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A B S T R A C T

Sinter-crystallisation kinetics of a glaze with an average particle size of 9.6µm, 4.0µm and 0.65µm, which de-
vitrified anorthoclase and diopside, were studied by non-isothermal techniques. It was confirmed that the
crystallisation kinetics could be described by the Johnson–Mehl–Avrami–Kolmogorov model, assuming the
Avrami index and activation energy to be independent of particle size. To describe the sintering kinetics, a
kinetic model was developed, based on the Johnson–Mehl–Avrami–Kolmogorov model, assuming the effect of
temperature on the process rate to be the same as its effect on the inverse viscosity of the glass matrix, and
introducing a correction that took into account the difference between the heating rate of the kiln and that of the
test piece. The pre-exponential factor of the developed model was confirmed to be proportional to the inverse of
glaze average particle size. Glaze sinterability was observed to increase as the heating rate rose and/or average
particle size decreased.

1. Introduction

In a previous article [1], the sinter-crystallisation kinetics of a glaze
based on the SiO2–Al2O3–CaO–MgO–SrO system, as well as the micro-
structure of the glazes obtained at different maximum temperatures,
were studied using non-isothermal methods. Previous in-house research
had shown that, on a laboratory scale, this glaze yielded coatings with
good mechanical and aesthetic properties. There is currently a clear
trend towards applying glazes on ceramic substrates by inkjet tech-
nology, which has been widely implemented in ceramic tile decoration
and requires much smaller particle sizes than those used in traditional
glazing. However, no studies were found in the literature on the in-
fluence of glaze particle size, at average particle size distribution (PSD)
values, d50, which range from 0.5µm to 10µm, on glaze sinter-crystal-
lisation kinetics and on resulting glaze microstructure. Such informa-
tion is similarly scarce in the case of glass-ceramics, though glass-
ceramics sinterability [2–3] has been shown to depend, in addition to
their nature, on average particle size, d50, and on the heating rate, a.
This study examines the combined effect of these two variables (a and
d50) on the sinter-crystallisation kinetics of the above glaze [1] and on
its resulting microstructure. The results obtained will also be applicable
to the study of the sinterability of other glass-ceramic materials.

1.1. Determination of the kinetic parameters from constant-rate heating
experiments

The following equation describes the kinetics of a process:

=dX
dt

k(T)f(X) (1)

where f(X) is the kinetic model, which expresses the influence of X
(degree of conversion), and k(T) is the rate constant that is generally
related to temperature by the Arrhenius equation for relatively short
temperature ranges:

=k(T) Aexp E
RT (2)

where A is the pre-exponential factor, E is the process activation energy,
and R is the universal gas constant.

If the process is developed at constant-rate heating, a, Eq. 1 and
Eq. 2 yield:

=dX
dT

A
a

exp E
RT

f(X)
(3)

Integrating and considering the Murray and White approximation
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[4], one obtains the integral form of the kinetic model, g(X), and its
relation to temperature:

= = =g(x) dX
f(X)

A
a

exp E
RT

dT ART
aE

exp E
RT0

x

0

T 2

(4)

i) Crystallisation kinetics
The Johnson–Mehl–Avrami–Kolmogorov (JMAK) model [5–6] has

been used successfully to describe the surface crystallisation kinetics of
the studied glaze [1]. The integral form of this model is:

=g(X ) [ ln(1 X )]C C
1/nC (5)

where nC, the Avrami index, was found to be 3 [1]. This value is
characteristic of the surface crystallisation of very fine particles.

From Eq. 4 and Eq. 5 one obtains:

=X 1 exp A
a

RT
E

exp E
RTC

2 nC

(6)

The effect of particle size distribution, PSD, on n was determined by
the Augis–Bennett [7] equation:

=nC 2.5/FWHM
E/RTp

2 (7)

where FWHM is the full width of the crystallisation peak at half max-
imum in the DTA curve.

The other kinetic parameters, E and A, were determined by applying
the Kissinger–Akahira–Sunose (KAS) method [8], in some cases fitting
the experimental values of XC to Eq. 6. The KAS method is based on the
isoconversional principle (i.e. at a constant degree of conversion, XC,
the process rate, dXC/dT, depends only on temperature).

