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ABST RACT

~Vll fte gla:» coatillSs [ouiu! ill current jloor tile manufacture arc lIS/wl/y produced [rom a
mixture ojfrit-. (ill a proponion of se llemily less than SO'/;,), alld natural crustailinc aggregates
(zircon, kaolin, feldspars, COrll/ldlllll, t'te ).

Thi« stlldy pres<"llis the characteristics of tohitc sla:es obtained [nnn a mixture that O/Ily
consist« o(ti-its tio itho ut zircon) and kaolin. The Hunter uhitcncs« index, Sloss I1I ld otu cr tcchnicnl
charactcristice of the reslllti llS s la:e coating» 11't'I"(' on npurnbl« to thosecxhibitri! by IIII' uhitc iloor
tile sla:es that arc currcnilu produced usillg blrnd» cOlllaillillS proportion» oluround 10~;, zircon
I1I ld 30-S0'!" fr it.

1. INTRODUCTI O r

1.1 . S ING LE-F IRE FLOOR TILE G LAZE CHA RACTERISTICS

Sing le-fire tloor tile gl azes are generally obtained by applying different lay ers of
material by the wet method (d ripp ing, spraying, sc ree n printing) or by the dry method
(g ranu la rs, agglomerates) onto an opaque, white, base. Others practica lly consist o f a base
glaze of va ry ing colou rs and textures (matt, Solin, granulac rustic, sem i-glossy ).
depending on the fo rm u lation . In both cases, the g laze su rface neve r exhibits specu lar
gloss, since any other texture is more su itable for achieving requisite glaze characteristics
(abras ion , scratch, s lip resista nce , etc.).
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Base glaze formulations usually co nta in frits of different nature in vary ing
proportions (30-60%). and other non-fritted constitue nts (us ua lly crys ta lline aggregates)
of very different natures and characteri stics, in accordance with the targeted fina l glaze
properties. Some of these constituents such as feld spars, nephelin es, and zinc oxide
contribute together with the frits to forming the glassy matrix of the glaze. O thers,
however, like zirconium silicate and corundum hardly di ssolve in the glassy phase. The ir
function is to enha nce glaze abras ion resistanc e to a certain ex tent, besid es acting as
opacifying (ZrSiO,) or matting agents (AI,O,).

Other freque nt add itions to the se glazes are certain alkaline ea rth oxide bearing
min erals (wo llastonite and calcium and / or magnesium carbonates) that act as matting
age nts and contribute to forming glassy phase.

The main trends in the evolu tion of these glazes have bee n as follows:

- Reduction in the number of frits used for p roduc ing the base glaze, simplifying
glaze preparation .

- Introducing newly developed frits into base glaze for mul ations, progressively
increasin g frit content to enha nce g laze properties.

- Striving to improve product p roperties, making products better suited to serv ice
applicat ions.

With regard to th is last poin t, alt ho ugh at present glazes are available with high
mechani cal per formance (h igh hardness and abrasion resistance), there is a clear
tendency towards developing new, smoother glazes, which beh ave appropriately in
heavily trafficked areas.

This requires producing glazes without any apparent porosity, w ith low sea led
poros ity, containing a high proportion of microcrystal s of high hardness, stro ng ly bonded
(without stresses of a mechani cal or thermal origin ) to a glassy matrix that is also hard
and resistant.

1.2. RESEARCH O BJECTIVE

The presen t study was undertaken to obtain glossy or ma tt, smooth white
zirconium-free glazes for ceramic floor tiles, with technical prope rties resembling or
close ly approach ing those of curre ntly ava ilable com me rcial glazes, by usin g a blend
consisting of one or more frits and a kao lin proportion of 6-8% (w itho ut further
crysta lline aggregates) as raw materi als.

1.3. SELECTION CRITERIA OF THE FRIT COMPOSITION TO BE USED FOR
PRO DUCING OPAQUE WHITE GLAZES

For a glaze to be opaque it needs to be made up of two or more glassy or crystalli ne
phases tha t exhibit d ifferent refractive indices . O pac ity is d ue to the interaction of ligh t
with a hete rogeneou s med ium. Thus, the greater the di fference between the refractive
ind ices of the constituent phases, the higher the opacity. In glazes w ith immiscible-pha se
separa tion, the phase compos itions do no t usu ally di ffer very much, so that their
refrac tive indices are usua lly not very d ifferent either. Greater opacity could therefore be
obta ined in a glaze containing di sper se crysta lline ph ases in a glassy matrix: a continuo us
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and a di sperse phase, as lon g as the crystalline phase had a sufficien tly di fferent refracti ve
index from th at of the glas sy phase that contained it. The number and size of th e
inclusio ns dispersed in the glassy matri x also affect opacity. The larger the p ro porti on of
d isperse phase and the sma ller the inclusions, the grea te r w ill opacity be, pro vided that
the size is not sm aller than the visible light w avelength, as the glaze w ill in th is case be
tra nsparen t! ",

A fri t was therefore required in wh ich firing of the consolid ated layer of frit particles
would p rod u ce devi tr ification of on e or m ore crystalline phases, yie ld ing a
heterogeneous glaze made up of d isperse crysta ls in a glassy matrix

The ref ractive index of a glass depend s on its composit ion; equations are to be
found in the literatu re that a llow es timating th is''! However, in the case of ceramic glazes,
the refractive index of the res id ual glassy p hase has been shown to vary very littl e w ith
compositio n, fluctuating between 1.5 and 1.6. Co nseque ntly, the greater the di ffe rence
between the crystalline phase re frac tive ind ices and these valu es, the higher w ill resu lting
glaz e opacity be .

