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ABSTRAcr

The nature of the crystalline phases that devitri fy on heat treating tes t speci mens form ed
from an ind ustrial zirco nium fri t. has been de termi ned. Zircon was shown to he the
crystalline phase that produces th e whiten ess of the glaze coa tings obtained on firing th is fril.

Several seri es of experiment s wer e carried ou t with a view to studying the de vitr ificat ion
kinetics of zir con crystals. under noni sotherrnal conditions (at a consta nt rate of heat ing).
using tes t sp ecimen s formed by casting from a frit parti cle-size frac tion simi lar to the one that
is usually applied (by the wet method] to th e ceramic body. in glazed ce ramic tile
manufacture.

In th is study. on using a kinetic model derived from isother mal crystallization
experimen ts. se t out elsewhere. whi ch were performed with th e same frit an d parti cle -size
frac tion. it has hcon possible to reproduce the experimen tal results obta ined .

1. INTRODUCTION

The frits that give rise to opaqu e glazes are used in the ceramic floor and wall tile industry
to pro du ce glossy or matt white glaze coatings. They can also be used as constit ue n ts for the
engobe that is usually applied between the glaz e and the body for different purposes .

The ph enom enon of opacifi cation in glazed ceramic tile, arises as a res ult of the sca tter of
incident light rays on hitting micro- heterogen eiti es th roughout the glassy phase. These
het ero gen eiti es are usually crystalline phases or immiscihle liquid ph ases .

l\Iost white ceramic glazes are obtained from zirconi um frits. In th ese frit s. opacity arises
as a resu lt of the devitrification of seve ral crys talline ph ases dur ing th e firing cycle to which
the cera m ic tile is subjected [t ]. Th e major crys tall ine phase that forms is zirco nium silicate
or zirco n. Variable qu antities may also be encounte red of dlopsid e. wo llastonite . etc..
depending upon the cbemical composition of the starting frit composit ion .
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The use of zirconi um glazes for cera mic Iloor and wall tile coatings, is not only du e to
their high whi teness ind ex, but also to their excellent mechanical and che mical properties, as
well as their ada ptability to the firing cycles that are usually employed in industry. In these
glazes, a pro portionality has been found to exist between the whiteness index [linked to
opacity), and the nature, prop ortion and mean size of the crystals that the glazes contain 121.

As a resu lt of the fact that glazed tiles un dergo nonisothermal industrial firing cycles, and
that the devitrification of crystalline phases in the glaze layer arises dur ing the heating step
and perha ps dur ing the firing cycle peak temp erature step [2], it was felt of in terest to study
the kinetics of zircon crystal formation und er noni sothermal conditions, at a cons tant rate of
heating.

A stu dy was therefore undertaken, wit h a view to determin ing:

a] Th e nature of the crystalline phases that devitrify duri ng heat treatment of a
zirconium frit:

h] Th e crystalline phases that yield the whit eness of the glaze coating obtained on firing
a tile that has been glazed using the above frit, by means of the same method tha t is
employed in glazed ceramic tile manufacture;

c) The kinetics of the dev itrificatio n process when this takes place under nonisothermal
conditions, while keeping a constan t rate of heating, in order to make the
experimenta l operati ng conditions approach actual industrial kiln operating
conditions , during the heating step of the firing cycle for ceramic tile manufacture.

2, EXPERIl\IENTAL PROCEDURE

Th e study was carried out by using a zirconium frit fabricated by ESMALGLASS, S.A.,
which contained the following constituents (expressed as oxides]: Zr02 (round !l% by
weight); CaO, ~IgO, AI203 , Si02 , ZnO and B20".

X-ray diffra ction (XRO] was used to determine the crystalline-phase content of the
resulting glaze coatings, while using scan ning electron microscopy (SEl\I) and EOX an alysis
to determi ne their microstructure and the nature of the crystalline phases that they
contained. In the starti ng frit, small quan tities of zircon crystals and mon ocl inic Zr02 were
detecte d by XRO.

The industrial frit was wet milled in a laboratory ball mill , until a sus pens ion wit h the
targeted particle-size distribution was obtained.

In order to determine the temperature interval at whi ch devitr ificat ion occurred on
heating the frit, OTA tests were run at different heating rates: 2, 5, 10 and 50°C/mi n .. using
samples with varying mean particle sizes.

