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ABSTRACT

Cel'lJl11ic tile nuinufacturer» call per form reasonable reformulations of their b(/5e
g lazc« by 5111al/ mil/ addit ions that allou: them to perso nalise their produ ction al1 d adju5t
i t to specific market 5egl11el1 t5 ioitli gi1'el1 aes thetic or ntechanicnl preferences. Tile prcecut
5tudy add rcs sc« tile p055ib ility of modifyi l1g g l«:« opacit y by 5111al/ addi t ions of
opacification inhib iting agen!«. vvi th ou t cilallgillg tile [iring cycle, tile addi tion lCil5
stud ied to ceramic base » ty pically used il1 5il1gle-fi re floor tile production of: rola tilc
fluorides L\JaF. LiF), fixed fl uoride; (Na ,AIF, atu! BaF) and tllermally stabl« carbona tes
(Li,CO" SrCO,), alone or accompanied by a del' itr~fyi llg agcn! (IVOJ precipitating
schcclitc. AI,OJ precipitatillg ga/lI1ite, and MgO precipi tating diopsidc), a5 trcl! as a
nu clean t /'y innniscibit itu (2 1'0 ) . Tile results 511011' that gla ze tmnsparenci; call be
controlled, 11'IIile il11pro1'illg gl055 and l/(/ rdl1e55 of till' 5tartil1g ba-c. 111 this 5ell5e to be
lIoted arc cryolite and 5trolltilll11 carbonate.

1. INTRODUCTION

The development and implementation of ceramic technology in the cera mic tile
branch have led to a drastic reduction in reformulations by in-plant mill add itions, and
the emergence of ceramic glaze and colour producers as technical service companies,
which take care of reformulat ing and ad jus ting the materials to the models design ed by
the glaze pro ducers the mselves or by the cera mic tile manufacturer.

Howeve r, starting from S0l11e base form u lations, the cera mic tile m an ufactu re r ca n
perform certain reasonable reformulations of these glazes by minor mill additions that
allo w perso na lising production o r achiev ing sign ificant modification s in the
technological pe rfor ma nce of the glassy bases, with a view to making a certain
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production model better su ited to an given ma rke t segme nt for which such product
enhance ment is commercially att rac tive.

Additive solubility in th e glassy matrix will to a great extent depend on matrix
composition. However, ge ne rally, even minor ad d itions of cass iter ite, zircon and zirconia
as well as titanium or cer ium oxide, which are relativel y insoluble' in th e glaze, crystallise
in cooling by oversa turation, devitr ification or crystalline segregation me chanisms.
Mo reover, whe n phosphate add itions of As,O, of Sb20, dissolve in the glass, they p roduce
structu ra l di scontinuities (P", As" or Sb' ions on replacing Sr' in the glassy latt ice form
a double bond with oxygen in its tetrahedral coord ination environme nt, which thus
canno t bridge). These discontinuities are compositional segreg ation centres th at evolve
towards the separation of seg regate d roplets with the greates t surface tension, opacifying
by a phase-separat ion mecha nism!"!"!".

In the devitrification mechanism, in acco rdance wi th the Tarnman'" nucleation
crysta lline growth theory, homogeneous nucleation requires a critica l nucleu s size
beyon d which nucleation becomes effective. Effectiv ity depends on crysta llisa tion ene rgy
and surface ten sion in the nucleus-melt in terface. When nucleation is heterogen eous (as
may be the case whe n there are unmelted particles of the opacifying additive), free energy
maximum va ria tion will also dep end on a p roportion ali ty factor th at wi ll be a function of
the affin ity existing be tween the heterogen eou s ph ase and th e melt.

The lower the nucleation temperat ure (grea ter degree of undercooling), the higher
the crystallisa tion ene rgy (devitr ification) and the lower the free energy of the system,
enco uraging nuclea tion up to a peak value corres po ndi ng to a va lue eq ual to free energy
an d diffusion activation ene rgy. Beyond thi s point th is last factor d ominates the process:
the nu cleat ion ra te drops as a strong increa se in viscosity arises in the melt, therefore
reducing possible d iffusion. Crystal growth sim ila rly exh ibits a crystallisa tion rate peak.
At high temperatures, crystallisation is held back by th e difficulty of d issipati ng the
crysta llisa tion heat freed in the sys tem, wh ile at low temperatures it is h indered by the
fast, con tinuous rise in viscosity, wh ich also hampers diffusion processes'"!".

