Non-isothermal sinter-crystallisation of satin glazes: a kinetic model
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Abstract

Many materials of a glass-ceramic nature are obtained by glass particle sinter-crystallisation,
whose process kinetics have been studied very little. The present study analyses the physico-
chemical transformations that develop during the firing of a complex commercial satin glaze
(containing more than five phases), with high frit content, particularly focusing on sinter-
crystallisation kinetics. Glaze sintering and phase evolution were studied by hot stage
microscopy (HSM) and X-ray diffraction (XRD). The glaze melting and crystallisation ranges and
the kinetic parameters of the crystallisation process were determined by differential thermal
analysis (DTA). Glaze sinter-crystallisation behaviour and the development of the crystal mass
fractions, residual glass compositions, and effective viscosity, net, during heating are discussed,
based on Rietveld analysis of the XRD data. A new kinetic model was developed that describes
the non-isothermal sinter-crystallisation of materials exhibiting three-stage sintering. A two-step
kinetic model is involved: sintering with concurrent surface crystallization (corresponding to
sintering stages | and Il) and sintering with simultaneous partial melting of crystalline phases
(sintering stage Ill). The experimental data obtained by hot stage microscopy (HSM) at different
heating rates were compared with those estimated by the model. The results obtained by the
two methods exhibited very good agreement. The crystallisation kinetic parameters (activation
energy, Ec, and Avrami index, n, obtained by DTA, were consistent with the viscous flow
activation energy, Qz, corresponding to the first sintering step (sintering stages | and Il). The

model was used to calculate the values of the effective sintering viscosity, ns, of the glaze melt.

These values were compared with the experimental effective viscosity, net, data obtained by hot
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stage microscopy (HSM). Both sets of results exhibited good agreement. Effective sintering
viscosity, ns, which is readily measurable, helps better understand the role played by the
different glaze constituents and by the firing conditions in sintering, enabling more rational

design of these materials.
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1. Introduction

Good satin (and matt) glazes owe their appearance to microstructures with a significant
crystalline phase content (about 40 wt%), having crystal sizes ranging from 5 to 10um dispersed
in a glass matrix from which the crystals have devitrified during firing [1]. Simultaneous
densification and crystalline phase formation of glass powders (sinter-crystallisation) is the main
process that develops in the firing of this type of glaze composition, which mainly consists of
frits (more than 70 wt%) [2] [3]. The composition of these frits, which exhibit high crystallisability,
their small particle size (<40um), and the considerable number of crystalline particles (kaolin,
feldspar, quartz) in the glaze, which act as heterogeneous crystallisation nuclei, favour surface
devitrification without requiring the presence of nucleating agents or of thermal treatment for

glass particle nucleation [1] [2] [3].

Fired glaze surfaces must contain no open pores. To achieve this, sintering of this type of glaze
composition, despite having a high crystal content, must be practically complete. In many highly
crystallisable compositions, intense crystal formation, often at the surface of glass particles,
halts densification of the compact, including in initial and intermediate process phases. In these
cases, to obtain dense materials, sintering needs to start again at higher temperatures, when
the previously formed crystals begin to melt (secondary sintering). This yields a glaze with zero
open porosity and high crystallinity [1] [2] [3]. The sintering of many glass-ceramic materials,
such as glass from iron-rich industrial wastes [4] [5] or basaltic rocks [6] and bioactive glass [7],

develops in this fashion.

The sintering (shrinkage—temperature) curve of these materials, in constant-rate heating
experiments, consists of three main stages: an initial rapid densification stage at temperatures

slightly above the glass transformation temperature (Tg); a second stage, in which densification



halts in a certain temperature range, usually associated with surface-induced devitrification; and
finally, a second densification that starts with partial melting of the previously formed crystalline
phases. No kinetic model appropriately describing the three sintering stages of these materials
in constant-rate heating experiments is available in the literature to date. It was therefore
deemed of interest to develop a kinetic model that describes this sintering behaviour. The two-
step kinetic model obtained was validated by studying the sintering and crystallisation

processes of a commercial satin glaze, widely used in wall and floor tile manufacture.

