
CASTELLO=' (SPAI:") QllAU(.QJv 94

STUDY OF OPACIFICATION IN ZIRCONIUM
CERAMIC GLAZES USED IN SINGLE-FIRED

\\\.LL TILE MANUFACTURE

J . '(' , i\1 ('" E di ,••, , [ . '00' S 'I (0')• . Apa rici ~ A. 1 arena : A. ~ sca r mo : . . ~ . Arno ro s : ". ~" esr re

'0' Esmalglass, S.A.
(' 0 ' In st itut o de ~cnolog ia Cera rn ica.

A soc iac io n de l nvestigaci o n de las Industria s Cera rnicas

Univers ita t Jaume I. Caste llo n. Spain .

A BSTRACT

A study was undertaken of the causes o f opac ification in g lossy white zirconium glazes. used
in coating s ing le-fired wall tiles. and the effect on opacity o f the firing cycle the se glazes undergo .

The study was perform ed using a zirco nium frit that was subjected to differing heal treatment s.
The end opacity was then determined of the resulting g lazes (measured as \\ hiteness index). as well
as the nature and pro po nion of the crystalline species they co nta ined.

A direct proportionality was 5ho\ \ 11 to exist between the crystalli zed zircon fraction (sole
crys tall ine phase detected by XRD) in the g lass. and its whit eness index. The maximu m amo unt o f
crys ta llized zi rcon in the g laze wa s a lso found 10 lie quite c lose to the max imum atta inable if a ll the
zirconium in the starting frit were to crystallize as zircon.

I. I ;\"TROnUCTION

Some 40 0/0 of the glazed ceramic wall tiles currently being manufactured has glossy opaque.
whi te glaze coatings. The frits used to obtain these glazes vary in composition. depending upon the
techn ique ut ilized in fabr icating the wall tiles (trad it iona l doub le firing. fast double firing. or sing le
firing) . Their Z<0, content usua lly ranges from 7 to 12% (in wei ghtj] I ).

Th e o pacity o f these glazes. which is related to the ir whi teness index. stems from the
devi trification of zi rconium crystall ine phases (zi rcon and zirconia). which on having different
refract ive indices from the glassy phase containing them. give rise to reflections and refractions of
incide nt light. wh ich lower transparency. Th e opac ity o f g lazes co nta ining crysta ll ine phases has been
sho wn to relate to the number and s ize of the crystals presen t.
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No stud ies have been found in the literature on the opacificat ion of zirconium glazes used in
single-fired wall tile manufacture. whose composition differs from those co mmonly utilized in doubl e
fir ing. on wh ich several studies have been pub lished [2-6]. It was therefore con sidered of interest
to invest igate the behav iour during firing. of the zircon ium frits used in s ing le firing. g iven the
importance thi s technique has acquired of late in our country

2. OB.JECTIVE AND SCOPE

An intent has been made in this study to determ ine the causes of opacity in gloss)' opaq ue. white
zirconi um g lazes coati ng single-fired porou s wall tile .

The study has also addressed the influence of the firing cycle to which the startin g frits are
subjected. on the opacity of the resulting glazes.

A series of ex periments was programmed for thi s purpose. in which a zirconium frit was
subjected to varying heat treatments. subsequent ly determining the wh iteness index as a measure of
opacity of the resulting glazes. as well as the nature and amount of the crystalline species they
co ntained,

3. MATERIALS AND EXPERIMENTAL TECHNIQUE

3.1. M,XfERIALS

The study was performed using a fr it fabricated by ESi\IALG LASS. S.A. lilble I lists its main
physico-chemical characteristics:

o b/e I. Phys ico-chem ical characteristics of the fril used.

Zirconium oxide content
(weig ht percent)
Silic on oxide content
(weight perce nt)
Othe r oxides

Crysta lline phases detected by
X-ray diffraction
Crysta lline phases detected by
SEt\1 and anal yzed by EDX

11 .5

57.9
30 .6

No ne

Zircon (*)

o Some unmelted part icles smaller than 20 I'm.

3.2. SAM P L E PRE PARATIO N

The experiments aimed at determining glaze opacity were performed with glazed test pieces.

The glaze was prepared by add ing 5% kaoli n. 0.2% sodium tripolyphosphate and 0.2%
carboxymethy l ce llu lose (in wt ) to the selected frit. The glaze suspension was applied by spray
gunning onto a red-firing bod)' of the kind usually employed in single-fired ceramic wall ti le
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manu factu re. which had been pre-fired at 11OO°C. a higher tem perature than those used subsequent ly
to fire the glaze app lied to the piece . in order to obtain the final g laze coati ng.

By operat ing in this manner. the possibility of co lour differences ari sing in the fired bod): which
might have biased the glaze whiteness index measurements. was thus avoided. since the maximum
firing temperature of the heating cyc le used could have influenced the co lour of the fired body

The glazed lest pieces were fired in an electric laboratory ki ln. with heating cycles resem bling
those in Figure I, at maximu m firing temperatures of 900°C. 950 °C. lOOO°C. 1050°C and II OO°c.

