
crystall ine glazes of high toughness in glazed tile , ill w hic h high abrasion res ista nce is sought.

In glas s-ceramics. it has been sho wn that when the coefficient of the rmal expansion of the c rvstuls exc eeds that of the
res idua l glassy.' phase. m tergranu lar fracture is encouraged an d the ma terial's tough ness is e nhanced. T hus. these
conclusions shou ld ht! horne in mind if imp roved wea r res ista nce of a crystalline glaze is targeted .

d ) Res ista nce to chemical atta ck

This propert y de pends almost excl us ively upo n the co mposi tion of the residual glassy.' phase. In order to obt ain
ma ximum res is tance to c hemical atta ck. it is advi sable for tilt! remain ing glassy phase not to co ntain exces sively high
concent rations of alkali metal oxides suc h as :"Ja~O or " 20 [31.

v] Addition of crvstc lline aggro~ole... thut rem ain urnnoltml in firing
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Th is type of heterogeneous glaze has already been mentioned above. As indicated . such glaze is typically emp~oyed

for coating floor tiles . since adding particles that do not melt completely in firing enha nces the mechanical pro perties of
the glazed ti le. particularly its resistance to wear by friction and scratch hardness. as a result of the high hard ness of the
particles tha t come to form pa rt of the glaze (zircon . coru ndu m. quartz. etc .). The presence of suc h pa rt icles. however.
does involve a drawback. namely. an increase in the inner porosi ty of the glaze layer (Fig. 4).

5. IMPORTANCE OF AN APPROPRIATE I\IATCH OF THE DEVITRIFICATION AND SINTERING
PROCESS ES OF TH E FRIT PARTICLES IN TH E HEATI NG STE P OF THE FIRI NG CYCLE.

During the heating step of the firing cycle for glazed tile, the initially stiff frit part icles soften and then partially fuse .
Consequently, the consolidated layer that forms from these particles and other additives (glaze composition). whic h is
initially quite porous, gradually dens ifies by a laminar flow mechani sm. in which highly viscous liqu id phase arises .
stemming from frit fusion (vitrification process). As the frit part icles soften . a simu ltaneous devt triflcatiuu process
(nucleation and crystal growth) occurs in the glaze layer. Both processes (vitrification and devltriflcation ] toget her should
yield a compact layer of crystalline glaze. with very low sealed porosity. on reaching the peak firing temperature interval.

The followi ng will attem pt to set out how the devi trtfication process impacts the development of the overall sin tering
process. which yields the crys talline glaze. This will be done by com paring how the overall sintering process develops on
using frits that dn not devitrify duri ng heat treatment. wi th how th is proces s evolves with frits that devitn fy one or more
crys talline phases. This compara tive study will be made hy using the representative d iagram of temperatu re (T) versus
the linear shrinkage (LSI that a test speci men. formed from frit pa rt icles (by casting). und ergoes on sub jecting it to heat
treatment in a hot-stage microscope.

j) Sin teting of tc~t specim ens forme d from fn t particles that do not devi uiiv in fjn'ng

Fig. 18 shows how the linear shrinkage of Cl test specimen. made using it non-devi trifvin g hi t [F'l]. evolves with
temperature . The resulting curve exhibits the characteristic sigmoid shape of materials having an exclusively glassy
nature.

For values of LS < O.15. increasing tem perature raises test specimen shrinkage and sintering rate (curve slope) as
porosit y decreases owing to the progressive softening and partial fusion of the frit partic les. which cause the pores to
gradually close.

Hrr values of LS> O.15. shri nkage cont inues as temperature rises hilt the shri nkage rate decreases little by litt le. until
finally cance lling ou t. when densificat ion peaks. The behaviour of the material du ring this second step is the result of
two concurring . opposite effects. On the one hand. the cap illary pressure that arises in the IKJrCS or existing interparticle
voids . as a result of the presence of a highly viscous liquid phase that part ially fills these voids. acts as a dr iving force
encouraging den sificatiou of the material. On the othe r hand . the expansion of occluded gases with in the pores. or gases
that are released as a result of the breakdow n of certain oxides containe d in the frit when the temperatu re is raised. tend
to increase the size of the trapped bub bles or raise their number. prod ucing higher sea led porosi ty. and making the test
specimen expand.

