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Viscous flow sintering of glass—zircon composites was studied by isothermal and constant-rate heating experi-
ments. The sintering curves fitted very well to the developed kinetic model, based on the Kohl-
rausch-Williams-Watts (KWW) function. Increasing the zircon volume fraction and decreasing the zircon-glass
particle size ratio was verified to slow down the sintering rate. The combined effect of these variables on sin-

tering was interpreted on the basis of percolation theory. The influence of temperature on the composite sin-
tering rate corresponded to the influence of this variable on glass matrix flowability. Dimensionless relationships
between the kinetic parameters and zircon volume fraction and the particle size ratio were obtained, which were
independent of the thermal treatment used.

1. Introduction

Many fired bodies are composites of glass sintering particles (matrix)
and non-sintering crystalline phase (inclusions), known as glass matrix
composites (GMCs). Examples include glazes, low temperature co-fired
ceramics, and substrates for electronic circuits. Viscous flow is the
main sintering mechanism in these materials. However, even in the
simplest GMCs, namely those in which the dissolution of inclusions in
the glass is negligible and no phase separation or devitrification occurs
in the glass, at high volume fractions of inclusions, ¢, and/or the particle
size distributions of inclusions and glass differ, sintering cannot be well
described by the available kinetic models. The geometric arrangement of
the rigid inclusions among the glass particles critically affects the
effective viscosity and sintering rate of a composite. In a previous study,
it was broadly concluded that sintering retardation was closely related
to percolation of the inclusions [1-4]. It is generally understood that,
when the inclusion volume fraction, ¢, is sufficient, sintering stops
completely [5]. This cessation of densification is often thought to
coincide with the formation of inclusion percolation.

Previous studies examined the sintering of glass—zircon composites
and the effect of the zircon volume fraction on the sintering curve under
non-isothermal conditions and on the microstructure of the resulting
materials [6,7]. In those studies, zircon particle size distribution (PSD)
was much finer than that of glass PSD, so that the latest, most
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sophisticated models [8,9], which require both materials to exhibit the
same particle size distribution, could not be applied. The sintering
mechanism of these composites, for zircon volume fractions ¢ < 0.43,
was observed to be viscous flow; in contrast, for ¢ > 0.43, composite
densification also required the contribution of the zircon dis-
solution-reprecipitation mechanism. In addition, an increase in zircon
content, ¢, was verified to raise composite closed porosity, particularly
for high ¢ contents. The variation of glass and zircon particle size dis-
tribution was also found to significantly affect composite sintering rate
and microstructure [10].

1.1. Viscous flow sintering described by the KWW function. Interpretation
of the relaxation time constant based on percolation theory

The Kohlrausch-Williams-Watts (KWW) function appropriately de-
scribes many irreversible dynamic processes of heterogeneous systems,
for example the sintering of materials such as glasses [11], glazes
[12-14], composites [6,7,10], and vitrified ceramic bodies [15]. This is
probably due to the heterogeneity of these real systems on a microscopic
scale, so that their overall behaviour, described by the KWW function, is
the result of the weighted sum of a multitude of different simple pro-
cesses, each of which is associated with a microvolume that has its own
microstructural characteristics [16,17]. In the simplest interpretation,
each of these different entities exhibits its own dynamic behaviour,
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depending on its local microstructure, with its own time constant, tj,
which differs from that of another region. This scenario led, in a previous
paper [11], to a glass particle compact being deemed to comprise an
almost infinite set of entities, with a corresponding relaxation spectrum
or distribution of viscous sintering time constants, p(t;), that determine
the value of the stretching parameter, n, and relaxation time, 7, of the
KWW function (Eq. (1)), which describe compact densification kinetics.

ey ne
a= =1- exp<f—)
T

EV max

Eq. 1

in which o is the degree of sintering progress, and ey and ey max are the
instantaneous and maximum volume strain, respectively.

Therefore, in principle, Eq. (1), which describes glass particle viscous
flow sintering very well [11], may also be assumed to appropriately
describe composite densification, when other processes such as dis-
solution-reprecipitation of the inclusions do not occur. However, for the
model (Eq. (1)) to be useful, it is essential to have a univocal relationship
between each of these kinetic parameters, T and n, and the volume
fraction of inclusions, ¢, and the ratio, R, between the mean radius of the
inclusion particles, rj, and that of the matrix particles, r. In addition, it is
advisable for these two kinetic parameters and their respective re-
lationships with the characteristics of the composite to have a clear
physical meaning, so that the results obtained can be applied to other
systems. To achieve this objective, the following assumptions were
made:

(i) Relaxation sintering time, t (Eq. (1)), for a composite is assumed
to be analogous to that of a glass compact, t(¢ = 0), however,
replacing glass viscosity, 1, with composite effective viscosity,
Neff- Therefore, for a glass particle compact [11], one obtains:

(¢ = 0) = Qr, :Qg

Eq. 2

in which Q is a numerical constant, 14 is viscous sintering time, and 1, y,
and r are glass viscosity, surface tension, and particle mean radius,
respectively. And for a composite one obtains:

v

=0 Eq. 3

This approach is equivalent to assuming that the ratio between
composite sintering rate and glass matrix sintering rate is equal to the
ratio between glass viscosity and composite viscosity [5,18], as has been
verified for composites of identical spherical particles (rj = r).