Sl ow coohng
Fast cooling

1000

800

600

400

200

Figure I. Firi'llZ cycles used.

10 20 30
I ( Min)

The ex peri ments perform ed to quant itatively determi ne the fracti on of the crysta lline spec ies
present in the g lazes. were carr ied out with cylindrical frit test pieces, formed by cast ing. from s lips
prepa red by wet grindi ng the selected tri t. On placing these test pieces on a fired ceramic bod): they
were subj ected to a heat-treatment cyc le like the one with the fast cooli ng step in Figure 1, in an
electric laborato ry kiln .

3.3. DETERMINATIONS PERFO RM ED

3.3 .1. Examina tion by scanning electron microscop y

The microstructure of the glazes obtained were examined with a scanning electron microscope
(SEM) . The test pieces were prepared by emb edding cross sect ions of the g lazed pieces in an epoxy
resm .

3.3.2. W hite ness index

Opac ity o f the g lazes was assimi lated to their greater or lesser degree o f whiteness. Whiteness
and yellowness ind ices we re measured with a Dr Lange LMF-3 trico lour co lori meter. The sample
10 be measured was illumi nated by a C standardized light source. corresponding to average dayli ght.
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Lighting took place at a 45 ° angle. reflected light being detected by three photoreceptors (w ith red.
green and blue filters). Glaze whiteness was measured from the reflected ligh t reaching the
photorecept or wit h the blue fiIter

'f] narrow the margin of experimental error, the whiteness index of four samples was determ ined
in each experiment . averag ing the values obtained. G laze th ickness was measured in each sample
before assessing thi s property: since it is affected by this thickness. The samples whose glaze
th ickness deviated co ns iderably from the average value were rej ected .

3.3.3. X-ray d iffra ct ion

The quanti ta tive determination of the crysta lline phases in the samples tested . was perfo rmed by
X-ray di ffraction, using the procedu re invo lving success ive additions with an internal standard [7J.
Co rundum was chosen as the internal standard.

4. R ES UlTS AND DISC USSION

4.1. INF L UElIiC E OF TH E FIRING C IC LE O N G LAZE OB\C ITY

litb le 2 details the average values of the whiteness and yell owness indices of the glazes obtained
in the two kinds of heat-treatm ent cycle desc ribed in Figure I. Figure 2 shows a plot o f the variation
o f the whiteness and ye llowness ind ices of the g lazes in funct ion of the maximum tem perature of
the firing cycl e they were subjected to. in the two kind s of heat-treatment cycle tested .

Tlhle 1. Whiteness (R) and ye llowness O J index values for 'he maximum temperatures and kind of cooling tested.

"mperature l} pe of R, (%) Y, (%)
(0C) cool ing (0 ) (00)

900 slow 3 1.5 16.6
950 s low 60 .1 -0 .5
1000 slow 70.7 - 1.7
1050 slow 66 .9 -3.8
1100 slow 68.7 -3.0
900 fast 30 .1 16.8
950 fast 60.4 1.0
1000 fast 70.3 -3.4
1050 fast 69.9 - 1.9
1100 fast 68.8 -2 .0

(0) Reflectance to the blue filter (450 nm) .
(00) 'ellowness index.

This figure shows that for both kind s of heat-treatment cyc le. the evo lution of the wh iteness and
ye llow ness indices follow oppos ite paths. so tha t at the temperatures at whi ch the glaze reaches its
maximum wh iteness index va lues, lie the lowest yell own ess index values and vice versa .

The fact that no apprec iable d ifferences are observed among the va lues of the se ind ices in the
g lazes obta ined with the two kinds of heat-treatment cycle tested. wou ld seem to ind icate that the
phenomenon giving rise to whiteness in the glaze almost wholl y deve lops in the heati ng step of the
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firing cycle, Since this coinc ides III both heat-treatmen t cycles. where as that of the cooling step
di ffers.

90 20

~ • Slow cooling

0 Fast cooling, I.eo • Siowcoolmg

0 Fast cooli ng

12
70 0

•z 8 z
p O ~-c ss
• , :• 00 ee •" SO E
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8SO 900 9SO 1000 1050 1100 1150

r eel
Average layer lh ickoess '" 197 :l: 13 l'-m

Figu re 1. Yiriation of the whiteness and yellowness Indexes with max imun ./iring tvntpvraturc. In the .lir/ II.'? cycles
used

·U. ""RATION IN CRYSlA LLIi'iE-PHAS E CONT ENT WIT" FIIUi'iG CYC LE
:\IAXIM UM TE MPERATURE

The only crystalline phase detected by X-ray diffraction in the c lazes obtained was zircoruum
s ilicate. Should other d ifferent crys talline phases also be present. thei r amounts must lie below the
boundary va lue the instrument can detect.