Finally. beyond the tem perature at which dens lfication peaks. there is only a gradua l swelling of the test specimen (LS
falls), owing to the effect of the second phenomenon mentioned above. since the phe nomenon that prod uced shrinkage
has virtually ceased. It can be inferred from the plot in Fig. 18. that in the case of the studied frit (F- l ). the glaze will
mat ure well in the temperature interval 750-8 00°C.

ii) Sin tcring of test specim ens fon ned from frit poruct es lhat dc\'itri!y in firing

when a devitr ification process arises concurrently with the process that produces densificntion on heating the test
specimen, as set out abo ve. the crystalline phases that form ami grow in the frit particles prod uce a structure that is
capable of slowing down and even partially or who lly detaining the sintering process, in the latter case impeding the
completion of the sintering process in a firing cycle of the kind typically employed in tile manufacture . To illust rate th is.
three exa mple specimens will be used. corresponding to three frits that behave differently duri ng heat treatment.
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Fig. 19 depi cts the LS-T diagram cor responding to a test spec imen made of frit (F2) parti cles. whi ch sta rts devitr ifying
a considerable pro port ion of crystals at a relatively low temperature, when the par ticle grouping making lip this specimen
is not ,IS yet ve ry co mpact (shrinkage has hnrdlv been initia ted ]. It ca n he observed. th a t <I t the out set the de nsi flcatfn n
rate grows as des cr ibed prev iously up to 850"C. Beyond thi s tem perature the de nsl flcatton rate decreases. until can cell ing
out <It rou nd 950"C. becau se the ari sing cryst all ine ph ases have formed a structure tha t en ds 11 1' arresti ng sh rinkage,
main ly as <l WSIl It of frit particle deformat ion. AlJO\' I ~ 1380°C, shrinkage sta rts again , as the progressive dissolu tion of
previously formed crystals reduces the space that they (JCCU p .v , and raises the exi sting liquid-phase proporti on, reaching a
high sintering rate . This last curve segment is similar in shape to the one correspond ing to the plot sh own in Fig. 18. In
order 10 ver ify whet her the momenta ry freez ing of th e sintering process was due to crvs tal hnc-phase form ation. the plot
representing linea r shrinka ge of the test spec ime n versus temperat ure was superimposed in Fig. l U on th e O1'A d iagram
corresponding to i l sa mple of the same frit , with an ana logous par ttcle-s tze distribution. maki ng till! abscissa axis scalp.
[temperature] co incide. It ca n be observed that the exothermic peak . representing crystalliza tion, ini tiates at 800 °C and
Welches its maximum at 850°C. the temperature at whi ch, as indicated. the sinte rtng proces s sta rts slowing down. Using
this Irit. tem peratures exceeding 1·1Q0°C would he needed to obtain discrete glaze mat uring. according to the plot in Fig.
19.

Figs. 20 and 21 shew plots of th e LS-T curves. and the respective OTA diagrams corres pondi ng to two othe r ditfereu t
frits. referenc ed }-: 3 .1111 1F -l respectively, in wh ich the crvsta llizanon interva1ap pe'us wi th quite different linear shrin kage
values , even though bot h frits start sintering at virtuallv the same temperatu re (around i50cC). as a result of having
similar viscosities in the molt en state .

In frit F-3 (Fig. 20), dev itrificatinn sta rts at aro und iOOcC (DTA diagram), even be fore thu test spec imen starts
sh rinking, wh ich commences at 750°C ,1IHI slowly increases up to 920°C. From this temperat ure OIl. shrinkage and
densification rates rise rap idly. and matu ring takes piau ! at 1100-11 20cC. In vie w of the linea r shnnkagn peruen tnge
reached at peak densffication. it would appeilr tha t all important part of the crys talline ph ase tha t has formed dissolves
within th e residua l glassy ph ase (with low viscosit y) above 950' C.

In frit F--l (Fig. 21), devit rificatiun sta rts at around 775°C (DTA diagram]. .. tem perature at wh ich shrinkage of around
0.02 has been reached . At 825 cC. sh rin kage starts slowing down, almost stopping at about 8 i O°C. when th e test specimen
hus practi ca lly achieved peak densificat ion . The maturing temperature needed for produ cin g CI co nsi de rab le pro portiun of
c rystalline ph ase in the glaze wou ld lie at around 900cC. i.e. abo ut 200cC lower tha n in frit F 3. eve n th ough the opt imum
maturing inte rva l would practically.' rangl! from 900 to 1050"C.
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The foregoing th us allows inferring that devitrifi cation always impacts the evolution of the sintering process of a glaze
with a vitreous-crystalline nat ure to a greater o r lesser extent. Th erefore, to obtain a quality glaze. it is advisa ble to select
a su itable frit composition so that: n] th e consolidated layer will start sinter ing at the right moment ; h) there will be
enou gh open poro sity to allow any gases that the body may release in firing [due to oxida tion of organic matter or
carbonate breakdo wn) to he c ntgassed th rough the glaze layer at temperatures ranging from 800 to 950 0e (in single firing);
c) the so ught crys tal percentage (with the right s ize) \vIll devitrify. d) ap prop riate maturing will take place at the standard
peak firi ng temperature in te rval use d (1110-1150°C).

In the examples considered . frits F-l (Fig. 18) and F-4 (Fig. 21) could be use d for tw ice firing, since both would
produce pinhnling in the glaze , if they were to be use d in porous single-fired wa ll tile ma nufacture. However. frit f. 3 (Fig.
20) could be used for single firin g, if res idual glassy-phase viscosity at 11000e were su fficient ly low to fill th e porous
struc ture resulting from devit rificntion. since the consolida ted layer would conse rve a highly porous stru ctu re (LS<0.05)
in the outgass ing temperature inte rval (800-950°C). Hit f.2 (Fig. 19] could not be used to obtain a good glaze coating for
wall or floor tile , because it would be quite porous {It 1110-1150°C. an d have a very matt and perha ps rough glaze surface.
wit h open pores, as a res ult of not havin g matu red at these tempera ture s.