Generally, to obtain effective nucleation, optimum nu cleation temperatures should lie
within the thermal range corresponding to a viscosity value, which is equal to 10" Dr, that is,
temperatures slightly higher than the glass transform ation temperature (Tg), which represents
the boundary between the plastic and elastic state of the glass (viscosity around 10133 DP).
Furthermore, the highest crystallisation temperature in a glass-ceramic process will correspond
to the heat-treatment range in which crystallisation peaks withou t the material deforming. This
will generally depend on the liquidus temperature of the major crystalline phase.

2. O BJECTIVES

The presen t work studies ad d it ion systems that allo w co nt rolling sur face
smoothness, transparen cy and gloss, while keeping the usual industrial firing schedu le
and main taining the mechani cal st rength of the bases. To do so it is necessary to avoid
nucleation-growth of crysta l phases or avoid opacification of the mat erial, so that we can
p roceed in two di rections'"! ":

[I ). G. TA\1\1..\\J G, W . Heese. Oil' Abhdllg ;gkeit der oiko..itdt POll der Tempem tur bl'i unterknhlten Flii:,,;;, igkt'itcll . Z. anorg. allog. Cbern ..
156( 926)2-l5-256 .

(2) . I ~ \N. ~lc~t llL:\ "" , Gln~~-Ct'rnl/li('j, A cademic Press, 2a . ed.• Xew York 1979.
[3 ]. KFMY, C Xl A- , TFRF" CF G. LA!\:G OO '\: , Tile tOl/ghelling and strt'lIgtlll?lIillg of ceramic materiol-: tlltll/gil di..COll ti l1 l1 11I/S rciniorcement. f.

0/ ,\1I1f. Sci. 29( 994)5219-52.31.

P. GI -4



CASTELLO \: (SI',\ I \: ) 98

(i) Incorporating mill add itions that lower the glass transforma tion tem perature
(w h ile holding the industrial iir ing cycle >. which pe rmit an ap p reciable
cry stall ine nuclea tion ra te, developing numerous small crystals ori ented in their
growth, so that d evitrified crystal iormat ion canno t prod uce opacifica tion'",

(ii) Inco rpo ra ting flu xing ma te ria ls that allow red uc ing d iffusion ra tes in
d evi trificd crys ta l growth (a rou nd 700-H50"C), in the glassy form ulations for
floo r and wall tiles!".

These add itions also need to 111CCt certa in opera ting requ irements:

(i ) Low level of gas decomposition so tha t outga ssing bubbles or pinholing w ill
not a rise .

(ii) Acceptabl e va ria tion in the g lassy matrix coe fficient o f thermal expans ion to
keep crac king from arising .

(iii) Com pa tible densi iication of the glaze contain ing the add ition with the
devitri ficati on that is to occur subsequent to end ing dcnsificati on, in order to
avoid it collaps ing and prod uci ng matt, g rainy materia ls with low mechanica l
co nsi stency.

With these p rem ises. this pape r p resen ts a stud y on the devitr ificat ion inhibition of
th ree ceramic wa ll and floor tile bases w ith rising matu ring tempe rat ures. which
exhibited the characteristics detai led in Table I.

BASE A: Glossy base rich in zinc and calciu m, Mohs 6, rEI IV, K" 1.5 \IPa .m ' "
GLOSS 'II at 60", devitri fies zircon (250 cruo. softeni ng point 1050"C,
sem isphering at lOHO"C

BASE B: Semigl oss ba se rela tiv el y rich in alumina, zirconiu m and sod iu m
devitrifies z ircon (648 cps) ,), so ftening point 1110"C, semisphering at
1140"C, Mohs 6-7.

BASE C: Alu minos ilica te matt base w ith intermediat e leve ls of zinc and calcium,
devitr ifies zircon (465 cps) together w ith qu artz (65 cps) and anorthite (46
cps), softening po int 10HO"C, sem isphe ring at 11 1O"C, Mohs 7.

3. EXPERIMENTAL

Two types of add itions we re carried ou t:

(3.1). Sim ple inhibito r ad d itions in incremental concentrations.

(3.2). Jo int add ition of nucleating and d evitrify ing agents.

