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ABSTRACT

The response to heat treatment was studied of blends ofjrf t and kaolin of similar composftfoll
and particle-size distribution to those typically used ill producing single-fire ceramic wall tile
glazes, to determine wlty reducing the kaolin COli tell t of thesemixtures beloio 6% by weigltt, tended
to prodlice certain defects il l the resulting fired glazes.

Dilatometry rcrcaled thai considerable difference» existed ill dimensionat rariation amollgst
tile test specimens made f rom a standani wall tile composition and those formed from different
blends of jr it and kaolin ill tile 500-BOOoe temperature rOi/se, tohich might be the calise of the
orisillS defects

a ll raising the kaolin proportion, the cohesire force rose betlPew the part icles of tilt'
[ri t-kaolin mixture making lip the gla:c layer, thus increasing its consisrcnci; ill [iring .
This rise ill cohesion appears to be due to a rise ill the compactness of tile layer ill the
temperature domain below 350°C. III the 350-BOO oe temperature rallge, the cltallses
arising with kaolin dehydroxy latioll i ll the glaze layer also considcrablv affected this
enhanced cohesion .

1. INTRODUCTI O N

A key objective in glazed tile manufacture is obtaining glaze coatings with
continuously improved technical characteristics (resista nce to abras ion, stain res istance,
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resistance to chemical attack, etc.), as well as enhanced aesthetic characteristics
(whiteness, gloss, textu re, etc.)"LI' ).

In glossy, opaque wall tile glazes, whiteness is a key aesthetic property. The
mixtures used as raw mater ials for producing such glazes ty pica lly consist of a frit in a
90-95 wt% plus kao lin. To date, attempts to optimise the whiteness of the resu lting glaze
have involved acting upon the composition of the frit, so that heat treatment will produce
devitrification of crys ta lline phases with suitable refractive indices and appropriate
crystal sizes!" 141.

Kaolin is mainly added for its stabilising effect on the aqueous suspension of frit
particles (slip) that is applied to the body to obtain the consolidated glaze layer that gives
rise to the final glaze coating'? on firing. Owing to its su itable particle-size distribution,
kao lin also enhances the cohesion amongst the frit particles in the consolidated glaze
layer and streng thens the layer 's bond with the underlying engobe coating. Both facto rs
a re of great importance when screen-printing ru ns are to be made onto the glaze layer,
whe ther by the traditional method (printing screens) or by rollers and rotogravure.
However, as kaol in contains traces of chromophore oxides (Fe,O, y TiO,) and also dilutes
the frit concentration, having kaolin in the mixture making up the conso lidated layer of
unfired glaze sligh tly decreases the degree of whiteness that the glaze might achieve if the
frit were just used by itse lf.

It wa s attempted in laboratory and pilot scale tests to lower the kao lin proportion in
the frit-kaolin blends with a view to raisi ng the whiteness index of the resu lting
heterogeneous fired glaze. It had been observed that when the kaol in proport ion was
lowered below a given limit, usu ally aro und 6% (depend ing on the cha racteristics of the
kaolin used ), the texture of the resulting fired wall tile glaze deteri orated, and defects
such as sma ll cracks, depressions, etc. appeared. The findings of these stu d ies remain as
ye t unpublished . A literature su rvey found no studies on the effect of the red uction or
complete elimination of kao lin in such glaze blends on the degree of whiteness or
characteristics of the resulting glaze or on possible defect formation.

It wa s therefore decided to examine how the kaolin content in the consolidated
glaze layer affected glaze behaviour in firing and the characteristics of the resu lting fired
glaze coating. This was to attempt to reduce the kaoli n proportion in frit-kaolin blends
and sligh tly raise the degree of whiteness of the resulting heterogeneou s, single-fire, wall
tile glazes.

2. EXPERIMENTAL

2.1. MATERIALS

A standard industrial zirconium frit used to produce glossy, wh ite, glazes for single
fire wall tiles was employed in the study. Kaolins 0 'Arvor (Kaoline r l C) supplied the

