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Abstract

We test the Clusters model for non-isothermal sintering of crystallizing polydispersed particles against experimental

data obtained under different conditions. We demonstrate that the model predicts the densification curves for two

distinct size distributions of devitrifying soda–lime–silica glass having spherical particles. For each system a minimum

heating rate can be found, so that for higher rates the compacts always reach maximum density, while for lower heating

rates crystallization inhibits densification. In the latter case, the residual porosity increases with decreasing heating rate.

We discuss the results taking into account several complicating factors, such as pre-existing surface crystals, the average

number of necks per particle, compositional shifts due to crystallization, temperature gradients and degassing during

sintering. Finally, we discuss the physical and processing parameters that determine whether sintering will be favorable

over crystallization.

� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

One can produce porous or dense glasses and

glass-ceramics via the sintering route. Thus, the
development of new materials such as sintered
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glass-ceramics, sol–gel derived vitreous or nano-

crystalline films and sintered metallic glasses, have

rekindled the need for a deeper understanding of

viscous flow sintering with simultaneous crystalli-
zation (which hinders sintering) to control the

crystallization degree and residual porosity in such

materials.

The classical models of Frenkel (F) and Mac-

kenzie and Shuttleworth (MS) (to be discussed

later in this article) allow to predict the initial and

final stages of densification of monodispersed,

spherical, glass particles. In [1] we developed a
model (Clusters model), based on the former two,

to include the particle size distribution as an input

parameter.
ed.
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In Ref. [2] we reviewed and tested an algorithm
to simulate the kinetics of simultaneous isothermal

sintering and crystallization. The algorithm was

based on the Johnson–Melh–Avrami–Kolmogo-

rov (JMAK) crystallization theory and in the

Clusters model [1]. In this model the input pa-

rameters are particle size distribution, vr, surface
energy, c, viscosity, gðT Þ, number of surface nu-
cleation sites, Ns, and crystal growth velocity,
UðT Þ. We tested the resulting algorithm using ex-

perimental data and densification rates on two

powdered (jagged) glasses – polydispersed alu-

mino-borosilicate (ABS) glass (which is stable

against devitrification) and monodispersed cor-

dierite glass (which easily crystallizes) at a variety

of annealing temperatures. Despite the simplifica-

tions of the Clusters model, the agreement between
calculated and experimental curves was satisfac-

tory.

Very few attempts have been made to describe

non-isothermal sintering kinetics of glass powders,

which is further complicated by concurrent crys-

tallization [3–5]. To the best of our knowledge, the

only quantitative studies published to date on non-

isothermal sintering with concurrent crystalliza-
tion are those of M€uuller et al. [4] and M€uuller [5].
Those studies analyze experimental data in the

light of existing theories. M€uuller et al. used a

combination of the Frenkel and MS models to

describe the sintering kinetics of narrowly distrib-

uted, disc-milled cordierite glass using an adjust-

able quantity, defined as the shape parameter, ks
(because the particles were jagged). M€uuller [5]
demonstrated that only the compact with the finest

particle size tested (r ¼ 1 lm) was fully densified at
q ¼ 12 K/min. Compacts of all the other sizes,

from r ¼ 3 to 11 lm, crystallized to different de-
grees and saturated before full densification. In-

terestingly, he found that ks � 3 for all particle

sizes. Therefore, smaller particles privileged sin-

tering over crystallization. Corrections for the
particle size distribution were not made and were,

thus, included in the adjustable parameter ks.
In Ref. [6] we extended and tested the Clusters

model for non-isothermal sintering with concurrent

surface crystallization. This is particularly inter-

esting in the case of industrial processes, because

large pieces and low heating rates are normally
used. Thus, it is important to understand and
control the sintering and crystallization process

along the heating and cooling paths. We tested the

model with two jagged glasses – polydispersed

ABS and monodispersed cordierite glasses – and

demonstrated that it can reasonable predict the

sintering kinetics with ks ¼ 1:8.
In this article we will test it under different

conditions. First, the present glass particles are
spherical, so the ks factor is unity (ks ¼ 1:8 in Ref.
[6] and ks ¼ 3 in Ref. [5]). Second, two different

size distributions of spheres are used, D1 (average

radii around 95 lm) and D2 (average radii around
155 lm). Different heating rates, 0.2, 1, 5 and 15
K/min, were used to study the competition be-

tween sintering and crystallization. Finally, crys-

tallization in this glass is very complex and
involves four different crystalline phases. In addi-

tion, pre-existing crystals or inclusions are present

on their surface.