The glaze melting and crystallisation ranges, as well as the values of the crystallisation kinetic
parameters (crystallisation activation energy, Ecr, and Avrami parameter, n, were obtained by
differential thermal analysis (DTA) at different heating rates. The nature and quantity of the
devitrifying phases were determined by X-ray diffraction (XRD) in test pieces fired at a heating
rate of 25K/min. Sintering kinetics were studied, continuously determining the sintering curve by

hot stage microscopy (HSM), using different heating rates.

2. Development of the model

In a complex sintering process, in which densification develops in two separate steps, the

overall process rate, r, is the sum of the rates corresponding to each step:

In this case, r, is the sintering rate with concurrent surface crystallisation and r, is the sintering

rate with simultaneous partial melting of the crystalline phases.

i) Sintering with concurrent surface crystallisation

The delaying effect of devitrification on glass sintering can be defined as the ratio: glass

sintering rate/non-devitrifying glass sintering rate, under the same thermal treatment, r, /ry . In

initial and intermediate sintering phases, when glass particle devitrification occurs at the surface

(as is usually the case), the delaying effect may be assumed directly proportional to the glass

particle surface fraction free of crystals, ¢¢ [8]. That s,



ry =Tp0g Eq. 2

According to this equation, sintering will halt when a thin, continuous layer of crystals has
formed on the surface of the particles, even though neither the crystallisation nor the sintering

process has ended.

By geometric arguments it may be deduced that 0y decreases as crystal average size, re,

increases and/or the average distance between crystallisation nuclei, /, decreases (or as the

surface density of these nuclei increases). The relationship between these characteristics,
Og = (Xg(rc, K), is complex and depends, among other factors, on the distribution of the nuclei
on the surface of the particles and on crystal size and shape distribution. In a first approach it

may be assumed that 0.¢ decreases exponentially as crystal size, r,, increases and the

distance between crystallisation nuclei, /, decreases according to an equation of the type:
og = exp(— Kz%j Eq. 3

where K > 1, a normalisation parameter that depends on the microstructural characteristics of
the (glass or glass-ceramic) particle surface. Indeed, for spherical, homogeneous crystals of

diameter 2r,, which grow from regularly distributed nuclei at the nodal points of a square mesh

2r
(Figure 1a), for 76 =1, the glass particle surface free of (semi-sphere) crystals, ¢, will be

approximately 0.214. According to Eq. 3, the value of « for which this condition is obeyed will be
close to 1.5. For other microstructures the value of « will be different. This relationship (Figure
1b) is similar to that initially deduced by Muller [8], based on statistical considerations, for a

constant density of randomly distributed crystallisation nuclei.

According to Eq. 2 and Eq. 3, a high surface density of crystal nuclei, involving a low value of /,

causes glaze sintering to halt at low crystal size, r_ , values and consequently also at low



crystal surface layer thicknesses and low degrees of crystallisation progress. This behaviour

has been experimentally verified [4] [7] [9].

Crystal size, r_ , depends on the degree of crystal growth. Assuming the crystal growth rate, u,

for a certain material to vary with temperature in accordance with the Arrhenius relationship,

one obtains:
dl'c Q1
= = e —_—
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where u, is the pre-exponential factor and Q, the crystal growth activation energy, which must

be similar to that of viscous flow in the crystallisation temperature range.

In experiments at constant-rate heating, a = % , Eq. 4 becomes:

dre _Uo [ Qi
dT  a eXp( RT] Eq. 5

Separating variables in Eq. 5 and integrating yield:

Ug T Q;
=9 - ]dT
e a IO eXF{ RT Eqg. 6

Applying the Doyle approximation [10] to solve the temperature integral, one obtains:

T Q, Q, ( Q
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where
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It may be noted that this approximation only introduces a 3% error in the solution of the

temperature integral when 20 < (_ IS':'J <60 [11], a condition obeyed for this glaze as shown
below.