On th e other hand, if white g lazes are to be produced, the starting fr it composition
shou ld con ta in no chromophore ions.

A literature survey was perform ed!" '31 to find crystalli ne phases w ith a high
refracti ve index, conta in ing no colouring ions, composed of oxides that are typ ica lly part
of cera mic frit compositions. This yield ed the followi ng information:

The h ighest refracti ve ind ices corresponded to rutile (2.61) and anatase (2.60).
However rutile, which is the stable phase at high temperatures (in firing anatase tu rns
in to ru tile ) and remains as such at low temperature (in cooling it does reve rt back into
anatase), provides yellow hues, so that its presence is not recommendable if wh ite glazes
are sou gh t.

The zircon refractive index is also very high (2.01), which is why thi s is typ ically
used for producin g wh ite ceramic glazes .

The follow ing crys ta lline phase, in a decreasing order of ref ractive indices, is sphene
(CaO T iO, SiO, refrac tive index: 1.91). Co mpositions bearin g titan ium tend to yellow.

Gahnite (ZnO ·Al,OJ) ha s a refrac tive index of 1.8. The frit s in w hich this phase
devitrifies have high ZnO con tents. Th is has been the su bject of an as ye t unpubl ished
R&D project!".

Th e o the r cr ys talli ne pha ses that can ari se in g reater or le sser proportions in
ceramic g la ze s are w o ll as ton ite (C aO'SiO , ), w illemi te (ZnO 'SiO ,) , a no rth i te
(CaO ·A I,0 ,.2SiO,) and diopside (CaO ·MgO ·2SiO,) . The fi rs t three ha ve re fractive
indices ra nging fro m 1.58 to 1.63 an d are u sually found in ma tt g lazes . Diopside has
a re fracti ve in d ex of 1.67. Thi s cr ystalline p hase d evit ri fies qu it e re ad ily and its
p roportion and size can be controlled b y ad ju s ting th e CaO an d I'vI gO proporti ons

'1] . FFR'\ ,.\'DF? \; ·\.\"...>,RRO, p ',I ' . EI vidno. ~ ., ed. Ma d rid: Co nsejc Superior de In ve stiga cio nes Cientffi cas. 199 1.
(2J. Ku:I.' , c.; H LRU,LT, c.s. .\ f'711 l1alde millcm/o~lll . 4a cd . Barcelona: Revette. 1996.
[31. :'\ ICKEL, E.lI.; ;'\ICHC)LS, :\1.c. ,V1illaal rl'fl!ml~l' ma nual, '\C\\" York: Va n Xostrand Reinhold, 1991.

[--1- 1. ONilil1 ill,~ ~llIl l ll th cemsnic SII1 = t'~ wit i, illlproi't'd ,('car re-i- ranee and !J,Jrl1 1l t's~ . EC RTD Project CRlOOI9 1! BRE20395 .
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in the sta rt ing frit and th e vi scosity of the residual g lassy pha se at fir ing
tempera ture .

2. MATERIALS AND EXPERIMENTAL TECHNIQUE

2.1. MATERIALS

Two stand ard industrial wh ite floor tile glazes were used: a glossy (EB) and a
matt glaze (EM), together with the solids mi xtures required to produce th e two glazes .
Two frit s were al so used for thi s study, with the raw materials needed to p roduce
them .

2.2. PR O CED URE

2.2.1. FRIT PREPARATION

The frit s tested were obtained by fusing the corresponding raw mat eri als mixtures
in an electric lab oratory kiln . Fusion temperature was 1500°C. The two se lected frits were
fused in a semi -ind us trial kiln.

2.2.2. SINTERING CU RVES OF THE FRIT-KAOLIN MIXTURES

Fr it-kaol in mi xtures, in th e particle sizes and p roportions e m ployed for wet
ap p licat ions to ti le bod ies (8g kaolin / lOOg frit ), were u sed to determine the sinte r ing
cu rves . To d o so , cy lind rical test specimens were formed by pressing from th ese
blends, w h ich were then su bjecte d to a non-isothermal heat- t reatment cy cle,
ramping at a constant ra te heating of lOoC / min in a hot-s tage m icro scope . The
sintering cu rve was obtained by mea suring th e evolution with tempe rature o f test
specimen size. This test was also run on th e b lends produ cing th e glazes used as
referen ce m at erial s.

