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1. ABSTRACT

At presen t 'lew aesthetic eff ects are being sought by polishillg the glaze su rface. The tiles tha t
are polished call have very thick glaze laye rs (of the order of 1 l1l111 thickn ess) produced by dry
appl ication ofgra nulars . or f iller layers (of the order of300 11 m ) appl ied by the wet method . III the
fi rst case, eurfaces ioith specular gloss are achiered. 0 11 removing half tile original th ickness. III the
second case. polishillg removes bcttceen 30 and 50 .U 11 1 of the glaze layer. prooidin g it with a satin
finish. Polishillg OPCllS some of the pores occluded i ll the glaze, conrert ing par t of the in itialli;
closed porosity in to appa rent porosi ty, capable of retaining dirt. Polished surface porosit lf is
determined, amollgst other fac tors. by glaze in ner porosi iu.

The presen t study address ed the effect. ill glazes applied by the wet me thod , of startillg glaze
composition and the thermal cycle used i ll firillg 0 11 the distribution of result illg glaze inner
porosity, and, hence 011 the apvurcn t porosi ty [ound ill the polished glaze surface.
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2. INTRODUCTION

CASTELLOi': (SPAIN )

When a g laze is applied by the wet method, a particle bed forms co ntaini ng pores
that need to be eliminated during firing. Most of the pores that remain in the glaze come
from the unfired particle p ackin g!", Initiall y, the pores are irregular and interconnected,
but their size and form va ries during the sin tering that devel ops in glassy materials by a
viscous flow mech anism r-".

Viscous flow sin te ring commences a t lower temperatures than m elting
temperatures, conc retely a t glass soften ing temperature and, in genera l, is favoured by
increasing temperature, provided crysta llisa tions do not occur'", As the temperatu re of
the system rises, glassy particles so ften and liquid phase sta rts forming. The ca pillary
force of the liqu id on the so lid particles makes them rearrange to for m a more efficien t
packing, letting the liquid fill (and eliminate) the pores be tween them. The ca pillary
pressure in the small pores is consi derably larger than in the big ones, so that the latter
w ill close later and remain stable during a cons iderable part of the sin te ring cycle.

With the rise in temper ature, the p roportion of liquid phase con tinues to g row w hile
its viscosity decreases, enabling densifi cati on to continue until reach in g a maximum, at
wh ich not all the pores have been eliminated. A further rise in heat treatm ent temperature
and / or time is detrimental, because it rai ses trapped gas pressure in the resid ua l pores,
increas in g pore size and leading to glaze bloating 131.

If the material is not exclusively glassy, but a lso contains rigid inclusions in side it,
sin tering can evo lve in a different way. Wh en inclusion volume is less than 10%,
dens ifica tion usu ally proceeds at the same rate as th at of the material free of in clusions. If
incl usion vo lume exceeds 20-30%, it reduces the sin tering rate, even halting when the
inclusions touch, to form a rigid ske le ton that keeps the piece from densifying fu rth er'v",
These m ate rial s cou ld correspond to ceramic glaz es that con ta in crysta lline raw mate rial s,
which d o not melt during firing, as is the case of zircon or pi gments.

If the materi al th at sin ters is a devitrifying frit , two p rocesses ca n d evelop on
exceed ing so fte n ing temperature: viscous flow sin tering, mentioned above, and
crysta lline phase formation, which usu ally occu rs at the p article surface, hindering
particle soften ing and deformati on. When crysta llisa tio n takes p lace before th e material
reaches maximum densification, sin tering can be arrested [, .8.91.

Ceram ic g lazes can belong to the three types of material s described p reviously and
the form in w hich sin tering develops can vary, yield ing materials with d ifferent porosity
and different pore sizes.

3. EXPERIMENTAL

Six glazes w ere prepared with different glassy and crysta lline raw m ateri a ls, in th e

P. (;1 - 31-1



CASTELLO;\; (SPAl") iH QUALI 2002

proportions d eta iled in Tabl e 1. A transparent frit (Fl ), a matt barium frit (F2) and a matt
barium an d zinc fri t (F3) w ere used as glassy raw materials.