11). A 1>. IO RQs, J.L.Gla:t"io fo r ceramic u-all and floor tiles: eootution and perwectivee. T ile Bric k Int. 9 (5), 273-278, 1993.
[2). So u, E.; J ARQ L I:::, J.C ; SA" CHEZ, E., £Ot .11. Optimi=.ing gla::e trullsparm cy by design. Am . Ce ram. Soc. Bull., 75(10), 71·75, 1996.
[3 ). ESCARDI'\lO, A. Cry~talli "l' glazes. In : IV Worl d Congress on Ce ram ic Tile (Q UAU CER). Castellon. 1996, p . 87-110.
[.!). CABA LLER, V.; 1\.·I ARc o , J.; N EGRE, F., et .11. .\l lt-jam de fa blancum de fill oidriado median te fa aplicncit;1I de Uti dieeiio facforial de

experimento«, Cerdm. Informacion. 196, 2-10, 199-1..
[5 ). RODRIGO, J.L.; V IVES, ~t; M ORE!\ O, A. , cot .11. Camportamienta del eTIsobe durante la operacion de eenaltaao. Tecnica Ceramica. 21)4,

404-116 (1992) .
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kaolin employed in the study, a widely used type in the preparation of frit-kaolin blends
for producing ceramic glazes.

2.2. EXPERIMENTAL PROCED URE

2.2.1. G LAZE SUS PENSION PREPARATION

Aqueou s glaze suspensions were prepared from blends of frit and kaolin of
different co mposition. The tes ted kaolin proportions in wt% (ca lcu lated on a dry base)
were: 0, 2, 4, 6, 8, 10, 16 and 20% (hereina fte r referenced compositions CO, C2, C4, C6, C8,
CIO, C16 and C20 respectively). The mi xtures of frit particles and kaolin together with
0.3% CMC (rela tive to the drv solid) and the d istilled water needed to obtain a
sus pens ion with a so lid s conten't of 70% by weight, were milled in fast labora to ry mill s
usin g alum ina ball grinding media, until a reject of aro und 1% was obtained on a 40 urn
mesh screen.

2.2.2. PREPARATION OF THE UNFIRED, GLAZED TEST SPECIMENS

The prepared glaze sus pensions were applie d by an automatic, va riable-speed
appl icato r'? to hot, green bod ies, formed from a pressing powder of a standard porou s
wa ll tile body composition. The app lied glaze layer was approximately 004 m m th ick. The
resu lting glazed specimens were then d ried in an electric oven at n Oec.

2.2.3. CHARACTERISATI ON OF THE CONSOLIDATED GLAZE LAYER

i) MeasuremCll t ofglaze layer cohesion ami bonding.

To d et ermine the cohesion of the consolidated glaze layer obtai ne d from
compositions CO to C20, and their bo nding to the body, a method developed at the
ln stituto de Tecnologfa Ceramica!" was used . This procedure, desc rib ed else where!",
is based on th e use o f a blade, fitt ed to a ro d that is connected to the loading cell of an
INSTRO i\: un iversal testing machine. The cell continuously measures the force
needed to ma ke th e blade cut in to the layer. The test ends when the laye r peel s o r
fractu res, and the maximum force registe red by the load ing cell up to th at point is
record ed .

ii ) Dry hulk dellsity measurement,

Dry bul k density of the consolidated layer was measured with a porosimeter
(Microrneritics Porosizer 9310). The measurement was run on a test specimen consisting
o f a previously fired body to which th e frit -kaolin blen d was ap p lied , whose
characteri stics are set out in Section 2.2.1. Th is wa s subsequently dried and the resulting
dry consolidated layer was separated from the body. A fired body was used to ens u re that
no parts of the body would come away on separating the layer.

iii) Dilatometer tests.

The d ilat ometric tests were car r ied out on speCImens formed by cast ing,

161. A so c l ,\C 1l." OF 1, \' FST1GAClO -"; I1F [AS I :-"OL <,T RIAS C ERA\llc ;\ s (A leE). Di~I't'~ i ti ,'o ra ra la apucacion de ::: 1I~p('lI:::iol1t'~ :::obre soportcs
cemmicoe. F.~ ECH E , M. Mo xzo, S. GJ\IEt-.I::Z. Spain . L tilit y Model. 1036515 U, 1997.

lzl. A Sl'lCL·\CI(') t\ DI: I :-':VESTIGACf6 '\i DE LAS I t\"ot5 rR IAS C ERA-MICAS (AleE) Sistema de eraluacien del comportamien to snecdnico de
rl'w br im h' lI f llS il1,!iOldl1S sl,Jbre -opor te. A. \-10 RF'\;O, S. Gl\ l ~.'l FZ, C. FH.J L: , V. BELlR.-\ 1\,. Sp ain Pa ten t. 1'9400338, 1 ~94 .