2.2.3. TEST SPECIMEN PREPAR ATIO N

Frit parti cle suspens ions we re prepared by mixing 100g frit with 8g kaolin, O.2g
so dium tripolyphosphate, 0.2g carboxymethy lcellu lose , and the necessary water to ob tain
a so lids content of 70%. These m ixtures were milled in a ball mill until a 2 w t% reject was
obta ined on a 40,1m screen

The suspensions we re app lied to green floor tile bodies th at had p reviously been
engobed. The specimens were fired in an electric laboratory kiln at peak temperatures
resemb ling those used indus tr ially for thi s type of p roduct.

The frits th at were selected as most su itable were produced in a se mi-ind ustria l kiln,
and were used to glaze industrial-size floor tile bodies, firin g in a pil ot rolle r kiln using
an appropriate firing schedu le for th e body involved.

2.2.4. GLAZE CHARACTE RISATION

The p roperties of the glazes obt ain ed on a pi lot sca le were cha racterise d and
determined , as were those of the chosen reference glazes: glossy, white floor tile glaze
(EB) and matt. w hi te floor tile glaze (EM).
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Glaze mi crostructure was exam ine d by scanning electron microscopy (SE:VI), fitte d
wi th an energy di spersiv e X-ray microanalysi s system (EOX). The crystall ine phases
p rese nt in the glazes were identi fied by X-ray d iffraction (XRO).

2.2.4.1. CHROMATIC COORDINATES. HU NTER 60 WHITENESS INDEX. G LOSS

The chromatic coo rd inates and Hunter 60 w hiteness index of the glaze surfaces
were de te rm ined with a d iffuse reflecta nce spectrophotometer. Measu ring cond itions
were: standard C IE lighting an d stand ard CIE 2° obse rve r. Glos s wa s determined in a
reflectometer; using a 60° light incident angle on the glaze surface. A minimum of five
measurements wa s run, which we re subseque ntly averaged .

2.2.4.2. MOHS HAR DNESS. PEL RESISTANCE TO WEA R BY A BRAS ION

Mohs sc ratch ha rdness (UNE 67-101) and abras ion resistan ce according to
internationa l stand ard ISO 10545-7 were determined .

Resis tan ce to wear by abrasion (Ro ) of the glazes was obtained by the PEl-based
method ' I set out in sta nd ard El\' 154. This is performed by subjecting the glaze surface to
a certain number of revol utions in an abrasion tester, and then determining the surface
profile in the abraded are a with a roughness meter. Mea surements were performed by a
laser pick-up having a 111 m di ameter. The profi les were measured with the roughness
meter by di ametrically tra versing th e abraded circle and also covering part of the original
no n-abraded surface at both points of the circle. The profile va riations then allowed
computing th e cross section of the abraded area, which was then related w ith materia l
volume loss in th is area

Plott ing material vol ume loss versus abras ion intensity, exp ressed as the number of
revoluti ons in an abrasion tester, yiel ds a straight line, the inverse of whose slope is taken
as the resistan ce to wear by abrasion (RD) .

2.2.4.3. IN NER POROSITY. APPARENT POROSITY. REV ERSIBLE STA IN ING
CA PACITY

Glaze inner porosity was d ete rmined in an image ana lyser hooked up to an optical
microscope on po lished cross-sec tional slices of the glazes, by measu ring the g laze
su rface fraction occup ied by pores. The resu lt was exp ressed as the percentage cross
sectional area of glaze occupied by pores

Glaze apparent porosity was estimated fro m the variation exhibited by chroma tic
coo rd inate L* of the glaze surface before staining with an indelible black felt-tip pen, and
the n after sta ining and cleaning of the surface wi th a cotto n clo th moisten ed in alcohol
until reaching cons tant L".

2.2.4.4. RESISTANCE TO ACID AND ALKALI ATTACK

Gla ze resistance to acid and alkali attack was determined according to standards
ISO 10545-13 and UNE 67-122.

HI· O/>taill i/l,£ ~m.ltlfh ceramic sla=e~ u-ith improivd uvor rc-i- tanceand hardllt'io~. F.C RTD Proje ct C Rl OO l9 11BRE20395 .
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3. RESULTS

To compa re the qua lity of the glossy and matt glazes developed from zirconium
free frits in the study, tw o commercial white glazes we re selected as referen ce mater ials,
whose cha racteristics were considered to be sufficiently representa tive of the standa rd
properties of th is typ e of coating: a matt zinc white glaze (EM) and a g lossy zirconium
white gla ze (EB).

3.1. SINTERING CURVES OF THE RAW MATERIALS MIXTURES USED TO
OBTAIN REFERENCE GLAZES EM AND EB

In orde r to establ ish the behaviour of the particle blends used to produce reference
glazes EB and EM during heat trea tment, their sintering curves were determined in a hot
stage microscope. The resul ts have been plotted in Fig. 1.
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Figure 1. Sin tering (lln:'t ':' of tilt' bh-lId~ prodlKlllX the referencegtazee .