FI F2 F3 Kaolin Quartz T Corundum Wollastonite Neoheline
El X5 -- -- IS -- I -- -- --

E2 I ]0 50 20 10 5 I 5 -- --
E3 I -- 20 ] ] 6 ]0 I 3 5 45
E4 -- 85 -- IS -- I -- -- --
E5 -- -- 85 15 -- I -- -- --

E6 31 -- -- 6 I ]0 I 3 5 45

Tallie 1. Comvoeitton (I ~)) of tile prepared gla:e:::. .

The glazes were w et milled in a laboratory ball m ill to a reject of 2 wt% on a 40 11m
mesh screen. A fraction of the resulting su spensions w as d ried and the powder was us ed
to make cy lind rica l test specimens by pressing, whose shrinkage curve w as determined
from the ev olu tion of specimen d imens ions w ith temperatu re u sing a n on-iso thermal heat
treatment cycle, at a heat ing ra te of 23°C ! min, in a hot stage mi cro scope. Th e sh rin kage
cu rve was also de termined of each fri t used .

To id enti fy the crys ta lline phases present in the glaz es , cy lindrica l tes t specim ens
were prep ar ed by cas ting the g laze suspensions , and fired a t a peak tem pera ture of
1180°C. The fired pieces were milled and analysed by X-ray di ffraction (XRD). Thi s test
w as also ru n on the test specimens formed w ith each of the frits making up the g lazes .

Th e g lazes were applied by th e wet method on green p orcelain tile bo d ies, w ith
d ifferent laye r th icknesses. Tw o types of bo dy were used , referenced A and B. Afte r
drying, the p ieces were fired in an electric labora tory kiln w ith a floor tile -type thermal
cycle (heati ng rate of 23°C ! mi n to peak temperature w ith a 6 min hold at thi s
temperature). Test tem peratures were 1160, 1180 and 1200°C.

Tes t specimens measuring 2.3x2.3 ern were cu t from th e resulting g lazed pieces and
the thickness of the glaze layer was measured. The test specimen glaze su rface was
polished in a labora tory polisher, elim inating different layer th icknesses. Polished
specimen porosity was determined in an op tical microscope connected to an image
analysis sys tem, using the clear field signal (d irect illumination, in wh ich the pores appea r
blac k). Po rosity w as exp ressed or quantified as the glaze surface occupied by pores, also
determi ning pore size di stributi on and mean pore di am ete r. Th e glaze su rface obser ved
by image analysis in ea ch measu rement was 9 mm.

To determine whethe r pore di stribution in the glaze layer was uniform and to relate
surface porosity of the poli shed glaze to porosity in the glaze cross sectio n, glaze cross
sectio ns were prepared, em bed ded in epoxy resin and polished, then d etermining g laze
layer po rosity as set ou t above. In thi s case, the measured su rface w as 22 mrn ', fo r glazes
w ith a 300 IIITI layer th ickness and 7 rnm- for the g lazes with a 100-130 11m thi ckness.
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4.RESULTS

CASTELL6 :-.: (SPAI:-J)

4.1. POROSITY OF THE PO LISHED GLAZE SURFACE. COMBIN ED EFFECT OF CERTAIN
OPERATING VARIABLES.

Figure 1 plots surface porosity versus layer thickness of glazes E1, E2 and E3 fired
at 11 60, 11 80 and 1200°C, after removing different layer th icknesses.

20 r---------------~

o.......~ .

O EJ -A

t;.E2-A

DE3-A

. £3-8

o 0,05 0,1

Thickness removed (mm)
0,15

Figure 1. Polished surf aceporosity rs removed layer thickness ofgla::.es £ 1,
£2 and £3. fir ed at three temperatures, all bodies A and B.

