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ABSTRACT

A st ud y was undertaken on the mecha nis m and kin etics of the process by which
porosi ty is redu ced in a glaze particle packi ng (s int er ing). in an intent to maximise porosity
red uc tion in th e res ul ting fired glaze coating. Th e study was carried out by using a fri t
particle di str ibu tio n of an entire ly glassy nature . ob taine d from a sta ndard glass . and th ree
parti cle-si ze di s tribu tions ta ken from a single glaze, pre pared with a zirconi u m frit and
kaolin . These materia ls unde rwent isothermal trea tmen ts an d constant-rate heating. :\
semi-empirical equation was derived . w hich suitably describes glaze particle sin tering
kin etics. Moreover. scanning electron microscopy and mercury poresizing a llo wed
determining the mechanism that gives ris e to scaled pore formation in a glaze. and
estab lish ing ho w unfired glaze parti cle-size distribution impacts final glaze porosity.

1 INTROD UCfIO;\,

Dur ing th e firing of ceramic glazes. frit part icle viscos ity pro gressive ly drops as
tempera ture rises . Th ese fri t parti cles agglom erat e or coa lesce as a result of th e capillary
pressure th at ari ses a t th eir contac t points . w hich lead s to in crea sed sh rin kage of th e
mat er ial, and a change in the origina l porous textur e (decrease d pore volu me and cha nges
in pore s ize and sha pe). In advanced process states. porosit y sti ll re mains basica lly
a pparent, while in th e final states. at low poros ity val ues . porosi ty is mainly sealed. with
pores contai n ing occluded gas . In this process state. th e material layer reaches min imu m
poros ity. un der given fir ing cond itions. when th e pressure of the trapped gases in the pores
equals capillary pressure (process-driving force) .

It follows therefore , that part of the porosity of a fired glaze coat ing is quite likely 10

stem from some of the pores that were already present in the newly applied glaze layer. It
was thus dec ided to try and obtain more data than currently availab le. on th e mechan ism
and kin etics in vol ved in reducing porosity of a glaze particl e pac king in firing . in an in tent
to red uce fina l glaze porosi ty. This research was conseque n tly designed and carr ied out
with th e follo wing spec ific aims:
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i) Determi nation of the sintering mechanism and kin etics of a frit pa rticle pack ing of
an exclusive ly glassy nature. This was do ne by conducting a set of isot hermal and
nonisothermal experiments (at co ns tant-rate hea ting), using test specimens formed
from standard glass particles, wh ose viscosity in the melt had been accurately
determined.

ii ] Determination of the sintering mechanism and kinetics of a zirco nium glaze.
assessing the influen ce of its parti cle-size distribution on the process rat e and
upon final glaze porosity.

1.1 SINTERING OF GLAZE PARTICLE PACKINGS. PROPOSED KINETIC EQUATION.

Although numerous theoretical models have been put forwar d for studying glass
particl e sint eri ng, they are bas ed on so ma ny microstructural simplifications (co ns tant
sized , sphered particles , regu lar part icle packings, etc.), th at they are only pa rtially
applicable to very simple systems (1-8). Therefore, in order to descr ibe the si ntering
proces s of packings of irregularly shaped frit particles with a wid e ra nge of size
d istributions, empirical or semi-empirical equations are used (10)(9)(4). Thus, in view of
the data reported by various wo rkers , and the shape of the curves obtain ed on plotting
materia l po rosity aga inst kiln dwell time in iso therma l experiments, it was co nsidered tha t
the sin ter ing rate (dXldt) might be described by a semi-empirical equation of the type:

where:

tlX

tiT
= KI/ - X} III

x = the degree of sintering ad vance or degree of sin tering, defined as:

where:

X= Pc - Po
[21

Pc = bulk density of the pa rt ially densified material.
Po = unfired bulk density.
Pmox= peak density.

The degree of sintering advance is represented by the ratio : already suppressed
porosity/p eak suppressible porosity. It has been defined in th is fashion. beca use a
material's final poros ity is never cancelled out when pea k densificat ion is achieved.