3.1.1. GLAZE EM

The cu rve of blend EM reveals that sin tering started at 790°C. The densifica tion
rate rose wit h temperature up to 870°C, beyond which it decreased rapidly until
cancelling out at 890°C. The hori zontal stre tch exhibited by these cu rves!" coincide d
with devitrificati on of an important crystal prop orti on, which for thi s blend took place

{6). ESCAlWI1\O, A. Crystal/illt' gla::.l's. In: IV \'\'orld Congress on Ce ramic Tile Quality (QUALlC ER). Castellon, IY% , p. 87-110.
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a t re lative ly low tempe ratu res . Crystal for mat ion and gro w th gave rise to high viscos ity
in the mel t, which mom en taril y impeded pore elim inat ion, blocking spec imen
sh rinkage.

Betw een a p p rox ima te ly 1020 a nd 10600C, the specimen expa nded (linea r
shr inkage d ecreased ), possibly owing to visc osity of the residu al liqu id phase
d ecreasing enough to allow gases trapped in th e remai ning pores to ex pand or as a
resu lt of crysta l growth. Sin te ring sta rte d again at lD6DoC w ith high shrin kage, wh ich
co u ld ha ve been due to pa rtial disso lut ion in the mel t of previo usly formed crysta ls
ra ising the quan tity of liqu id phase, w hich because of its d ecreasing viscos ity allows
pores to be eli m inated .

At 1120°C, this specimens' s shrinkage was still ve ry low (=13-14;1,). If it is borne in
mind that tem pera tu re measuring systems in industrial kilns alw ays sho w a reading
around 15-20°C h igher th an electric laboratory kiln temperat ure measuring devices (to
get the same result ), th is fact expla ins the relatively h igh sea led poros ity fou nd in Section
4.4.3 (Table 3) for glaze EM.

3.1.2. GLAZE EB

The blend tha t p rod uced glaze EB started sintering at around 85D°C. Th e curve
exh ibited a firs t stretch (85D-900°C) w ith a lower slope, which progressively rose after
900°C.

In a DTA diagra m of this bl e nd , z irco n dev itri fication was obse rved to a r ise
in the 850-93DCC ra nge, w it h pea k crys ta ll isa tion rat e occu rring a t 900°C. This
circums ta nce exp la ins th e cha nge in s lope m entioned above. Thu s, z ircon w ou ld
be dev itr ify ing between 850 a nd 9DO°C [Se cti on 3.3 .2 (i)J, wh ile fr it ap parent
viscosity ke pt re lative ly h igh, e n ta il ing slow sh r in kage '<!". After 900°C th e cr ys tal
forma tio n ra te d ecre a sed . The curve d e vel oped an eve r s te e pe r s lope fo r thi s
rea son a nd because viscos ity o f th e resi d u al g lassy p ha se conti n ued d ro pping as
te m pe ratu re ro se, wh ich led to a re d uction in inner p o res by vi scous flow of th is
p hase .

Maxim um specimen dens ificat ion (=D.17) took p lace at 1030- ]()8IF C, wh ich is w hy
the gla ze produced by this blend at s tanda rd industria l kiln tem peratures mus t exhibi t
low inner po rosi ty

3.2. S INTERING CURVES OF T HE SELECTED KAOLI N-FRI T BLENDS

3.2.1. SELECTED FRITS

The literatu re survey and avai labili ty o f ra w materia ls led to choos ing th e
MgO -Ca O -SiO, system as the base for fo rm u la ting fri ts th at wou ld y ield glos sy and
ma tt w h ite g lazes fo r floor t ile bod ies, u sing the ty p ica l fir ing sched u les em p loyed in
ind us try for m anufacturing th is type of product.

Severa l frits were formu lated in the d iopside prim ary field, in view of the ternary

Ifd. ESl ",\RPI'O, A. C r.l/:'- tn// i l1t' gli/:I':'. In: IV Wo rld Congress on Ceramic Tile Q uali ty (QU ALlCFln Castellon, 1996, p . H7-l tO.
[71. A\ ltlRl )'-;, J.L.; Our s, ~LJ . ; GOZ,\LBO, A. , et .1 1. El'I)/ /. t i(Hl ofg/a:c f. IOrll:,- ify ill f irillg. Si ll tcriJlS lI/ t'd /llll i~m al/ d killd i0.>. In: IV w orld

Congres s on Ceram ic Tile Qual ity (Q UA LIC FR). Castellon. 1996, p. II 3- I3:!.
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d iagram of the selected oxide system. Using these frits, the effect wa s stud ied of the
percentage and type of other oxides (B,O" alkali ne earth oxides and ZnO) on sintering
and crystalli sation . The composition s tha t developed too much crys ta lline phase we re
rejected, since in orde r to form sufficient liqu id phase to produce glossy glazes, crystal s
need ed to di ssolve, which occurred at much higher temperatures than the ones used in
standa rd industri al firing cycles for floor tile manufacture. The compositions sea ling at
temperatures that were too low were also discarded, as they could produce pinh oles in
the result ing glaze.