The objective of this paper is thus to test the

algorithm for spherical particles (to avoid com-

plications with shape factor), but using a com-

mercial soda–lime–silica glass that shows complex

crystallization behavior, i.e. up to four distinct
crystalline phases and pre-existing surface crystals

or inclusions.
2. Theory

Fig. 1 illustrates the concurrence between sin-

tering and crystallization. It shows an optical mi-
crograph of a compact of soda–lime–silica glass

spheres, where sintering was fully arrested by

surface crystallization. This demonstration gives a

strong argument to take into consideration the

competition between the two kinetic phenomena.

In the following sections we will summarize the

existing models for the competition between non-

isothermal sintering and crystallization and will
then test the theory against experimental data for a

devitrifying soda–lime–silica glass which has

spherical particles with samples of two distinct size

distributions.

A summary of the Clusters model for non-iso-

thermal sintering of polydispersed particles with

concurrent crystallization is given in Ref. [6]. Here



Fig. 1. Sintering hindered by surface crystallization. Left side: An array of 1 mm glass spheres with incipient necks. Light finds its path

through the necks, showing they are crystallized. Right side: Detail of a crystallized neck.
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we present only the main equations that are useful

to this work.

On a laboratory or industrial time scale, sin-
tering is only accomplished at temperatures above

the glass transition, Tg, where the viscosity curve
gðT Þ is normally described by the Vogel–Fulcher–
Tammann (VFT) Eq. (7):

g ¼ g1e
Ev

R�ðT�T0Þ; ð1Þ

where R is the gas constant, T0 is an empirical

constant, Ev an apparent activation energy asso-

ciated to molecular transport by viscous flow, and

g1 the viscosity at �infinite� temperature. T0, Ev,

and g1 are empirically obtained from shear vis-

cosity measurements. In this paper, we use mea-

sured values of viscosity as input parameters in the

simulations.
For powdered glasses, we assume the most

typical case of surface crystallization, i.e. hetero-

geneous nucleation of spherical crystals from a

fixed number of sites per unit area, Ns, which grow
on the particle surface with a linear growth rate

UðT Þ. In this case, the JMAK [7] theory predicts

the crystallized surface fraction, as, for an infinitely
large sample, as a function of time t.
In a non-isothermal process, the time, t, may be

treated as a temperature dependent variable,

dt ¼ dT=q, where q is a constant heating rate.

Making the appropriate changes of variables, the

crystallized surface fraction as a function of tem-

perature can be written as follows:

asðT Þ ¼ 1� e

�p
q2

P4
p¼1

Np

R T

Tg
UpðT 0Þ�dT 0

� �2

; ð2Þ
where Tg is the glass transition temperature and T
is the maximum temperature of sintering, p ¼
1; . . . ; 4 refer to different crystallizing phases, Np

are the respective surface densities of nucleation

sites and the Up are the crystal growth rates of each

crystalline phase.

For an isotropic, non-isothermal process in the

early stages of sintering, in which the relative

density of the glass compact starts at �0.60 and is
smaller than 0.8 (the Frenkel stage), the sintering

kinetics concurrent with surface crystallization, for
each particle radius r, is given by [6]

qc;Fðr; T Þ ¼
q0

1� 3cxf pf
8qr

R T
Tg

1�asðT 0Þ
gðT 0Þ dT 0

h i3 ; ð3Þ

where q0 is the initial green density, c the surface
liquid–vapor energy, and the indexes c and F in-

dicate �with crystallization� and �Frenkel stage� re-
spectively. In Eq. (3), xf is the glassy surface

fraction of the particles (the fraction of the parti-

cles� surface that is not crystallized or covered with
inclusions) and pf is a packing factor: the average
number of necks each particle develops at the

Frenkel stage divided by 6, which should be the
number of necks of an hypothetical cubic array.