Param eter K is the process rate constan t. According to the theoretical kin eti c models of
visco us flow sin teri ng. K must he proportional to glass surface tension (a), and inversely
proportiona l to its viscosity (11 ) and its particle radi us [r} ,

K oc
a

11 r
[3)

In tegrating Equation [1] within the limits for t= O. x =o and for t =t, X= X, give s:
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Thus . if the res ults obtained in an iso thermal experime nt are plotted in the form ln lt /t t
Xl] YS. l. a straigh t should be fou nd . which must pass through the or igin . if the pro posed
kine tic equa tion is appro pr ia te.

On a ttempti ng to es tablish a relationship between K and tem pera ture . it may be
assumed that variat ions in temperature will affect liquid-phase viscosi ty (11) more th an its
surface tens ion (a ). Bearing in mi nd th at th e variat ion of 11 wi th temper ature may be
describ ed approximately for narrow temperature interva ls by an ex ponential re lation of th e
type:

11 = A.c xp (;T)
and taki ng into account Equation [3]. the rela tion between K and T is given by :

151

I(, I

If th e ex pe ri me nts arc carried ou t at a co ns tant rat e of heat ing (a). th e following holds:

dT 1
=ar l/

Iii

Thu s. mu ltiply ing both members of Equ ation 11] by th e reciprocal of the heating rate .
y ields tho equat ion :

dX _ K 1 V )- - - ( - "
d T l/

Substitu ti ng Equati on [01in to Equa tion [31 gives :

dX Kii ( Q)- = - exp - - (I -X)
ar l/ nt

IXI

I~I

Ma king the assumption that the apparent acti vation energy of the process (Q ) an d
pa rameter KII remai n constant during the experimen t. since they do not de pe nd on
te mpe ra ture . Equa tion [91 ca n be int egra ted . thus yield ing:

1 K o RT' ( Q)
In (I _X ) = -;; Q cxp - RT

~lo\'i ng '1" to th e first term of Equation 11 01 and taking logarith ms, gives:

11111

[ 1 ( 1 'JIn y,ln 1_ X) =
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Therefore, if the proposed model is correct, plotting the values of the first member of
Equation [111versus l /T should yield a str aigh t line, from whose slo pe (-QlR) an d ordina te
at the in tercept [I n (K,Ja)(RlQl], the apparen t act ivat ion energy of the sintering process (Ql
and th e freque ncy factor (Kol can be calculated.

2 ~IATERIALS USEDA~D EXPERI~IEi\'TAL TECHNIQ UE

2.1 ~IATERIALS USED

A NIST SR}"I-717 standard glass and th ree particle-size distr ibutions of a single glaze
were used . The glaze invol ved was prepared from an industr ial zirco nium frit to which 8%
kao lin had been added.

Table 1. Test specimen particle mean diameter tlJ).

Material I D(um)
Standard glass 13,5

Glaze. Fraction G 27,9
Glaze . Fraction tv! 18,3
Glaze. Fraction F 6,3

2.2 EXPERI~1ENTAL TECH~IQUE

2.2 .1 Sintering of standard glass test spe cimens under isothermal conditio ns

Th e sta ndard glass was wet ground in a fast laboratory mil l. Th e suspension obtained
was dried and the resulting powder was pressed, forming 3 mm high cylindrical test
specimens with a diameter of 25 mm. These test speci mens were dr ied and isot hermally
fired at temperatures of: 625, 650 and li70 DC, with vary ing residence times ranging from
10-1140 min .

The degree of sintering was det ermined by measuring the unfired bulk dens ity of th e
specimens, which were subsequent ly fired at different temperatures and differing dwe ll
times.