Ultimately two promising frits we re chosen from those prepared in the laboratory,
which we re based on the same oxide sys tem (CaO-SiO,-NlgO), but had di fferent
com pos itions. These were fused in a semi-ind us trial kiln in order to run the tes ts set out
in this study. One frit yielded a glossy and the other a semi-matt glaze hereinafter
design ated IB and 1M respectively. The latter contained a greater proportion of CaO-:\lgO
than the forme r.

3.2.2. SI NTERING CURVES OF THE SELECTED KAOLIN-FRIT BLENDS.
COMPARISON WITH THE CORRESPONDING CURVES OF SECTION 3.1.

3.2.2.1. GLAZE 1M

0.20

I-- IMI--EM
0.1 8 -

0.16 -

0.14 -

0.12 -
":!'
~
~ 0.10 -
:r.

0 08

0 .06

004

002

rr~.~
I ,

I I '
J "
I I '
Ii j
! I
! I

jJ
i I

,> I, ,,
./ '
~ j

e j ."s".,/
, {

1300120011001000900800

000 l--__~ ~ __.J

700

Temperature (OC)

Figure 2. Sintering CllrI.'CS of tile blends producing matt glaze 1M and referencegltl:e EM.

Fig. 2 plots the sintering curves of kaolin-frit ble nd 1M and referen ce blend EM
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(Fig. I ). O n co m pa ring both plots, the Ivl blend wa s observed sta rt sin te ring at higher
temperatu res (=81O°C) than the E:'vl blend (=790°C), w hich w as beneficial as it
encouraged the eliminatio n of gases released by th e bod y, w hich might ca use pinhol ing .
Th e sinte ring rate w as rela tivel y low be tween 850 and 1000°C, indicati ng that di opside
crysta ls we re fo rm ing and grow ing. Thi s wa s subsequently verified by DTA. Th e
sinte ring rate rose aft er 1050°C ow ing to the d rop in res id ua l liquid phase, which
facilita ted its access to the pores, and possibl y also partiall y to formed crys ta ls sta rt ing
to di ssolve.

Co m pa ring specimen shrinkage at 1120°C in Fig. 2, a temperature tha t cou ld
roug hly represent peak firing temperature in an industrial sche d u le, allows inferring that
in glaze l:'vt the viscosity of the glassy phase was lower than tha t of glaze EM ONI
shrinkage was 0.19; in EM th is was 0.13), so that the former shou ld in principl e be glossier
and less porous than the latte r.

3.2.2.2. GLAZE lB

The sinte ring cu rves of the blends that yielded glossy glaze IB developed in the
study and referen ce g laze EB have been plotted in Fig. 3. It can be observe d tha t up to
arou nd 925°C, both mixtures exhibited similar beh aviour. Beyon d this tempera ture, u p to
about 1025°C blen d IB sintered at a much slowe r rate tha n blend EB owing to the sta rt of
d iopside crys tallisa tion in th is region. Zircon crysta llisat ion, the crys talline phase
dev itri fying in fr it Ell. developed between 850 and 93(JOC as ind ica ted p revi ous ly (Section
3.1.2). Moreove r, EB ma ximu m shrinkage took p lace at lower tempera tures than that of
lB.
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3.3. SEM, EDX AND XRD STUDIES OF THE CRYSTALLINE PHASES PRESENT IN
REFERENC E GLAZES EM AND EB, AND IN GLAZES 1M AND IB PRODUCED
WITH THE SELECTED FRITS

A scanning electron microscope (SEM) fill ed wi th EDX was used to exa mine
glaze microstructu re and determine the presence of the major chemical e lemen ts
present in the po lished cross sections o f the g laze coatings ob taine d w ith the four
starting raw materi a ls blen ds (EM, EB, 1M and IB). The crys talline phases present were
identified by X-ray di ffraction in the fired test specimens using the same heat
treatment sched ule as the one employe d in ind ustry for manufacturi ng glazed floor
ti les. The test specimens were formed by castin g from aqueous sus pensions of the
above sta rting mixtures.

3.3.1. MATT GLAZES

i) Glaze EM.

Th e micro photographs of Figs . 4 and S correspond to the polishe d cross
sect io n of g laze EM. They show so me g lossy, needl e- like cr ys tal s, u p to l Ou rn long,
mad e of Si / Z n, as well as o the r needl e- like cryst al s, d a rk er than th e g las sy matri x,
u p to 61lm lo ng, made of Al /Si / Ca. Zirco n, q uartz and co rund u m pa rti cles ca n
a lso be obse rved, which were par t o f the s ta rting solids blen d and d id no t mel t in
firin g. Zirco n has a particle s ize of less than Slim . Q ua rt z mean par ticle s ize is IS
2011m, and qu a rtz particle ed ges a re part ly ro u nded, ind ica ti ng partial di ssol ution
in the melt during firi ng . It deserves pointing ou t that pores were found be si de
many qu artz par ticles, w hich may be due to pa rtia l d issolut ion of th ese pa rt icles
prod uc ing h ig h ly vi scou s g lass (rich in silica ), in wh ich bu bbles were tr ap ped .
Fina lly, al um ina pa rt icles sized 5- lO ll m ca n be o bse rved su rro u nded by a laye r
about (l.Sum thi ck, wh ich wa s ligh te r in col our than th e res t o f th e pa rticle. EDX
ana lysis o f th is regi on revea led that it consi s ted of AI / Zn .

f igllrt' -I. Cn):':, section (I!S'Il:t.· £M. Figure 5. Cn~:-, <ection (l!s'a:t' £/v1.