From Eq. 6, Eq. 7, and Eq. 8 one obtains:
e = %exp[_ &j Eq. 9

where k/ is a constant independent of temperature and of the heating rate, a.

Introducing Eq. 9 in Eq. 3 and operating yields:

k1 Q1
0g = €exp —;-exp “RT Eq. 10

On the other hand, the crystalline phase content in this type of glazes, when frit devitrification
has not yet begun, is below 20% (Figure 2), so that sintering is by viscous flow and process
kinetics must be similar to that of glass particle compacts. Indeed, it has been verified in glass-
ceramic composites that, at low filler contents (<15% by volume), filler addition hardly modifies
the sintering behaviour of the glass particle compact [12] [13]. Consequently, the glaze sintering

rate, without the delaying effect of devitrification, r, , may be deemed that of a glass particle

compact. One of the simplest equations, applicable to jagged (ball milled) glass particles, which
describes the variation of the firing shrinkage of a glass particle compact during isothermal

sintering very well, is the Exner and Giess model [14] [15] [16]:



%m'ﬁ Eq. 11

where:

X = sintering degree of advance; ratio: firing shrinkage/maximum firing shrinkage.
do = average particle size (m).

po = initial compactness of the particle bed.

| = glass surface tension (N-m-1).

N(T) = glass viscosity (Pa's).

If the effect of temperature on process rate, rg , is assumed to be due to the effect of

temperature on glass viscosity, n(T), and this effect, in a first approximation, is of an Arrhenius

type, Eq. 11 becomes:

(- X)-kz-exp[— %j Eq. 12

where k2 is a constant independent of the thermal treatment involved.

T
In experiments at constant-rate heating, a = cciTt Eq. 2, Eq. 10, and Eq. 12 yield:



i) Sintering with simultaneous partial melting of crystalline phases

During the heating of these glazes with a high surface density of crystallisation nuclei in the
crystallisation temperature range, crystalline phase content increases, so that the material’s
effective or apparent viscosity, n¢, also rises (though glassy phase viscosity, n(T), decreases).
As a result, sintering, which had already halted at the onset of the crystallisation process, will
only start again when this last process ends and the crystals formed begin to melt. Therefore, in
this melting onset phase, the glaze may be deemed a porous glass-ceramic, whose
microstructural characteristics will depend, if thermal treatment is at constant-rate heating, a, on
the value of this variable. Generally, as the heating rate increases, crystalline phase content will

decrease [17].

In a first approach, the sintering rate, r,, , of a porous glass-ceramic is also assumed to be of

order 1, as in i), and inversely proportional to its effective viscosity, ne. Thus:

rp = (1= X)y— Eq. 14

The effective viscosity, n¢, of glass-ceramic materials is usually expressed as the product of
glass matrix viscosity, n(T), which depends on temperature and glass matrix composition, and

relative viscosity, nr.

Ne =MM¢ Eq 15

Relative viscosity, nr, in turn, is a function of crystal volume fraction, ¢, and crystal
microstructural characteristics (crystal shape and amplitude of size distribution). One of the

most widely used relationships is the Krieger relationship [18]:

m=(1— ¢ j_ Eq. 16

¢max



where ¢,.., is the maximum packing fraction of crystals, which depends mainly on the crystal

shape and amplitude of size distribution; and m is a parameter that mainly depends on crystal
shape. For glass-zircon composites [19], glass-alumina composites [20], and complex glaze

compositions [21], values have been obtained of 0.60 < ¢,,,,« <0.74 and m=4.5.