Firs t of all, porosity is ob served to be strongly dependent on the type of glaze.
Ind eed, at the sa me removed thickness, E2 is the most porous, foll owed by E3, while E1
is the least less porou s glaze.

It should be noted that glaze E2, w ith the smallest proportion of non- fri tted
components, is the most porous of the three , imp lying tha t the type of fri t highly affects
end glaze porosity.

The porosity of the polished surface is also observed to depend sign ificantly on
removed layer th ickness, especially for glazes E2 and E3. This effect is so p ronounced that
it masks the possible variation in porosity wi th firing temperature, in the tested
temperature range.

In a general way, glaze surface porosity increases wi th removed thickness, until
reaching a maximu m ap proxim ately correspond ing to the remova l of SO% of the original
glaz e thi ckn ess.

These results are cons isten t with the cross section micro graphs of these glazes
(Figures 2 to 4). Thus, for glazes E2 an d E3 wh ich contain large pores (40 to SOllm), glaze
layer th ickn ess decreases, pores start su rfacing , increasing their appa rent radius and
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occupied surface until maximi sing on removal of 50% o f the ori ginal glaze thickness, as
sche matica lly illus tra ted in Figure 5.
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Figure 2. Ctn:e £1 ll1SW:CJ. Figure 3. Glil:c £2 (l1 S0°Ci .

_ ~ _.. _.. _.-_.. _ _. . -_. . _ _. . -- _. -_. . a

-. . •••. •••••••... .. . ... .. . . . ... .. . •• . . . . . •.•. . . . . •. . . b

. . . .... . . .. . . . . ----- -- - -- ------- . -- ----- c

_.. . . . . .. . . . . .. ... . .. . .. . . . . . . . .. . .. ... . . . . . . . . . . . . . . d

Figllre .f. Gla:" EJ (l1S0 °C). Fis/tn,5. varia tion l~f -:::'lIrfacl' poro~ity icith l"t'IIIl1'i.'l'd

layer f lti(kllt':;;.~.

Glaze E3 was selected to attemp t to d etermine the possible infl uen ce of the bod y on
resulting glaze porosity. Figure 1 shows the porosity values for E3 at the th ree test
temperatu res an d for the tw o selected porcelain tile bod ies. Porosity of the polish ed
surface is observed not to depend on body type, Th e variation in porosi ty fou nd in
polished ind ustrial p ieces, made by app lying the same gla ze to different bodies, is
poss ibly due to the bo dy's in fluence on tile curvature, and hence on the thi ckness of the
layer removed in polishing.

Therefore, as the only way of contro lling the th ickn ess rem oved in the industria l
polishing operation would be to start with perfectly tlat pieces, wh ich ceramic tiles are
not, the rem oved th ickness will not be constant in the tile itself or across va rious tiles, but
w ill vary with tile curvatu re, causi ng variations in su rface porosity.

1'. Ll - 31;"
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4.2. RELATION BETWEEN POLISHED GLAZE SURFACE POROSITY AND PO ROSITY
MEASURED IN THE CROSS SECTION

The res ults ob tained show th at to ad dress the stu dy of the effec t of the composition
on resulting glaze porosity, it is necessary to accurately contro l the po lish ing opera tion.
This will only be possible if pl ots suc h as those shown in Figure 1 are fou nd for each glaze,
and th e porosity of differen t glazes is com pared by in terp olating the va lues of their
curves, for the same layer thickness removed during polishing. To try an d reduce the
len gth of the experime nta tion, it was attemp ted to determine if there was any relationsh ip
be tween the porosity of the polished glaze surface and the porosity of the w ho le glaze
layer, measu red cross sec tiona lly.

Tabl e 2 detai ls the porosity d ata of the glazes at 1180°C an d mean pore di am eter
(d ,o), found by measuring polish ed cross sections of these glazes. The po re size
d ist ributions are presented in Figure 6.