[8). BOIn , J.; FE\:OU.OS,\, ] .L. St!ldy of the bcm dillg of lmfi ml gla:t's . In: III World Congress on Ceramic Tile Qua lity (Q UAUCE R).
C <1st l'116n, 11:JY·t P: 89-10·1.
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ana logous ly to those prepared at Point 2.2.3 (ii), producing 5 mm thick laye rs. After
drying the cas t layers in an electric oven, these were separa ted from the body and test
spe cimens were formed sized approximately 30m m x 5mm x 5mm.

The measurements were performed at a heating rat e of 25°C !min in an absolute
dil at om eter (Netzsch Model 420 E\7).

ivY Heat treatment in an electric kiln.

Th e test specimens formed as se t ou t in Sec tion 2.2.2, to w h ich fr it-kao lin blends
of di fferent co m pos itio n had been ap p lie d , were fired in a laboratory electric oven
(Piro me tro l) a t various peak temperatures. The foll owing thermal sched u le was
use d .

I) Fast heat-treatment (a,=50°C ! rnin. ), from roo m temperature to 500"e.
II) Slower heat-treatment, at a heatin g rate of a ll =25"C! min, from 500"C to the peak

temperature set for each th ermal cycle.

III) Constant heat-treatment at set peak temperature (6-min dwell ).

IV) Cooling by forced convectio n fro m peak temperature to 590"e.

V) Cooling by natural convection from 590"C to 540"e.

VI) Cooling by forced convection from 540"C to room temperature.

The peak te m pera tures studied ranged from 900"C to 1100"e. Th is latter
temperatu re was very close to stand ard ind ustrial peak firing temperature for glazed
porous wa ll tile manufacture.

1') Detection of defects ill thefired glazed specimen.

A stereoscop ic magnifying glass at a magnification of 35x was used to visua lly
inspect th e glazed specimens fired at di fferent peak temperatures. Photographs were
taken w ith thi s inst rumen t of some test specimens .

pi) Measurement of the Hunter tohiteness index (60).

The Hunter wh iteness indices were determined w ith a MACBETH CO LOR EYE
7000 di ffuse reflectance spectrophotometer.

3. RESULTS AND DISCUSSION

3.1. EFFECT OF THE KAOLIN PROPORTION IN THE UNFIRED CONSOLIDATED
GLAZE LAYER

As set ou t above, it had been observed in industrial p ractice that reducin g the kaol in
proportion below 6 w t% in the frit-kaolin blends th at are typi cally used to produce
heterogeneo us, sing le-fire, wa ll tile glazes, gave rise to surface d efects in the final
prod uct. For th is reason, the kaolin content in such compositions ten ds to ra nge between
5 an d 9%, a com positional proportion th at has been found em pirically.

In order to study the influence of th e kao lin content in these blends on the
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characteris tics of the resul ting single -fire glaze, two types of test specimens we re
prepared by applying com position C2 (2% kaolin) and C8 (8% kaoli n) respectively
(Sectio n 2.2.1) to the selected body. The latter composition was chosen as a reference
composition as this is a w idely used blend in ind ustry.

These tes t speci mens we re fired using the thermal sched ule set out at Poin t 2.2.3
(iv), at peak tem peratures of 900,940,980,1040 and 1l00°e.

Figs. 1 an d 2 show the surface appearance of the resulting fired g laze coatings.
Th e photographs we re taken w ith a stereosco pic magnify ing glass, magnify ing at
33x.

Small surface cracks can be observed in the test specimens obtained from
composition C8 (Fig. 2), fired at Tm,,=940°e. The number of cracks rose in the pieces fired
at Tm,,=980°e. On raising the temperature, the cracks diminished (Fig. 2.d ), subsequent ly
fully disappearing at 1l00T.

In the case of the test specimens obtained fro m composition C2 (Fig. 1), la rger
cracks started appearing in the spec imen fired a t Tm,,=900°C and their proportion
rose on raising Too" to 980°e. Af ter 1040°C, the fusi ng glaze layer prog ressi vely
closed the cracks. However, a t 1l 00°C th ey were still visib le, form ing sma ll
depressions, wh ich represent a defect in the glaze su rface. Pictures o f the specimens
fired at 1100°C canno t be shown. Photographs could not be taken of thes e glaze
su rfaces, as the specimen had to be set at a specific ang le to be ab le to vis ualise the
depressions.
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d ) Tm.,,= 1040"C

Figu re 1. Crack [ormation ill f in'll ::'Ftyimell gla:c :c.u~f(1(t'~ at d~(fcrt'll t T"llIl {((1/ lIpo::. ;tioll C2 ).
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c) Tm,,= 980"C
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Figure 2. Crack fomunion ill f ired specimen x/au surfan,,:, at different Tmin ((omposithm C8).