Rearranging terms and taking logarithms in Eq. 4, one obtains:

=ln a
T

ln AR
Eg(X )

E
RT2

C (8)

Applying the isoconversional principle, Eq. 8 yields:

=a
T

A R
E g X

E
RT

ln ln
( )X

X

X C X

X

X
2 (9)

For a selected value of XC, the value of EX is determined from the
slope obtained on plotting the values of ln( )a

TX
2 versus those of 1

TX
, AX

being the intercept and g(XC)X the value of Eq. 6 at the selected value of
XC. TX is usually evaluated at the crystallisation onset temperature, T0,
corresponding to phase formation onset (XC=0.01) [9], and the crys-
tallisation peak temperature, Tp, (in this study, XC=0.5±0.02).

ii) Sintering kinetics
In previous studies, the effect of temperature on the constant rate of

the process, k(T), was verified to be the same as its effect on the inverse of
glass matrix viscosity [1, 10, 11]. Therefore, Eq. 2 can be replaced with:

=k(T) A*·exp B
T TVFT (10)

where B=7100K and TVFT=600K are the values of the Vo-
gel–Fucher–Tamman (VFT) equation parameters for glass matrix viscosity
and A* is the pre-exponential factor.

Substituting Eq. 10 for Eq. 2, taking into account that glaze sintering
kinetics were also appropriately described by the JMAK model (Eq. 5)
[1], and operating in an analogous manner to the form described above,
Eq. 6 becomes:

=X 1 exp A*
a

(T T )
B

exp B
(T T )S

VFT
2

VFT

nS

(11)

To determine the effect of PSD on kinetic parameters, A* and nS, the
values of XS of the experimental sintering curves, obtained at different
heating rates, a, and different PSDs, were fitted to Eq. 11, using non-
lineal regression.

2. Material and Methods

This study was performed with a glaze prepared by adding 8%
kaolin by weight and the usual additives to a commercial frit compo-
sition based on the SiO2–Al2O3–CaO–MgO–SrO system (these compo-
nents make up more than 90 mol% of the frit), used and characterised
in a previous study [1].

Aqueous suspensions of the above glaze (with 0.3% sodium car-
boxymethylcellulose and 0.1% sodium tripolyphosphate by weight),
with a solids volume fraction of 0.65, were wet milled in a laboratory
mill to two particle size distributions (PSDs), G1 and G2 (Figure 1). To
obtain a finer PSD, an organic suspension, referenced G3 (Figure 1),
was prepared at 45% by weight of previously dried particle size dis-
tribution G2, using isopropyl myristate as suspending agent and 3.5% of
a copolymer as deflocculant. The G3 suspension was milled in two steps
in a high-speed grinding mill, in the first step using zirconia balls of
1.3–1.7mm diameter and, in the second, using zirconia balls <0.3mm
in diameter. The PSDs of the three glaze suspensions were determined
by laser diffraction using the Fraunhofer theory. The following average
particle sizes, d50, were obtained for G1, G2, and G3, respectively:
9.6µm, 4.0µm, and 0.65µm.

Before the test pieces were formed, the aqueous glaze (G1 and G2)
suspensions were dried at 110ºC, and the organic glaze (G3) suspension
was calcined for 4h at 300ºC to remove the isopropyl myristate by
oxidation.

Cylindrical test pieces, about 3mm in diameter and 5mm in height,
were formed by filling a die with powder, compacting with a pressure-
gauged push-rod, and extracting the sample onto an alumina plate. The
sintering curves were determined from the initial, S0, instantaneous, S,
and minimum, Smin, silhouette surface areas of the test pieces by hot
stage microscopy (HSM), at different heating rates (a=2–50K/min).
Diametral, εd=ln(d/d0), and axial, εh=ln(h/h0), strains were very si-
milar until completion of sintering, as had been verified in a previous
study [1].

Thus, assuming isotropic shrinkage, the sintering progress para-
meter, XS, was calculated from:

= =Xs ln(S /S)
ln(S /S )

A

A,max

0

0 min (12)

where εA and εA, max are the instantaneous and maximum silhouette
surface strain, respectively.

The estimated viscosity–temperature curve of a glass matrix with

Figure 1. Particle size distributions of the studied glaze determined by laser
diffraction.
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the same composition as the glaze, expressed by the
Vogel–Fucher–Tamman (VFT) equation, was determined in a previous
study [1]:

= +log (PaA·s) 5.67 7100
T(K) 600 (13)

To study the crystallisation process, the glaze DTA curves of the
different PSDs (G1, G2, and G3) were determined at different heating
rates (a=2–50K/min), in air atmosphere. The crystallisation degree of
conversion, XC, at a given temperature is the ratio of the partial area at
this temperature to the total area of the crystallisation exothermic peak
[1].