'lable 3 details the zirconium silicate mass fraction in the cy lindrical test pieces form ed from the
frit by s lip-casting, after firing them at di fferent maximum temperatures . The fi ring schedule used
in th is case invo lved fast cooling since, as indicated above , crysta l fonnation took place du ring the
maximum temperature and heating steps.

TI Me J. lir /all on of the crys tallize d zirco n mass fraction in the glaze with rna"omum tempe rature of the fi ring cycle
II-H.'d

T (ec ) Xc xjx~ , m. ~

900 0.081 47.6
950 0. 134 78.7
1000 0. 162 94.4
1050 0. 159 93.4
1100 0. 153 89.8

- 39 -



_ QUAlJC!2Ju 94

The same tab le includes the values of the ratio between zircon crysta l con tent in the glaze (x.)
and the conten t there wou ld be if all the zirconium in the stan ing frit composi tion were to tum into
zircon crysta ls (x,.<on = O. I7).

The values of the crystallized zirconium silicate fraction in the glaze have been plotted versus the
maximum temperature of the firing cycle used to obtain it in Figure 3. The crystallized zircon
fract ion (x,) increases with glaze maximum firing temperature. peakin g at 1000 "C. At s lightly higher
tem peratures ( 1050 - 1100 °C). x, decreases slight l); perhaps due to some of the zircon dissolving
in the glassy phase . The comparison between the values of x, obtained and those that would be
obta ined if all the zirconium in the starting frit had crystall ized as zircon. suggests that when the
maximum temperature of the fi ring cycle coincides with the most suitable glaze maturing
temperature (1000 - 1100 °C). the proponion of this phase which crystallizes will lie very close to
the max imum possible amount.

·U. M IC RO ESTRUT URE OF THE GLAZ ES O BTh INED

It was observed by means of the EDX technique that the crystals present in the glazes consisted
o f silicon and zirconium. which confirmed the XRD findings . that is. that they mainly cons isted of
zircon. This does not exclude the possibility of there being a small zirconium oxide fract ion.
undetectab le by XRD owing to the amount invo lved.

The photograph in Figure 4 shows that qualitative ly the zircon crysta l fraction in the glaze. at the
lowe st temperature tested (900°C). is very small. Between 900 and 1000°C (Figs. 5 and 6). the
crysta l fraction increases as temperature rises. with a slight growt h in crystal size. On exceed ing
1050 °C (Figures 7 and 8). the re is a slight increase in crysta l size and a slight drop in the number
of crystals per unit surface area of the photographed glaze. These findings match those obta ined by
XR D. set out above ( li ble 4 and Figure 3).

-IA. RELAfIO NSIUI' BET W E EN T HE WIIIT ENESS IND EX OF G LAZE AN D IT S
Z IRCON C RYSThL PER C ENTAG E

The var iation in glaze opacity (expressed as the whit eness index) and its crystallized zircon mass
fraction have been plotted versus maximum temperature of the firing cyc le in Figure 9. Both
propcnies are observed to vary in parallel fashion with maximum temperat ure. showing they are
closely related .

In order to determ ine the nature of this relat ionship. thc average wh itene ss index va lues o f thc
glazes obtained. at the different maximum temperatures tested . were plotted versus those
co rresponding to the crystallized zirconiu m silicate fractions found in Figure 10. The points obtained
satisfactorily fit a straight line.

It may therefore be stated that for the zircon crysta l sizes obtained in the experiments descr ibed
in this pape r « IO um), the whit eness index of the resulting glaze is direct ly proponional to thc
crystallized zircon mass fraction it contains.
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Figure 3. Injluell(,(! oftiring cvvle maxinnnn tvntperature upon Ihl' crvstaltized zircon fracnon In the fl',l'1//ting g /t/::e
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Figure 5. Photograph 0/ thv ntl("rflSVlld . n.' t : le~/. ,=. , Jm'd at il max imum temperature oj 950 0
( '.

Figure 6. Photograph of the microstructure oj the glaze fi red at a maximum temperature of !O{JO°C.
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Figure 9. Hrialion oj the whiteness index of the glaze and its crys tallized zircon fraction with ma ximum firing tempe­
ratliff!
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The follow ing inferences may be drawn from the results obtai ned in thi s study:

The so le crystalline phase detected by XRD in the glazes obtai ned is zircon .

Zi rco n crysta llizat ion virtually tak es place wholl y duri ng the hea ting step o f the firi ng cyc le.

The optimum interval of maximum firing temperatures for zircon crystal lization. in the glaze
prep ared from the studied frit, lies between 1000 and II00 °c.

The interval of maximum tir ing temperatures at w hich the opac ity o f the g laze prepared from
the studied frit optimizes. coincides \\ ith the interval at \\ hich zirconium sil icate crystal li zation

maximizes.

There is a direct proportional ity between the crys ta llized zirco n fract ion in the st ud ied g laze
and its whiteness index. whi ch substantiates the c lose relati on ship between both .

T he maximum crystallized zirconium silicate percentage in the glaze lies very close to the
attainable maximum if all the zirc oni um in the start ing frit were to crystallize as zircon.
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