2.2.2 Sintering at constant-rate heating

Sintering at constant-ra te heating was don e in a hot-stage microscope. Th e varia tion of
the degree of sintering of the test sp ecimen was determined by continuous ly monitoring
the evolution of its geometry (by image analysis). Ini tially, the cyl indrical tes t specimen
had a 3 mm diam eter and was 3 mm th ick. Th e hea ting ra tes used were 2, 5 an d lOoC/min.
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3 RESULTS A;\IO m SClJSSIO;\l

3.1 SINTERING OF TEST SPECIl\IE:'\S FORMED FROM STA;\IDARD GLASS
PARTI CLES

3.1.1 Isothermal exper imen ts

3. 1.1.1 Pro cess kinetics

Fig. 1 shows a plot of the degree of si n teri ng (X) which the standard glass spec imens
reached agai nst kiln dwell time for the three iso thermal heat treatment s ru n. The val ues of
X were calcu lated fro m tho test sp ecimen unfired bulk densi ty values, which were
practica lly cons tant (p,,= 1.1HHP/ cc ). from th e fired bu lk density of each tes t speci me n (pc! ,
and from th e hulk density of the most compact test speci men (p",.., .= 2.205g!cc ). The most
s in terod speci me n was ohtai ncd on hea ting th e sa mple at 570 °C for 210 min. lis sca led
porosity was determined from th e dens ity values of th e glass, an d bu lk de nsity of the test
specimen was 2% .
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Fig. 2 depicts a plot of the values ln ]1/ ( I-X)) corres po ndi ng to each test spec imen . ve rs us
kiln dwell time. for th ree tem perat u res. It can be observed that except for the values
corres ponding to th e two lest spec imens that were fired at 550 and 570°C for long periods
of tim e, in which th e gases occluded in the pores ex panded, the res ults fit three st raigh t
lines quite satisfactorily. on e for each test ed temperature . The slo pe of th ese straight lines
is positive and increases with tem perature, in acc ordance wi th the proposed kinet ic
equation,

On plotting the va lues obtained for InK. versus those of the inverse of abso lu te
temperat ur e (1/'1') and those of the in verse of viscosi ty ( 1/11 ) vers us thi s sa me variable . two
practicall y parall el straigh t lines were ohta ined (Fig. :1) . These resul ts confirm. on the on e
hand, th at th e effec t of tempera ture on the s in teriug rat " cons tan t and on vis cosity can be
described by an Arrhenius-typ e eq ua tio n (Equa tions 151and 15]). On th e othe r hand, th ey
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show that the sintering process rate constant is invers ely proportional to glass vis cosi ty,
just as predi cted by the mod els for particle sintering by viscous flow. 1\ plot is sh own in
Fig. 1. by means of solid lines. of how the degree of sintering of the test specimens evolves
with kiln dwell time for the three tested temperatures. calculated from the proposed
kinetic equation. It can be observed , that the experimental data and the computed values
match well .
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Figure 2. Fit of the data to proposfld kinetic Equation [4j. Standard Wass.
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Figure 3 . Influence of temperature on rotc constant (k] and on the invers e of viscosity {l iTlJ . Standard glas s.

3.1.1.2 Evolution of th e mi crostructure of the test specimen with th e degree of sin teri ng
advan ce

Fig. 4 depicts the microphotograp hs corresponding to test specimens with different
degrees of sintering (X), obtained at var ious temperatures and kiln dw ell times.
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On exam in ing the test sp ecimens obt ained using different heat treatments by scann ing
electro n microscopy (SE:-' Ij, it was observed that the relati on hetwe en the microstructure of
the test pieces and the degree of sinter ing advance (X}, which is shown in Fig. .J. is
independent of th e heat-treatment cyc le em ployed. An an al ogous concl us ion may be
drawn from Fig. 5. in which the variati on of th e ap parent por e mean diameter (0 1') and th e
rat io : apparent porosity/seal ed porosity of th e test specimens versus the degree of sintering
advance (X) have been plotted . On plott ing the values of 0 1' of the tes t specimens. fired at
di fferent temperatures and kiln dw ell limes . versus the correspond ing valu es of (X). a
single curve is found. The sa me occur s with the ra tio ap parent poros ity/seal ed poro sity .