In a first approach, it may be assumed that, on changing the heating rate, a, and/or
temperature, crystalline phase content, ¢, will change but crystal shape and the amplitude of
size distribution will remain unaltered, so that nr, according to Eqg. 16, will only be a function of ¢
(and not of ¢max Or m). Thus, the effect of temperature and heating rate on nr will only be due to
the effect of these variables on ¢. In addition, since the liquid phase content increases
exponentially with temperature (¢ decreases, following the same trend), as was verified for this
glaze (Figure 2), nr will also decrease in a practically exponential form with this variable, as may
be verified mathematically. The function n, = (a, T) may therefore be simply expressed as

follows:

(@ T)=n, (a)-exp[%j Eq. 17

With regard to the viscosity of the glass matrix, as in the previous step, i), this is only deemed to

be a function of temperature, following an Arrhenius-type relationship:

Q'
T)= =
n(T)=no exp(RTj Eq. 18

Eq. 14, Eq. 15, Eq. 17, and Eq. 18 yield:

axX) _Tf2 _ oo - L@ Qg
(dez =3 =kz(a) exp( RT jeXp[ RTJ“ X) Eq.19

Or:
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where: Q;(a)=Q'(a)+Q".

In this case, the apparent activation energy of this second sintering step, Qs(a), besides varying
with heating rate, will be much larger than Q1 or Q2, whose values will be similar to Q" and to

those of viscous flow activation energy.

Eqg. 1, Eq. 13, and Eq. 20 yield:

Xk Q, Ky Q, Qs(a)
N 2, _>2 | _ 21 _>1 k . _
(1-X}dT ~ a eXp{ RTJeXp{ e T e e

In accordance with Eq. 21, the sintering rate of a glaze with concurrent crystallisation and partial
melting of crystalline phases is the sum of two contributions: a) first term of the second member,
due to sintering of the glass matrix, which partially devitrifies (generally by a surface
crystallisation mechanism), and b) second term of the second member, due to sintering of a

glass-ceramic composite, in which the previously formed crystals dissolve in the melt.

The temperature ranges in which each of these two contributions predominate are determined

by the six kinetic parameters (k; and Q;) in Eq. 21.

3. Experimental

The study was conducted with a commercial satin glaze composition used as a floor tile coating,
mainly consisting of a frit (about 70wt%) with high commercial Ca, Zn, Ba, sodium—potassium
feldspar, and kaolin contents. The chemical composition of the glaze is detailed in Table 1.
Cylindrical test pieces, about 5mm in diameter and 5mm thick, were pressed at 50MPa from a
glaze powder with an average particle size of 7.6um. All particles were below 40um. The
sintering and melting curves were determined from the test piece silhouettes by heating

microscopy (HSM), at heating rates ranging from 0.5 to 60K/min.
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The volumetric shrinkage strain, ¢4, was calculated by assuming that shrinkage was isometric.

The degree of sintering progress, X, was calculated from the equation:

o "h)

)

Eq. 22

where Ao, A, and Amin are the initial, instantaneous, and minimum silhouette surface areas,

respectively.

The fixed viscosity points of the glaze were determined from the shape of the test piece
silhouette in the HSM test. Glaze DTA curves were determined at heating rates ranging from 5

to 60K/min.

The temperature values of the maximum crystallisation rate, Ty, corresponding to different
heating rates, a, were used to calculate the crystallisation activation energy, Ecr, by applying the

Kissinger method [22], i.e. fitting the pairs of values (Tp, a) to the equation:

|n(Tin = ,:%H;St Eq. 23

where Eqr is the activation energy of the crystallisation process.

The Avrami parameter, n, which for a constant number of nucleation sites is the growth

dimensionality, was determined from the Ozawa equation [23]:

fdnrt_alll _,

where the degree of crystallization, a, is determined at a fixed temperature, T’, from exotherm
peaks obtained at different heating rates, a; a is calculated as the ratio of partial area of the

crystallization peak at T to its total area.
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The nature and content of the crystalline phases that developed in the glaze as a function of
temperature were determined from cylindrical test pieces, 2cm in diameter and 0.5cm thick,
pressed at a pressure of 60MPa and fired at a rate of 25K/min to different peak temperatures.

The phases in the fired test pieces were determined by XRD, applying the Rietveld method [24].