[4). GI I. Bf .\ U , .\; ·,.d t'll f im l Iw d Cr ll:"l l1l1i:n/iclI / i l l Clo.~~l ·:" , Tlw Ame-rican Co ramk- Socict v, cd s. L.1.. II L'lKh \' S.\\'. Fried man . 1972.
[5). D.K 5 1[1\\ 1( 1, C llll-Cl't.. (lfCJlI~...Ccranuc-: i n introduction t(l C lass Science. ed . LD. I\l', Plenu m Pn..-ss: 1':e w York. 1972.
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Samples we re prepared by mixing the base glaze slip adjus ted to a bulk density of
1.6 g / mL wi th the relevant add ition in a planeta ry type ball mi ll for 10 min at 800 rpm.
The slip contain ing the add ition wa s applied to an engobed sing le-fire stoneware bod y by
the Doctor Blade method , always kee ping the same glaze quanti ty I unit body surface (in
grams), contro lling basic rheological aspects for this purpose in terms of Ford Cup and
bulk density. The glazed specimen was then fired at the indust rial facilities of ceramic
wa ll and floor tile ma nufacturer CERACASA, with the typica l single-fire heating
treatment cycle used for the studied bases.

The samples were cha racterised by measuring gloss, X-ray d iffrac tion (XRD), Mohs
hard ness and microstructural analysis by scanning electron microscopy (SEM). Gloss was
measured wit h a Minolta, Multi -Gloss 268, re flectometer that meets standa rds DIN 67
530, ISO 2813, ASTM D523, BS 3900 (D5). Reflection at 60" was used , but when the value
ob ta ined exceeded 70 units, reflect ion at 20" was taken as the gloss value. XRD was run
on the gla zed specimens with a SIEMENS D500 using CuK« radiation filtered by Ni to
character ise the devitrifying crystalline phases in the glaze. This involved measuring the
number of counts / s assessed by the detector for maximum pea k int ensity of the relative
ph ase, running at a goniometer rate of 0.05 "20/sand 0.02 s time constant. Moh s scra tch
hardn ess was performed accord ing to standa rd EN 101. SEM was cond uc ted in a LEICA
LE0440i instru ment fitted with an OXFORD, LIN K, ene rgy -d ispers ive X-ray
microana lysis sys tem / EDX.

4. INCR EM ENTAL CONCENTRATI ONS OF SIMPLE INHIBITO R ADDITIONS

The addi tion of two inorgani c salt families was stud ied: block s carbonates and
fluorides. Their physical constants are detailed in'",

f.p, ("0 decomp. ("C) e.p.(°C)
FLUORIDES

LiF 845 - 1.676
NaF 993 - 1.695

NaJAIF. 1.000 - -
BaF, 1.355 - 2.137

CARBONATES
Li,COJ 723 1310 -
s-co, < 1.700 1.340

4.1. FLUO RIDE ADDITI ON TO BASE A

The effect of fluorides in ceramic glazes is well known in cerami c practice: at low
add itions they act as fluidi sers and at higher add itions (4%) as opacifiers . The action of
fluo rides on the glassy lattice can be explained in te rms of the substitu tion mech an ism of
oxide ion s by fluoride accord ing to Eq. (1).

:= Si - a -Si := - := Si - F + -0 - Si := (Eq. 1).

161 A. [ SC ..\HD I\J(), Viltriado.~ Ccrdmico« de Naturaleza Vitroa i::- ttlliwl, Coram Inf., lu nio 19 9 7 , 17-3-1. Anales li t' Quahcer % .
171. Hl1Ildbo(.k IIfCl rt'mi::-tr,1/ 11/1/1 Plly~ jc~ . O:\\ ID R. LIDE, 72 c d. , 1 99 1 ·1~2. eRe Press. Bo ca Rato n .
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This situation entails the appeMance of anionic st ructural disconti n uities tha t rapidly
anchor mobile lattice cations such as the a lkaline cations, p rod ucing compositional
segrega tio n (some reg ions rich in s ilica and others rich in alkalis ), with th e phase
exhibit ing the greatest surface tension se parating out as mil ky d ro p lets . These d ro p lets
prod uced in phase sepa ra tion evolve in to crys ta lline forms w hen the fluoride amount is
suff icie nt and ! or crysta llisation cond itio ns Mise in cool ing , opacify ing the g lass"""'.

Fluoride opacification is know n in glazes for san ita ry w a re an d in ena melling metal
sheeting. It is necessary to ad d excess fluorides w ith a view to ach ievin g a 4~;, F- solid solu tion
in the lattice . The excess compensa tes vo latilisa tion losses in the form of Na l' (liqu id w ith high
vapour tension ) or SiF, (e.g, -63"C)""'. Such volatilisation entails serious environmental
problems in terms of fluorine emissions, as well as co rrosion of kiln refractory ma tcria ls'"! ":",