(i) The effective viscosity of a composite of same-sized spherical
particles, with a volume fraction of inclusions, ¢, was related to
glass viscosity,n, by the equation [5,18]:

M: liﬂ —m
n by

in which m > 0 and ¢, is the rigid percolation threshold [19], that is, the
volume fraction of inclusions at which these inclusions percolate and
cause the material’s behaviour to be rigid. The value of ¢ is always
greater than the value of the conductive percolation threshold, ¢;.

Eq. 4

Indeed, ¢y, is the minimum volume fraction of inclusions for a cluster of
inclusions to form that extends throughout the entire thickness of the
packing connecting the two faces of a plate. This is always smaller than
¢p, which is the minimum volume fraction for generating a cluster of
inclusions that extends throughout the entire thickness of the packing
and is able to support the load without deforming. The value of ¢y, for
packings of same-sized spheres, depends on the nature of the inclu-
sion-inclusion interaction [5]. For sliding contacts ¢, = 0.96, for fric-
tional contacts ¢, = 0.57 and, only for strongly bonded contacts, ¢, =
¢, = 0.33.
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(iii) For values of R#1, Eq. (4) is still assumed to be valid, but with a
value of ¢, that depends on R. Unfortunately, values of ¢, are
unavailable for 1. Values of ¢; are only estimated as a function
of . The values of ¢; are plotted versus the size ratio, i, obtained
by different researchers, in Fig. 1. For sizes of inclusions, r;, much
larger than those of matrix particle size, r, that is, ®>>>1, the
values of the conductive percolation threshold, ¢, predicted by
different models are high (up to 0.8-0.9); in addition, in this case,
the matrix particles need to position themselves in the voids
formed by the dense packing of rigid inclusions, in accordance
with the theoretical models [20,21] and numerical simulations
[21]. Under these conditions, it may be assumed that the inclu-
sion aggregates that form are rigid, i.e. are able to support the
entire load, so that ¢, = ¢,. For =<<<1, the opposite occurs, i.e.
the small rigid inclusions are located in the voids left by the soft
particle packing of the matrix, so that ¢ <<< ¢,. Therefore, the
difference between ¢, and ¢; may be assumed to increase as R
decreases. In accordance with this assumption and with the value
of ¢p = 0.57 calculated for ® = 1 [5], the assumed values of ¢,
have been plotted by means of a blue area in Fig. 1. Thus, as f
increases, ¢p also rises, so that, keeping the other variables, ¢ and
temperature, constant, composite effective viscosity, neg, de-
creases. Eq. (4) thus describes the joint effect of ¢ and R on the
effective viscosity of the system.

(iv) The effect of temperature on effective viscosity, ne, is assumed to
be that of this variable on glass viscosity, 1, that is, the effect
described by the Vogel-Fulcher-Tammann (VFT) equation:

B
=nexp| ———— Eq. 5
n="gy <T — TVFT) q
in which ng, B, and Tygr are the equation parameters.
(v) From Eq. (3) and Eq. (4) one obtains:
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Fig. 1. Conductive percolation threshold, ¢;, versus the ratio % = r;/r. Dashed
blue line: results of Kuo and Gupta [23] using the Bouvard and Lange model
[20]. Solid red line: results of Kuo and Gupta [23] using the Suzuki and Oshima
model [24]. Green triangles: results of the Oger et al. numerical simulation
[25]. Pink rhombuses: experimental results obtained by Oger et al. [25]. Black
squares: results of the Bouvard and Lange numerical simulation [20]. Yellow
circles: extrapolated results of the experimental values obtained by Fitzpatrick
et al. [26]. Purple circle: results of the Powell numerical simulation [27]. Blue
area: values of the rigid percolation threshold, ¢,,, assumed by the authors. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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T= Eq. 6
14
And from Eq. (2) and Eq. (6):
B y —m B _ﬁ —m )
T=20 <1 (/)p) T, = (1 4’,7) (¢ =0) Eq. 7

Thus, composite relaxation time, 7, which is always greater than that
of the matrix, t(¢=0), increases with the volume fraction of inclusions,
¢, and decreases with size ratio, R, (since ¢, increases as i does).