4. Results and discussion

4.1 Behaviour of the glaze composition at 25K/min

i) Dissolution and crystallisation phenomena

The nature and development of the crystalline phase content with firing temperature reflect the
complexity of this glaze composition (Table 2). In every case, the agreement between the
experimental data and the values estimated by the Rietveld method was good (Rwp<8). Figure 2
shows the results, grouped in the form: residual crystalline phases (kaolinite, nepheline, albite,
and microcline), crystalline phases formed during firing (hyalophane, willemite, anorthite, and

anorthoclase), and amorphous phase calculated from the difference.

At low temperature (600—700°C), the glaze consisted mainly of a high percentage (~80wt%) of
amorphous material (starting frit + resulting amorphous material from kaolin decomposition) and
considerable amounts of nepheline, microcline, and albite. Above 800°C, the reaction between
these crystalline phases and the glass matrix (frit), rich in alkaline earths and zinc, led to the
formation of plagioclase, mainly anorthite, and to a decrease in nepheline and microcline. The
calcium plagioclase probably also formed by reaction between the frit and the amorphous phase
resulting from kaolin decomposition. The similarity in crystal structure of the albite and anorthite,
evidenced, among other characteristics, by the superimposition of the diffraction peaks, made it

difficult to determine their relative amounts, even with the Rietveld method.

Concurrent to these transformations, abrupt and abundant crystallisation of hyalophane and

anorthoclase and, to a lesser extent, of willemite took place.

The crystal phase content peaked at about 1000°C. Willemite and anorthite began to dissolve
progressively in the melt at higher temperature and, at the studied glaze firing temperature

(1140°C), willemite and anorthite content was already small.

12



In contrast, abundant hyalophane and anorthoclase developed and varied very little between
900°C and 1100°C. At 1140°C, the hyalophane and anorthoclase crystal content was still high
(~40wt%). This characteristic, together with the morphology and size of these crystals (mainly

between 5um and 10um) (Figure 3), provided the fired glaze with its satin finish.

ii) Sintering

The complex development of these glaze phases during firing suggests that the sintering
process is equally complex. Indeed, the sintering curve, i.e. the variation of volumetric shrinkage
strain, &4, with temperature (which displays a sigmoidal shape for most materials with a high
glassy phase content), was here made up of three sections (Figure 4). For the sake of clarity,

the sintering rate, ded/dT, and the DTA thermogram have also been plotted in this figure.

The first section ran from 750°C, i.e. slightly above the glass transformation temperature (Tg in
Figure 4), to the peak crystallisation temperature (Tp in Figure 4) at about 900°C. It shows that
the densification rate increased as temperature rose until the frit began to crystallise (Tx in
Figure 4). This was mainly due to the decrease in viscosity of the amorphous phase with rising
temperature, as amorphous phase content, about 70—80wt%, remained practically constant in
this temperature range. The sintering rate decreased progressively between Tx and Tp, until it
cancelled out, owing to the increase in effective viscosity of the system as the crystal volume
fraction advanced (Figure 2). At this stage of the process, the initially amorphous or glassy
particle surface fraction became progressively saturated with crystals, as had been assumed in
the development of the model. Between the peak crystallisation temperature, Tp, and melting
onset temperature, Tit, at about 1000°C, the glaze did not sinter because, in this temperature
range, on the one hand, the crystal content was very high, ~70wt% (Figure 2) and,
consequently, in accordance with Eq. 16, system viscosity, n¢, was infinite. On the other hand,
the glass particle surfaces were practically saturated with crystals, o . Sintering started again
close to 1030°C (sintering stage lll). At this temperature close to melting onset temperature, Ti,
the crystals that had formed began to dissolve in the melt (Figure 2), thus progressively raising
glassy phase content, with increasingly lower glassy phase viscosity, as temperature rose. This

led to a sharp increase in the sintering rate. Only at temperatures close to peak densification
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temperature (~ 1100°C), the final sintering stage, did the sintering rate decrease, which also

occurred abruptly, until it cancelled out.