3.2. POSSIBLE CAUSES OF CRACK FORMATION IN FIRED SPECIMEN GLAZE
COATINGS

A series of tests was carried out, which are described below, to try and explain the
d iffering beha viour of composit ions C2 and C8 obse rved in Section 3.1 (Figs. 1 and 2), on
firing these at different peak temperatu res.

3.2.1. EXPANS ION-SHRINKAGE CURVES OF THE BODY AND CONSOLIDATED
GLAZE lAYER

The di mensional vari ation was assessed in a dilatorneter of the test spe cimens
form ed from compositions C8 and C2, as well as the di mensional variation arising in
specimens made from the wa ll tile bod y composition used in the tests set ou t in Section
3.1, on raising temperatu re.

The results have been plotted in Fig. 3 in the form ilL!L, versus T(OC), where II I =
L - L; It can be observed that the bod y expanded mu ch more than the specimens mad e
from the frit-kao lin blends on ra ising temperature. Thi s difference in behaviour, wh ich
increased afte r SOO°C (tempe ratu re at which the bod y continued expa nd ing while the
glaze specimen sta rted shrinking ), explained why cracks could form in the consolidated
glaze layer, as the greater expa ns ion of the body subjected the glaze to tensile st ress that
can produce cracking.

As the d iffe rence between the body's expansion curve and that of the C2
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composition specimen was smaller than the di fference between the body's curve and that
of com position C8, according to the above hypothesis the arising cracks could be
expected to be just as large or larger in the glaze layer formed from composition C8,
However, an important di fferen ce, in the opposite sense can be observed (Figs. 1 and 2),
which might be explained if the cohesive force between the parti cles in the consolida ted
layer we re for some reason grea ter than that of the layer prod uced on applying
composition C2, th rough out the who le firing cycle, This wo uld practi cally manage to
neutralise the tende ncy for cracks to develop in these layer s as a resul t of ten sile stresses
p rod uced by the bod y (opposing cohes ion), on raising the temperature of the piece in the
temperatu re range between room temperatu re and 850°C.

" .------- - - ----- - - - - ---,

'"
s

Figure 3. Exra1J~i(lIl-5 i1 ri"kagt' curt't':, of tile tested bod,lI Gild gta:e compositionsC2 alld ca.

3.2.2. VARIATION IN CONSOLIDATED LAYER COHESION AND BONDING

Using test specimens prepared by applying blends C2 and C8, fired as set out at
point 2.2.3 (iv) at peak tem peratures of 200, 300, 400, 500, 600, 700 an d 800c C, the
ma ximum penetration force was determined in each case, using the set-up and procedure
described at point 2.2.3 (i), Fig. 4 de picts the plots of the results in the form variation of
maximum pene tra tion force Fm , expressed in Ne wtons, versus peak firing temperature
for each consolidated layer obtained from the tw o tested glaze composition s (C2 and C8).

xo
z

'j

'-' 1"0

1 H" ~------so1
l) -'-- -,-,- --.'-- r, - --r, - -"r-- T' --'- -T' -

II too xo soo ~oo ;'1111 zoo 700 ~(lq

Firing temperature (OC)

Figure 4. vonattcn ofmaximu m force (mea~u rt'd with tire tf,;; ! assembly employed) It,jth pt'llkf iring cycle temperature.
eflati"X::' obtained il ,itil gla::e blends C2 and C8.
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As can be observed, both curves exhibi ted minimum values around 350"C. The fact
that the cu rves exhibited a falling stretch at the start may be due to the progressive
removal (by combustion) of CMC, which acts as particle binder in the unfired laye r. On
the othe r hand, the fact that both starting forces were different cou ld be becau se of be tte r
particle packin g in composition C8 than in C2, whi ch would yield g rea ter cohesion, a
circums tance considered in Sectio n 3.3. This ass umption is based on the fact that d ry bulk
density of the layer form ed from compos it ion C8 wa s 1.72 gl em', while that of C2 was
1.67 gl ern' .

The g rea te r and more rapid ly growi ng interparticle cohesion in the C8 g laze
layer (d irectly related to maximum pen etra tion force recorded in the test asse mbly
used ), compa red to tha t of C2 above 350 °C, might exp lai n the smalle r d egree o f
cracking in the C8 gla ze layer (Fig. 2, Section 3.1), as suggested at the end of point
3.2.1.