For val ues of X <0.5. in Fig. .J. it ca n be observe d th at as sin tering advances. X increases.
glass particle mean size grows. mainly owing to th e progre ssive di sappear an ce of tho
smallest particles. In fact. at the co ntac t points between th e sma ll particles. and between
th e small particles and th e largest ones. higher capill ary pressures arise than in th e others.
wh ich leads to agglomerates with small particles densifyi ng faster th an the re st. Moreover.
it can be observed that as the pro cess advanc es. the glas s particle edges become more
rou nded . since th e system 's surface en ergy is also low ered in th is manner. In th is initial
s in tering st age. porosi ty is apparent and mean pore size grows as the process advances
[Fig. 5). Act ua lly, the smallest pores (voids between small particles) are progressively
suppressed while the vo lume of the medium-sized por es rises (Fig. fi]. This rise in me an
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and most common pore size occurs because the decrease in th e smallest pores produces
differential shrinkage in parti cle packings with a wid e size distribution (12).

In more advanced process states (Fig. 4), for values of X> O,6, glass particles lose their
iden tity and the material can be considered as a set of di fferently sha ped and sized pores.
The figure shows that the pores wh ich in iti ally form an interconnected capillary network,
progressively close and sphere, until th ey become sealed an d sphered in the fina l process
states. It can also be observed tha t as the degree of sintering of the tes t specimen increases
(X), mean pore size an d pore number progressively dec rease until reaching minimu m
values at test specime n peak densification. However, at any sintering state , large pores can
always be observe d, since the rate at which th ese pores shrink is very low or even zero ,
because the capillary pressure that is produced inside them is also very small. If heat
treatment is continued beyond an optimum value, mean pore size grows as a result of the
expansion of the gases trapped within the pore (X= O, 981 in Fig. 4 ).

On comparing these results with the ones found by mercury poresizing (Fig. 5), for high
degrees of sintering (X>O,6 ), the mercury poresizing technique is shown to produce
important errors in determining pore sizes, since the capillaries do not have a circular
cross sec tion, nor is their radius constant. Furthermore, this technique does not allow
detecting large-sized pores linked to smaller ones , because the volume of mercury that
penetrates into these large pores is indirectly assigned to the pores with a smaller cross
section to which they are linked (intrus ion radii). It may th us be inferred tha t the mean
pore diam eter values obtaine d by mercury poresizing are lower than they reall y are,
especially at high degrees of sintering. With regard to the variation of the ratio: appar ent
porosity/t ru e porosity with the degree of sin tering, the data are consistent with th e SEI\l
outcomes.
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3.1.2 Consla nl-ra le healing expe r imenls.

The results have been plotted in Fig. 7, w hich were ob tained on beating a standard glass
test speci men in th e hot-stage m icroscope at a rate of 2°e/min , in th e form, degree of
sintering (X) ver sus temperat ur e . The resulting cur ve ha s tho typica l sinusoidal shape of
th e proposed kinet ic equation, up to peak dcnsification , a t a given temperatu re . If test
specimen beat ing is continued, porosity rises (X decreases], owing to expans ion of th e
occluded gases with in th e pores. The pa irs of values , degree of test specimen sintering (X)
temperature (T) , fit Equ atio n II I very well , wh ich is th o kinetic equation re presenti ng
sint ering at constan t-rate heating (a). On fitt ing these values by linea r regress ion to this
equation, tho apparent activation energy values of the process (Q = 3-l0kJ/mol) and
frequency factor (K,,=3 ,8.1017min") were ob tained. With the fitted va lues of K, and Q, the
curves of the variatio n of th e degree of conversion (X) with temperature, and the sin teri ng
ra te (dX/dtj, versus th is same variable were ca lcula ted . Fig. 7 shows that the match
between the calcu lated values and the experimenta l data is excellen t.

I.( KJ

0. 90

(I,SO

o.ro

n.oo

0.50
/.

{jAil

l U ll

O.211

n, III

tWO

55 0 575 600 625 650 675 700 725

o.o«

'"
0 .0.5

O.O~

E

o.os
3
-c

0.02

0.0 1

I"' x -- dX/d l

0
750 775 R(X)

Te mperature (' T l

- 121 '



::- ""'A' Vn .. ,9 6
... ~Ub'C,../ C,ISTELL6 :" (SI'AI1':)

Figure 7. Evolution of the degree of sinteting and sintcting rotc with tomporature. Experim ent ut heating m te "d '= 2 "Clm in.
Standa rd glass.