iii) Residual glass

The dissolution and crystallisation phenomena discussed above determined residual glass
quantity and composition, as well as glaze viscosity. The residual glass composition was
estimated for each sample in Table 2 from the crystal phase content, assuming an ideal
stoichiometric composition of the crystals. The calculated molar composition data are shown in
Figure 5. All fluxing oxides with a valency of +1 and +2 have been grouped in the M20 + MO
corner of the composition triangle. It may be observed that, as glassy phase content decreased
with increasing temperature from 800°C to 1000°C, owing to crystallisation of new phases, the
glass composition became poorer in silica and alumina. When the temperature rose above
1000°C, the silica and alumina content increased again, owing to melting of the crystalline
phases. Treating all fluxing oxides together, besides simplifying the representation of the
residual glass composition, also minimised the effect on the residual glass composition of the
crystalline phases that deviated to a greater or lesser extent from their ideal stoichiometry, as
often occurs in the case of hyalophane, anorthite, anorthoclase, etc. These results indicate that,
though glass viscosity decreased considerably, owing to the change in glass composition
(decreased silica and alumina content) and higher temperature, the considerable increase in
system viscosity resulting from surface crystallisation of the glass matrix was so high that it

halted glaze sintering (Figure 4).

4.2 Effect of the heating rate, a, on glaze behaviour

The pronounced effect of the heating rate on the range of temperatures in which the glaze
crystallisation process developed, in turn, determined the temperature range in which each of
the sintering curve sections were located (Table 3 and Figure 6). Indeed, as reported in the
literature [25], [26], a reduction in the heating rate, a, considerably lowered the crystallisation
onset temperature, Tx, and maximum crystallisation rate temperature, Tp. In our case, the onset
temperature of the peak assigned to melting, Ti, increased slightly as the heating rate, a,

decreased, presumably associated with the formation of a larger quantity of crystals.
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Consequently, the decrease in crystallisation onset temperature, Tx, and the increase in melting
onset temperature, Ti, with the reduction in heating rate, a, led to the following effects (Figure
6): lengthening of section Il (higher values of the difference Ti(lll)-T«(l)); decreased degree of
sintering at which this developed; and greater effect of temperature on sintering in section Il

(slope of section IlI).

4.3 Verification of the model

Eq. 21 was integrated by the Runge-Kutta 4th order method. As may be observed (Figure 6),
the fit of the experimental results to Eq. 21 was very good. The activation energy of crystal
growth, Q1, and of sintering in the initial stage, Q2, was very similar (Table 4), in accordance
with the literature [8]. This result suggests that the effect of temperature on the rate at which
both processes (sintering and crystallisation) developed was due to the effect of temperature on
the viscosity of the glass matrix. Indeed, if the crystallisation process takes place at the surface,
as assumed in the model developed, crystallisation activation energy, Ecr, must be very similar
to crystal growth activation energy, Es, and comparable, in turn, to viscous flow activation

energy, En.

Therefore, to confirm this assumption, using the DTA data, crystallisation activation energy, Ecr,
was determined from the Kissinger equation (Eq. 23) (Figure 7), while the Avrami parameter, n,
was determined from the Ozawa equation (Eq. 24) (Figure 8). The average value n=1.2
obtained, close to 1, indicates, in accordance with the formal theory of transformation kinetics
developed by Kolmogorov-Johnson-Mehl-Avrami (“KJMAE”) [27], that crystallisation was mainly
surface induced and one-dimensional crystals could form. Similar results were obtained by A.
Karamanov [4]. In addition, in this case, the value of Ecr obtained by DTA must match that of

crystal growth, Eg, and that of viscous flow, E.