Of the las t three studied frit s . frit F-4 most ap proaches what \vould he desira ble behaviour in a frit to he used for
producing cry stalline glazes. if only a sui tab le matc h of the devttriflcat lon-de nsiflcat ion pro cesses is considered. In fact.
as Fig. 21 shows , when devitrification sta rts , densiflca tion has almost ended. This means th at the frit part icles have
softened and deform ed, fitti ng together bett er, and reducing inte rgran ular voids. High ly viscous liquid phase has thus
already segregate d whe n cry stals start forming and growi ng. Consequently. on reaching maxim um shrinkage (almost flat
stretch of th e curve), the crystals that have formed are surrounded by a residual glassy phase of low effective viscosity,
forming the mat rix th at wi ll contain them. When the whole is cooled, a smooth glaze coating is obtained. which is more
or less glossy de pending upon the viscosity of the res idu al glassy phase at peak firing temperatur e in the firing cycle
used.

The use of frlt F-4 in porous, single-fired wall tile manufact ure could give rise to pi nholi ng ow ing to its low sealing
temperature. which lies at round 840°C (Fig. 21). To snppress such pinhn ling. it would he necessary to sligh tly modify its
compos itio n in ord er to sh ift the LS-T curve towards higher temperatu res , delaying the sintering sta rt or making the curve
slope smalle r (or both act ions together), so that shri nkage at 950°C wo uld he round 0.10-0 .12 (ins tead of 0.23). which
would assure ho ld ing a su fficient ly open or porous stru cture in the glaze layer. thus allowing the gases released by th e
body to he outgassed through the glaze lnyer.

6. CONVENIENCE OF HAVING A REPRESENTATIVE KINETI C MODEL OF CRYSTALLIZATION

In order to suitably develop controlled devi tri fication. the thermodynamics and kin eti cs of the proce ss mus t be
known. The former allows determining within w hic h bounds the phenomenon ITlily arise. and the latter the rate at which
it will occur.

whether it will be the rmodynamically possible for the phe nomenon to take place (Le . crys talline phases that may
devitrify. and maximum obtainable crystall ine-phase proportion), within the selected te mpe ratu re inte rval . may be
derived from th e correspo nd ing phase-equi libri um diagra ms. Bearing in mind that cer am ic frits are made li p of several

- 100 ·



c,ISTEU.(l:-; ISPAI:-Jj
.=~ QUAU "/? '- 96.... ~/

const itue nts. the pmviollsly required data are only obtainable . in an approximate fashion. from terna ry or quaternary
dia grams (should su ch exist). of the major oxide proportions found in the sta rting frit. Once it has been establishe d tha t iI

given c rystalline phase can devitnfv. in ord er to obt ain full er a nd more precise data. the equ ihhrium of the whole ox ide
sys tem involved must ht! studied . at the temperat ure and compos itional interval wit hin wh ich devit riflc.uion is to occur.

It is indispensable to know the rate at which crvstallme phases can devitn fv of frit s based on a certa in oxide sys tem.
as we ll <IS th ei r dependence on co m posi tio n and te m peratu re . i ll order tn anticipate the dpgWl~ of cry stallization that will
be attained on usi ng these frits when they 1I1ldl!TgO a certain heat-treatment cycle. Starting out with a thermodynamically
su itabl e compos ition for obtain ing i l given crystalline phase, when equilihrium is reached . is of itse lf Hot e nough, II is
necessary for th e crvstalhzauon process to unfold at an app rupriate rate so that during till! firing cycle. th rough out w hich
temperature and tilt! frit d well times in the kiln vnrv. the necessurv crys talline phase propor tion wi ll devitr lfv to oht ain
th e sough t effect. Th is mu st all tuku plan-! without jeopardising the proper develop men t of the almost SiIIlUl lillWOIISI,\'
occur ring sinteri ng process. as se t (J ilt in Section 5,

In orde r to possess infor mat ion on the degret~ of crvstallizatinn advance with tim e am ! te mpe rature. it is neces sary 10
rnrrv out il set of experiments. using the se lected frit. at the same time modifying th e vnlUI: of both ope rating var iables hv
testi ng constant-rate heating cycles. using differen t rates in each cycle. This should he rep-uted with ether fnts whose
composit ion is quill : similar to. though di ffer ing sligh tly from th at of the standa rd or refere nce frit. in order to studv the
influence of frit composition on the degree of cryst allization advance . The resulting data allow em pirica lly pred icti ng the
final degree of crvstulltzn non which will he obtained. in an approxima te fashion. un subjecti ng it frit like the stud ied o nes
to a given firing schedule.