In the experiments carried out to identify the crystalline phases prese nt after firing and to
study devit rification kinetics, cylindrical test specimens were used, which were 11 urn th ick
with a diameter of 11 urn (wh en unfired), formed by casting from a sus pension of frit
part icles sized below 40 urn. whose particle-size distribution is reported in Fig. 1. After
drying, the test speci mens were fired in an electric laboratory kiln (r:ARBOLITE RHF HOD),
using variable tem perature cycles, at heating rates of 2.5, 5, 10 and 5{)OC/min respective ly.
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Fi gure 1. Pu rticlo-sizu dlsutbution of the f ril tI.<;(.'d for flrt'fJuring the test specimens.

In eac h experimen t. the test specimen was place d in the kiln at room temperatu re . I leating
th en followed at a ra te of 50°C/min up to 160DC. This tem peratur e wa s held for 1." min .
followed by renewe d heat ing at a ra te of 50DC/min up to 300°C. From this poi n t on . kiln
temperature was raised at the set constant rate of heating: 2.5 . 5. 10 or :iO°C/min . Th e tes t
speci me ns wore withdrawn from the kiln when the kiln reached differen t peak tompuruturcs,
which ranged from B5ll to 1250°C, subsequently cool ing the specimens in air. It had heen
subs tantiated by testing beforeh and , that rapid coo ling of the test spec imens hy wat er
quenchi ng yielded th e same resul ts as wh en they were air cooled .

To det ermine temperature at th e surface (T,) and within the cylindrical test speci mens
('1';). dur ing the fir ing cycle. the setup depic ted in Fig. 2 was used , in w hich thermocou ples
were employed. filled with comp ensating extension wires that reache d up to th e measuring
de vice , which was located su fficiently far away from the kiln to assure that the cold junction
would rem ain at room temperature.
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fig ure 2. St~t UI' LJSf.·J fordetermining the variation 0[ 71,. T~ una J:.

As the test spec imens formed from the se lected frit parti ally fused at round 85DcC, the
following was do ne in order to preve nt any deterioration from ar ising of the th ermocou ples
used in the experiments aimed at comparing the evol ution of T, an d Ti , with the temperature
indicated by the thermocouple located inside the kiln (Th) , at temperatures ranging from 85D
to 1200°C:

a) A se ries of experiments was conducted at each of the four selected heating rates ,
using test specimens made from th e zirconium frit. In each series, th e expe riments
were stopped when kiln temperature reached 850°C.

b) Another seri es of four experiments was run under an alogous opera ting conditions to
the former, usi ng cylindrical test specimen s of the same size, formed from a refractory
ma ter ial , which withstood tem perature better, with a similar dens ity and surface
qua lity to those of the test specimens formed from frit par ticles. These experiments
were ru n up to 12DO°C. Th e values of T; ob tain ed in thi s seco nd seri es were much less
represent ative tha n those of the foregoing series, because the thermal conductiv it ies
of the speci mens mad e from the frit and the refractory mater ial were different.

The na ture a nd proportion of the crystall ine phases p resent in the fir ed fr it tes t
sp ecimens were determined by XRD. The zircon crysta l content of these test specimens was
assessed from the number of counts at the 3.30 Apeak corresponding to th is ph ase, using a
calibrat ing straight line. The monoclinic zirconium oxide content of the starting frit was
similarly determined , by usi ng its maximum in tensity peak, located at 3.16 A.
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3. RESULTS AND DISCUSSIO:,\

3. 1. NATURI~ OF TilE DEVITRIFYING PIIASES

3.1.1. DTA testing

i) Influence ofmean panicle size

Fig. 3 depicts the thermograms obtained from different particle-size fractions of th e
selected fril , correspond ing to size intervals : Dp-c-l tlum: 40 < Dp < (jO~lm ami
1 2 5 <Dp < 200~lm , using a heating ra te of 11l' C/min. In the three cas es, a wide exothermi c
band form s, in which several peaks appear at different temperatures , which may represent
the c1ev itr ification of as man y crys talline phases. As mean particle size rise s, th is band is
shifted towa rds the highest tempera ture region. and beco mes flat ter,

< ~o ~ Ill

( ~O-60 ~Ill )

XI,

( 125-200 urn)

650
860

------ 910

(,1 K) 700 XIKl 900 Iooo I I 00

Figure 3. DTA Cl InC( ,'b (XJITPs/uJIJ ding (f) [ructions [)j l<4()t1nJ , 40 <.Dj )< fiOtu71 and 125 < DJ! < 200pm of Ilw Ir i t.
H cu ting rule l nCimin.