Fig. 8 shows a plot of the experimentally obtained log. values of the rate constant (K),
and th ose of the log. of the inverse of viscosity (t /n), determined for this glass. versus the
inverse of absolute temperature (lrr). As was to be expected . two practically parallel
stra ight lines were obtained. This once again substantiates th at the marked effect of
temperature on th e glass particle sintering rate. described by the Arrhenius equation.
occur s exclusively because glass viscosity decreases with temperature. exa ctly following
the sa me trend.

On the othe r hand. th ese data show the suitability of th e experime nta l technique
employed for the study of the sintering of glass particle packings, since a heat treatmen t
based on constant -rate heating of the test specimen is more like the heat treatmen t used
industrially for firing glazes than an isoth ermal trea tment. Furthermore. in order to
determine the influence of temperature on the process rate by isothermal methods. at least
three experime nts are req uired. whereas this information can be obtain ed from a single
experime nt conduc ted at a constant rate of heating.

In this sectio n , a low rate of heating was chosen (zoe/min) . so as to reduce temperatur e
gradients within the test spec imen as far as possible. and bring the specimen's temperatur e
as close as possibl e to that registered by the kiln thermocoup le of the hot-stage microscope.
Th ese conditions were suitable for attempting to verify the proposed kineti c equation an d
confirm wh ether the influence of temperature on the velocity consta nt was excl usively due
to the de pendence of glass viscosity on this variabl e.

Having satisfied these objectives , experiments were conducted at higher heating ra tes.
although we were aware tha t on not obeying the foregoin g requirements. the resu lts might
be partially distorted.
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The results obtained on using different heating rates have been plotted in Fig. 9. The
cur ves are alike but have progressively shifted tow ards higher temperatures, as the heat ing
rate rose, The da ta also fit the proposed kineti c equation (Equation 11), HO\\'8\'er , the
ac tivation ene rgy values obtained on using heating rates of 5 and lOeC/min , ar e sli ghtly
higher than the corresponding value in the experiment with 2°C/min, This is probab ly
because th e difference between test specimen temperature and th at recorded by th e
thermocouple rises as the heating rate increases.
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Fig ure 9 . tntluen ce uf the beating rate on the degree ofsintcring. Standard glass.

3.2 SINTERI NG AT CONSTA1'\T·RATE HEATING OF TEST SPECIMENS FORMED
FROM A ZIRCONIUM GLAZE

3.2.1 Expe r iments with a monosize particl e distribution (Particle-size di stribution :\1)

Fig. 10 shows a plot of the resu lting da ia in the form : de gree of sintering [X] versus
temp erature [T] , Although the curve looks like the one obtain ed with the standard glas s.
there are some differen ces. This curve exhi bits th ree stre tches in which the varia tion of X
with T do es no t follow the same trend. This becomes eve n clearer on plottin g the first
member of Equation [11] against th e inverse of temperature (Fig. 11). This plot is not a
stra ight line, unlike what happened with the corresponding glass plot. Thi s shows that the
kine tic equation th at was va lid for glasses is not directly applica ble to thi s fri t for the
whole sin tering process. However, three stra ight segments ca n be clearl y iden tified in the
plot, which indicates that for eac h temperature interval , the results fit the proposed kin eti c
equatio n well , altho ugh with d iffere nt· values for the activation energy (Q l and frequen cy
factor (Kol. si nce the slopes of these stre tches al so differ.
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Linea r filli ng was used to de te rmine the values of K" and Q correspondi ng to ea ch of
these te mpera ture in ter val s. With th ese va lues and Equat ion iJ 11. the evo lut ion was
ca lcula te d of th e si n toring rate wi th tempera ture (Fig. Ill).