The crys ta lline pha ses iden tified by XRD in th is g laze were: wiIl emite

18). Ff UU, C. E~fll di(l cineticv de In dt'~ l 'if rifira( it'lII de I/il'l11!'O ido t'1I jri frT:' /'11.';'11.111:> l'I1 el si:,tcltlll 111' (lxidtl:' SiO!· ."1~O-Cllo. Ca s tell o n :
Univcrsltat Iau me L Chemical Enginee ring Departmen t 19% . Doctora l di sser tation .

19). O\l,\l~ , A.A.; 5 ·\ r.1>1.,v. S.M.; ~hHMOl U, 'vI.Y. Phaec rdllthl/l:' i ll til t' Diol ,s;.lt' ·AllOrllrih·-Aknml1l1ih' :'o l/:,t"", . Coram. lnt., 12 , 5 ) · 51;,
19% . .
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(2Zn0 .5iO,), anorthite (CaO.AI,O,.2SiO,), zircon (ZrSiO,), qu art z (SiO,) an d corun d u m
(AI,O J No crysta lline phase w as detected of com pos itio n Al / Zn, w h ich corresponded
to the layer su rro un d ing the corundum par ticles, proba bly becau se of their low
concentra tion in the tes ted samp le or because a sol id solu tion of Zn inside the alu m ina
w as involve d .

ii) Glaze 1M .

The appea rance of glaze 1M can be appreciated in Figs. 6 and 7. In this glaze,
crystal s of 1 to Slim can be observed, unifor mly d istributed in the glassy matri x. XRD
revealed th at d iopside cryst als (MgO·CaO ·2SiO,) we re involved. Fig. 6 shows crysta l
free areas of 10 to 30,llm, because the d iopside crysta llised at the su rfacc'< '" and, since th e
heat-trea tment cycle was fas t, cry stals di d not form inside the larger start ing frit
particles.

Figure 6. c,.o_~ ~ section (~fgla:e fAt

3.3.2. GLOSSY GLAZES

i ) Glaze fB.

Figure S. Gla:e fB crO."5 sect ion.

Figure 7. Cro:,:, section (~f SII1:c t,\,1.

Figure 9. Gtn:c f B eros." section.

Zircon was the sole crystall ine phase present in re feren ce glossy g laze EB.
SEM observat ion (Figs. 8 a n d 9) revealed ne ed le-li ke z ircon iu m si licate crysta ls
o f u p to 0.5 x 7 11 m , together wi th som e unmelted z ircon p articl es fro m the
s ta r ti n g frit. The se u n m elted pa rti cles h ad an irregular sh a pe, w e re o f th e sa m e
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co lo u r as th e needle-li ke crys ta ls, and w e re larger. Z ircon crys ta ls were fo u nd
di spe rsed in a glassy matrix tha t exhibited immi scibl e-liquid-ph ase se para tion
(Fig. 9 . In thi s g la ze, cry sta l-fr ee a reas can al so be observed , owing to z ircon
cr ys tallisa tion p re ferent ially o ccurring fro m the surface of th e o r igi n al fr it
p ar t ic les inwa rd s!'" ,

ii) Glaze lB.

The micrographs of Figs. 10 and 11 correspond to glossy glaze IB developed in the
st udy. Its appea rance was simila r to tha t of matt glaze 1M, the di fferen ce being th at in IB
a smaller p roportion of crystalline phase was observed, an d the d iopside crysta ls were
sm aller (D.5-11Im ) th an th ose observed in 1M.

Figure 10. Cross section ajglaze lB. Figure 11. Cross section of g/a:e lB.

3.4. PROPERTIES OF THE REFERENCE GLAZE COATINGS AND THOSE
OBTAINED FROM THE SELECTED FRITS

3.4.1. CHROMATIC COORDINATES, HUNTER WHITENESS INDEX, GLOSS

Table 1 de ta ils the optical characteristics determined at the glaze su rfaces of the
speci me ns fired in the pilot roller kiln . In the matt glazes, the w hiteness index and gloss
of glaze 1M were higher than those of glaze EM. The differen ce in gloss between these
glazes can be associated with the difference in size of the crystalline phases th at they
contain. Thus, comparing Figs. 5 and 7 reveals that the d iopside crys ta ls in glaze 1M (Fig.
7) were smaller than th ose of ano rth ite, w illemite, qu artz, coru ndu m and zircon in glaze
EM (Fig. 5).