3.2.3. ADDITI ONAL TESTS TO VERIFY THE EFFECT O F KAOLIN PROPORTION
IN THE G LAZE LAYER O N GLAZ E BEHAVIOUR IN FIRI NG

The tes ts described in Sections 3.2.1 an d 3.2.2 were repeated using specimens made
with com positions CO, C4, C6, ClO, C16 and C20 to verify the resu lts obta ined above.

i) Expansion-snrinkage ClIl'1'es

Fig. 5 p lot s the d ata obta ined with th e specime ns made using blends CO, C4, C8
and C16 for compa ra tive purposes. It can be observed that the com pos itio n CO
(kaolin-free frit) cu rve lay closes t to the bod y' s cu rve. As the kaolin p roportion
increased in the applied blen d s (CO- C16), the expans ion-sh rinkage cu rv es deviat ed
fu rthe r and fu rther from the body's cu rve, as had been observed in Fig . 3 (Sectio n
3.2.1), wh ile concu rrent ly lowering the tem pera ture at which specimen shrinkage
com menced. The cu rves practicall y coi nc ided for all the tested co mpositions after
850°C.

" .--- - - - - - - - - - - - - - - - --,
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u 1UO ~(I() 64 )1) ~oo

Temperature ( C )
IU IO 1100

iii variation of cohesion (measured by F",,) of tile consolidated layer uiii]: startillS kaolin
proportioll ill tile glaze layer ami peak fir illg tcmpcraturc

Using the specimens prepared by applyin g compositions CO, C4, C6, ClO, C16 and
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C2ll, fired as set ou t at point 2.2.3 (iv), at peak temperatures of 200, 300, 400, SOO, 600, 700
and 800°e, the maximum pen e tr ati on for ce requ ired to se para te the result in g
co nso lid at ed layer was dete rmined , as described at 2.2.3 (i).

3 110 ~-

- co ... C~ . c..
:::so - _ (Olio Clo c ! n

•
::00 - •

z • • •0 150 •
. ~ .- •

I •100 ,
• •

• r
• • • •50 ·. • •• •• 1 • • ------ • •

• • .'
.- --

•0 - - -
0 100 !UU 3(H) 400 500 600 7(JIl ~(I I J

Fi r i ll ~ temperature ( ~c )

figun' 6. Vl1r illfitlll ill tnaxiwurn Ih'lIt'frathHfJim-c (? f tilt' blade trit lt pcak lteni-trentnwnt temperature.
Ct1l1:'lJ/idlltcd laycr_~ o['flli,lt'd "with gll7:(, C{1 l1lp l )~ i t io ll ~ CO. e 2, Cl , CS, C16 1/ }/d elO.

The maximum pene trat ion fo rce of the bl ade ve rs us peak hea t-trea tment
tem perat u re has been plotted in Fig. 6 for blends with di fferent kao lin pro portions. Th e
resu lting cu rves qu alitati vely rese mbled the ones found fo r co mpos itions C8 and C2 (Fig.
4). Thus a ll exhibite d a m inimum value around 3S0°e, beyond wh ich on ra ising the
qu antity of kaolin, the maximum pe ne tration fo rce and hen ce co nso lida ted layer cohes ion
in creased a t a ll temperatu res.
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fi gure i. Varia tillli '~f nJll~olidl1 tt'd g/a:e layer ( 0 / /(,':'10 1/ '(pith .:.fartillS gla:(' kllOlil1content ill
the uniired /aya nnd ill the laya fi rd at d~{fert' ll t peak tcmpcraturv».

Th is concl us ion can be be tter appreciated in Fig . 7, w hich plo ts the variation of
" maxim u m pe netratio n force" with the compos ition 's kao lin proportion ('fr,) for the
un fired g laze layer and the heat -treated co nso lida ted layer at 35lloC (mi ni m u m cohes ion
reg ion), and a t 700°C. Maximum pe net ra tion force is observed to tend asymptoticall y to
a constan t va lue for kaolin proportio ns exceed ing 16j~, in the un fired layer. However,
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ma ximum penetration force in the layers heat-treated at 350 and 700°C con tinued to rise
with kaolin contents above 16%.

iii) Consolidated layer surface appearance (crack[ormation)

Test specimens prepared by applying compositions CO, C4, C6, ClO, C16 and C20
were fired using heat-treatment cycles selling Tm" at 900, 940, 980, 1040 and 1l 00°C.
Inspection of the consolidated layer coati ng these test specimens and those of the
specimens obtained in the series of tests described in Section 3.1 allow highli ghting the
following:

a) In all the studied test specimens, cracks appea red at peak firing temperatu res
ranging from 900 to 980°C.