In Fig. 1 J. it ca n also be observed that at th e te mpera ture int e rval between 8511 and
g"occ. th e influence th at temperature has on the ra te constant (slope of the second
stret ch), a nd therefor e on glaze effec tive viscosity , is much less that fo r the remaining
temperatures (s lo pe of th e first an d third stretches) . This suggests that in th e temperature
range 85IHI511°C. exte nsive cryst a ll ine-phase devitrifi ca tion must a r ise . In fact. crys ta l
precip itation a t th e surface or inside the glass particl es partially co u n te rac ts the decrease
in viscositv in the glassy phase with the rise in tem pe ra tu re (13 ).
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To ver ify this as sumptio n. a d ifferen tia l the rm al anal ysis les t W d S run on the glaze
pa r ticles . a t tho same heat ing rate that w as used in the sin te ring ex peri ment (Fig. 12). A
w ide band ca n be obs erve d in Ibi s the rmogram. typ ica l of surface crysta ll ization . w hi c h
com mences a t ro u nd 85 ll0C and exte n ds u p to "bo ut ]()llll' c:. It w as s hown hv X-rav- -
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di ffra ction that the crys tallizing phases were a double silica te of ca lciu m an d m agnesium,
a double sili cate of calcium and zin c, and zirconium silicate.

25
t
;;

22 ">.=,
"!"
2 19
~
~

~ 16"§

~
~ 13

10
71Xl 800 900 1000 1J(X ) 1200

Tem perature ("C)

Fig ure 12 . Therm ogrcuncorresponding to the zirconium glaz e. l Iea ting rate "0"= l o ce /min . Pa n icle-size distribution M.

These fin dings allowed concluding that this glaze sin tered according to the mechanism
set ou t below.

At tem pe ra tur es be low th e start of frit de vitr ification (850°C), the frit particles have an
exclusively glassy nature, which is why their viscosity drops as temperature rises ,
en tailing an increase in the densification rate of the test specimen (Fig. 10). Above 850°C,
crysta lline phases start devitrifying, probabl y from the particle surfaces (13), at a ra te that
cli mbs with tempera ture until peaking at rou nd 900DC (crys tallization peak in the
the rmogram). While crystallization con tinu es at a considerable rate (be tween 850 and
950 °C), although th e viscosity of th e glassy phase keeps dropping with ris ing temperature,
progressive crystal growth in th e particles tends to ra ise effective viscosity (loweri ng
deformab ility) . The outcome of these opposi te effects makes the system's effective visc osity
decreas e re latively little wi th rising tempe rature. A hike in temperature therefore gives rise
to a sligh t in crease in the sintering rate constan t (Fig. 11) and th e ra te of this process (Fig.
10).

At higher temperatures (above 950°C), the crystallizatio n rate is a lre ady very low, so
th at th e slight increase in th e crystal proport ion that ari ses hardly affects th e marked drop
in viscosity of th e residual glassy phase with inc reas ed temperature . Consequently , the
s in tering rate constan t rise s considerably with temperature until the test specimen reaches
peak densification (final stretch of Fig. 11). The sintering rate follows thi s trend up to
values for th e degree of sin tering (X) approaching 0,7 (Fig. 10). If temperature kee ps on
rising. the densification rate progressively fall s un ti l it canc els out, just as occurred in th e
case w here sint ering wa s involved of particles of an exclusively gla ssy nature, discussed in
the foregoing section .

The evolu tion that th e porous texture of the test sp ecimen undergoes as sin tering
advanc es is quite like th at observed in the case of th e glass particles (Section 3.1.1.2), Fig.
13 shows some selected mi crophotographs of th is glaze.
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Figun' I J . .\ 1icropho/ogra plls corre spo nding to test specimens wilh differen t degrees of sintc ring [X], obtuine d fro m the
z ircon ium frit . Purticie-size distribution Jl .

3.2 .2 Experiments with different parti cle-size distributi ons

On modifying the particle-si ze distribution of a glaze, porosi ty and pore-size
distribution in the resulting particle packing are als o altered . As may be obse rved in Fig.
H . that as mean size is reduced an d the width of the particle-si ze distrihution increases ,
pore vo lume rises in the unfired tes t specimen. However, the width of the test specimen 's
pore-size distri bution and its mean pore d iameter are red uced, as th e size and volume of
th e coarsest pores are decreased. Thus, the resu lting particle pack ing with the fine s t
particle -siz e distribu tion (F) ex hibits th e highes t porosity , an d is at the same time th e mo st
un iform , since ma ximum pore size (intrusion diameter) lies below turn.