As frit mean particle size appea rs to inlluence the crystallization pro ces s , the remaining
study wa s carr ied out using a particle -size fraction of < 40~lm , which corresponds to th e
particle-size d istribution that is usu ally employed industrially when such a frit is applied as
an aq ueou s suspension to the ceramic body, in glazed tile manufacture .

i i] D'li\ determi nation of the tctnpetu turc interval at which crys tallin e ph ases form .

Fig. 4 report s the therrnograrns obta ined on using healing rates of 2.5,5,1 0 and 50 °C/min ,
with a fril part icle-size fracti on sized be low 4 1l~l tll . It can be observ ed that the temperature
interval at which crys talline phases devit rily, obtai ned from the width of th e previously
mentioned exothermic band, lies in tho 1! 1l1l-1151l°C ra nge. at the four tested hea ling rates.
The highest peak in the ba nd , cor respond ing to pea k crystallization ra te, shifts slightly
toward s the higher temporatu ro region. as the heating rate increases .
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Figure 4. DTA thennogroms o!Jlui!wcl, cormsl'onJing to different heuLing mlc.'s

3.1.2. SE;\I examination of glaze microstructure

Fig. 5 shows the photograp h of a test specimen that has been isothermally treat ed at 900' C
for 320 min, in which some domain s have been highlighted, ident ifying the observed
crystalline phases. Th e existence can be observed of crystals of differing appearance withi n
the glassy phase; the natur e of these crystals was determined by EDX analysis.

Monoclini c zirconium oxide crystals are visible in the cen tre of the photograph, which are
alm ost wh ite, with rounded edges , sized between 3 and 5~m. The dark grey regions
cor respond to crystals with a diopside structure (calcium and magnesium silicate], wh ich
might contain petedunite (zinc and calcium silicate]. The light grey areas correspond to the
zircon structur e (zirconium silica te). The striped areas represent the glassy phase.

- 174 -



CASTELL()~ ISPAI~ ) "=~ QUAL!''''''' 96I!.. >.:.b"(/

o ZrO, 0 ZrSiO . 0 C ristalline phases
made lip o f ZrO , and/o r ZrS iO,

FigurH5. ,\'alum of tJw tlm·itr([ring ctvs tullitu: I, ha.'i/,'...

• Diopside e Glassy phase

3.1.3. Identification by XI{IJ of the arising cry sta lli ne phases

Fig. (j depicts tho XRD diffractogram s corres pond ing to the different heat-treated test
specimens, at a heating rate of SOC/min, up to various pea k temperatures,

In the diffraclogram correspo nding to the test specimen heat ed up to BOOae. the presence
of zirco n and monoclini c I:rO, can be obse rved in propor lions th at practically co inc ide with
those detected in the starting frit, which suggests that the devitrifi cati on process has not as
yet co mmence d at th is tem pera ture,

In the d iffractogram of the test speci me n heated up to fl50"C. diopside and tet ragona l ZrO,
are observe d to ha ve star ted cry sta llizi ng. while the previously observed zircon and
monocl in ic zirconia peaks ap pear to have un de rgone no cha nge in respect of the former
peaks .

The proporti ons of monoclin ic and tetragonal ZrO" and diopside progressively increase
as cycle end temp eratu re is raised , peaking at round lOOO°e. At this temperature. th e
presen ce of zircon starts becoming noti cea ble.
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l';~ure fi . Crystctlinc phases id entified at different jJf.'uk tcmpntuturcs. Heating rote SOC/min .

On co ntin u ing to raise temperature above 1000cC, monocl ini c and tet rago na l zirco n iu m
oxides disappear, forming zirconium silicate. Diop side also disappears, so that the only phase
found in considerable proportion s at 1150°C is zirco nium silicate. The crys talline phases tha t
were iden tified by XRD coincided with the on es detected by EDX an alysis , d isc ussed in the
foregoing section.
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3.2. CRYSTALLINE PHASES YIELDI;O\G WIIIT E1-I:ESS I:\' THE STUDIED ZIRCO:\' IUM
GLAZE

The data set out above allow inferring that when the studied frit is used for obtaining
white glaze coatings for ceramic tile , operating under th e usual firing cond itions in ceramic
floor and wall tile manufacture [l l lO°C < 'I'm", < 1140cC wit h par ticl es s ized below 40l1m),
tbe only crystalline ph ase that can be present in such glazes is zircon, pos sibly accom panied
by a small amount of dio pside. Therefore, opacity and consequently th e wh iteness index of
the glaze must depend largely on its zircon crys tal content.