The microstructure of the polished and platinum-coated test pieces
was determined by scanning electron microscopy (SEM), at 10kV and
high vacuum. The chemical composition of the crystals was determined
by EDS, using the same procedure as in a previous study [1].

The goodness of each multiparameter fit was estimated by de-
termining the variance, S2:

=S RSS
m p

2
(14)

where m is the total number of experimental points used in the calcu-
lation, p is the number of fitting parameters, and RSS is the residual
sum of squares:

= =RSS (y y ) minexp cal
2 (15)

where yexp and ycalc are the experimental and calculated values, re-
spectively, of the property to be fitted.

3. Results

3.1. Effect of particle size distribution (PSD) on the behaviour of the studied
glass-ceramic glaze at 15K/min

The effect of particle size distribution, PSD, on sintering and crys-
tallisation is plotted in Figure 2. The G2 glaze thermogram clearly
shows the glass transition temperature, Tg≈710ºC, an exothermic peak
of anorthoclase and diopside surface crystallisation at Tp≈960ºC, and
the diopside endothermic melting peak, Tm≈1165ºC [1]. However, Tp
rose significantly as average particle size, d50, increased (plotted in
Figure 5 and discussed below in Section 3.2), whereas Tm only rose
slightly and Tg hardly varied as d50 increased.

Figure 2 shows that the experimental data of the degree of crys-
tallisation, XC, (empty symbols) and the corresponding crystallisation
curves, XC(T), calculated from Eq. 6 with nC=3, EC=340kJ/mol, and
values of A depending on the PSDs (A=9.50 · 1011s−1 for G1,
A=1.25 · 1012s−1 for G2, and A=2.69 · 1012s−1 for G3), shifted to-
wards lower temperatures as d50 decreased. It may be observed that the
influence of particle size on crystallisation can be described by con-
sidering that only the pre-exponential factor, A, changed, without the
other kinetic parameters (EC and nc) being modified, as was also sub-
sequently confirmed.

The experimental values of the degree of sintering progress, XS,
(solid symbols) and its variation with temperature also shifted towards
lower temperatures as d50 decreased. However, the quantitative influ-
ence of d50 on the sintering rate differed from that of d50 on crystal-
lisation. Indeed, as d50 decreased, the degree of sintering increased
before sintering was arrested by surface crystallisation. As Figure 2
shows, for G3 (the finest PSD) surface crystallisation began when sin-
tering had been completed whereas, for G1, surface crystallisation oc-
curred when densification had not yet been completed, XS≈0.95.
Therefore, d50 influenced glaze sinterability. It may furthermore be
observed that the theoretical sintering curves, in which surface crys-
tallisation was deemed not to occur, calculated from Eq. 11 with
nS=0.56 and values of A* depending on the PSDs (A*=2.0 · 1010s−1 for

Figure 2. Effect of particle size distribution, PSD, on sintering and crystal-
lisation. The solid and empty symbols are experimental data on sintering and
crystallisation, respectively. The crystallisation curve was calculated from Eq. 6
with nC=3, EC=340KJ/mol, and A=9.50 · 1011s−1 for G1, A=1.25 · 1012s−1

for G2, and A=2.69 · 1012s−1 for G3. The sintering curve was calculated from
Eq. 11 with nS=0.56, B=7100K, T0=600K, and A*=2.0 · 1010s−1 for G1,
A*=9.5 · 1010s−1 for G2, and A*=5.0 · 1011s−1 for G3. The dashed line is the
temperature at crystallisation onset, T0.
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G1, A*=9.5 · 1010s−1 for G2, and A*=5.0 · 1011s−1 for G3), appro-
priately described this process up to the temperature at which the
crystallisation process started (dashed line in Figure 2). It also shows
that maximum silhouette surface strain, εmax, increased as particle size
decreased. This was mainly because, as the degree of milling increased,
the compactness of the unfired test pieces decreased. This effect was
much more pronounced on going from G2 to G3 than from G1 to G2
particle size distribution.