Thus. if the expe rime ntal dat a could he expressed in on e or more equations that re late Ihe degree uf crvsta llizati uu 10
temperature and dwe ll time of a frit made up nf it certain oxi de svst em. furthermore keepi ng in mind the influe nce of th is
frit com position. it would afford much greater flexibility ill calcula ting the degree of crys tall iza tion that could II(~

expected under di ffe rent operating conditions.

On analogy with .1 chemical sys tem , the devitr ification rate (or crys tallizat ion rate) must . in th e mai n depe nd l lpnll

the compos it ion (oxide system and oxi de proportions contained in the frit) a nd operating tem perature . wit hou t exclu ding
the possibl e influence of any other variable, ta king int o account the fact that devit rificatinn is a heterogen eous
transfo rmation. which will he effected. in practice. using a bed of sm all frit part icles. Howe ver. the kineti c mo del tha i
represents the crysta ll izat ion rate mus t account for the mec hanism through which th is a rise s. and the coutrolli ng J1 ron~s s

ste p or steps involved (inc.o rporation at the crvsta l-glass int erface of the corresponding structural unit s. their diffusi on
th rou gh the glassy phase. reaction of glassy·phasf! consti tuents with cry stalline phases or intermediate so lid sol ut ions,
etc. ]. Bearing in mind that systems are involved in which the devitrifying crysta lline ph ases (intermediate or fina l) have a
compo si t ion that d iffers from th at of the starting frit , mass tran sfer through the residual glass~' phase (If th e crys tals tha t
form (with in the frtt particles) may hecrvste llizatton -rate controll ing [18J.

It would therefore Ill~ conven ient to put fnrward a kinet ic. model. w hich wa s. to start with . as simple il S posxihle. i1S

long ;IS it was sufficiently rep resen tative. yield ing a n equation of the form :

crystallization rate =.fOt'm pl'Tllt llTe, compa,\it i" IlJ

Subsequently. as il consolidated frit layer on il ceramic lxnlv behaves as an indepe ndent physico-ch emical system
w he n it undergoes hea t treatment ill a kiln, the mass conservation equ atio n can be applie d, since an intermit tent reaction
(or transformati on ) syst em is Involved . with it view to ob ta uunu ,I di fferen tia l equation that will re late the degreu Ill'
ari sing crysta llization ad van ce to temperature and dwell (or firing) lime of thi s lave r, Integratlug this di fferentinl equat ion.
by means of a sui tab le method. wi ll e nable predicting the variation ill the degree of crys talhzatiou wit h time uud
tempe rature. and hence throughout a known firi ng cycle. for till! studied frit. if the values of the differe nt purnmeters of
th is eq uation have bee n det ermined experime ntally befo rehand.

The following sections set 011t how th e dat a is ohta ined. which wi ll allow pro posing and verifyi ng tilt: effect iveness of
.1 kim-tic model representing crystalline phase devitriflcation of a given frit. The method involved wi ll the n be applied . as
an example. to a sim ple oxide system that de vitrifies one so le crys talline pha se. to make thl! train of reasoning easier to
follow,

7. NATURE OF T ilE DEVITRIFYING CRYSTALUXE PIIASES AXD SEQ lJEXCE OF FOR:\IATIOX

To e nable a kin etic model to be put forwa rd . which wi ll a llow deriving a representat ive equation or ....-t of equations of
the dev itrtflcation rate. it is first of a ll necessit~' 10 know the nature of th e devitrifying cr~·st'l lt iJle phast~ or phases i1 nd th e
order in w hich the~" a Jlpl~ar and dis,lppear (on tllrn ing into ot lwrs or hecall s t ~ the)· dissol\' t ~ in the resid ua l glassy ph'ls!!).
whe n tlw m are sevl~ral c r~'sta1 line pha ses.

il ,vulure uJ lh" <lm·ilrij}·ing cry"lul/in" I ,!lu"" "

In order 10 deterll1 illt! Ihe nature of the crystalline phases that devi t rif~· during hent tW'1 tllHmt of it frit. Ilw following
ste ps wen ~ taken , Ttlst speci mens ' ....e re forme d lIy casting fro lll il frit with II pn !viollsl)' choslm p<lrticlf~·size dis trilHltioll ,
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These test specimens underwent heat treatmen t at a constant heati ng rate lip to different temperature s. with in a preset
interval, wh ich typ ically lay in the range 750~ 1200°C. On reachi ng the set temperature, the frits were qu ench ed to freeze
the devitrifica tinn process.

X- ray diffraction (XRD) ...vas used to determine the nature of the existing crystalline phases in the resulti ng test
specimens. whic h was morpho logically confi rmed by observation usi ng scanning electro n micro scopy (SEf\.·1) together
with energy-dispersive X-ray analysis (EDX).