Glaze E (%) dso (11m)
El(l1 80 °C) 1.7 7.5
E2( I 180 °C) 14.6 24 .0
E3(l1 80 °C) 10.9 24.9

Table 2. Porosity of the glaz.t'5 fired at 11BO°C.
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-o-EJ lJ80°C
-tr-E2 1180°C
-o-E3 1180°C

1 10 100

Pore diameter (urn)
Figure 6. Porosity in cross sections of glazes £1 to £3 fired at l1S0°C.

O n comparing the surface porosity data of the poli shed glazes (Figure 1) with the
cross sec tiona lly measured porosity values of these sa me glazes in Table 2 (represented by
the dashe d lines in Figure 1), the res u lts are found to match. In fact, the va lue of surface
po ros ity corres po nding to half the th ickness of the glaze coinci des or is lightly larger than
the porosity measured in the cross section . The reason is th at the porosity in the cross
section represents the average for the who le glaze thickness, and next to the surface there
are fewer pores and they are smaller th an th ose inside th e glaze.
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The refore, to es timate maxim um attaina ble polished su rface porosity, it su ffices to
measure porosity in the glaze cro ss sec tio ns. These cross sect ions can be prepared fo r
exa m ina tion (polished) au to matica lly in a labora tory appa ra tus.

4.3 GLAZE SI0:TERING

4.3.1 Gta:e £ 1, £2 and E3 shri llkage curves

Mos t of the pores tha t rema in in a g laze come fro m the un fired packing!'! so that it
was cons idered co nvenien t to anal yse the e lim ina tion of porosity wi th temperatu re, by
comparing the sh rinkage curves of E1, E2 and E3 (Figure 7).

fJ.5
--0- /;"/

----fr- FJ
0.4 -D- /;"J

" 0,]"',
~

."
~ 0.1

(),!

700 HOI} 900 JlJlJI) Jl llIi I ]OIJ

Temperature (OC)

Figure 7. Silltcrillg ( lilT /':' glll:t'S £1 to £3.

Th e maximum shrinkage of El exceeds tha t o f E2 and E3. The three g lazes have
sim ila r pa rticle size di s tributions, so that unfi red porosit y shou ld be very simi lar. A higher
max imum shrinkag e value therefore implies that more pores have been elimina ted o r, in
ot her words, that resultin g g laze porosity is smalle r, as demonst ra ted in po int 4.1.

G laze E1 begins to shrink arou nd 840°C and stead ily con tinues to do so on rai sing
tem peratu re until en d ing at lOS(JO C. This sh rinkage curve is ty pica l of viscous flow
sintering, in materia ls of an exclus ive ly vitreous nature n.nr

In g laz e E2 sint eri ng sta rts a t 790'C and sto ps a t 890°C, after mi no r shrinkage (0.18).
Tes t specimen dimensions remain stable u p to 1050°C, when densificat ion is rei ni tiat ed .
This plateau in the sh rinkage curve is cha rac te rist ic of devitri fyi ng mate ria ls'r-": and is d ue
to the increase in sy s tem viscos ity owing to crys tal formation, w hich slows down o r even
s tops visco us flow sin te ring. In two com ponen t sys tem, w he re one is g lassy and the ot her
crysta lline, in wh ich the glass mel ts and the crys tals do not react duri ng firing, the
densifica tion rate has been shown to decrease w ith the p ro portion of crysta ls, ul timate ly
hal tin g w hen th is ap proaches 30';', in volu me 10 1.

1'. CI - :>1 4
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In glaze E3 sintering begins at 840°C and over a wide ran ge of temperatu res the
sh rinkage rate is very low. Th is cou ld be due to two causes: to a d evitrificati on process, or
to the high p roportion of crys talline raw materi als that it con tains [6].

To ve rify the assu mp tions mad e, X-ray diffraction tests were ca rried ou t on the
glazes p roduced at 1180°C. The crys talline ph ases identified in E2 and in E3 were barium
orthoclase. Peak inten sity was greater in E2, indicat ing a high er p roportion of crystalline
ph ases in th is glaze. OTA sho wed that E2 had an exotherma l pea k with a maxim um at
950°C, an d in E3 there was an exo the rmal peak with a maximum at 850°C, what confirms
that, in E2 and E3, crystallisation takes place before reaching maximum den sificati on.