SAM PLE APPEARANCE G LOSS XRD M O HS
BASE A opaque 80(20°) Z(250) 5

LiF addition
1% transpare nt 64 .2(60°) Z(l789) 4

pinholinu

3% transparency rises 37.8(20°) Z(4 502) 4
pinholinu

5'10 transpare ncy rises 38(20°) Z(1 787) 4/5
pin holinu

:'olaF addition F
1% simi lar to base 83,3(20°) Z(500) 4
3% transparency rises 79.3(20°) Z(9 13) 4

oinho linu
5% transparency rises 4 1.0(20°) Z(95 3) 5

ninhol inz rises
i"a...\I F6 addition

1'}Io transparent 90 .2(20°) Z(503 ) 5
30/0 transparency rises 80.6( 20°) Z(85 7) 5

G(8 1)
5~, transparency rises 76 .3(20") Z(2 140) 5

ninh ol inu rises
10% tran sparency rises 60.4(60°) Z(2503 ) 5

p inhol inu rises
Ba F, addition

1% transparency rises 90.5(20") Z(733) 6
3tXl transparc ncv rises 92( 20°) Z(9 52) 6
5% transparency rises 89(20°) Z(l 032) 6

CRYSTALLINE PHASES: Z(Zircon ZrSiO,), G(Gahnite ZnAl,O,l. The number of counts! s
is g iven in brackets for the greatest intensity peak of the glazed specimen obtained by XRD.

Table HI. lncrvmen tnt /ll wridl' nddit ion It} BAS E A.

[SI. , .\1. F FR'- ,-\-, l ' l"/ N W -\IO{O, EI Fidr/o, CS IC, 2J . vd., Mad rid. 199 1.
191. \\'.D. K., c nn , t I.K. Bt l\\'ER, D.R. UHL\1-\ '- v, llll rlldlicth lll til Cl'rilmit'~ , 2 '. od . ~1'W 'York, John wilov .1Il d Sons. 1476.

I IOJ. E..\ 1. R..-\BO~ I ( H , D.~ 1. K RO I" ~ .A . K I l l' ) I () \ ', I ',K . ( ; ,\ 11,,-'.. G I II.: R, Retention Ilf fll/ llrh/t ' i rl Siiicu Cd~ al/d CliI:-;..... J. of A m . Ccr.im.
Sl lC.,72, [22 4-.12 (J 4H4 ). .

11 11 . f /.t7//o r 1'/1 10':' viatvrialc-: ccrcnnco.... .1( cl ambicntc, Ccramica Inform acio n. \1 .uZll 197q.
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Fluorin e retention improves in glazes rich in CaO and / or AI,O. as was the case of the
glazes used in this study. This effect made cryo lite a,A IF. an excellent fluorinati ng agent'·~ ' '' ' .

Tabl e III details the resu lts obta ined with rising fluoride add itions to Base A.

The data presen ted in Table III allow certain gene ral trends in development to be
observed, w hich are di scussed below.

4.1.1. VO LATI LE FLUO RID E A DDITI ONS TO BASE A (NaF, LiF)

The iind ings for these fluorides indicate:

(a.J) Rising additions raised the devitri fied crystal mass fraction (zircon) as shown
in Fig.1.

(a.2) Add itions yielded opacification inhibition (rising transpa ren cy ) and lower
gloss.

(a.3) I'inholing ap pea red wi th relatively low ad ditions (3%).

(a.4) Glaze hardness d ecreased with the ad d itions.

Z

5
~

z z. A

3
I• I

1

1: • .,.
i , , ,

1S 20 2S 30 3S 40 45 50 55 60 65
2e

Figure 1. XRD of flit' NaFadd;t;o1J~ to bll:'t' A: (dH 'i;,Jb)3·}~, ,(cJ5',~ .

Th e tested volatiles lowered glass tr ansition te mperature, by inducing th e
devitriiicati on of sma ll crystals (be low 500 nm) that were u nable to p roduce opa cification,
Glaze fluidi sation impeded their grow th . Volatil isat ion gases rapid ly gave rise to
pinholing and lower hardness.

[9 1. w.D . KI'>;U KY, II.K . B~ I\\' ER. D.R. UHL\l,"" ' ",,. introduction tll Ct.'flmlic~ ,2· . l·d .. Ne w York, John \ .....ilcy and Sons. 1976 .
1131. G. Ror uw u.r , TIlt' Cr.lI__ taltinc PJw..e ill F/'1l1ri1/t' 0 /'111Cla....t'c, J.o f Am . Ce r.tm. Soc., 311,40i -4 1·HI lJ5o).
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4.1.2. FIXED FLUORIDE ADDITIONS TO
BAS E A (BaF"Na,AIF,)

The find ings for these fluo rides indicat e:

(b. l ) Ris ing ad d it io ns ra ised the
d evi t rified crystal mass fraction
(zircon) as sho'wn in Fig.1. Cryolite
a lso cau sed the gahnite spi nel
ZnAlO, to devitrify.