3<Xl

::0

~J
250

'.'"'
~ 21 Xl

e
§ ISO'z
E
=
'"' IIXl.::
~
E 50
0

0

0. 1 10

Pore diameter (p m )

Figure 1-l. lhn··si:.w dis tribution of thp, unfired les t spec ime ns correepandine to !,flrt id(~-'i izl! distributions G. ,\ 1. an d F

Alterations in mean particle an d pure sizes in an unfired packing and its
mi crostructural unifo rmi ty, obtained by modifying glaze particle-size dis tribu tion may
therefore be ex pecte d to co nsi derably affect no t just the ra te at which the material
dens lfies , hu t a lso its porous structure in the d ifferent pro cess states.
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The plot has been depicted in Fig. 15 of the cur ves of the degree of sintering (X]
temperature (Tl, corresponding to the tes t specimens formed fro m glaze particle-size
distributions G, M and F. The cur ves are similar, but have sh ifted towards h igher
temperatures as mean par ticle size (01 of the particle-size d istribution increased. Just as in
the previou s sec tion, for part icle-size di stribution M, it has been attempted to fit the pairs
of va lues degree of sintering [Xl-ternperature (Tl corresponding to glaze particle-size
distributions G and F to Equati on [11] . Two broken straight lin es were obtained, one for
each particle-size distribution, each havin g three straight stretches , analogous to th e plot
shown in Fig. 12 .

I":'-G-<>- M -0- F I
1.00

0.90

O.RO

0.70

0.60

x 05 0

0,40

030

o.zo

0.10

0.00
750 SIlO 850 900 950 1000 1050 \100

Temperature ( ~C )

Figure 15. Influence of glaze particle -size distribution on the degree of sirnering.

Tabl e II details the va lues of the temp era ture intervals, ene rgy ac tiva tion (Ql and
freq uency facto r (Kol for particle-size distributions G, M, and F, for each curve stretch.

Table 11. Kinetic parameters correspondin g to the three glaze particle-size distributions .

Stretch Particle-si ze Temperature Ko Q
distribution interval (OCI (min') [kl/mol]

F 800-840 6 ,5. 10·' 575
I 1\1 820-860 6 ,9. 102~ 574

G 850-890 l ,5.102~ 575
F 84 0-940 3.2 .10° 218

II ~ I 860-960 - - 10 7
216/ .o ,

G 900-980 3. 1.10
7

21 5
F 940-990 2,0 .10" 531

III :VI 960-1040 4 ,8.10" 533
G 980-1060 3 ,1. 1021 535

An analys is of these data (Fig. 15 and Table II) shows that as mean size and width of the
particl e-s ize di stribution decrease, the sintering rate of the particles rises considerably,
which means in constan t-rate-of-heating experiments , tha t the temperature at which the
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test specimen rea ch es a given degree of duns ification drops cons ide rably. Thus, particle
size distribution F attains mini mum porosity rou nd 990 °C, at a temperat ur e tha t is 50'C
low er than th e one corresponding to distribut ion :-' 1. which has a part icle-size d istribution
si milar to the one used industria lly (Fig, I.;) , Howe ver. th e coarsest on e reac hes min imum
porosity at ro und lOGO'C. The influence of the gla ze particle-si ze di str ibu tion on the
s inter ing ra te at any process state ca n be bett er quanti fied by means of th e value of K"
(Table II). It ca n be observed th at the va lues of th e frequency factor (K,,), and th erefore
process ra te in crease as mean particle size and th e width of particle-si ze distribut ion a re
decreased.

The marked effec t that glaze pa rt icle-size di stribut ion has upon the process ra te st em s
from th e fact th at the capillar v pressure (sinter ing-driving force), which arises within the
po res and at the interparticle co nta ct points, beco mes greater as pa rti cle and pore sims
decrease.