Observation of the microstructure of the test pieces corresponding
to the three PSDs, each fired at the temperature at which sintering
halted owing to crystallisation (Figure 3), revealed that intergrain
porosity decreased in the order G1>G2>G3≈0, analogously to that of
the degree of sintering progress at which sintering halted, (XS)p, in
Figure 2 ((XS)p=0.95 for G1, (XS)p =0.98 for G2, and (XS)p=1 for G3).
In the case of G3 (Figure 4), in addition to the crystalline phases (an-
orthoclase/diopside) that began to form and the small quartz particles,
also visible in G1 and G2 (Figure 3), the presence of zirconia particles

Figure 3. SEM micrographs of the studied glaze prepared from different PSDs and fired at different temperatures. Heating rate: a=15K/min.

Figure 4. SEM micrograph of the G3 glaze fired at 900ºC. Heating rate:
a=15K/min.
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from the milling media and the practically complete absence of pores
were verified. To be noted at 1100ºC (Figure 2), particularly for particle
size distributions G2 and G3, was a rise in the number and size of the
pores compared with those at crystallisation onset. This rise in porosity
with temperature, with no change in firing shrinkage (Figure 2), was
related to induced crystallisation pores, as reported in the literature
[12–14] and verified for this glaze in a previous study [1]. It may
furthermore be observed that, as glaze particle size decreased, pore and
crystal (diopside/anorthoclase) size decreased, the number of crystals
and pores increased, and the amount of glassy phase decreased. Thus,
glaze particle size modified neither the sequence nor the nature of the
crystallising phases, but only their size and amount.

3.2. Combined effect of heating rate, a, and particle size distribution (PSD)
on crystallisation of the studied glass-ceramic glaze

The values of the glass transition temperature, Tg, crystallisation
peak temperature, Tp, and melting peak temperature, Tm, were verified
to decrease linearly with the logarithm of the heating rate, a, (Figure 5).
For the sake of clarity, the values of the crystallisation onset tempera-
ture, T0, which were very similar to those of Tp and also exhibited a
similar trend to that of Tp, have not been plotted in this figure. How-
ever, the influence of the heating rate, a, slope of these curves, and
particle size distribution, PSD, on each of these characteristic tem-
peratures was different. To quantify this, the experimental data at each
characteristic temperature were fitted, first, to relationships of the type
Ti versus log(a), keeping the slope constant. The ordinate at the origin
was then related linearly to the average particle size, d50, of each PSD.
The results of the fits are detailed in Table 1. The fits were good in all
cases.

The results confirm that Tg did not depend on glaze PSD [15, 16].
The significant increase in the heat capacity of the glass at Tg, evi-
denced by an endothermic trend with the increase in temperature at
DTA, from which Tg was determined, was closely related to the struc-
tural changes in the glass [17], which were independent of glaze PSD.
In contrast, Tp and T0 depended considerably on glaze average particle
size, which implied surface crystallisation took place, as set out in a
previous paper [1]. In accordance with this mechanism, as the specific
surface area of the glass particles increases on milling, the number of
surface nuclei and hence the rate of crystallisation rose [15, 18], this
being evidenced in treatment at a constant heating rate by an advance

of the crystallisation peak. Moreover, a considerable increase in Tg, T0,
and Tp and to a much lesser extent in Tm [1] was also confirmed with
the rise in heating rate, since all these processes (glass transition,
crystallisation, and crystal dissolution) are thermally activated.

3.2.1. Kinetic analysis
For each glaze particle size distribution (G1, G2, and G3), ln(a/T02)

was plotted versus 1/T0 from the pairs of values (T0, a) in order to
obtain, in accordance with Eq. 9, from the slope of the straight line, the
value of the crystallisation onset, E0, activation energy at which XC was
assumed to be 0.01 (Table 2). The values of the activation energy
corresponding to the crystallisation peak, Ep, were analogously calcu-
lated (Table 2). In this case, it was experimentally determined that, at
crystallisation peak temperature, the degree of crystallisation progress,
XC, was 0.5± 0.02. On individually comparing the E0 and Ep values of
each glaze PSD, no significant differences were found as these differ-
ences were of the same order as the standard deviations of the E0 and Ep
values, only the value of Ep corresponding to PSD G1 being a little
higher (about 7%) than that corresponding to PSD G2 and G3. On the
other hand, in general, all the values of E0, which were calculated at
crystallisation onset (and at lower temperatures than those of crystal-
lisation peak), were always slightly higher than those of Ep, (about 12%
on average). This result is in agreement with the decrease in viscous
flow activation energy with the rise in temperature [1, 9, 10].