The XRD diffractogmms depicted in Fig. 12 may serve as an example . They belong to di fferent test specimens. formed
using part icles of a Frit of the kind that is comm only employed for producing glossy, wh ite zircon ium glazes. Th ese
specimens were heat treated at a heating rate of 5°Glmin . up to different temperatu res. The diffractograms permit the
iden tificat ion of the crys talline phases arising in each specimen. On the othe r hand , Fig. 22 shows a photograph of the
cross-sectional area of a test speci men formed using particles of the same Irit. trea ted at 90QoC for 320 min. In this
photograph several areas have been highlighted to hetter appreciate the crystalline phases that formed. whose nature was
identified by EDX. confirmi ng the XRD out comes. The identified crystallin e stru ctur es were: tetragon al zircon ia.
monocl inic zirconia. zircon and diopstde. However, the frits that are availab le in the market for prod ucing glossy, white.
zirconium glazes contain what is perhaps one of the most complicated oxide systems. in respect of the devitrifying
crystalline phases.

The frits made up of other oxides. such as the ones that we are wor king with , only tend to devi tn fy one or two
crystalline phases. of wh ich one is us ually a precursor of the other. Thu s. in systems just com pris ing ~-IgO-S i02- Cao.

only diopstd e crystallizes MgG1(Si0 3)2 [30]. If they also contain ZnO. peteduni te may crystallize G,Zn(SiOJ)2 as well. In
Si02-AI:l0 J-ZnO syste ms. gabnite has been detected (A I20~Zn) , and sometimes a ~-quart z crysta lline structure. together
wit h cn stobah te an d a-quartz [311. On using r\.'lg~AI4S ilJ030 compositional syst ems, a- cordierit e and [f-qunrtz formations
were detected f32J.

o ZrSiO.

II> Crystalline phases
made of ZrO, and/or ZrSiO,

• Diopside

e Glassy phase

Figure 22. Nature of the ucvilrifying crys talline ph ases in a zirconium fril.

A very important point that deserves highlighting is the fact that in crystall ine glazes. wh ich are used for coat ing
ce ramic floor and wall ti le, the crystalline phases that are really of interest are the ones that survive at the standard peak
firing temperat ures used in glazed tile manufact ure ( 1 1 00~ 1l50°C) , since these are the phases that will be found in the
resulting tile glazes, thus providin g such glazes with their aesthetic or techn ical properties. As may be observed in Fig.
12. in the case of the zirconium frit to which we have been referring, at tem peratures above 1100°C. only zirco n ami some
diopside remain. In the other three oxide systems mentioned. the only crystalline phases that have been observed to
survive above 1100°C are diupside 130J. gahnite 131J and cordierite 132J respectively.
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ii] Sequence in which crystalline phases arise

The operating method that was proposed in the previous sec tion for det ecting th e devitrifving crysta lline phases ca n
pro vide su fficient data to determine whether these will arise sequentially or in para llel. when several de vitnfv at th e
same time. To do so, the datu must he plotted in the form "number of cou nts of the maximum intensity pea k of each
crystalli ne phase" versus "te mperature". Compar ing the shape of the result ing curves ...vith the ones that are obtai ned for
paral lel or co nsecutive irreversible che mical react ions ca n provide a qualit ati ve orien tat ion with regard to the set of
unnsfor rnati ons that occur in the crystallizat ion svstem being stud ied. and the order in w hich the transforma tions take
place .

In f\. lg2Al-tS illOJIJ com pos itio nal sys tems. a metastab le solid so lut ion has been observed to form firs t, wi th n p-quart z
crys tnlline structu re . havi ng the sa me compositio n as the starti ng frit or glass. This so lid solution. as a result of th e
exsolut ion of part of the Si02 th at it bea rs, is transformed into cnnliertte It\lg2AI4Si5018] ' which is the so le crys talline
phose left at 1150' C [32J.

In ce rta in Frits made up of the oxid e system Si02-Al20 3-Zllo. the for mat ion of a solid sol ution wi th a [i-qu artz
structu re has been obs erved (Fig. 23). wh ich th en appears to yield gah nite . Moreover. at sligh tly higher te mperatures. an
a -qua rtz stru cture for ms. which would appear to be a cristobalite precu rsor. In other frits based on th e same sys tem, with
a slig htly different compos ition. only gahn ite was observed to for m.

Finall y, in the oxide system involved in the indu strial zirconiu m hit stud ied (Fig. 11 ). petedunlte for ms (if there is Zn )
as we ll as diopside . arising para llel to the sequ enti al crystall ization of tetragona l zi rconia. monocli nic zirconi a, and
zircon , w hich takes place in this order.

3000
• Gahnite

c Cristobalite
• Il- quartz (55)

D a- quartz
2500

2000
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I,
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l I ,I . :'
i / \. ,,/

/ \ 9· / ·\d
500 ~/././~. . n_ l~;)( •.~'''_. _
900 r.:~,==f-' ~ '---- .