(b.Z). Additions yie ld ed opacifica tion
inhibition (ri sing transparency)
and higher g los s

(b.3) l'i nho ling a ppeared w ith rela tivel y
high add it ions (>5%).

(bAl. Glaze hardness remained s teady or
increased with the addition ~

These tluorides were reta ined better in
the g lazes than the forego ing ones, so that
env ironmental problem s decreased as di d
pinholing -weaken ing . As in the previous
cas e, the dro p in glass tra nsition temperatu re
as a re su lt o f th ese fluori d e add itions
produced a net work o f need le -like
microcrys ta ls (Fig . 3l inca pable o f producing
opacificat ion.

Fig. 3 prese nts the SEM micrographs of

P. GI - 9
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the sa mple to which cryolite was added: on raIsing the add ition, the nee d le-zi rcon
crystals (confirmed by EDX analysis) grew in length and irregular part iculates appeared,
shown by EDX to be zircon. The needle-like crystals virtually d isappeared in the sa mple
at 10% in favour of the particu lates, which prevailed in a relatively high mass fraction,
though with a volume fract ion inca pa ble of producing opacif ication, so tha t the mater ial
was tran sp aren t.

4.2. BLOCKS CARBONATE ADDITIONS TO BASE A

Two "fixed" carbonates were used with a high thermal breakdown point: Li,CO ,
and SrCO,. Table IV reports the da ta obtained wi th these add itions.

SAl\IPLE APPEARA."ICE GLOSS XRD MOHS L*
BASE A opaque 80( 20°) Z(250) 5

Li,CO, add ition
1% pinho ling 70.2(20°) Z(l027) 5 83.33
3% transparency rise s. 2 1.5(60°) Z(991 ) 5 67 .23

darken ing. pinho ling

5% transparency rises. 25.1 (60") Z(215) 5 59 .86
darkening. less

ninh olinz, cra cking
10% transparenc y rises. 44 .8(20") Z(88) 5 5 1.81

darkening, cracking
SrCO, addit ion

0.2% similar to base 87 .2(20") Z(320) 6
0.5% appearance similar to 86 .8(20") Z(39 2) 6

base
1% transparency rises 88.7(20") Z(708) 6

pinh oli ng
2% tran sparency rises 8 1.5(20") Z(470) 6

pinholing rises

CRYSTA LLINE PHASES: Z(Zi rcon ZrSiO,j. The number of counts /s is given in brackets
for the g rea test intensity peak of the glazed spec imen ob tained by XRD.

Ti,blt· IV. Carbonate nddit ioll~ to BASE A:

The resul ts in Table IV ind icate:

(c.l ) Rising add itions inh ibited devitr ification (zircon) as Fig. 4 shows for LiCO,.

(c.2) Gloss was maintained or improved. while transpa rency rose . In the case of the
Li,CO, addi tion the material dar kened , revealed by the L* brigh tness
measureme nts of the CIE-L*a*b* system, which ap proximately assess surface
whiteness (L=Oblack, L=100 white).

(c.3) Pinholing appeared wi th Li bu t no t wi th Sr additions .

(bA) Glaze hardness was maintained or increased .

These compounds acted as true devitrification inhibitors. Fig. 5 sho ws how the
micro graphs of the glazed spec imens evolved, in which the progressive decrease in
crys talline fraction with the add itions can be observed .

P.GI· l 0
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4.3. FLUORID E A. D CA RBONAT E
A D DITIO NS TO BASES BAND C

Table V detail s the res ults obtained with
these ad d itio ns .

Th e d a ta re veal that ad d ing BaF, to th ese
bases followed the trend s h ighlighted in point
4.1.2.: th e devitrificd zircon mass fraction rose,
as d id that oi quartz in base C. The low
ad d ition of Li,CO , behaved as it did in th e base
A addition, sligh tly ra ising the z irco n content.

Hardness fell in a ll cases, becoming more
marked as th e ir it maturing d egree rose.

5. JOINT N UCLEAT ING AND
DEVITRIFYI N G AG ENT ADDITIONS

Monoclini c z irco n ia was chosen as th e
n uclea ting agen t. This iin ds w idespread use
together w ith other ox id es such as TiO" P,O ,
and V,O, in 1-10/ ;, proportions as an effective
nucleating agent in g lass-cera m ic nucleation'"
I" N "". The nuclea tin g mechanism involve d in
th e n ucleated crystalline phase is of the
im m iscib ility type: the nucleant partially

Figure 5. SE.\ f mi(Y(lxrl1J'lr~ u-ittt bl1ck-:,catt t'ril rs ,it' lt '( loT l~f tilt'
l.i:COJ additio1! "; to l lll";t' A: ( I1H' ; ,,( }I)3' ; . .(o lO';,f<.'i" ;OIlI1do Lil'

/l1l1l :; r id a) .