The values of nC for each PSD were calculated by the Augis–Bennett
method (Eq. 7). To do so, the pairs of values (Tp, FWHM) were de-
termined from the DTA crystallisation peak at each heating rate. Con-
sidering the value of Ep for each PSD (Table 2), the following results
were obtained: nc=2.8± 0.4 for G1, nc=3.1± 0.4 for G2, and
nc=2.9±0.2 for G3. The results indicate that, for the tested PSDs,
average particle size did not affect the Avrami index, as the small
variation of nc observed was lower than the measurement standard
deviation. As a result, nc=3 was used for each PSD. Furthermore, in
view of the small random variation of crystallisation activation energy
both at crystallisation onset, E0, and at crystallisation peak, Ep, with
average particle size (Table 2), it was considered the effect of glaze PSD
on crystallisation could be suitably described by taking into account the
effect of this variable on the pre-exponential factor, Ax. Indeed, on
plotting ln(a/T02) versus 1/T0 (Figure 6) and ln(a/Tp2) versus 1/Tp
(Figure 7), keeping E0 and Ep constant, very good results were obtained
(Table 3). Using the values of the ordinates at the origin of these plots
and those of g(XC)0 and g(XC)p, calculated from Eq. 5 (assuming nc=3),
on applying Eq. 9, the values of the pre-exponential factors, A0 and Ap,
were obtained (Table 3).

The values of the pre-exponential factor, Ap, and of Ep were verified
to correlate very well with the average diameter, d50, of the glaze PSDs
(Figure 8). The graph includes the values of A obtained on fitting the
crystallisation curve corresponding to 15K/min to Eq. 6 (Figure 2). The
values of Ap and A were observed to be very similar. In all cases, A0, Ap,
and A were proportional to (1/d50)0.5.

Figure 5. Combined effect of heating rate, a, and PSD on glaze melting peak
temperature, Tm, crystallisation peak temperature, Tp, and glass transition
temperature, Tg, (DTA). The error bars are the standard deviation of three
measurements.

Table 1
Fitted equations that describe the influence of average particle size, d50
(µm), and heating rate, a (K/min), on glass transition temperature, Tg,
crystallisation onset temperature, T0, crystallisation peak temperature,
Tp, and melting peak temperature, Tp. The table includes the values of
the variance, S2, of each fit.

Equation S2

Tg(ºC)= 53log(a) + 640 27.4
T0(ºC)= 68log(a) + 31.5log(d50) + 838 10.2
Tp(ºC)= 80log(a) + 40log(d50) + 847 9.4
Tm(ºC)= 15log(a) + 7.53log(d50) + 1142 7.98

J.L. Amorós, et al. Journal of Non-Crystalline Solids 542 (2020) 120148

5



3.3. Combined effect of heating rate, a, and particle size distribution, PSD,
on sintering of the studied glass-ceramic glaze

Glaze PSD considerably influenced the sintering curves, XS(T), ob-
tained at different heating rates (Figure 9). However, its influence was
much more pronounced at low heating rates, as the lower the heating
rate and larger the particle size, the more did the sintering and crys-
tallisation processes overlap. This led the degree of sintering at which
sintering halted to decrease as the heating rate decreased and/or par-
ticle size increased.

3.3.1. Kinetic analysis
The sintering curves of each glaze PSD, for values of XS<(XS)p, were

fitted to Eq. 11 with the values of B and T0 corresponding to the VFT
equation (Eq. 10) and nS=0.56 (parameters already obtained and used
elsewhere for glaze G2 [1]), and the values of A* depending on average
particle size (Table 4). On plotting the curves resulting from these fits,
however, the experimental curves were observed to depart from the
calculated curves in a clear trend according to the heating rate, a, as the
value of A* used for each PSD was the average value. However, the real
rate at which the specimen was heated was always lower than the

Table 2
Values of the activation energy at crystallisation onset, T0, and at crystallisation peak, Tp, for each studied PSD.

G1 G2 G3

Crystallisation onset (XC=0.01) E0 (KJ/mol) 395± 14 384±4 390±13
Int.* (s−1 · K−1) 23.3± 1.4 22.6± 0.4 24.1± 1.3

Crystallisation peak (XC=0.5±0.02) Ep (KJ/mol) 365± 12 337±6 341±8
Int.* (s−1 · K−1) 19.4± 1.1 17.2± 0.6 18.4± 0.8

(*) Value of the ordinate at the origin of the plot of Eq. 9.