The value obtained from the DTA data, E«r= Ec = En =385+23 kJ/mol, was verified to be very
similar to that obtained by judiciously applying the developed model to the sintering
experiments, Q1=405kJ/mol (Table 4), again confirming the validity of the developed model as
Q1= Q2 = En. Parameters k1 and k2 were also verified to be independent of heating rate (Table

4), which was also in accordance with the developed model.
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On the other hand, sintering activation energy in the high temperature range, Qs(a), and ka(a)

decreased as the heating rate increased, ks depending considerably on the heating rate

3
(k30l1/a ) (Figure 9), as assumed in the model. This was because, as the heating rate

decreased, the quantity of devitrified crystalline phases in the sample increased before sintering
started again. This behaviour led to sintering halt at increasingly lower values of the degree of
advance, X, (horizontal sections in Figure 6) and to lengthening of these sections, as mentioned
above. Crystalline phase melting thus became more pronounced as the heating rate decreased,
and the variation of system effective viscosity with temperature and the sintering rate therefore
also evolved analogously. In addition, Qs(a) was much larger than Q2 and Q1, because the
apparent activation energy of secondary sintering takes into account the combined effect of

temperature on the decrease in crystalline phase content, Q'(a), and on the viscosity of the

glass matrix, Q", in accordance with the assumed model.
4.4 Effective sintering viscosity, ns, of the glaze melt

Clearing n(T) in Eq. 11 yields:

1
dXx Ty
T = .

This expression allows viscosity, n(T), to be estimated for glasses, determining the values of the
first term of the second member in constant-rate heating experiments. The values of the second
factor of the second member do not depend on temperature and can be readily estimated or

determined.

However, this equation can also be used to estimate the effective viscosity of any material
sintering by viscous flow, from the sintering data, ns. In this case, assuming process kinetics to
be of order 1 (Eq. 11), all variations in the sintering rate of a material with temperature, as in the
studied glaze (Figure 4), must stem from the variations of the system’s effective viscosity, ns,
with temperature. This approach is very useful in studying and interpreting the sintering of

glazes and glass-ceramics with complex compositions. In these materials, the rate at which
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densification and melting develops depends on the rate at which other transformations such as
glass matrix devitrification and crystal melting occur, which substantially modify not only glassy

phase content but also its viscosity and hence system (glass + crystals) effective viscosity.

Figure 10 shows the effective viscosity—temperature, neri(T), curve corresponding to the studied
glaze at a heating rate of a=25K/min, obtained from the values of the fixed viscosity points
determined by HSM, assigning, to each point, the viscosity value suggested by different authors
[28][29] [30] [31]. Owing to abundant phase crystallisation, the fixed viscosity point assigned at
sintering end was observed to shift more than 200°C higher. The viscosity values assigned by
these researchers exhibited a certain scatter at each fixed point. The figure also shows the
effective sintering viscosity—temperature, ns(T), curve, replacing the first term of the second
member of Eq. 25 with the values obtained on applying the developed model (first term of Eq.
21), using the kinetic parameters (ki and Qi) detailed in Table 4 and Figure 9. An average value
was estimated for surface tension, y=0.365N/m, as the glass composition varied with
temperature, in accordance with Goleus [32]. In the range of temperatures in which glaze
densification halted (section Il), the effective sintering viscosity (ns) vs. temperature curve was
observed to exhibit a maximum that practically coincided with that of the DTA peak
corresponding to phase crystallisation (Figure 4). Figure 10 also shows the effective sintering
viscosity vs. temperature curve that the glaze would follow if no devitrification were assumed to
take place. To do so, in Eq. 21 the values of k2 and ks were assumed to be zero. Comparison of
the two curves clearly evidences the pronounced effect of devitrification on glaze melt viscosity,
as this even halted sintering. Good agreement is also observed between the effective sintering
viscosity, 1s, values, including when no phase crystallisation occurred, and the values of this

property, ner, determined from the fixed points.

Figure 11 shows the variation of the fixed viscosity points with heating rate determined by HSM.
For the sake of simplicity, the figure includes only the values proposed by Pascual et al. [31] for
the fixed viscosity points, as those assigned by this author display the least scatter. As in the
third sintering section (Figure 6), the slope of these curves increased as the heating rate
decreased. That is, glaze melting, which involved dissolution of the crystalline phases in the

glass matrix, occurred more abruptly when the heating rate decreased. The figure also shows

17



the effective sintering viscosity—temperature curves calculated at different heating rates. The
viscosity peak was higher and shifted to lower temperatures as the heating rate decreased, as

predicted by the glass crystallisation models [33] [34].