(vi) In the ideal case of sphere packings, the size and number of in-
clusion clusters that form have been verified to increase with the
volume fraction of inclusions, ¢, and with the decrease in R, [20,
22-27]. This leads to a heterogeneous microstructure made up of
an array of regions or entities with different characteristics.
However, composites are prepared from different particle size
distributions of inclusions and glass, and the resulting formed
unfired particle packing is not ideal, causing the heterogeneity of
the particle size distributions of the inclusions and matrix to be
even greater than that predicted by the models. These micro-
structural heterogeneities lead the composite to be made up of an
array of different regions or entities, with a corresponding
relaxation time distribution that widens as ¢ increases and R
decreases. As a result, kinetic parameter n, related to the ampli-
tude of the relaxation time distribution [16,17,28], decreases as ¢
increases and # decreases.

1.2. Kinetic equations
Rearranging Eq. (1) yields the expression:

t 1
;:g(a) =[=In(l1-a) Eq. 8
in which g(o) is the integrated form of the kinetic model.

Analogously, the sintering rate (differential form of the kinetic
model) is given by:
da 1

1 .
Efgf(a):;n(lfa)[fln(l70:)]71 Eq. 9
In isothermal treatments [11], when the kiln reaches the pro-
grammed temperature (isothermal treatment start t = 0), the test piece
has already undergone a certain shrinkage and, hence, a degree of initial
progress (o = ap). To process the results, it is therefore necessary to
integrate Eq. (9), taking as initial condition: t = 0 - a = &, which yields:
1
a=1- . Eq. 10
exp{f +[—in(1- a(,)]l/”}

Assuming the effect of temperature on process relaxation time to be
the same as the effect of this variable on glass viscosity [6,7,11], from
Eq. (5) and Eq. (6) one obtains:

B
T="Tpexp T Tomr

in which 1 is given by:

TO—Q<1—(Z> }T/r—Qrg()(l—(Z) —TO(¢0)<1—(Z>

Eq. 12

Eq. 11

For a process at constant-rate heating, B, from Eq. (9) and Eq. (11)
one obtains:
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da 1 B
ar- ;ﬁexp( T T TVFT>f(0‘)

Separating variables and integrating yields the integral form of the
sintering model, g(a), and its relationship to temperature. Using the
Murray and White approximation [29], one obtains:

a T
da 1 B (T — Tvpr)’ <
a)= | —=— [ exp| — dT = ex,
8(@) A fla) wp / p( T— TVFT) 0B P

0
>
1 72VFT

Replacing g(a) with Eq. (8) in Eq. (14) and operating yields:

a=—v —l—exp{_ xp<_(T—BTVFT))T}

€V, max
Eq. 15

Eq. 13

Eq. 14

(1 +xp) (T — Typr)? .
Tof B

in which « is an empirical constant. In this equation, the factor (1 +«p)
[11,14] is introduced to take into account the real heating rate of the test
piece being lower than the programmed rate, f, as, to all effects, raising
the heating rate increases the temperature difference between the kiln
and the piece.

The objectives of this study were as follows: to verify the validity of
the model developed for glasses [11], based on the KWW function, for
describing composite viscous flow sintering; to interpret the physical
meaning of the stretching parameter, n, and relaxation time, t, of the
kinetic equation; and to relate these kinetic parameters to the volume
fraction of inclusions, ¢, and to the ratio between inclusion mean par-
ticle size and matrix mean particle size, ® = rj/r, based on percolation
theory. These last two characteristics of the filler largely determine the
firing behaviour and properties of composites, both used as coatings [30,
31] and pieces [32-34]. To validate the kinetic model, isothermal and
constant-heating rate experiments were carried out, since, for a kinetic
model to be applicable, the values of the kinetic parameters obtained by
both methods must be the same.

2. Materials and experimental procedure

A borosilicate frit of composition close to that of glass SRM 717a [35]
used in previous papers [6,7,11] was selected. Its viscosity curve fitted
very well to the Vogel-Fulcher-Tammann (VFT) equation [6,11,35]:

5495.3

l()gﬂ: —3.012 + m

Eq. 16
in which viscosity, n, is expressed in Pa-s and T is temperature in °C.
Glass surface tension, estimated from the glass composition by the
Dietzel equation [11,36], was y = 0.277 N/m. The frit particles were wet
milled for 30min in an alumina ball mill until particle size distribution
(PSD) Gy was obtained. Frit particle suspension Gy was milled anew in a
zirconia bead mill to obtain a finer PSD, Gg. Two industrial zircon
powders (micrometric and flour), and a mixture of these, were selected
as rigid inclusions. The PSD of frit Gy and Gy, and of micrometric and
flour zircon, Zy and Zg, was determined with a laser diffraction instru-
ment (Fig. 2). The Gy, Gr, and Zy PSDs fitted very well to lognormal
distributions; in contrast, the Zg PSD fitted very well to the Weibull
model (Table 1 and Fig. 2).