With rega rd to the glossy glazes, the gloss values were found to be sim ilar (slightly
higher in glaze IB), ho wever the whiteness index of glaze EB was a little hi gher than th at
of lB. The whiteness index depends on chromatic coordinates L* and b", the higher the
va lue of L* and th e lower that of b", the higher is th e whiteness index. The va lue of L* in
glaze EB was only two points hi gher than that of glaze IB, but the d ifference in coord ina te
b* values (tha t of glaze EB wa s negative) produced a grea ter d ifference in the Hunter
w hiteness index value. The fact that chromatic coord inate b* was negative for thi s glaze,

1101. Mont xo, A. E::tlldio dt' III fvrmacil'm de fast's a ista[i ll 17s en l 'idriado~ blanco:, de circonic: Jilctores q lJ(.' iI ~fl llym -oorc 51/ mdice de
blancura . Castellon : L niversitat [aume 1, Chem ical Enginee ring Depa rtmen t 199-l-. Doctoral di sse rt ati o n.

P. Gl -76



CASTELL6r-: (SPA (:") ii QUALI 98

i. e. it had a slight blue componen t, was in all likelihood due to the glassy-phase
separation observed in Fig. 9"n

Glaze L* a* b* Hunter 60 Gloss
whiteness (6() O)

E~ l 87. 17 -0 .63 0 .95 81. 1 40 .7

1M 88.0 I ~ 1. 57 0.-14 83 .6 50 .8

EB 90 .5 1 ~ 1. 65 ..0 .35 89 . 1 86 .7

18 88 .62 ~l.73 0 .98 Xl.X 88. 1

Tub!e 1. ClInl// lI1ti( n'(JTli il ll1 tt'~ , ll ' lti fl' ll t':'o :'o I1l1d s:.lo:'o ~ for gll1:t':' 1/v1 1l111t lB de, 'd oped
in the :'t lldy il lli f n :ft'rl' l lL'l' gla:cs EM I1 l1d ES.

The di fferences in w h itene ss and glos s between glazes I ~vl and IB were d ue to the
struc tura l di fferen ces described in Section 3.3, since glaze 1M con taine d more d iops ide
crysta ls (grea te r wh iteness) of la rger size (less gloss) than glaze lB.

3.4.2. MOH5 HARDN ESS, RESI STANC E TO WEAR BY ABRAS ION, PEl

Table 2 detail s the values for Mohs scra tch hardness, res istance to wea r by abras ion
(determ ined by ma ss loss w ith a roughness metcr'"), and abras ion res istance accord ing to
standard ISO 10545-7 .

It can be observed that matt g laze (['vi obta ined from the selected frit exhibi ted
h ighe r Mohs hardness than refe rence matt g laze EM. It also exhibited grea ter resistance
to we ar by abras ion, since the resistan ce to wea r (Ro) of glaze IivI was more than tw ice th at
of gla ze Eivl. The sa me was the case with the number of revolu tion s needed before visib le
failure was found at the surface (standa rd 150 -10545-7), w hich signified an im portant
im provement in PEl.

As far as the glo ssy glazes we re concerned, Mohs hard ness!' and the values of RD
and PEl were of the sa me order (about 2000 and class 5, respectively).

Glaze Mohs Resistance to wear by Abra sion resistance
abrasion (Ro) i1S0-I0545 -7)

(rev.um/unr' ) Visible stace (rev.) C lass

EM 4 1000 60(XI 4

I ~ I 5 220() > 12(XX) 5

EB 3 1600 > 12(XX) 5

IB 3 lOOO > (2IX)() 5

Tub lc 2. 5cmtdt Ilard ll l',".";', rt'~i:,fl1lJl'I ' ttl lI 't 'lI r /l.l/llbm:'oitlJllllld t1bm.~illll r t':,i::. fa l/(l' (:(gll1:l':' /.\·1 tl l/d /8

dCi. 't'i l1pcd ill till ' ,..; f ll dy, l1I/d l~r n :.t t 'rC IICC glll :<':' fAt Ol/d FR.

[3). :"Jl l "-Fl , E.H .; '\ 1 ( -H(1I~ , vt .C. ,\ l i l1 t'm / rcicrcvcv "1111 11111 / . ;"' l '\\' York : Van Xostr.m d Reinhold , 194 1.
[."']. IB.-\\ EZ, J\.1.J,; E'...C..\I W J, P , A.; Lrvu.s, K de. ot .11. Vllrillllllll l ~" rOI I,\"III t'~ '- I//Id :-; /t'''' '' ill Sfll : l'd tilL' u-ith till' il1!t>lb i ty or tilt' trcar

ProdU'"l'd ill a ctaudord ,1/1m",i(ll/ tt'~ fo·. In : IV tvor ld Congres s no Ccromic Til l' Qualit y (Q L A LlC EI{). Cas tel lon. 1906, p . 727~
729.

[t I ). ApARler , J.; i'\ L\ I;L, ~ 1. V. ; ~h lR F ,( ), A. , ct .11. l. i ' .llIiil~I'//lb" -cparation ill ,1:.111:"'" .fi./" pororb _..; i lls!t'~firt'l i u-all lilt'. In : II Wo rh.l
Congress on Ceramic Tl k- Quality (Q UA Ll CEf{ l. Castellon. ]492. P: 2~."'-2h2 .
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3.4.3. SEALED AND APPARENT POROSITY

CASTELLO" (SPAIJ\:)

Irreversible stain retention in a glaze is di rectl y related to the number of ope n pores
at the glaze su rface. It w as th erefore vital to d etermine whether the stu d ied glazes, both
those used as models as we ll as those developed in the study, possessed surface pores. It
w as furth ermore essential to de termine the sealed porosity or bubble pe rcentage in the
glazes, since thi s was related to potent ial irreversibl e stain re tention capacity w ith wear
in se rvice.