b) The grea test crack nu mber and size corresponded to the specimens produced on
applying the CO composition, with cracks progressively dec reasing in size and
number un til almos t becoming imperceptible in the specimens ob tained on
ap plying blends C16 and C20.

c) The specimens to which a kaoli n content of less tha n 6% was applied (CO, C2 and
C4), fired at Tm,,=1l 00°C, continu ed to exhibit cracks though they we re smaller or
had become depressions. No cracks were obse rved in the speci mens mad e with
blend C6, fired at Tm,,=1l 00°C. However the glaze surface texture was not
smooth.

d ) The specimens to which blends were ap plied containing more th an 6% kaolin
(C8, CI0, C16 and C20, fired at Tm,,=1l 00°C, exhibited a smooth g lossy
surface.

3.3. REASONS FOR INCREASED CO NSOLIDATED GLAZE LAYER COHES ION IN
FIRIN G AS A RESULT OF THE KAOLIN PROPORTION

The foregoing sections have described kaolin's part in enhancing consolidated glaze
layer cohesion th roughout the firing process.

The tests de scribed below were desi gned to attempt to expla in the above resu lts.

3.3.1. DILATOMETRIC CURVE OF THE STU DIE D KAOLIN

In Fig. 8 a plot is de picted of the expansion-shrinkage curve cor responding to a test
specime n formed from the kaolin used in the study. After in itial expansion, sudden, fast
shrinkage can be observed after 500°C, probably owing to the arising structu ral cha nge
(forma tion of rnetakaolin ), as a result of dehvdroxvlation wa ter loss, which starts at 470°C
accord ing to the literatu re'" !'?'. ..

The shape of the figure explains the fact (observed in Figs. 3 and 5) that in the
expa nsion-shrinkage curves cor respo nding to the test specime ns mad e using di fferent
blends of frit and kaolin, specime n shrinkage starting temperature decreased with regard
to the bod y's curve as glaze kaolin content rose.

(9 J. B,\R B,\, A.; FELlL', Cc G ARCiA, L et .11. A1nterias pnmas paralajabricaci611 de soportes de t otdoe ae ceramicas. Castellon: In s titu lo de
Tccnologfa Ce ramica-AtCfi, 1997. (in p ress)

[ lOJ. SJ'l Cf.R, F.; SU...CER, 5.5 . Ceramica industriat, vol. L Bilbao: Ur mo, 19i1.
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Figure S. Expall~itll l - :,}z ri1Jkage CllYi.'t'for the tested kaolin,

3.3.2. KAOLI N SHRINKAGE DURIN G DEHYDROXYLATION

To ve rify whethe r kao lin shr inkage du ring heating was rela te d to
dehydroxyl ati on w ater loss, a se r ies o f firing tests w ere run using the firing
sched u le d etai led a t point 2.2.3 (iv ) o n ka o lin test specimens fo rmed by cast ing.
Volume sh rinkage and mass loss of these specimens were d etermined as a fu nction
of pea k hea t-treatm ent tempera tu re. Th e resu lting d ata have been pl otte d in Fig . 9,
w h ich shows tha t kaolin sh r inkage in th e 400-800°C temperature ra nge co inc ided
with its pe rcen tage mass loss rel ati ve to th e specimen's star t ing d ry kaoli n mass
co nten t.
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Figure 9. Variation of kaolin rotume :-ilrll lkngt' alld ma~s loss !'L'rSUS peck heat-treatme nt temperature.

333. RELATION BETWEEN MAXIMUM PENETRATION FORCE AT A CONSOLIDATED
KAOLIN LAYER AND PEAK HEAT-mEATMENf Th'VlPERATURE

Fig. 10 plots the va ria tion of the measured maximum penetration force [point 2.2.3
(i)] ve rsus Tm, ,, me asu red at a consolidat ed layer as set out in Section 2.2.2, using only
kaolin, in order to study the eventual varia tion in interparticle cohesion w ith peak heat
treatment tempe rature.
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It ca n be obse rved th at F,n" remai ned vir tua lly steady u p to 400°C. H owe ver
beyo nd this temperature, a t w h ich kao lin sh rin kage sta rted (Fig. 9). th ere w as a
su d den hi ke in penetra tion force up to SOO°C, subsequen tly becom in g less s teep up
to 600°C. After this tem pe ra ture, th e varia tion of Fon" w ith T on." cou ld no t be
qua n tified, as the bod y broke o n a ttem p ting to for ce th e blade into th e conso lid a ted
layer. At th is te mperat ure the bod y di d not ye t ha ve su fficie n t mech anical streng th
as s in te ring had not ye t co m me nce d, w h ich im ped ed co rrec tly pe rformi ng th e
measu remen t.