To determine the effect of the zircon and glass particle size distri-
butions on sintering, glass-zircon mixtures were prepared, at a constant
zircon volume fraction, ¢ = 0.32. The batch formulas, nomenclature,
and ratio of inclusion particle radius/glass particle radius, ® = ri/r, are
detailed in Table 2. To study the effect of the zircon volume fraction, ¢,
GmZy mixtures with values of 0.05 < ¢ < 0.43 were prepared. It was
confirmed elsewhere [6,7,10] that, for these mixtures, sintering took
place exclusively by viscous flow. For values of ¢ > 0.53, complete
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Fig. 2. Particle size distribution (PSD) of the Gy, Gr, Zy, and Zp materials
determined by laser diffraction. The Gy, Gy and Zy PSDs were fitted to the
lognormal distribution and the Zz PSD to the Weibull distribution.

densification of the composite required contribution of the zircon sol-
ution-reprecipitation mechanism [6,7,10]. The mixtures were prepared
by wet milling in an alumina ball mill. To avoid segregation of the
components, the suspensions were subjected to colloidal filtration and
subsequent oven drying.

Cylindrical test pieces, about 5 x 3mm, were pressed at 30 MPa,
following the procedure described in a previous paper [11]. The sin-
tering curves were determined from the initial, A, instantaneous, A, and
minimum, Ap;p, silhouette surface areas of the test pieces by heating
microscopy (HSM), at constant-rate-heating (2<f < 60K/min) and
isothermal heat treatments. Diametral and axial strains were similar
until completion of sintering. Once the sintering process had been
completed, test piece geometry changed [13]. Assuming isotropic
shrinkage, the sintering progress parameter, o, was calculated as:

Ey €

a= =
€y, max €A, max

 In(A/Ag)
B ln(Amin/AU)

Eq. 17

Table 1
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3. Results and discussion
3.1. Influence of the zircon volume fraction, ¢. composites GpZpy

To study the effect of the zircon volume fraction, ¢, on composite
sintering, five mixtures were prepared (¢ = 0.05, 0.105, 0.17, 0.32, and
0.43) from glass with particle size distribution Gy and from micronised
zircon, Zy.

3.1.1. Isothermal sintering

For each of these composites, a series of isothermal experiments were
carried out at different temperatures. The sintering curves of some
composites: ¢ = 0.105, ¢ = 0.32, and ¢ = 0.43 are plotted in Fig. 3. The
pairs of values (a, t) were fitted to Eq. (10). For each composite, the
values of n varied very little and did so randomly. A second fit was
therefore performed, keeping a constant value of n for each composite.
The fit of the experimental data and the calculated values was very good
in every case (Fig. 3). Kinetic parameter n decreased linearly with zircon
volume fraction (Fig. 4), as had been assumed (point (vi) of Section 1.1).

On plotting, for each composite, on a logarithmic scale (Fig. 5), the
values of relaxation time t, obtained on fitting the corresponding
isothermal curves to Eq. (10) versus the respective viscous sintering
times, 74 (Eq. (2)), calculated from the viscosity, n, value given by the
VFT equation (Eq. (5)) and taking y = 0.277 N/m, straight lines with
unit slope and ordinate at the origin were obtained, the ordinate being
higher as zircon content, ¢, increased These results confirmed that the
influence of temperature on relaxation time, t, was due to the effect of
this variable on glass flowability (or inverse of its viscosity) and that,
with the increase in zircon content, ¢, T increased, this rise being greater
as ¢ rose. These results are consistent with the developed model, which
assumes that the increase in zircon content, ¢, raises composite effective
viscosity (Eq. (4)), and with it, the values of the relaxation time ratios
©/7g (Fig. 6) and t/1(¢p = 0) (Fig. 7), in accordance with Eq. (7).

3.1.2. Non-isothermal sintering

The sintering curves obtained for each composite at heating rates of 2
< B < 60 K/min were fitted to Eq. (15). Parameters x, tg, and n were
assumed as fitting parameters, which depended on zircon content, ¢.
The model was verified to appropriately describe the effect of the
heating rate, f, on the sintering curves of all the studied composites. By
way of example, the results corresponding to ¢ = 0.32 and the values of

Particle size distribution (PSD) of each material. Fitting parameters of the lognormal (dy;, and 6) and Weibull (dw and m) distributions and volume mean diameter, dy.