121. I'.W. \h ~lI1 L\ _' , GllI ~..-Ccranuv-, Academic Press. 2.1. c-d ., :,\1;'\\' York 197Y.
HI· C .H. BUl l, ,'\; /.d t'lf l i , lI l ll ll d Crl/';/lllIi=atiml ill Gla~..;t':-, The Am erican Ce ram ic Societv, cd s. I..L. Hen ch v S.\\'. Friedma n. 1472.
I~I· D.R. STn\.-\Rl , Conccvt- orCIn;" Ceramic», i" ll/ tm/r. d io /ll o Gla.... Science, cd . LD. r'n>, Plenu m Pn 'ss, -New Yo rk. 19n .

l l ~ I. S.D. S I { It It.: n , Cllla'-l/: l'd tr~l~tI/ 1Ii:J.7 tiilll ol Clo:- ~ ill TheMy mid Pract ice, V. ln te rna t. cl clskongres<;" t\tu nich 1954. Cl as tcch . lh-r.
.12 k .l -H(l439).
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d issolves in the molten glaze, nucleating homogeneou sly on coo ling. These nuclei act as
a heterogeneous nucleating phase relative to the nu cleated p hase, w hich grows
epitax ially, p roducing microcrystall isations wi th a h igh vol u me fraction, which are
cha racteristics that define a glass-ceramic. Th e nucleant has a markedly falling solubility
w ith tempe ratu re, exhibits h igh ra tes of homogeneou s nu cleation, low interface surface
tension w ith the nu cleated phase, and similar la ttice parameters to the nucleated phase,
w hich allo w its ep tax ial grow th on the nucleant. In the present s tudy, the nucleated pha se
wa s zircon in almost every case (ano rthite, quartz and gahnite were minor phases). and
consequently zirconia met all nucleant requ irement s regarding thi s crys talline phase.

SAMPLE APPEARANCE GLOSS XR D MO HS
BASE B serniuloss 65.3(20") Z(648) 617

BaF, add ition
1% similar to base 68 (20") Z(820) 6
4% similar to base 53.2(20°) Z(772) 6

Li,COJ addition
1% slight pinholing 75(20°) Z(984) 6

BASE C mall 75.8(20°) Z(465) Q(65)A(46) 7
BaF, addition

1% semigloss 63.2(20°) Z(70 I) 6
I3ASE + 4% BaF, semigloss 69.2(20°) Z(978) Q(101) 6

more transparent
Li,COJ addition

1% semigloss 78(20°) Z(928) Q(106) 6
more transparent

C RYSTALLINE PH ASES: Z(Zircon ZrSiO,), Q(Quartz SiO, ), A(A northite
CdA;,3i,0,). The number of counts / s is given in brackets for the greatest intensity
peak of the gla zed specimen obta ined by XRD.

Ti,ble \~ Fluoride fllld carbO/ll l tt addit ion» to BASES B and C.

Th e follow ing devit rifica tion promoters were chosen, which acted by neo formation
of insoluble phases on reacting with the melt: tungsten ox ide W0 3 that devitri fies
schce lite (Ca WO,l, a lum ina that p recipitates gah nite ZnAI,O, and MgO tha t devi tri fies
d iopside Ca Mg(SiO,),'1<'·'101. 1171. '10 '.

Tab le VI detail s the resu lts of the addi tions to base A conta ining 3% li E

The W0 3 addition devitrified scheelite, partially inhibiting zircon devitrifica tion,
however devitrification decreased on ra ising the addition. The mate rial exhib ited the
pinholing already to be observed w ith the simple LiF ad dition. Gloss dropped and
hardness rose .

The alu mina ad dition di d not devitrify gahnite although it had a certai n nucleatin g

115). [L. ROPR ICO, F. S.",' \l ICLH., A G 0 7 -\1""), ~'1.J . O ers. J.L. A~IORo., A. B£: LDA. £.;tlldio de aJ.O;: lII1fl:-< vnrutble« '111l' i llfl li.\It'1/ ~llJn' rl
britlodc l'idrind(,:, l'l>t('//ido~ II parti r de m(':d{/ ~ dl' f rila .II oxi do til' InJ~fmmill. An ale s d e Q ualice r 44, pr. 47-54.