800 900 1000 1100 1200 1300

Temperature CC)

Figure 23. va riation of the flwnber oicounts of the m axim um intens ity peak with tcm pntnlurc (t>yslem SiO[ A I/J /6ZnO
with TiO).

iii) Using tho nxpctimenlul datu 10 Jerh 'e a kinetic model ofcl) 'stallizatio fJ

It is cle ar. that the fewer the nu mber of devitrifying crv stalhne phases. the simpler will the kin etic model be . which is
to be used in attempting to reprod uce th e behaviou r of the system. The simplest case is that of sys te ms in which just <I

sing le crys talline ph ase aris es directly from the glassy pha se. suc h as in th e ones mad e up of ~'lgO-Si02- CaO. which on ly
dev ilri fy diopside 130]. This simple sys te m will be used ill Sec tion 8 to illu st rate the opera ting met hod . In thi s system.
both the starti ng assumptions and the interpreta tion of th e results are much simpler th an in a system in whi ch severa l
crvstnll ine pha ses devitri fy s imultaneously, where. in order to interpret th e res ults. ce rtain sim plifications am needed in
order not to excessively complic ate the res ulti ng kinetic mod el.

It should be bo rne in mind that in the case of crystalli ne glazes. which are to be use d in glaze d tile ma nufact ure, the
point at issue is th e predictio n of the degree of crvstallization. \..... h ich the surviving crystalline ph ase or phases wi ll
ac hieve at 11 10-1 150"C. since they will produ ce the soug ht-afte r (aesthetic or mechanical) effect in th e glaze. Thus. w hen
quite iI complicated sys te m is involved, without wis hing to lessen the importance of any intent a imed at trying to
es tablish what may actua lly be occurring and subsequ ently attempting to interpret thi s in the mo st acc urate possible W i1) 1.

our nhjecti ve . if such an in te rpretati on shou ld threaten to becom e too complicated , must Ill! to try a nd solve the problem .
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perhaps less accu rately. but more simpl y and effectively, so as to derive one or more mathematical equa tions that will
a llow rep rod ucing the degree of crystallization of the majnr. experime ntally nhserved. arising crystalline phases. with
time and temperature.

R. PROPOSED KINETIC :\10DEL AND DERIVATION OF A CORRELATION BETIVEEN T HE DEGREE
OF CRYSTALLINITI', HEAT-TREATMENT T1I\IE AND TE:\IPERATURE

The shape and pcstnon of the curves found on plotting the "Xumber of coun ts of the maxi mum intensity peak"
correspo nding to the c rystalline phase or phases that devitrify vers us "time" (at constant tem perature) , or versus
"temperature" (at constant-rate heating), yield data un the complexity of the crysta lliza tio n process. Th e less complicated
the crystall ization process is. the simpler will the kinetic model be. which will need to he tested in orde r to attem pt to
interpret the experi mental data.

The methodology to be followed is set out below for obtaining a mathem atical equation that will rela te the amount of
devi tnfying crystalline phase , heat-treat ment time and temperature.

To illust rate the method. the oxide system MgO-SiOz-G10 will he used . which just devi trifies a single crys talline
phase (diopside). so as to obtain a simple kinetic model that \\;11 yield a relatively simple algorithm. and make the
discussion easier.

i} Experimental phase

Using tnst speci mens formed by casti ng. with the set sized parti cles of the selected Frit. severa l series of experiments
are required at constant temperature and constant rate of heat ing.

Th e find ings in hoth cases are then plotted in the form: "Number of counts of the maximum intensity peak" (XRD). or
any other magnit ude that represents the amount of arising crystalline phase. versus "treatment time" or dwe ll time of the
test specimen (in the series carried out at constant temperatu re). or versus "temperature" (in the series performed at a
constant rate of heating).

As an example. Figs. 24 nnd 25 depict the plots found on applying the method described to test specimens formed
from frit particles based on the oxide system l\'1g0 -SiO.-CaO, wh ich devitrifles dio pside 130] .
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Figure 2 4. Variation of the number of coun t.">
of the diopside m axim um intensity peak with dwell time.

figure 25. variation of th(~ nu m b(!rof counts
of the diop side m axim um in tens ity pf.'ak
with temperature.
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iii Prol'oSt~d kinetic mexld

In view of th e sha pe of th e cu rves ob tained . it kinet ic model mu st be proposed . w hich is based 0 11 log ical
assu mptions. In the case of the oxide sys te m !\lgO-Si02-Cao' several different models were tes ted , whi ch yielded gond
results. Of these. one has been ch osen. bused upon the assumption that the crysta lliza tion rate is contro lled (as it is the
slo wes t step) hy diffus ion of the st ructural unit ~lgGl {S iOJ ) 2' from wi th in the glassy phase to the cr ystal-glas s interface.
The formation of ,I struc tura l unit (A,,) with in the glass and its inclusion in the crys ta l. once it has reache d the crystal­
glass in te rface. are steps that unfold mo re quickly than the men tioned diffu sion.

In acco rd an ce with this assumption. the crysta lliza tion ra te, in res pect of a single crystal. ma y he expressed b...' an
eq ua tion of the for m:

. D" (" " )r = s . 11/ = 5 - - c - c
It t- l " ,- 8 It ..