5. Conclusions

The main physico-chemical transformations that occurred during the firing of a commercial satin
glaze were analysed in this study. The sintering behaviour and development of the crystal mass
fractions, residual glass composition, and effective viscosity of the glaze are discussed, based
on X-ray diffraction (XRD), hot stage microscopy (HSM), and thermal analysis (DTA) data. The
sintering curves of this glaze displayed three stages: a first densification stage (stage |), a
process halt, concurrent with glass particle crystallisation (stage Il), and a second densification
stage (stage lll). The heating rate was verified to considerably influence the crystallisation
process and sintering of the material, modifying the temperature range corresponding to each
sintering curve stage. A two-step kinetic model was developed, step one corresponding to
sintering stages | and Il and step two corresponding to sintering stage Ill. The model
satisfactorily describes the non-isothermal sinter-crystallisation obtained, at very different
heating rates (between 0.5 and 60K/min), of complex glaze compositions. The activation energy
values obtained from the model for viscous flow sintering and for crystallisation were very
similar, which means that the effect of temperature on the rate at which both processes
developed was quite alike. The value of the crystallisation activation energy obtained by DTA
was also very similar to that obtained from the model. This new kinetic model can be applied to
many materials of a glass-ceramic nature that exhibit this behaviour in sintering. The developed
model was used to calculate the effective sintering viscosity values of the glaze melt, which
were compared with the effective viscosity data obtained by hot stage microscopy. The results
obtained by the two methods exhibited good agreement. The calculated effective sintering
viscosity provides a good understanding of the sintering behaviour of complex glaze

compositions, enabling more rational design of these materials.
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Table 1. Composition (wt%) of the studied commercial glaze.
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Table 2. Glaze mass fractions obtained by Rietveld analysis of the X-ray diffraction diagram on

heating at 25K/min to different temperatures.
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Table 3. Influence of the heating rate, a, on the values of the following temperatures:
crystallisation onset, Tx; peak crystallisation, Tp; melting onset, Ti; sintering onset
stage |, Ti(l); sintering end stage |, T«(l); sintering onset stage Ill, Ti(lll); and sintering

end stage I, T«(Ill). (Values obtained by DTA and HSM).
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Table 4. Values of the sintering kinetic parameters with concurrent crystallisation.
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Figure 1. Relationship between the glass particle surface fraction free of crystals, ag, and

relationship of crystal size, 2rc, to the average distance between the nuclei, /. a)
Idealised distribution of nuclei and b) Comparison of the Muller relationship [8] with Eq.

3 for distribution a).
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Figure 2. Phase variation with temperature at a=25K/min, obtained from Table 2.
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Figure 3. SEM micrograph of the fired glaze at 1140°C. Heating rate: a=25K/min. (Ab=albite;

An=anorthite; Hy=hyalophane; Or=anorthoclase; Zr=zirconia; g=glass).
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Figure 4. Glaze sintering and crystallisation. Heating rate: a=25K/min. (Sintering stages |, Il, and
lll; Tq, Tx, Tp, and Ti, transformation, crystallisation onset, peak crystallisation, and

melting onset temperatures, respectively).
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Figure 5. Estimated residual glass composition at different temperatures.
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Figure 6. Effect of the heating rate, a, on the sintering curve, X vs. T. Fit of the experimental data

to the developed model (Eq. 21).
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Figure 7. Determination of the crystallisation activation energy, Ecr, by the Kissinger method [22].
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Figure 8. Determination of the Avrami parameter, n, by the Ozawa method [23].
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Figure 9. Variation of Qs(a) and ks(a) (Eq. 21) as a function of the heating rate, a.
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Figure 10. Fixed viscosity points assigned by different authors. Glaze effective sintering viscosity,

with and without crystallisation, calculated from Eq. 25.
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Figure 11. Effect of the heating rate, a, on glaze effective sintering viscosity and fixed viscosity

points suggested by Pascual et al. [31].
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