Fit PSD Zircon Flour, Zg Micrometric Zircon, Zy Medium Glass, Gy Fine Glass, Gg
Lognormal distribution dni, (pm) 1.62 5.32 1.58
c 211 2.60 1.90
Weibull dw (pm) 14.2
m 1.0
dy (pm) 21.0+1.4 2.0+0.12 7.8+0.5 2.1+0.14
Table 2
Batch formulas (% by wt) and ratio of the zircon to glass particle volume mean radius (r;/r) of composites with ¢ = 0.32.
Glass Zircon Composite
Gp 1 = 3.94+0.25 pm Ggr = 1.05+0.07 pm Zy 1; = 1.0+£0.06 pm Zyr 1 = 4.940.3 pm Zg 1r; = 10.5£0.7 pm Reference R =ri/r
100 Gum
100 Gg
50 50 GumZm 0.2640.03
50 50 GmZmr 1.26+0.16
50 50 GmZr 2.69+0.35
50 50 GgZym 0.954+0.12
50 50 GpZyp 4.67+0.60
50 50 GrZg 10.0+1.3
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Fig. 3. Isothermal sintering curves. The symbols are experimental data, and the
solid lines correspond to the values calculated from the model (Eq. (10)).
Composites GyZy with ¢ = 0.11, 0.32, and 0.43.

the fitting parameters are indicated in Fig. 8.

The model was further verified to appropriately describe the effect of
zircon content on the sintering curve, assuming a value of k, 7o, and n for
each value of ¢. The effect of ¢ on the sintering curve at a heating rate of
f = 15K/min is shown in Fig. 9. In addition, the variation of n with
zircon content, ¢, was confirmed to be the same as that exhibited in
isothermal sintering (Fig. 4). Analogously, the variations exhibited by
the relaxation time ratios to/7og and to/7o(¢p = 0) with ¢ (Figs. 6 and 7,
respectively) were predicted by Eq. (12), and they practically coincided
with those exhibited by t/7; and t/1(¢ = 0), obtained from the
isothermal experiments (Figs. 6 and 7).

In general, as zircon content, ¢, increased, -e5 decreased (Fig. 10), as
a rise in zircon content, ¢, reduced unfired porosity while also raising
attainable minimum porosity [6,7,10]. Both factors lowered maximum
firing shrinkage.
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Fig. 4. Effect of zircon volume fraction, ¢, on the stretching parameter, n.
Isothermal (blue squares) and non-isothermal experiments (red triangles).
Composites GyZy. The solid line is the fit to the equation shown. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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Fig. 5. Relationship between the values of experimental relaxation time, 7, and
those of viscous sintering time, 7. Glass Gy (¢ = 0) and composites GyZy with
¢ = 0.05, 0.11, 0.17, 0.32, and 0.43.

It was verified (Fig. 11) that, at the same heating rate, p, as zircon
content, ¢, increased, the temperature at which the composite reached
maximum shrinkage, T, and the range of sintering temperatures, dif-
ference between Trand process onset temperature, Tj, rose considerably.
In contrast, temperature T; hardly changed. These results are consistent
with assumption (vi) in Section 1.1, as the increase in sintering range
stemmed from an increase in relaxation time distribution amplitude,
which increased as n decreased. These results are also consistent with
the results predicted by percolation theory [20,22]. Indeed, including
for high inclusion contents (¢ ~ 0.45), glass particle volume fraction and
connectivity were sufficiently high for microregions or entities made up
exclusively of glass particles to form. As a result, the lower bound of the
relaxation time distribution, p(r;j), was associated with these micro-
regions. In contrast, as the volume fraction of inclusions, ¢, increased,
much higher local inclusion volume fractions were reached in some
microregions than the overall inclusion volume fraction, ¢. The upper
bound of the relaxation time distribution was therefore fixed by the
regions with a larger amount of inclusions, with much longer relaxation
times, which increased as ¢ rose. Thus, on plotting Tj, Tf, and T¢-T; versus
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Fig. 6. Effect of zircon volume fraction, ¢, on the values of the ratio t/1g,
obtained in isothermal experiments (blue squares), and the ratio to/tgo, Ob-
tained in non-isothermal experiments (red triangles). Composites GyZy. The
solid line is the fit to the equation shown. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 7. Effect of zircon volume fraction, ¢, on the values of the ratio t/t(¢ = 0),
obtained in isothermal experiments (blue squares), and the ratio to/7o(¢ = 0),
obtained in non-isothermal experiments (red triangles). Composites GyZy. The
solid line is the fit to the equation shown. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of
this article.)

1/n (Fig. 12), they were observed to increase exponentially with ¢. In
the case of the sintering range, T¢Tj, its correlation with 1/n, directly
related to the relaxation time distribution amplitude, p(t;), was very
good.

3.2. Influence of the ratio of zircon particle mean radius to glass particle
mean radius, ® = r;/r. Composites ¢ = 0.32

To study the effect of the ratio of zircon particle mean radius to glass
particle mean radius, ® = ri/r, six composites with a zircon volume
fraction ¢ = 0.32 and different glass and zircon particle size distribu-
tions (Table 2) were prepared with a view to obtaining values of # that
ranged from 0.26 < R < 10.
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Fig. 8. Effect of heating rate on the non-isothermal sintering curves. The
symbols are experimental data, and the solid lines correspond to the values
calculated from the model (Eq. (15)), with 1:0:1.27-10’6 s, n=0.515, and
k=0.0121 min/K. Composite GyZy with $=0.32.
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Fig. 9. Effect of zircon volume fraction, ¢, on the non-isothermal sintering
curves at § = 15K/min. The symbols are experimental data, and the solid lines
correspond to the values calculated from the model (Eq. (15)). Compos-
ite GyZy.