-I

mo tA"

mm ·m
(1)

where:
S,
\f'"
ll."

0"'
c,"
e,,''''
r,

Crys ta l surface are.. (crystal-glass inter face area)(m2
}

Mass flow densit ...' (mol A,/min.m:)
Effl ~ct i ve diffusivit ...' of A" through the glas sy ph ase (m2/mi n)
Thic kness of th e hvpotheticalIarnt na r film (m)
Meun co ncent ration of Anwithin th e glassy ph ase (mol AJI11 ~ J

Co ncentra tio n of A ll in the glassy phase at the glass-crystal inte rface (mol A/ mJ
)

Cr....sta lhza tion rille. in respect of a single crystal (mol 'm in)

~ Iaking th e fo llowing assumptions:

<1 ) r" ha s the sa me value. at each inst ant. for all the crystals present, which therefore grow unifo rml ...·.

h ] The nu mber of growth nuclei or ac tive cen tres (n") is constant . as nucleatio n h,I S bee n obser ved to hn
he terogeneo us . and take place at the surface . ill thi s sys tem .

c) S c is proportional to th e power 2/3 of th e c rystal volume.

Ii) Test speci men vo lume hardly vari es d uring devitriflca tion (see Figs . 19. 20 a nd 21 ).

an d OIpplying th e mass conse rvation equa tion to the whole test specim en. relat ive to th e stru ctura l un it A u contained in
the glass y ph iiStl of the speci men. during its heat treatment. keep in g in m ind t hat .1 closed (interm itten t) system is
inv o lved. and assum ing that the number of cou nts ((lc) mea sured by XRD is proportional to th e num ber of mo les in the
structural u n it tha t has crysta llized . w hich th us y ields the equation:

d a ,

dt
K N,'! - I= ·a t U , -a, (2)

wh er e :
(~

ct.," =

I
K

iii}

number of co unt s th at correspond to tilt! di nps ide ma ximum intensity pea k.
nu mber of cou nts tha t correspo nd to tilt! dlo pside ma ximum nntnnnt ohtatnahle at each te m perature. which
will cor res pond tu crystalli zatio n equilibriu m for this glass-crys ta l sys tem . at each tem pe rature.
time d uring which th e tes t specimen unde rgoes hea t treatment.
co nstan t that includes several magnitudes a nd depe nds upon tempe rature.

Calculation of K an d «'.at each ll' mpcmtun.'

O n integrating the forego ing d iffere ntial equa tion by th e Runge-Kutt a method of order 4 , using computatio nal
iterat ion . d ifferent values of K are test ed . as the app roxi mate value of ct.;" is known. wh ich lies close to th e expenmentall.....
obta ined maximum va lue. in each series o f const ant temperat u re experiments. Su itable va lue s o f K and ct.," are found
when the int egrated curve coincides wi th the experimental po ints (Fig. 26) . These tr ials are repeated for each isotherma l
seri es of experiment s run. obt aining the co rrespo nd ing va lue of K and Uee a l each of the tested tempe ratures .
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Figu re 26. Fit of the proposed m odel to the isoth ermal experimen t.s.

Th e values of K are then fitted to an Arrh enius-type exponenti al equation:

(3)

If a satisfactory fit is found. the proposed mode l is likely to be su itable. since it has been ada pted to the uut comes of
the isothe rmal series of experimen ts carried out at different temperatures. Th e values of parameters A and E can then he
calculated.

It should also he attempt ed to ohtain a correlation between f1.c0 and T. which C.1n be introduced into Equation (2).

jv) Confirmation of tlw effecUi-'encss of the model. Application to the dote obtained in the series of experim ent:s at u
constan t rotc ofheating.

Equations (2) and (3) yield an equation of the form:

d u.
dt

(4)

Before using this equa tion to predi ct the variation in the degree of crystallization of the crys talline phase (d iopside)
with temperature and time. th rough a firing cycle of the kind typica lly used in ceramic tile manufactu re, its effect iveness
in reproducing the outco mes of the series of experimen ts performed at different heating rates sh ould he valida ted. In
order to integrate Equation (4). var iable T. which appears in th is equation. mus t be set as a fun ction of the test speci men's
kiln dwell time (t). Th e relations hip that exists betwee n both variahles is of the form [10):

where :

T = TII+" ·t+6T (5)

T
T,

a
t
f>T =

Temperatu re of the test specimen (K )
Temperature recorded by the thermocouple located ins ide the kiln when the test specimens are put in the kiln.
at the start of eac h ser ies of expe riments (K) .
Heating rate used in eac h series of experi men ts [K'min].
Time elapsed from placing the tes t specimen inside the kiln to withdrawing it.
Mean valu e of the differen ce between test specimen surface temperature and the temperature measured by the
thermocouple located insi de the kiln (K). Th is is experimentally determined.