This outcome is consistent with what had previou sly been observed for this kind of glaze,
as it had been sh own that its whiteness ind ex rose with th e zirco n co nten t, tending
asymptotically to a peak value that is usually found when th e zircon mass fraction in the
glaze is 0.16 [2J.

3,:1. KINETIC STUDY

3.3.1 Experime n ta l results

Tables I to IV show the res ults obtained. The amount of crystalli zed zir con, in eac h case,
has been assessed as the zirconium fraction contained in the starting frit, which became
zirconium silicat e, expressed in molar units :

n 'i l =
moles 01" crys tallized zirco nium silica te

ar- g 01" zirconiu m initiall}' present in the test specimen

at · g 01" zirco nium con tained in the cQ'sta lline phasc (zircon)
=

ar - g 01" zirconium initially present in th e test spec imen

as each mole 01" crystallized zirconi um silicate conta ins one at-g of zirconium.

These tables detail th e values of n" together with those cor res po nd ing to th e test
specimen kiln dwell time (t), and the tem perature value measured by th e thermocouple
loca ted within the kiln ['1\ ). Dwell time was measured sta rting from the moment at which
kiln temperature reac hed :lOO°C ['1'01and the constant-nne-of-heat ing period started .

'lhbJe I . Heat-tre atment cvctc 110 . 1 (11= 2.5 "'C.!min)
voriotion uf l1,z witn t an d Th

I lminl Th lOCI U s ",

0 300 0,02
220 B50 0,02
240 !JOO 0,03
260 !J5 0 0,04
270 !J75 0,09
2BO 1000 0,16
290 1025 0,39
300 1050 0,75
312 l OBO 0,97
320 1100 0,99
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1abJe 11. Heat-sreutmont (.~ 'c1t ~ no. 2 (u = 5 ~;/minJ

\ b riution of Jl~" with Iund Th

I (min) Th rOCI °S'
0 300 0.0 2

110 B50 0,02
120 noo 0,02
130 n50 0,0 3
140 1000 0,05
145 1025 0,14
150 1050 0,36
155 1075 0,70
160 110 0 0,85
IG5 1125 O,9G
170 1150 O,9G
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Table lll. Heat-treatment no. 3 10 = W "C/min)
\briation of nJZ with t and t;

I (min) r, (0C] Dsz

0 300 0,02
55 850 0 ,02
60 900 0,08
65 950 0,05

67,5 975 0,04
70 1000 0,05

72,5 1025 0 ,07
75 1050 0,2 1

75,5 1075 0 ,51
80 1100 0 ,85
85 1150 0 ,96
90 1200 0 ,94

3,3,2 Proposed mod el

CASTELWN (SPAIN)

Table IV. Heat-treatment LJ'Cie no. 4 la=50"Cimin)
\tJriation of nsz with t and Th

I [min] r, (0C] Ilsz

0 300 0 ,02
11 850 0,02
12 900 0 ,04
13 95 0 0 ,03
14 1000 0 ,02

14,5 1025 0 ,0 3
15 10 50 0 ,0 2

15,5 10 75 0,05
16 1100 0,1 3

16 ,5 1125 0 ,38
17 1150 0 ,60
18 12 00 0, 85

Assuming that zircon crystallization takes place in three consecutive steps (3J:

+0,
Zr(v) ---.

(I)
ZrO, (v) ---.

(II)

+S iO,
ZrO, (e) ---.

(III)
SiO. Zr(e)

and making the assumption tha t step (I), in which the ZrOz (v) structural units are form ed in
the glassy phase from the Zr it contains, develops almost instantaneously, that step (II),
involving ZrOz crystal formation, is controlled by the diffusion of ZrOz structural units
(through the glassy phase) to the crystal-glass interface, and that step (III) takes place as
though it were a quasi first order irreversible reaction in respect of the crystallized zirconium
oxide that is presen t, a kinetic mod el has been proposed [3], which yields two differential
equations of the form:

where:

dn , D( ' )- =. nt-fi ,
dt

dn., k k )- - = ' - 001: = · ( l · n z · n~z
dl

(1)

(2)

n, = mean fractio n of the starling zircon ium content thaI remains in the glassy phase (at.g
of Zr in the glassy phase/at-g of Zr initially present in the system).