4.3.2. Etiolution of glaze porosity w ith f irillg temperature

The evo lution of glaze porosity was monitored by differen t techniqu es, as a function
of firing tem peratu re. For temperatu res lower th an sealing temperat ure, a t whic h porosity
is mainly apparent, thi s was measured by mercu ry porosimctry, w hile at higher
temperatu res, the glazes were cross-sectiona lly sliced and their porosity was observed by
optica l and sca nning electro n microscopy (5EM).

To study porosity at low temperatures, test specime ns were mad e by pressing
fro m glazes El , E2 and E3 and fire d at cycle peak temperatures of 875, 950 an d 1050°C.
These firing temperatures were se lected because, in thi s range, bo th the absolu te
sh rinkage va lue of the three glazes and th e fo rm of the shrinkage curves a re ve ry
di fferent (Figu re 7).

The evolution of porosity and po re size distribu tion (1'50), measu red by mercu ry
porosim etry, are sho wn in Figures 8 to 10.
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Figure 8. Pore size distribution of £1 at
875 and 950 °C.

Figure 9. Pore size di::.tri{lutioll of £2
f irelt at 875, 950 IlI lIt W50°C.

p, GT~ 3::!O



CASTELL61\ (51'.'\11\) m: QUALI 2002

For g laz e El , a decrease in apparent porosity is ob served between 875 and 950°C.
The val ue of appa ren t po rosity is g iven by the as ymptotic val ue to w h ich ea ch cu rve
tends. A t 1050°C there was practica lly no apparent porosity left, so th at th e test could not
be ca rr ied o u t. These results are consi stent with the s in te ring cu rve of El (Figu re 7). It
sho ws th at fo r th ese gines, a lthough ra ising temperature decre ases pore vo lume, their
mean po re size (va lue of th e di ameter a t w hich the in trus io n vo lum e is ha lf the maximum
value) hardl y cha nges.

Th e [,SO cu rves of g laze E2 (Figu re 9) also m atch their sh rinkage cu rve (Figu re 7):
appa ren t porosity decreases between 875 and 950°C, and remains co nstan t be tween 950
and 1050°C. As temperature increases, th e cu rves m ove toward the righ t, w hich m eans
that pore size is increa sing, w ith the la rgest po res growing a t the exp ense of the sm alle r
ones [1.21,

Figure 10 shows th at, in the tested tem perature ra nge , the porosit y of glaze E3 is
very hi gh and remains practicall y constant. However, in th is temperature range, although
th e g laze sh rinks very littl e, pore size g rows sign ifican tly (the curves move toward the
righ t ), just as in the fin al sin tering st ages'"! ".

250

~ 2111I

"~ 151/
"s
~ 11/1/
.;:
"S --0- E2 875 'C
::: 50

--t:r- E2 950 ' C-
-D- E2 I0500C

0.11/ 0.1 I 10

Pore diameter (li lll)

Figures 11 and 12 co rrespond to cross sections of bod ies to which E2 and E3 had
been applied , fired at different peak te m pe ratures, to observe th e evolution of applied
layer porosity.

It can be noticed that the e lim ina tio n of porosity com m ences at th e glaze laye r
surface, beca use heat transm ission is fav ou red in this area [:II . In gl aze E2 the e lim ina tion
of open pores seem s to have been complet ed a t 1120°C, w hile in E3 thi s occu rs at 1160'C.
A t these temperatures, melt effective viscosity is su fficien tly lo w for pores to be sp he rica l.
The presence of cry sta ls in th e molten mass probably prevents pores from co n tin u ing to
be remove d fro m th ese tempera tures on wards. For this reason, glaze El is the least porous
of th e three tested glazes. Fig ures 11 and 12 a lso show that th e surface layer (o f
appro ximately 20rlm) practic a lly contains no pores, and that polish ed surface po ros ity
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will va ry with rem oved layer th ickn ess. Moreover, porosity of these glazes is confirme d
to hard ly a lte r in the 11 60-1180°C temperat u re range, which ag rees with the resu lts of
point 4.1, where no variation in pol ished surface porosity was observed with firin g
temperatu re.