Equations (4 \ ami (5) yield:
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d a ,­
dt

= A -eXp[ - E / R ] a ;1J [a~ (T)- a,]
T" + (/ -t + tiT

(6 )

whore A and E have heeu deter m ined from the resu lts of the isothermal series of ex per iments and To am l 01' have been
expe rime n tally mea sured. With regard to Ue"(T), if an equatio n of oc"= f(T) can be ob tained, wh ich call hI! subs tituted in to
Equatio n (6 ). taking into acc ount Equation (5), so much the bet te r. Othe rwis e. the maxim um value of a / found in
isother mal tes ti ng is used .

300250
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0 50
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Integrating this equation. for the values of the tested heating rates (u ) in the nonisothermal series of expe rime nts. at
boundary conditions (t = O: a,,= 1). yielded the curves depic ted in Fig. 27. where they are co mpare d wi th experimental
datil 1301. The res ults match well . w hich sub sta ntiates the validity of the method proposed. and the refore also of Equa tion
(6) for pre dicting ho w the degree of crystall iza tio n will evo lve with tiaw .md temperatm e.

1,0 ~ , - ~- ---;:-•• - - iC----O -cJ
r. I

I r:)
~ 6

Ti me (mi n)

Figure: 27. Fit of the proposed modd to the nonisc thcrmcl experiments.

v} Uscf utnees of an equ ation Jjkl~ Equation (ti) for predicting tlw degrco of crysmllizauon adl·anO! in firing. (J p.la ze
lover (in sin gle- e nd nvice-firinui

As Equatio n (6 ) is applicable hoth to the series of experiments at cons tan t temperature a nd 10 th e series of
ex peri men ts at cons tant-rate heat ing. it shou ld serve for calcula ting the degr ee of crystallization that wi ll ari se on firin g iI

consolidat ed layer of particles from the studied frit. which have the same particle-size d istribu tion as the one used ill I I ]( ~

pre lim inary ex perime ntation . .."hew the corresponding temperature-time diagram is know n of the re leva nt firing c.\..cle
and the expe rim entally derived. kno wn val ues of A. E and Clc"(T ) are used. or the val ues of To and ,),T of Equ at ion (0 ). if
these had previously been determined .

T he method Invo lves breaking down the industrial firing schedule into constant-rate-of-heating and consta nt
tem perature segments. and Integrat i ng Equation (6) through each segment. calcu lating the value of the number of cnunts
(or a ny ot her re pres entat ive magnitude of the amoun t of a rising crys talline phase). at the end of th e peak temperature
interval of this firing cycl e. that is. w hen the cooli ng step sta rts.

Applying th is me thod til the frit an d part icle s ize of the exa mple under co nsi deration. an d using the foll owing values
for parameters A and E:R 1301: A = 2.0 x 101J

; EiR = 41350 (K ). and rewriting Equation (6) in the fo rm :

d a , 'I' ,_ _ [ E / R ]-- =( a ,) -( a , - a , ;- A· cxp - ----=:...:....- - -
dt ( To+ ti T + a -(t- to ))

(7)

in order to integrate the equa tion in each segment. Toand 10 are substi tuted by temperature (K) and the time elapsed (mill}
from firin g sta rt to th e beginning of th e segment Involved: u is substit uted by tilt! heating rate co rrespond ing to th is
segment (zero if it is isother mal ). an d ..\T should he substituted. if its value is known . which must be e xperime ntullv
determined . In the most un favo urable ci rcumstances . it is pos sible to se t ~T=O. in orde r to see whether it is possible to
achieve the sou ght degree of crvstal lizntion.
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Fig. 28 shows a typical industrial firing cycle used for manufactu ring porous, single-fi red glazed wall tile (continuous
line) . to which the method described was ap plied. Thi s figure also depicts (bold dashed line) the curve Ue =f{t), found Oil

integrating Equati on (7) up to 90Q°C. assum ing that «.:"= 2250. which is the value of th is variable at 90QoG The remainder
of the curve has been bu ilt on the basis of the expe rimental valu es of a,," calcu lated at 950: 1000; 1050; 1100 aIHI 1150°C
respecti vely. It can he observe d that at the start of segment IV of the firing cycle. much earlier than the commencement of
the flat. peak-temperature stretc h. the maximum "number of counts of the maximu m intensity peak" of diopside has
already been reached. name ly 0..:"== 2250. which corres ponds to a temperatu re of 900°C, and which has bee n used as it

cons tant value in Equat ion (7) until 1=1 2.5 min (time requi red for the kiln to reac h th is temperature).
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figure 28. rediaion of the ve nation offril diopsi dc conlent with the industrial fi ring cycle it undergoes.

The resu lt shows tha t in the case of the studied frit. the maximum atta inable degree of cr vstnllization was fullv
reached in the tes ted firing cycle. even tho ugh th is cycle was chosen from among the shortest sch~dules that are uSllall~
employed in the tile industry, in orde r to lest the most un favourable case. The prob lem . in th is example. was tha t the
crystals that formed partially diss olved in the interval 950-1140°C. thu s slightl y lowering their proporti on in the final
glaze.
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