3.3.4. ROLE OF KAOLIN IN THE CONSOLIDATED GLAZE LAYER DURING
FIRING

i ) Tempemiure stretch T<400°C

In thi s te m pera tu re range (Fig. 10). th e m aximu m pe netration fo rce in the
s pecimen made w ith kao lin re ma ine d practicall y in va riabl e . The in cr ease in Fon",
fou nd in the fri t-ka olin b le nd s, o n ra isin g th e kao lin p ro po r tion in the
co m pos it ion ra nge o f 0-20 wt% kaolin, wa s the re fore th o ught to ste m from th e fact
that th is im proved laye r co m pactness a n d thu s y ie lded ra ised interpa r ticle
co hes ive force .

To veri fy thi s, bulk d ensi ty was determ ined of th e un fired co nsolid a ted g laze
layer obtaine d fro m co m pos itions CO to C20, which a llo wed d etermining th eir
co m pactness':" Th e resulting d ata are pl otted in Fig . 11 in the form layer com pactnes s
versus kao lin p roport ion (wt%) in the blend . Th ey confirm that on ra ising th e kao lin
p ro p o rtion co m pa ctness a nd hen ce inte rpa rticle co hes io n in creased in th e
co ns olida ted g laz e layer, tho ugh com pa ctnes s gre w mo re slowly as the kao lin co nte n t
wa s prog ressively rai sed . Th is in terpreta tion wou ld appea r to be fur th e r en d orsed by
the g rea t resemblance bet w een th e shape of th e curve p lotted in Fig. 11 and th at of the
curve in Fig. 7 (Fon", vs . kaolin % ), correspond ing to th e unfired g laze layer. The
pa ra llel ism found betwee n both cu rv es su gges ts th at th e re is a direct re la tio nshi p
be tween u n fired glaze laye r co mpactness an d Fon", of the blad e 's pe net ra tion in to the
laye r, w hich must be rel a ted to the cohes ion between th e part icles making up th e
laye r.

[III . Rtt.n. J. S. Prin ciple; ofceramics proCt'ssillg. Znd cd. New York: John \Viley. 1945. p. 215·2)0.
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ii ) CIIITe mininntm region in Figs. 4 and 6 1350-380° C!

In this reg ion, in w hich the organi c binder in itially presen t in the glaze layer has
alread y been rem oved (by oxidat ion), a di fferen ce was found in Fm ." amongst the
consolidated layers ob ta ined w ith the tes ted composi tions for the reason set out in the
foregoing section. Thus, the glaze laye rs exhibited enha nce d compaction on ra ising the
kaolin percentage, w ith the limitati ons mentioned, so th at on exh ibiting greate r cohesion,
a higher Frnav was required to ma ke the blad e cut into the layers.

iii) Tn npcraturc stretch >40OCC

In thi s reg ion, the grea te r the kaolin p roportion, the grea ter and faster (curve slope
in Figs. 4 and 6) is the increase of Fm." w ith he at -treatment Tm ", . Th is effect must stem
fro m the same cause that produced the sha rp rise in Frnav in the last stre tch of the cu rve
in Fig. 10, w h ich shows the resul ts obtaine d w ith a conso lida ted layer ju st cons isting of
kaolin .

Thi s cause must be related to kaol init e dehydroxylation, tho ugh it does no t see m to
be so lely d ue to the sh rinkage arising w ith dehyd roxylat ion. When the kao lin pa rticles in
the consolidated layer contract, layer compactne ss is sti ll necessa rily limi ted by the
presence of frit parti cles, which at Tm,,<700°C, have not ye t und ergone any shrinkage in
the kaolin-f ree composition (CO cu rve in Fig. 5).