n'', = fractio n of the starting zirconium content which is in equilibrium in the glass-crysta l
interface with the crysta l (al.g of Zr in the glassy phase/at-g of Zr initially present in
the system).

no, = frac tion of the starting zirconium content tha t is present in the form of monoclinic or
tetragona l zirco nia crystals (mole of crystallized ZrOz/at-g of Zr init ially present in the
system).
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nsz

D =

k =
I =

fraction of th e start ing zirconium content that is presen t in th e form of zirconium
sil icate crysta ls (mole of crystallized ZrSiOJ al-g of Zr initially present in the syst em].
rate constant that includes th e effective diffusivity of zirconium through th e glassy
phase, thi ckness of the boundary layer, test specimen volume, and n" of at-g of
zirconium initially present in the test sp ecimen (min" ].
ra te constant of th e thi rd step (min" ].
kiln dwell time (min).

On simulta neo us ly int egrati ng th ese two differential equa tions , by the Runge-Kulla
method of order 4, having established the values of [) and k, the valu e of n", and bound ary
condit ions (values of n'', and nO,z for t= O). it is possible to calculate the var iation of n, and n"
with kiln dwell time, at a given test sp ecimen temperature.

The effectiveness of th is kinetic model wa s substantiated elsewhere [31 usi ng data from
severa l series of isothermal experiments ru n at different temperatur es (ranging from 85 0 to
1000CC), modifyi ng, in each experiment, the dwell time of the test specimens , that were
for med from particles of the sa me frit, which ha d an identical parti cle-size d istri bu tion to the
ones used in th e experiments th at have been carr ied out in this study.

On using differenti al Equations (1) and (2] to fit th e experimen tal data obtai ned at vari ou s
temperatures, in the stud y indicated 13], yielded a seri es of values for co nstants D and k, tha t
satisfactorily filled equations of the form :

(3 )

where T is test spec imen temperature expressed in K, For parameters 1\ an d E, (i= 1, 2] the
following values were obtaine d:

\
H . "1

1 t = 9.00 x 10 mill ;
\

12 . -1
1 2 = 6.72 x 10 mill ;

E,/R = 33 ,500 K
E:JR = 40,700 K

For th e variable nez, the mean value 0.02 was derived .

3,3,3 Fit of th e proposed model to the experi men ta l re sults obtained in this study

Using Equations (1), (2) and (3), it was at tem pted to reproduce the experimen tal data
found under no nisothermal conditions, at the four tested heati ng rates. This was don e by
rewriting them in th e form :

dn , [ Eo( I )]- = - .r\ . "cxp - - ( nl - n~)
dt R 273 + T

dn., [E'( t )]- - = A, ·exp · - (I - nz' n,, )
dt R 273 + '1'

, '79 ,

(4J

(5)
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In order to int egrate these equa tions. the ass umption was made. firs tly. that test specimen
tempera ture (1'). for each kiln dwell time value (t). prac tically coinci ded with the temperature
that was measured in the kiln (1'h) expressed in DC. corresponding to that time l.

Th us. temperature (1') . which appears in these equations . was substitu ted by:

T = '1\ = 3()()+ a . t (DC]

where 1'0= 300 represents the value of Th for t= O. since measurement of this last var iable
started in every experiment at T= 300°C, as indicated above. Th e symbol a represents the
cons tan t rate of heating use d in each series of conducted experiments.

Thus. in accordance with the foregoing. differentia l Equations (4) and (5) became:

dn, [ E, ( 1 )] e- = - A ,cxp -- In, - n,)
d t R 573+,,_t

dn ., [ E , ( 1 )]- - = -A ,cxp- - - _ (I - n,- n,, )
dt R ,,73 +,, ·t

[6)

(7)

On substitu ting the values of AI, A,. EdR and Ez/R prop osed above in to these equations ,
and operating n",=0.02. the equations were then in tegrated. after ass igning to variab le (/
(heating rate) the value corresponding to the series of experimen ts whose results it was
intended to try and reproduce.

The boundary conditions used were t=O; nO, =0.89 an d nO,,=0.02. These last two values
were com puted from the XRD analysis resu lts of the starting Irit . that contained small
amounts of Zr0 2 (noo, = 0.09) and zircon crystals [no,,=0.02). The value of nO, was derived by
mass balance from nOD, and nO,,:

Operating in th is way. the values of nO" were obtained . which have been plotted versu s
kiln dwell time in Fig. 7, using solid lines. together with the experimen tal outcomes (Tables I
to IV). for the four tested heating rates.