3.2.1. Isothermal sintering

Isothermal sintering curves were obtained for each of these com-
posites and for each glass particle size distribution (Table 2) at different
temperatures. The pairs of values (a, t), for each temperature and
composition, were fitted to Eq. (10), keeping n constant for each com-
posite. Good agreement was obtained in every case between the
experimental data and the values calculated using the model. The effect
of temperature on sintering of the composite prepared with the finest
glass particle size distribution and the mixture of micronised zircon and
zircon flour, GgZyp, is shown in Fig. 13.

The sintering curves at 725 °C of the three composites prepared using
glass particle size distribution Gy as matrix and zircon from the three
studied zircon particle size distributions: Zy;, Z, and Zyg (Table 2), as
inclusions, are plotted in Fig. 14. The curves obtained at 675 °C for the
composites prepared from the three zircon particle size distributions and
glass Gy are plotted in Fig. 15. In every case, the fit of the experimental
data to the values calculated using the model (Eq. (10)) was very good.
In addition, in both cases, as the size of the inclusions increased, the
sintering rate also rose. Indeed, at the same thermal treatment
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Fig. 10. Effect of zircon volume fraction, ¢, on the curves: surface
strain-temperature, e5-T, at = 15K/min. The symbols are experimental data,
and the solid lines correspond to the values calculated from the model (Eq.
(15)). Composite GyZy.
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Fig. 11. Effect of zircon volume fraction on onset sintering temperature, Tj,
final sintering temperature, Ty, and sintering temperature range, T¢T;. Com-
posite GyZy. Heating rate p = 15K/min.

temperature and time, the highest degree of process progress, a, always
corresponded to the composites prepared with the largest-sized zircon
particles. This occurred because, at the same zircon content, ¢, and glass
particle size, r, as inclusion size, rj, increased, the number of glass-glass
contacts increased, the zircon-zircon contacts decreased, and the num-
ber and size of zircon clusters also decreased, which raised the sintering
rate and reduced the effective viscosity of the composite. In addition, ¢,
increased when R rose, in accordance with Fig. 1, which translated into
a decrease in effective viscosity of the composite, nes, (Eq. (4)) and in
sintering relaxation time, 7, (Eq. (6) and Eq. (7).

The effect of the size ratio, ® = rj/r, on kinetic parameter n is shown
in Fig. 16. A slight increase in n with $ may be observed, as had been
assumed in point (vi) of Section 1.1, this relation being independent of
glass matrix particle size distribution. However, the effect of  on n was
relatively small, as a variation of R of two orders of magnitude only
changed the value of n from 0.49 to 0.57.

As was done in Section 3.1.1, to verify the validity of Eq. (7), the
values of relaxation time, t, obtained on fitting the experimental data to
Eq. (10), were plotted versus 14 on a logarithmic scale in Fig. 17. The
results fitted very well to straight lines of unit slope, whose ordinate at
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Fig. 12. Relationships between onset sintering temperature, Tj, final sintering
temperature, Ty, and sintering temperature range, T¢-T;, and the inverse of the
stretching parameter, 1/n. The symbols are experimental data, and the solid
lines are the fit to the equation shown. Composite GyZy. Heating rate p =
15K/min.
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Fig. 13. Effect of temperature on the isothermal sintering curves. The symbols
are experimental data, and the solid lines correspond to the values calculated
from the model (Eq. (10)). Composites GgZyr with ¢ = 0.32.

the origin decreased as the size ratio, ® = rj/r, increased. Indeed, on
plotting the quotient /14 versus ® (Fig. 18), a considerable decrease in
1/t was observed with the rise in R. This occurred because, as R
increased, the percolation volume fraction, ¢p, rose (Eq. (7)).

3.2.2. Non isothermal sintering

The sintering curves obtained at heating rates of 2<fp < 60 K/min for
each of the composites and glass compacts were fitted to Eq. (15). As in
Section 3.1.2, the fitting parameters assumed for each material were ,
n, and 7y, as they were independent of the heating rate, . The model
satisfactorily described the effect of heating rate, f, and size ratio, ® =
ri/1, on the sintering curves, as may be observed in Fig. 19 and Fig. 20.
The experimental sintering curves, obtained at § = 15K/min, and the
sintering curves calculated from the model (Eq. (15)), corresponding to
composites prepared from the three zircon and glass Gy particle size
distributions, and that of glass Gy, are plotted in Fig. 19. Similarly, the
results of the series of composites prepared with the three zircon and
glass Gr particle size distributions, and that of glass Gg, are plotted in
Fig. 20. For the two glass particle size distributions used, the sintering
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Fig. 14. Effect of zircon particle size, r;, on the isothermal sintering curves. The
symbols are experimental data, and the solid lines correspond to the values
calculated from the model (Eq. (10)). Composites of glass Gy, with $=0.32,
fired at 725 °C.