Figure 6. KAS plot of the effect of glaze PSD on crystallisation onset tem-
perature, T0.

Figure 7. KAS plot of the effect of glaze PSD on crystallisation peak tempera-
ture, Tp.

Table 3
Values of the kinetic parameters at crystallisation onset (A0 and E0) and at crystallisation peak (Ap and Ep) and of the variance, S2, of the fits.

G1 G2 G3

Crystallisation onset (XC=0.01) E0 (kJ/mol) 390
A0 (s−1) 8.5E+13 1.1E+14 2.8E+14
S2 9.5E-03 1.3E-03 7.5E-03

Crystallisation peak (XC=0.5±0.02) Ep (kJ/mol) 341
Ap (s−1) 1.0E+12 1.5E+12 3.6E+12
S2 1.7E-02 3.2E-03 3.7E-03

Figure 8. Influence of average particle size on the values of the pre-exponential
factor corresponding to crystallisation onset, A0, to crystallisation peak, Ap, and
to the values resulting from the fit of the crystallisation curve to Eq. 6, A.
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programmed heating rate, a, and this difference increased as the
heating rate, a, rose [19]. In order to obtain an empirical relationship
that corrected this effect, first, for each PSD, the values of A* obtained
from the fits for each heating rate, a, were plotted versus this variable
(Figure 10). The results fitted straight lines whose slope and ordinate at
the origin increased as A* did. In view of this, the values of A* were
fitted to the equation:

= +A* k ·(1 a)s (16)

where kS is the pre-exponential factor when the heating rate tends to

zero and κ is a fitting parameter that depends on the thermal properties
of the material, test piece size, and kiln configuration and must,
therefore, be independent of glaze PSD. The fit was verified to be ex-
cellent (Figure 11) with a fixed κ and a value of kS for each PSD
(Table 4). Introducing Eq. 16 into Eq. 11 yielded:

Figure 9. Combined effect of heating rate, a, and particle size distribution, PSD,
on the sintering curves. The symbols are experimental data and the solid lines
correspond to the values calculated from the model (Eq. 17).

Table 4
Values of the kinetic parameters corresponding to Eq. 11 and Eq. 17 and of the
variance, S2, of the fits.

PSD Eq. A* (s−1) nS TVFT (K) B (K) No. of data S2

G1 11 2.00E+10 0.56 600 7100 139 1.63E-03
G2 9.50E+10 240 1.43E-03
G3 5.00E+11 192 1.03E-03

PSD Eq. κ (min/K) KS (s−1) nS TVFT (K) B (K) No. of
data

S2

G1 17 1.38E-02 1.88E+10 0.56 600 7100 139 6.38E-04
G2 7.33E+10 240 9.97E-04
G3 4.15E+11 192 7.08E-04

Figure 10. Influence of heating rate, a, on A* for each glaze PSD.

Figure 11. Comparison of the values of A* obtained from the fit of the sintering
curves to Eq. 11 and the values calculated from Eq. 16.
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= +X 1 exp k ·(1 a)
a

(T T )
B

exp B
(T T )S

s VFT
2

VFT

nS

(17)

Using the values of Table 4, the theoretical sintering curves were
determined (Figure 9). This model described better than Eq. 11 (albeit
appropriate) the influence of the heating rate and glaze PSD on the
sintering process, using only two empirical fitting parameters: κ and kS.
Though this model (Eq. 17) is the same as the previous one (Eq. 11), it
features two improvements. On the one hand, the kiln heating rate, a,
was replaced with the rate at which the test piece was heated, a/
(1+κa). On the other, the average pre-exponential factor, A*, was re-
placed with ks, the pre-exponential factor obtained on assuming that
the heating rate tended to zero. Under these circumstances, the tem-
perature was assumed to be uniform in the test piece and identical to
kiln temperature.

The pre-exponential factor ks was verified to be proportional to the
inverse of average particle size, d50 (Figure 12). These results are
consistent with the theoretical models of glass sintering [20–22], which
predict that the sintering rate constant depends on the inverse of
average particle size.