It can be observed that the values of Il" . calculated in thi s fash ion. by integrating
Equations (6) and (7). match the exper imenta l data quit e well.
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Figure 7. Plol of the cxporim eniot dolu (points) an d vutuvs cotcutcted from Ecs. (ii) ow l (7) (sulid lines). }()( ( !(I c h

studied healing tutu.

3.3.4 Temperature correction

In a foregoing article [4]. it wa s shown that the temperature measured by the kiln
the rmocouple ('1'h) was slightl y lower th an the temperatur e at the test specimen surface ('1',),
and that the difference betw een both temperatures depended on th e heat ing rate em ployed . It
wa s also shown th at the devitrification pro cess developed from the test specimen surface
inwards. In th at study, the introduction of a correction was proposed , which in vol ved
subst ituting temperature '1' in Equations (4) and (5) by:

'1' = 300 + a . t + s r (DC] (II)

where ~T represents the mean differen ce between test specimen surface temperature ('1',) and
the referenc e temperatur e measured by the kiln thermocouple ('1',,), in the temperatur e
interval at which crys ta lliza tion ar ises.

In order to verify w he ther it might be convenien t to operate in a similar manner in thi s
study, a set of experime nts wer e carr ied ou t, according to the procedure desc ribed in Secti on
2 of this paper, wi th a view to study ing the way in which '1', and '1'" va ried , at the different
tested heating rates. Tah les V and VI list the resulting data.
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Tobit! V. variation a/Th• Tso T, at different healing rotes [Series of experiments using fril lest specimens]

Heat- treatm. a
T. rOC) 300 600 700 725 750 775 800 825 850

cycle (OCIminl

1 2.5 T. l°C) 300 602 702 728 753 778 803 828 853
T. (OC) 296 59~ 693 718 7~3 768 793 817 8~2

2 5 T. IOC) 30~ 603 703 728 75-1 779 80~ 829 85~

T, (OC) 296 590 689 7H 739 763 788 8 H 838

3 10 T. l°C) 308 610 709 734 759 78~ 809 834 859
T (OC) 294 587 685 710 73~ 758 783 807 833

~ 50 T. l°C) 302 622 718 7~2 766 790 815 8~0 865
T roC) 29~ 570 656 677 698 719 7~0 761 783

Table VI. lliriation a/Th. TS" 1'; at different hooting roles. (Serios of experiments using refructory lest specimens)

Heat- treatm. a
Th(°C) 300 600 700 800 900 950 1000 l ll50 nOll 115ll

cycle (OCImin] Ia.;

1 2.5 T. IOC) 302 603 703 803 903 953 1003 1053 11 0~ 11 54
T rOC) 295 595 695 795 896 9~6 996 1O~6 1096 1146

2 5 T. [0C) 300 603 703 80~ 903 95~ 1003 105~ 110~ 11 5~

T rOC) 292 592 692 792 892 9~2 993 1O~ 3 1093 IH3
3 10 T. [0C) 303 605 705 806 906 956 1007 1057 1107 115 7

T [0C) 292 589 689 789 890 9~0 990 1O~0 1090 11~0

~ 50 T. l°C) 308 620 717 816 917 966 1018 1068 1117 1168
T roC) 292 585 678 774 875 923 973 102~ 1075 1125

As can be observed, in all the experiments carried out , the test specimen surface
temperature (T,) was always slightly higher than the one measured by the thermocouple
located with in the kiln (Th). which, as set out in Section 3.3.3. was assumed to coincide with
test specimen temperature throughout the experiment. The difference observed between Th
and T, may be due to either (or both ) of two following reasons: a) as a result of the di fferen t
position in respect of the kiln resistances of the thermocou ples that measure both
tempera tures (Fig. 2); b) as a result of the welded junction of the thermocouple measuring Th
being very shiny. whereas the surface of the thermocouple where T, is measured is dull . so
that the coefficient of thermal absor ption to the radiation emitted by the resistances will be
greater at the test specimen surfaces than at the junction of the thermocouple measuring
temperature inside the kiln. whi ch explains why T, is slightly higher than Th.