0.1

1 10 100 1000
time (min)

Fig. 15. Effect of zircon particle size, r;, on the isothermal sintering curves. The
symbols are experimental data, and the solid lines correspond to the values
calculated from the model (Eq. (10)). Composites of glass Gp, with ¢ = 0.32,
fired at 675 °C.

curves were observed to shift towards higher temperatures and their
sintering range increased as zircon size decreased. This behaviour was
accurately described by the increase in relaxation time, t, and in kinetic
parameter n with %, as occurred in isothermal sintering and in accor-
dance with point (iii) and (vi) of Section 1.1. The effect of size ratio, R,
on these parameters is shown in Figs. 16 and 18, together with the re-
sults obtained in isothermal treatment. The value of these parameters
was verified to be practically independent of the thermal treatment
used. For each parameter, the results fitted very well to the equations
shown in Figs. 16 and 18. In every case, these equations predicted a
slight increase in n and a considerable decrease in T with . For values of
R—o0, both n and t approached those of the glass, as the number of
glass—glass contacts also did so.

In general, for all these composites it was verified that, as zircon size
increased, linear shrinkage, -e5, decreased, owing to a reduction in
composite initial porosity and to an increase in resulting minimum
porosity [10]. The experimental data and the values calculated from Eq.
(15), corresponding to the series of composites prepared with glass Gy
particle size distribution, and that of glass Gy, at 15K/min, are shown in
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Fig. 16. Effect of size ratio, R = r;/r, on the stretching parameter, n. Isothermal
(blue symbols) and non-isothermal experiments (red symbols). Composites with
¢ = 0.32. The solid line is the fit to the equation shown. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 17. Relationship between the values of experimental relaxation time, T,
and those of viscous sintering time, tg. Glass Gy and Gg (¢ = 0) and composites
with ¢ = 0.32.

Fig. 21.

3.2.3. Estimation of the rigid percolation threshold, ¢p, from the kinetic
parameters. Variation of ¢, with ¢ and R

The relation between to/7go and t/7g and the zircon volume fraction,
¢, obtained for composites GyZy (Fig. 6) was also assumed to be valid
for other composites, with a different value of , but having a value of ¢,
differing from 0.56. That is:

45
T L, 2
Too  Tg ?,

Thus, substituting ¢ = 0.32 and the values of to/t4 and /74 Ob-
tained for each value of i in Eq. (18) the pairs of values (¢p, i) were
calculated (Fig. 22). The results exhibited the trend assumed in Fig. 1.

It was verified that ¢, increased with the logarithm of i, and for =
1 (Fig. 22) the value obtained, ¢, = 0.61, was very similar to that
calculated by simulation for same-sized spheres with frictional contacts
between inclusions, ¢ = 0.57 [5].

Eq. 18
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Fig. 18. Effect of % on the values of the ratio 7/tg, obtained in isothermal
experiments (blue squares), and the ratio 7o/7g, obtained in non-isothermal
experiments (red triangles). Composites with ¢ = 0.32. The solid line is the
fit to the equation shown. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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Fig. 19. Effect of zircon size on the non-isothermal sintering curves at f = 15K/
min. The symbols are experimental data, and the solid lines correspond to the
values calculated from the model (Eq. (15)). Composites ¢ = 0.32 prepared
with glass Gy, and glass Gy.

3.2.4. Combined effect of R = r;/r and ¢ on the kinetic parameters of the
model: n, 7, or 79

For all composites, using the values of ¢, calculated from Eq. (18),
the values of the ratio ¢/¢,, were determined, this ratio being equivalent
to the mass ratio: kg zircon in the composite/kg zircon required for
zircon particles to percolate. For all composites, the resulting values of n,
both in the isothermal and in the non-isothermal experiments, are
plotted versus their respective dimensionless zircon mass ratios, ¢/dp, in
Fig. 23. Although scattered, the results fitted a straight line of decreasing
slope, indicating a linear decrease in the stretching parameter, n, with
dimensionless zircon content, ¢/¢p. Therefore, as the dimensionless
zircon content, ¢/¢,, rose, the number and size of zircon clusters
increased, which led to a greater amplitude of the relaxation time dis-
tribution, p(t;), and hence to an increased sintering range.