1101. \1. f f,\ StlIH A, ~'1. SIUC LMITSU, Y. NL nrstu. Ali rrtl.;fm d llra/ O/'';I'rr nlit11/ (~fZIIAI20do,./IIati(lll llffi .'ctl'd fly ti lt' Ph.lI ~ iCII1IUlllln· (1A120 j

in th...pre- onceiif l.iF, J. of M a t. Sci .. 23, -l267 --I-272 (1988).
1171. V.G. C IlI S IOS FR[')(1\', ;\; .A. SHM fl .E\·,\, A.~l. S~ IF fl l .n· L K, St llt(1I of Cry~ fll1Ji:n t it lll Products i ll fli t' ,\<1I1S".·...unn Allllllillllsili m lt' Sy:,It'/11

wil li Addi / illll ." (~f Ti02' CoI111y: ('l i Cr.lI..tall ization and Glass, Pp- 172- 174. cd . Co nsu lta n ts Burea u, x.cw York , 19tH .
[ IHI. C. S. H t.e t .mr , c. K I FI,\;, ;\ 'l ill llt l/l til' Millt,rtl/(l:~II I I/(' 001111, Rcvcrte. 1<.JX9.
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effect on the z ircon. The ma terial exhibited the pi nholing alrea dy to be observed with the
simple LiF addit ion. Gloss d ropped an d hardness rose .

SAl\IPLE APPEARMICE GLOSS XRD :\IOIIS
BASE A ODaQUe 80(20") Z(250) 5

WO , addition
4°/ [pinholing. transoarent 32.2(60") S(l453 )Z(l55) 5, 0

9°/" Ioinholinu, tran sparent 38 .6(60") S(929 ) Z( 110) 5:'0' 0

AI,O, add ition
3%) lninholinz, transparent 14.2(60") Z(896) 5
6~'O lninholinu . tran sparent 29.3(60" ) Z(2609 ) 5i6

Additio n of matt 42 .1(60") Z(2949) \1 (49) 7
10% Z rO, + 2%

AI,O,

C RYSTALLINE PHASES: Z(Zircon z-sio.i M(monoclinic z-o.; s (scheel ite Ca WO ,).
The nu mber oi counts / s is give n in bracket s ior the greatest in tensity peak oi the
glazed specimen obta ined by XRD.

The join t ac tion of the nu cleating and d evitriiying agen ts grea tly increased
dcvitri fica tion. The effect of the nuclea nt was particula rly striking, and was also detected
in XRD (monoclinic ZrO,).

Table VII det ail s the res ults of the ad ditions to BASE A- 5~:j, Ba F,

The WO , addition dev itrified scheelite, raised gloss and ha rdness as well as
transparency,

The AI,O , addition devi trified more zircon, decreased or held gloss and hard ness,
while filisin g transpa ren cy.

SAM PLE APPEA RANCE GI.OSS XRD MOilS
BAS E A opaque 80(20") Z(2 50) 5

WO, addit ion
40/0 transparent 81.5( 20") S( 12145)Z(24 6 ) 6
9% less transparen t 90( 20") S(l2223 )Z(217) 6

AI,O, addi tion
3~·'O transpa rent 81.3( 20") Z(797) 5
60/0 transparent 55.3(20") Z(686) 5

\1 20 add itio n
10% malt 9.3(60") I D( 147) Zl\22) 8

Addition of semigloss 59(20") I Z(922) \\(47) 6
IWYo z-o, -t- 2%, AI1O.l

CRysTAL LI ' E PH AS ES: Z(Zircon z-sio.i M(monocl ini c Z rO,), S(Schcc li tc
CaWO,), D(Diopside CaMg(s iO ,),). The number of counts /s is give n in brackets for
the g reates t intensi ty peak oi the g lazed specimen ob tained by XRD.

Tflb le \'11. A ddi tiol'" ttl BASE. ,4- v: BI1Fz_

The MgO addition devit rified di opside to the de triment of zircon, los ing gloss and
raisi ng ha rd ness.
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The joint act ion of the nu cleat ing and devi tr ifying agents greatly increased
devi tr ifica tion , The effect of the nu cleant was particu larly striking, and was also de tected
in XRD (monoclinic ZrO,).

Tab le VIII details the resu lts of the add itions to BASE A-3~'nLi ,CO,.

The WO, ad d ition dev itri fied schee lite, and raised gloss and hard ness as we ll as
transparen cy.

The AlP , addition devit rified more zircon, raised or he ld gloss and hardness, while
raising transpa rency.