The phe nomenon obse rved could stem from presint eri ng, caused by mass di ffusion
(encourag ed by water release arising during dchydroxylat ion ), o r might be caused by the
water released at T>400°C, which cou ld react w ith the frit (g lass ) particles, decreas ing
their surface viscos ity and p rod ucing prematu re so ftening, which might favour frit
particles sticking together as well as to the dc hyd roxylatcd kaolin (metakaolin ) particl es
d ispersed between the frit pa rticles

There is clearly a rela tion between the kaolin d ehydroxyla tio n phe no meno n and
th e rise in cohe sion a mongst the pa rticles in the consolida ted fri t-kaolin laye r d ur ing
heat treatmen t. Su p po rting these resu lts, the mechanical strength of test speci mens
made fro m kao lin, fired at diffe ren t hea t-trea tm ent Tm ." was shown to increase paralle l
to th eir volu me shrinkage bet ween 400 and 7()O°C, as a result of the same p he no menon
(Fig. 12).
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3.4. EFFECT OF THE KAOLIN PROPORTION CONTAINED IN THE GLAZE LAYER
ON THE WHITENESS INDEX OF THE RESULTING GLAZE

Th e results obtained in Secti on 3.2 indicate that the h igher the kaolin conte n t in
th e sta rting blend, within the range of values studied (0-20 wt% kaolin), the g rea te r
was interparticle cohesion in the co nsolid ated glaze layer in th e temperature range
T,~m<T<800°C. If it is ta ken into account that the kaolin used is genera lly cheaper
than th e frit with w h ich it is mi xed, the conclusion is warranted th at the most
su itab le quantities of kaolin to be used in th ese glaze blends would then lie close to
20%.

It was mentioned in Section 1 that in the case of opaque white glazes, the presen ce
of kaolin in th e glaze blend d etrimentally affected its whiteness, on the one hand owing
to traces of Fe,O; and TiO" which kaolin contains, and on the othe r becau se it dilutes the
cryst alline-phase con ten t (res ponsib le for whiteness ) in th e fired glaze. Both
circumst an ces can constrai n the advisable maximum kaolin content in th e start ing blend.
To obtain experime ntal d ata in thi s regard, the Hunter wh iteness index was determined
of the glazes obtained on firin g specime ns glazed with blends CO, C2, C4, C6, C8, ClO,
C16 and C20, at Tm,,=1100°C, according to th e schedu le repeatedly used in thi s study.
Tabl e 1 details the find ings.

Composition CO C2 C4 C6 C8 CIO CI6 CZO

Kaolin content ( w t%) 0 2 4 6 8 10 16 20

\Vhiteness index 95.0 95 .4 95 .2 94. 8 9 1.7 89 .9 84.9 8 1.9

Tilble 1. Variation of Hunter tohiteness index in a zirconium glaze with the kaolin proportion (w t% ) il l the start ing blend.

It can be observed that on ex ceed ing a kaolin content of around 4 % by weight, the
whiten ess index started dropping, slowly at first (u p to 6%) and then faster (beyond
8%).
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4. CONCLUSIONS
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Th e following infe rences were drawn from the resul ts obtained on stu dying the
beh aviou r in firing of a glaze layer cons ist ing of a zirconiu m frit and kaolin:

i ) On red uc ing the kaolin proportion in the blend below 6 wt%, g lazes were
obta ined whose surfaces exhibited sm all crac ks and de press ions.

ii) Glaze su rface crac ks appeared to be due to cons iderable differences m
dimen sional change betw een th e body and the glaze du rin g firing .

iii) Du ring glaze firing at Ts350-380°C interparticle cohesion in th e glaze layer
rose w ith the glaze compos ition's kaolin content, ow ing to the rise in
compaction as a result of improved pa ckin g.

In the 380-800°C temperature range, besid es the foregoing factor, another factor
related to kao lin dehvd roxvlation was also active, w hose nature sti ll remains to
be d ete rmined, which extraordinarily enha nce d glaz e layer cohes ion.

As a resu lt. at kao lin conten ts exceeding 8 w t%, cracks we re no lon ger found in
the glaze layer at the standard firing temperature for glazed cera mic wall tile
(11 00-1120°C).

iv) The w hiteness inde x of the resulting glazes rem ained virtually stea dy for
kao lin contents below 6 w t% in the glaze blen d . At higher kaolin conte nts,
wh iteness sta rted dro pp ing noticeably.

v) Co nside ring the tw o oppos ing effects (rise in consolida ted glaze layer cohes ion
an d d rop in fina l glaze whiteness) as a resu lt of ra isin g the kaol in content in
frit -kaolin blends used for producing white g lazes by crys ta lline-phase
d evi tr ifica tio n, the kaolin percentage th a t optimi sed both e ffects was
conclude d to lie between 6 and 8 w t%, wh ich coinc ides w ith the empirical
values being used in industry,

NOTE: The foregoing conclu sions are va lid for the frit and kaolin used in thi s stu d y.
Howev er, it is ass u med th at analogous conclusions with ve ry sligh t va riations can also be
es tablishe d for sim ilar frits.
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