It ca n fur th ermore be observed that glaze particl e-si ze d istribution do es not a lter tho
effect that tempera ture ha s on th e pro cess rate. Thus, for each of th e three s tretches , th e
va lue of th e apparent activation energy rem ains virtually constant. Th is underscores once
again the fact that th e effect of temperature on th e sint eri ng rate is exclus ivel y due to th e
infl uence of th is variab le on molten glazo viscos ity, si nce this property must. in principle ,
depend very litt le on starting glaze parti cle s ize .

"i g. )(i shows a plot. for each glaz e pa rticle-size distribu tion of the va rintio n tha t
apparent pore mean size undergoes (1\) wi th tho degree of glaze sin teri ng adva nce. In the
in itia l mat er ia l densification stages . poros ity is practically apparen t. so th at the resu lts
obtai ned by mercury poresizing are not unduly biased and may Ill! used to co m pare tho
behaviou r of the th ree parti cle-si ze distr ibutions.
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distribution.

It ca n be obse rved thu t the increase of mean pore size, wh ich occurs while the glaze
sin tel'S, becomes grea ter with increased no nuniformity of the m icro stru ctu re of th e unfi red
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test specimen . in accordance with what has been set out in Section (3.2.2). The growth of
mean pore size (01') corresponding to th e test specimen formed with distribu tion F, which
is th e mos t un iform. is very small. The opposite occurred with distribu tions M and G.
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T he greater or lesser un iform ity of the mi crostructure of th e un fired pa rticle packing.
caused by usi ng more or less wide particle-si ze distribut ions . has an eve n grea te r im pact
on the porous structure of the glaze layer in the fina l firing stage. as show n in Ta ble III.
The ta ble su mmarizes the values of sealed porosity. and ot her par ameters that charac teri ze
the porous structure. corres pond ing to th e gla ze test specimens tha t were fired to peak
densifi cation (m inimum porosi ty ). for the three tested particle-si ze d istri bu tions.

Tab le Ill . Po ros itv Hi till' I t!~ t specimens formed from distributions r: ,\ 1<I nti C; und fin~d to !,1 ~(Jk dml.•;ny.

Parti cl e-size Firing Poro sity Pore mean Pore volume of
di stribution temperature ('Yo ) di ameter (11m) Dp >2OIlm!

(0C) /soli d volum e
['Yo)

F 990 0 .7 7 .G 0.05
M 1040 2.1 8.8 D.1 G

G lO GO 2 .7 I 1 0.32

4 CO~CLUSIONS

A se mi-empiric al kin etic equation has been proposed tha t su itably describes the
evo lu tion of the degree of sintering advan ce that a frit particle packing of an excl us ively
glassy na ture undergoes for the whole sintering process. with the heat treatment to which
the mat eria l is subjected . The fitness of th is eq ua tion has been dem onst ra ted bo th in
isothermal experiments and in constant-rat e-of-heating experiments ,

It has bee n show n. th at th e marked infl uence of temperature on tlw sin teri ng ra te of a
frit par ticle pack ing of an exclusiv ely glassy nature is so lely du e to th e effec t of
tempera ture o n the viscosity of the molt en glass ,

Scann ing e lectro n microscopy and mercury poresizmg were used to ana lyze the
evo lu tion th at th e porous texture of a fri t part icle packing underwent with the degree of
si n tering ad vance. determining th e mechanism. which irrefu tabl y gave rise to sealed pores
in th e fire d material.

On studying th e sintering of a gla ze prep ared from a zirconium Irit, it was sh own th at
the dcv itrifyi ng crys ta lline ph ases . w hich considerably in fluence fri t particle effective
viscosity. markedly affec t the glaze sintering process , For these kinds of glaze, the
densificat ion process ca n be divided up in to three stages or stretches. to each of which the
proposed kinetic eq ua tion for particles of an exclus ive ly glas sy nature is applica ble .

It has been shown that glaze particle-size distribut ion, as it cons ide rably impacts th e
micro st ru cture of the unfired pa rticle packing , markedl y affects not just the ra te at which
th e glaze densifies but also final glaze porosity.
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