3.4. Sinterability of the studied glass-ceramic glaze: combined effect of
sintering and crystallisation

In accordance with the literature [3, 23] and the results obtained in
the previous sections, in this study sinterability, S, is defined as the
difference between the temperature at which the sintering process
would have been practically completed (XS=0.99) in the absence of
crystallisation, TS, and the experimental temperature of crystallisation
onset, T0. To calculate the values of TS, corresponding to each PSD and
heating rate, the pairs of values (XS, T) were fitted for XS<(XS)p to
Eq. 11, keeping B=7100K, TVFT=600K, and nc=3 constant. In ac-
cordance with this definition, when S<0, sintering halted before it was
completed. In contrast, when S>0, crystallisation began after sintering
had been completed.

Glaze sinterability, S, (Figure 13) was observed to increase with the
logarithm of the heating rate, log(a), this effect being independent of
PSD (the slope of the straight lines remained constant). In addition, S
decreased exponentially as average particle size increased. The results
fitted the following equation very well:

= =SS 27.9log(a) 17.8 exp(0.097d ) ( 2.72)50
2 (18)

To clearly visualise the combined effect of glaze average particle

size, d50, and heating rate, a, on glaze sinterability, S, Figure 14 shows
the isosinterability curves, calculated as a function of these variables, in
accordance with the fitted equation of Figure 13. The coloured area in
Figure 14 indicates the pairs of values of the heating rate and average
PSD at which glaze sintering was completed (crystallisation began after
sintering had been completed). Figure 14 also includes the experi-
mental data of glaze sinterability (red squares). The fit of the experi-
mental data and the calculated values of S is very good, if it is taken into
account that the standard deviation of S was, in the most favourable
cases,± 2ºC.

On plotting the values of glaze degree of sintering progress at which
sintering halted owing to surface crystallisation, (XS)p, versus glaze
sinterability, S, (Figure 15), the results fitted the following equations:

= + =SFor S 0 (X ) 1 0.006S( 3.4·10 )S p
2 4 (19)

and

=For S 0 (X ) 1S p (20)

Assuming that glaze final porosity must increase as the degree of
sintering progress at which sintering halts, (XS)p, decreases, it will be
readily understood that the defined sinterability parameter, S, is very

Figure 12. Influence of average particle size, d50, on kinetic parameter ks of
Eq. 17. Figure 13. Influence of heating rate, a, and glaze PSD on glaze sinterability, S.

Figure 14. Experimental data (red squares) and contour map of glaze sinter-
ability for a broad range of heating rates, a, and d50 of the studied PSDs.
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useful when it comes to establishing the required operating variables
for obtaining glazes with high crystalline phase content and low por-
osity.

4. Conclusions

The sinter-crystallisation kinetics of a glaze based on the system
SiO2eAl2O3eCaOeMgOeSrO, which devitrified anorthoclase and
diopside, with average particle size distributions of 9.6µm, 4.0µm, and
0.65µm, were studied by non-isothermal techniques. It was verified
that, for this range of particle sizes, the crystallisation kinetics were
appropriately described by the JMAK model, keeping the Avrami index,
nc=3, and the process activation energy, EC=340KJ/mol, constant and
assuming that the pre-exponential factor depended on glaze average
particle size, d50.

To describe the sintering kinetics, a model was developed, based on
the JMAK model, assuming the effect of temperature on the process rate
to be the inverse of its effect on glass matrix viscosity. A correction
factor to the kiln heating rate was introduced, which substantially im-
proved the results, the factor being based on test piece heating rate
always being lower than the programmed heating rate. The pre-ex-
ponential factor of the model under these conditions was verified to be
proportional to the inverse of glaze average particle size, d50.

Intergrain porosity of the glaze fired at the crystallisation onset
temperature decreased as glaze average particle size, d50, decreased,
cancelling out at the finest d50. Moreover, for the three studied glaze
PSDs, in the glaze fired at its firing temperature, the presence of in-
duced crystallisation porosity was confirmed. As glaze average particle
size, d50, decreased, the number of these pores increased, and pore size
decreased. The same occurred with the number and size of the crystals.

There was observed to be a direct relationship between the degree
of sintering progress at which sintering halted (owing to crystallisation)
and glaze sinterability, S. Glaze sinterability, S, (defined as the differ-
ence between the temperature at which glaze densification would have
been completed in the absence of crystallisation and the crystallisation
onset temperature) increased as the heating rate rose and decreased as
average particle size increased. A relationship was obtained that de-
scribes very well the combined influence of the heating rate and glaze
average particle size on glaze sinterability.
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