F(,\Uft' 11. Cfd~~ ~('ctialls (~fglll :t' £2. tlbfai l /l',t at
dijfal'''! temperatures.

Figure 12. Cross St,ct itltJS l!f ,,\ld:C EJ , 1,11 tl1il1t'd Il t
d~fft'n'l1 t temperatures,

H . EFFECT OF THE GLAZE CO~IPOSlTIO:\' ON RESULTI:-':G GLAZE POROSITY

-lA.1 Effect of frit lIatllre

Glazes E4 and E5 were p repared to ana lyse the effect of frit nat u re on resul ting glaze
porosit y.

Table 3 d etails the po rosit y values and mean pore di am eter of the g lazes produced
by firing at 11 80°C. The glaze gloss va lues found are also included .

Glaze B ( %0) E ( %) dso (urn)
E I(I 180°C) 96 3.2 15.6
E4( 1180°C) 12 8.9 16.8
E5(l 180°C) 4 8.0 18.9

Table3. G/rI:t '=' prodIlCt-" at 11 8UcC. G/II:t' laycy thick/It':;> ::' : 3001l1Jl.

I', GI· 32.2
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The pore size d istribu tions are p lo tted in Fig u re 13. The porosity of the gl~zes

conta ini ng th e matt frit (E4 and E3) is much g reater than that o f g l ~ ze El , This is beca use
d ev itrifica tion h inders a nd even ha lts po re elim ination by viscous flo w, s ince it p rod uces
an abrupt increase in the sy stem 's effective v iscosity!'!", Raisin g tempera tu re to d ecrease
v iscosity is not approp rra te, because it leads to pore g ro wt h!'",

Figure 14 plots the gl~ze sinter ing curves and Fig ure 15 presen ts those
co rres pond ing to frits 1'1, F2 and 1'3, w itho u t ~ny add itives.

12011/ /110t nnoWHJROO7/)(J/ 00/0
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Fis"rc 13. Pore ~ i:t' di.;, tril'lltiolll ~fsll1:cs £ 1, E-II/lld £5,
at 1180'C.

Figure 1-1. Silltcrillg clm't's (:,fgla: c:, [1, £ 4 milt £5.
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Figure 15. Silltering ( WT . ' ';' (~(Fit:'o F1. F-l and F5.

It ca n be inferred from Figure 15 th at the mos t fluxing fri t is 1'3, foll o wed by 1'2 and
1'1. Frits 1'2 a nd 1'3 sinter before cry stallising, wh ile, surprising ly, frit 1'1 shows a n area
w he re s in te ring has s lo wed, w h ich corresponds to cristoba lite crysta llisa tio n, estab lished
by XRD. DTA tes ts showed th a t fri t 1'2 beg~n to cry s tal lise a t 880°C, and th e m aximu m
crystall isa tion ra te occur red at 905°e, while 1'3 bega n to crysta llise at 800°e, reach ing its
maximum cry sta llisa tio n rate a t 8400C.

P. Gl · 32.1
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On comparing frit F1 , F2 and F3 sintering cu rves with those of glazes El , E4 and E5,
produced with these frits, the add ition of 15 % kaolin is in every case observed to delay
sintering onset compared to that of the corres po nd ing frit. Thi s is because at the
temperatures at which the test specime n begins to sh rink, kaolin beh av es as a rigid
material. However, the crys tallisation process that takes place on the surface of each
individual frit particle does not chan ge. In fact, in glaze E4, shrinkage halt s at a va lue of
0.17 at 920"C and does not restart until exceed ing 1100"C. Glaze E5 is mu ch more flu xing
(beca use frit F3 is), and sta rts sintering ea rlier; the cons tant shrinkage segme nt ap pears a t
a lower temperature (850°C) and lasts longer (up to 1090"C).