The dimensionless values of the ratio: composite relaxation time/
glass relaxation time, t/t(¢ = 0), obtained from isothermal experiments,
are plotted versus the respective values of the dimensionless zircon
content, ¢/¢,, for every composite, in Fig. 24. In this figure, the values of
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Fig. 20. Effect of zircon size on the non-isothermal sintering curves at § = 15K/
min. The symbols are experimental data, and the solid lines correspond to the
values calculated from the model (Eq. (15)). Composites ¢ = 0.32 prepared
with glass Gg, and glass Gg.
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Fig. 21. Effect of zircon size on the curves: surface strain-temperature, €5-T, at
p = 15K/min. The symbols are experimental data, and the solid lines corre-
spond to the values calculated from the model (Eq. (15)). Composite ¢ = 0.32
prepared with glass Gy, and glass Gy.

the ratio: pre-exponential factor of composite relaxation time/pre-
exponential factor of glass relaxation time, 7o/7o(¢ = 0), obtained in
non-isothermal experiments, are also plotted. All the data fitted very
well to a single curve, as had been assumed for t/7(¢ = 0) (Eq. (7)) and
for to/7o(¢ = 0) (Eq. (12)). In both cases, for ¢ = ¢}, the model predicted
a composite infinite relaxation time, T = o0, and a composite effective
viscosity that was also infinite, negr = o0, (Eq. (4)). That is, when a rigid
cluster of inclusions formed, for ¢/¢p, viscous flow densification
stopped, T = o0, because composite effective viscosity was very high, neg
= c0. Analogously, as dimensionless zircon content, ¢/¢p, increased, the
number of zircon particle clusters and their size grew, which in turn
raised dimensionless composite relaxation time, t/t(¢p = 0), and com-
posite relative viscosity, Nef/n.

4. Conclusions
A study was carried out, by isothermal and constant-rate heating

experiments, of viscous flow sintering of glass-zircon composites with
different zircon contents and different glass and zircon particle size
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Fig. 22. Variation of the rigid percolation threshold, ¢p, calculated from Eq.
(18) with ratio . Isothermal experiments (blue symbols) and non-isothermal
experiments (red symbols). Composites with ¢ = 0.32. The solid line is the fit
to the equation shown. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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Fig. 23. Variation of stretching parameter, n, with the dimensionless zircon
mass ratio, ¢/¢p. Isothermal (blue symbols) and non-isothermal experiments
(red symbols), for all the composites. The solid line is the fit to the equation
shown. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

distributions, continuously determining the variations of compact di-
mensions using a hot stage microscope (HSM).

The sintering curves of the resulting glass and composite compacts in
isothermal and constant-rate heating experiments fitted very well to the
developed kinetic model, based on the Kohlrausch-Williams-Watts
(KWW) function, in which the stretching parameter, n, depended on the
zircon volume fraction, ¢, and zircon-glass particle size ratio, , and the
relaxation time constant, t, depended on these variables and on
temperature.

The influence of temperature on process kinetics was verified to
correspond to that of this variable on relaxation time, T, which was
proportional to glassy phase viscosity, 1. The relationship of t and n to
temperature was accurately described by the Vogel-Fulcher-Tammann
(VFT) equation.

Increasing the zircon volume fraction from ¢ = 0 to ¢ = 0.43,
keeping the ratio between mean zircon and glass particle size constant,

10
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Fig. 24. Effect of dimensionless zircon mass ratio, ¢/¢p, on the values of the
ratio ©/7(¢ = 0), obtained in isothermal experiments (blue symbols), and the
ratio to/7o(¢ = 0), obtained in non-isothermal experiments (red symbols), for
all the composites. The solid line is the fit to the equation shown. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)

R = 0.26, slowed down the sintering rate. The effect of ¢ on the sintering
curves in isothermal and constant-rate heating was accurately described
by the increase in relaxation time, 1, and decrease in the stretching
parameter, n. These relationships were independent of the thermal
treatment used.

As the size ratio increased from R = 0.26 to ® = 10, keeping the
zircon volume fraction, ¢ = 0.32, constant, the sintering rate rose. The
effect of ! on the sintering curves in isothermal and constant-rate
heating was accurately described by the decrease in relaxation time, T,
and the increase in the stretching parameter, n. These relationships were
also independent of the thermal treatment used.

The combined effect of ¢ and R on process kinetics was appropriately
described by determining the influence of the ratio between the zircon
volume fraction and the rigid percolation threshold, ¢/¢;, on the kinetic
parameters of the model. In accordance with percolation theory, ¢,
increased with the logarithm of .

It was verified that, for all the studied glass and composite compacts,
the stretching parameter, n, decreased linearly as ¢/¢, increased, this
relationship being independent of the thermal treatment (isothermal
and constant-rate heating) used.

In addition, for every studied compact, the ratio between the com-
posite and matrix glass relaxation time, t/t(¢p = 0), and the ratio be-
tween the pre-exponential factor of composite relaxation time and that
of the matrix glass, To/70o(¢p = 0), increased as ¢/, rose, this function
being of the same type as that predicted by percolation theory, and it
was independent of the thermal treatment (isothermal and constant-rate
heating) used.
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