SAc\1PLE AP PEARA.,\/C E GLOSS XRD MOMS
BASE A Ooaoue 80(20") Z(250) 5

\VO, addi t ion
4% Tran sparent 62.7(20") S(133 72)Z(246) 6
9% Less tran sparent 82.3(20") S(39191 )Z(238) 7

AlzO" addition
3% Trunsnarcnt 80.7(20") Z(489) 5
6% Trans parent 69.3(20") Z(3470)X (68) 6

:\ '~O* addit ion
10% Malt 9.4(60") 0(1 65) Z( 149) 8

Addit ion ()f'* Malt 5.3(60") Z(272)M(99) 8/9
IOIYo Zr02+ 100/0 AhO] A(78)

C RYSTALLIN E PHASES: Z(Zircon Z rSiO,), M(m onocl inic ZrO,), S(Scheel ite
Ca WO,), D(Diopside CaMg(SiO,),), A(Anorth ite Ca Al,Si,O,). The numbe r of
counts / s is give n in brackets for the grea tes t inten sity peak of the glazed speci men
ob tained bv XRD.
(0) In these' samples the Li,CO, add itio n was 1%.

Tabl e Vl11. Addit;OII:'- to BASE A-J'/~,Li!COJ.

The MgO addition devitrified diops ide to the detriment of zircon, los ing gloss and
raising hardness.

The join t action of the nucl eating and d evi tri fying agents devitri fied an orthi te
(CaAl,Si,O,j. The effec t of the nucl eant was also detected in XRD (mo no clinic ZrO,).

Tab le IX detai ls the resu lts of the additions to Bases Band C.

SAMPLE APPEARANCE GLOSS XRD MOMS
BAS E B semigloss 65.3(20") Z(648 ) 6/7

0.5% u-co, semig loss 59.8(20") Z(962 ) S(679 ) 60
2%Ca5iO,

3% WO.l
BA5 E C malt 75.8(20") Z(465) 0 (65 )A(46) 7

0.5% u.co, semi gloss 8 1.7(20") 5(3821 )Z(394 ) 6
4%WO, A(l80)

C RYSTA LLINE PH ASES: Z(Zircon ZrSiO,), M(monoclin ic ZrO,), S(Scheelite
Ca W04), D(Diops ide Ca :'v1g(SiO,),), A(An orthite Ca Al,Si,O<). The number of
counts / s is g iven in brackets for the grea tes t inten sity peak of the glazed specime n
obtained by XRD.

Tabh' I X. Additi oll ::' to BASES B IIIllI C.
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The addition was stu d ied of WO, w ith Li,CO ", rai sing the calc ium proportion in
base C by adding 2% wollastoni te, so as to favour scheelite devitrification in thi s base,
which was not so rich in calci um.

The data reveal holding or impro ving gloss and tra nsparency. Zi rcon, scheelite and
anorth ite devitrified w ith the addition to base C (qu artz devitrification was inhibited ).

6. CONCLUSIONS

The d ata and di scussion p resented allow d rawing the following conclusions:

(1) The addition of volatile fluorides (N a F, LiF) to typical single-fire tloor tile bases
produced pinholing at rela tively low concent rations (3%), inhibiting
opacification by developing small, non-opacifying microcrystall isations.

(2) The addition of non-volatile or fixed fluorides (N a,AlF, and BaFJ to these bases
inhibited op acifica tion by producing microcrys tal gro up ings in large r-s ized
cluste rs. Th e resulti ng ma terials exh ibited higher scratch hardness, as well as
g rea ter g loss and transparency. To be highlighted are the results obtained w ith
cryolite .

(3) Carbonates exhibi ting h igh-temperature thermal decomposition (Li,CO , and
SrCOJ acted as true inhibitors to zircon devi tr ifica tion . In the case of the
alka line ea rth ion with less relative ionic potential, no pinholin g arose at
add ition proportions below 3%.

(4) The joint addition of the studied devitrification inhibiting organic salts with
devitrifying agents (WO", AI,O, and MgO) and nucleants by immiscibility
(Z rO,), inhibited op acifica tion w ith ou t in te rfe ring in the devitr ifica tion
p roce sses of the devi tr ify ing agents, instead the crys ta l mass fraction rose
especially in the presence of th e nucleant.

(5) The calcic-aluminous composition of most of the glazes used in producing
single-fire g lazes for floor tile man ufacture would allow ret a ining fl uo rides,
minimising corrosion and environmental problems re lating to fluoride use in
the con centration s considered in the p resent study (O, 5-3~(, ) on a slip w ith a bulk
dens ity of 1.6 g ! ml.
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