By ana logy with what occurred with E2 and E3, pore grow th can be expected to ta ke
place in the constant sh rinkage segme nt of E4 and E5, leading at the end of the ind us tria l
firing cycle to glazes containing large size pores.

Figures 16 to 18 corres po nd to the pol ished cross sections of these glazes . In glaze E1
(1I80°C) so me dark are as are observe d, w hose EDS analysis indicates that they are b uilt
up of silicon and oxy gen, and the y shou ld correspond to cristobalite devitrificati on s. Th is
ph ase mu st be fou nd in a ve ry small proportion, since it has no t bee n detected by XRD in
the g laze, and so metimes crystallises during sintering of glasses wit h a high silica
content!"! In glaze E4 (Figure 17), the ba riu m orthoclase crysta ls are so numerou s that
they do not allow see ing the glassy ph ase in which they are immersed. Glaze E5 (Figu re
18) also conta ins a high qua ntity of this typ e of crys tals.
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4.4.2 Lffect of tire introduct ion of crus talline aggregates ill tire unfi red g la:e.

To analyse the in fluence of the crys ta lline components of the glaze composition on
resulti ng glnze porosity, glaze E6 wa s p repared, w hich had a sim ila r composition to E3,
however subst itu ting 20;';, 1'2 and 11 % 1'3 by 31% 1'1. Th is glaze compos ition yielded
coa tings whose porosit y was compared w ith that of glaze E1 and E3. The results, together
w ith the glaze gloss value s, are de ta iled in Table 4.

G laze B (%.) I; ( % ) d, o ( u m )

E I ( 1180a C) 96 3.2 15.6
E3( 1180 a C) 2 1 I 1.0 28 .4
E6 ( I 180 a C ) 90 6 .6 23 .9

Tall/c -1. Gla:c:, produced at 11 800C. Fired gJa:c(oat th ickll t'~~;< 300uIII.

Co m pa ring the porosity values of EI and E6 shows that on introd ucing crysta lline
compone n ts in a glaze cons isting of a frit tha t d oes no t dev itrify, o r does so to n very minor
extent, resul ting glaz e po rosity increa ses considerab ly. This is be cause. as indicated
p reviou sly, the presence of heterogeneities in the melt hinders sin ter ing'". In fact. the
existence of region s in w hich sintering ad van ces next to o the rs in w h ich it does not, lead s
to d ifferenti al shrinkage inside the same test specimen; the areas that sh rink most "p u ll"
the others, causing pore size to increase in the la tter.

On the othe r hand, a t the same qu an tity and type of crys talline components in the
glaze (g laxes E3 and E6), porosity is cons iderably la rger w hen the glas sy raw materials in
the glaze are d evitrifying frits. The se resul ts are consistent with those found in the
previous sec tion .

Figu re 19 plots the sintering cu rves of the correspond ing glazes. It can be obse rved
tha t in E6 sintering com mences at lower tem pe ra tures tha n in E3, and that glaze E3
maximu m sh rinkage is smaller, w hich is cons istent w ith the grente r porosity in the
resulting g laze .
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On comparing these curves with each other and observing the sintering curves of
the frit s (Figure 15), it can be noted that glaze E6, despite the high quanti ty of crysta lline
raw materi als that it contains, begins to sinter before El. This cou ld be due to the presen ce
of nephel ine, which at the contact points with the frit pa rticl es produces eu tec tic reactions
that raise frit meltability. However, the high proportion of rigid material (no n-fritted)
arres ts shrinkage, which does not restart until reaching 970CC.