In view of these results. it was decided to substit ute (T) of the test specimen. in Equations
(4) and (5), by Equa tion (8). wh ich yields :

dn, [ E, ( 1 ) ] e- = - A" exp -- (n, - n,)
dt R 573+a ·t+ LiT

dn., [ E, ( I ) ]--= A, · exp -- (J - n, - n,, )
dt R 573 + a . t + liT
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On sim ultaneously integrating the equations using the same boundary co nd itions
employe d for in tegrating Equations (6) an d (7), using the values of t>T=(T,:I\)"""", listed in
Tabl e VII, de rived from the corres ponding on es in Tables V and VI, the valu es of n" were
obtained, which have been plotted in Fig. 8 (solid lin es) versus t, together with the relevant
experime ntal da ta points. It can be observed tha t the values of n., calc ulated using Equat ions
(9) and (10), appear to fit the experi mental data slightly better than when they were
calculated using Equations (6) and (7).

1.0 ~n.::,,~= =- ~~ -=-.-----,

300 350

• a = 50 °C/min.
t>T= 17 °C

100 150 200 250
Time (rn in .)

• a = 5 "Clmin. 0 a = 10 "Clmin.
t>T = 4 "C t>T= 7 "C

o ""IL_~~----,::A:I~~__---t:::.::::Q=!;!::C=----_.L-_ --.J
o 50

o a = 2.5 "C/min.
t>T = 3 -c

0.2

0,4

0.6

O.S

Figure H. Pial of the experimental data (points) and mla"" calculated using Eqs. (9) and (10) (solid lines). for eueh
lcsll!d heating role.

Table \ '11. \ Illae" of tiT used in Eqs. (6) and (7) for each studied healing rote.

Heat-Treatment Cycle a (OCImin) Ll.T lOCI
1 2.5 3
2 5 <I
3 10 7

<I 50 17

It may therefore be inferred that simultaneou s integration of Equati on s (9) an d (10) allows
predicting the zirconium fraction that crys tallizes as zirco n, when a consolidat ed layer of
powdered fri t, of a compos ition and particle size like the on es studied in this pap er, obtained
by wet applica tion to a ceramic body, are heated (at a cons tant rate of hea ting). This requires
previously calculating the value of param eters AI' Az, E" Ez and n", (R= 8,3 j/molxK) by
experime nts performed under isothermal conditions, at different temperatures , with test
specimens formed by casting from the selected frit and particle-size distribution .
Furthermore, nO", an d nO" mu st be determined, by XRD an aly sis, in the starting frit. Th e
va lues of Ll.T =( T,-Th)mean to be used wil l depend on the characteristics of the kiln involved.
which means tha t they must be measured in that kiln at the se lected heating rate.
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3.3.5 [ustiflcation of th e temperature correction used

It follows from what has been set out th at if T is replaced by T, (test sp eci men surface
temperature) in Equations (4J and (5J. the calcu lated values of n" appear to match th e
experimen tal data better th an if This used (temperature measured by th e thermocouple
located inside th e kiln) or T, (temperature inside the test specime n).

Th is conclusion would be warranted if the crystallization ph enomenon developed from
the surface of the test sp ecimen inwards. as a result of th e surface receiving heat from th e
kiln resistances and therefore heating up from outside in wards (note that in Tab les V and VI.
we a lwavs find T,<T,).

In order to ver ify thi s circumstance, several experime nts were carried out at the pea k
tested heating rate (a=50Q Clmin ). using test specimens formed from frit particles that
underwent different kiln dwell times . Th e evolu tion observed by optical microscope of the
ap pearan ce of a cros s-sectional area of th e test specimens has been schematically illustrated
in Fig. 9. It can be observed that crystal growth (diopside, zirconia, and zirconJ deve lops from
ou tside inwards , as expec ted. Th e fact th at the growth of the crystallization region
preferentially takes place from th e top down, on looking at test specime ns show n in Fig. 9. is
du e to their location in the kiln . Fig., 2 shows that th e frit test speci men res ts upo n a
refractory materi al base. and on ly receives heat by radiation from the two resistances located
in the upper par t of the kiln , since the other two resistances do not "see" it, Therefore . test
specimen surface temperatur e (T,) mu st be more representative of the actual temperatur e in
the region where crystallization occurs than the temperatur e measured in the kiln (Th).
which is consisten t with the results.

950 QC 975 QC 1000 QC 1025 QC 1050 °C

Figure 9. Evolution of the appearance of the test specimens obtained on treating them to diffenmt peak
temperatures. using a heatin g rote of 50 "C/min.
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