With re ga rd to apparent su rface poro s ity, on running th e tes t d escribe d in
Section 2.2.4.3 on ly a very sligh t di fferen ce was detected (Al. *=0.25) between
co ord ina te L* of the su rf a ce p r ior to stain ing and of th e clea n su rface (after
staining ) in the ca se of glaze EM. In the o ther three g la zes, the va lues of t>L * were
negligible (flu ctu at ing between 0.04 for 1M and 0.01 for EB). It shou ld be pointed
ou t that a t t>L* = 0.25 , no stain ing is visually d etected. A s te reoscop ic m icroscope
needs to be used to find mi cropo res that h ave absorbed black ink fro m the fel t
tipped pen .

Table 3 reports the va lues obtained for sealed porosity, expressed as the percentage
of the glaze cross-section occupied by pores (bubbles ). In this case as well, g laze 1M
exh ibited better characteristics than reference glaze EM. In fact, the sealed porosity of
glaze EM (11.5%) was p ractically twice that of 1M (5.8%). This can be visually appreciated
on comparing Figs. 12 and 13.

Figure 11. Polished cros-s section of glaze Elvl. Figure 13. Polished cross sectioll l~f gla=t' IA'f.

.. .. . .

Figure 14. Polished cross -ccrion of gln:(' EB.
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As regards the glossy glazes, the sealed poro sity of glaze IB (3.7%) presented a
ve ry good va lue (see Fig . 15 ) for a floor tile g laze, since in ind ustr ia l p rod uction suc h
g lazes usuall y exh ibit sealed poros ities rang ing fro m 3.7 to 8.0%, except for the ones
obtai ne d only fro m a zirconium frit and kao lin (glaze EB), wh ich have an inner porosity
in the range 1.3 to 1.7% (Table 3), which is ve ry small, as the ph otog raph in Fig . 14
shows. (The fo u r p hotograp hs in Figs. 11 to 14 were taken using the sa me
magnifica tion .)

Sealed poros ity Resistance to chemical agents

Glaze (% sectional area UI';E-67-122-85 ISO 10545-13
occupied by pores)

He l KOH
E\ l I 1.5 B A GlB
1\1 5.X AA A GlA
EB 1.7 AA AA GlA
IB 3.7 AA A GlA

Table 3. Sealed F(lro:::;ity a/ld rc::. i :,t/lIICt' to chemical asclI t :, of sla:e" 1M
and IB dtTdoped hi flle ::.tl//(I/ and ni t'rt'llct' ,'l;la::t':' EM 11IId fB

3.4.4. RESISTANCE TO ACID AND ALKALI ATTACK

The resu lts obtaine d on applying the tests se t out in standards UNE 67-122-85 and
ISO 10545-13 have been listed in Tab le 3.

It ca n be observed tha t matt glaze IM ob taine d h om the fri t developed in the study
exhib ited greater res istance to acid attack and a better response to standa rd ISO 10545-13
th an glaze E:-' l which served as a model.

Glaz e IB exhi bited analogous resistance to HCI attack and identical behaviou r on
applying the ISO standard as reference glaze EB, and was slightly more sensitive to alka li
attack though the rating obtaine d (A) lay wi th in ad missible lim its .

4. CONCL USIONS

4.1. Two zirconium-free frit s w ith different compositions were obtained in a semi
industrial kiln, based on the oxide system ivIg0-SiO,-CaO, which on being
mixed with 8% kaol in by weight yielded a matt white (I:-'I) and glossy white
(IB) glaze for glazed floor tile manufacture.

4.2. Mo rphological ana lysis (SEM), w ith EOX and XRO showed that d iopsi de was
the devitrifying crysta lline phase res ponsible for the opacity and whiteness of
both res ulting glazes (IB and INI).

4.3. The wh iteness index, gloss, ap parent and sea led poros ity, Moh s hardness,
resistance to wear by abrasion and resis tance to chemical a ttack (acids and
alka lis) were better in matt g laze 1M d eveloped in th e study th an referen ce glaze
Elvl . w hic h was a matt zinc w hite glaze .
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4.4. Glossy glaze IB developed in the study was slightly gloss ier than the reference
glossy white gla ze (obtained from a zirconium frit), exhibited a slightly lower
wh iten ess index, ide ntical Mohs hardness and the sa me resistance to wea r bv
ab rasion . Glaze IB had a slig htly higher inner po rosity althoug h lower o r of th~
same order as mos t comme rcially available floor tile glazes, and a resistan ce to
che mical age nts compa rable to that of the reference g lossy gla ze used in the
study.
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