E3 behavi our is similar to that of E6, bu t s tarts sintering la ter, despite contai ni ng frits
F2 and F3 which are more fluxing than El. This indicates that crys ta llisa tion in E3 takes
place before it s tarts shrinking, and the cons tant shrinkage segment represents the
in flue nce of the inclusions (w hich have delayed sintering sta rt) as well as crys ta llisa tion
(wh ich has impeded its progress).

The ap pea rance of glaze E3 and E6 is shown in Figures 20 and 21. Compa ring E6
(Figure 20) with El (Figure 16) sho ws th at the former has more glassy phase, indicating
tha t most of the crys talline compone n ts in the glaze have dissolv ed during firing . The fact
that more crystals are found in the El microstructure and th at their porosity is
considerably smaller than that of glaze E6 is because cristobalite d evitrificati on in EI has
taken place aft er sintering, when porosity was already eliminated .

Figure 20 shows the high quantity of crystals found in glaze E3. In fact, the glassy
raw materials in th is glaze were frit s F2 and F3, wh ich are mat t. Duri ng firing these fri ts
have crystallised, increasing me lt viscosity and imped ing disso lu tio n of the crys ta lline
raw materials in the glaze. This mi xtu re is the one that has sintered last, and in whi ch
resu lting glaze porosity is highest.

5. CONCLUSIONS

In glaze coating s produced by application of glaze sus pe nsions, it has been found
that the porosity values obtained on mea suring polished cross sec tions of these g lazes are
of the o rder of those fou nd on measuring the polished surface. This last procedure is much
more laborious in labora to ry-scale tests, so tha t the former me thod can be used for
poros ity stud ies.

Pore d istri bution in the glaze layer is no t homogen eou s. Glaze su rface porosi ty in a
po lished piece will therefore depend on the th ickness of the glaz e layer removed d uring

I'.GI- J:!n
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polishing. Moreover, as the pieces are no t flat, removed layer thi ckness is usually not the
same one across the w hole piece.

It has been shown that in the tested ran ge, the type of bod y and therma l cycle do not
affect gla ze porosi ty. The infl uence of these va riables, usually observed in indust rial tests ,
is due to the modification of tile curvature and, hence, of the thickness of the layer
removed in polishing.

Gla ze porosity depends on the sta rting gla ze composition. The lowest porosity is
produced w hen the raw ma terials are glassy and crystallisa tio ns do not occur during the
firing. Th e inclusion of crystalline raw materials in thi s type of glaze increases resulting
gla ze porosity.

In a glaze wi th a high qua nt ity of crysta lline raw materials, resu lting glaze poros ity
is higher if the glassy raw materials are frits that devitrifv. During firing, crystallisa tion
rais es the viscosi ty of the system and impedes sintering of the glaze layer. On the o ther
han d, if no n-devitrifving fr its are involved, a melt is produced in w hich crystalli ne raw
mate rials d isso lve , elim ina ting pores.

The devi trification of frits F2 and F3 at relat ively low temperatures, at wh ich glaze
layer porosity has not be en elim inated , p revents the ad vance of den sificat ion , and halts
pore elimina tion. The increased viscos ity stem m ing from crystallisa tion red uces viscous
fl ow sinter ing. Some au tho rs [4'] use alkaline attack after milling to produce a silica ge l
layer that hinders surfa ce crysta llisa tion and facili tates pore elimina tion befo re this takes
place. As a result, the glazes mad e wi th devit rifying frit s will tend to be more porous than
those in w hich crystals do no t form, and in this first group, end porosity wi ll be g reater as
melt apparent viscosity rises when crysta llisation occurs.

\Vhen the sintering curves stop, sh rinkage does not ad va nce, bu t the pores cont inue
to grow. When sin tering starts aga in, the ab ru pt drop in glassy phase viscosity makes the
pores close very quickly, preferentiall y doing so first in the upper part of the glaze surface.
This is be cause surface temperatu re is h igher and it is easier for air to escape and not
remain trapped . The pores that remain are large and their size increases further as
temperature rises .

1'. (; 1 - :'27
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