For more details about xf and pf please see Ref. [8].
The corresponding MS expression [6] is given in

Eq. (4):

qc;MSðr; T Þ ¼ q0 þ ð1� q0Þ
3cxf
2 � a0q

� �



Z T

Tg

e
�3c
2a0q

�
R T

Tg

dT 00
gðT 00 Þ

� �
ð1� asðT 0ÞÞ

gðT 0Þ dT 0:

ð4Þ
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In Eq. (4) a0 is the radius of the pores originated
during the sintering of the particles with size r. The
other quantities were defined above. As detailed in

[6], Eq. (4) slightly underestimates the sintering

kinetics in the latest stages of the MS regime. The

pores surface is considered as remainder of the

original particles surface; however it could also be

new pure glass surface.

For a polydispersed compact with a volume
fraction vr of spherical particles of radius r, the
following expression holds for the densification

kinetics at a given temperature (Clusters model

[1,2]):

qcðT Þ ¼
X
r

bqc;Fðr; T ÞhFðT0:8 � T Þ

þ qc;MSða0ðrÞ; T ÞhMSðT � T0:8Þcmr: ð5Þ

Here, nr (the neck-forming ability of each particle,
e.g. [1,2,6], which can be calculated from the par-

ticle size distribution [1]), was considered unity,

since the size distributions used in this work are

quite narrow (see Fig. 2). Eq. (5) sums up the

relative density qðr; T Þ for each particle size, r, as a
function of temperature, T . During the Frenkel

stage of sintering, qðr; T Þ < 0:8 and qc;Fðr; T Þ is
calculated using the Frenkel equation (Eq. (3)).
Later, qðr; T Þ > 0:8, qMSðr; T Þ is calculated by the
Mackenzie–Shuttleworth model (Eq. (4)). For

each cluster, the transition from the Frenkel re-
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Fig. 2. Size distribution of the SLS glass beads (this work) and

the ABS glass particles [1]. The area under each distribution is

unity.
gime to the MS regime is made using the temper-

ature step functions hFðT0:8 � T Þ and hMSðT � T0:8Þ,
whose values switch between 1 and 0 at T ¼ T0:8
when qc;Fðr; T0:8Þ ¼ 0:8 is reached. Thus, hFðT0:8�
T Þ ¼ 1 and hMSðT � T0:8Þ ¼ 0 for T < T0:8, and
hFðT0:8 � T Þ ¼ 0 and hMSðT � T0:8Þ ¼ 1 for T > T0:8.
The pore radius a0ðrÞ in Eq. (5) is calculated by

our algorithm to ensure a continuous qðr; T Þ
function at T ¼ T0:8 for each particle size. The

adjustment is achieved by first computing T0:8 with
Eq. (3); then calculating a0ðrÞ Eq. (4) at T ¼ T0:8. A
reasonable agreement was found between the cal-

culated distribution a0ðrÞ and the experimental

data from microscopic examination of the pore

size distribution in a sample at q ¼ 0:88, when all
its particle sizes were in the MS stage [8].
With this model it is possible to predict the

densification kinetics q or qc at any chosen tem-
perature for a given heating rate. Except for UðT Þ,
which must be measured, the other parameters can

be estimated from the glass composition ðg; cÞ or
they can be used as simulation parameters

ðNs; vr; q0Þ.
3. Materials and methods

The following sample parameters were mea-

sured: particle size distribution vr, green density q0,
glass density qg, compact density qðT Þ, viscosity
gðT Þ, crystal growth rate UðT Þ, and number of

crystals per unit area, Ns, of the predominant
crystalline phases.

Particle size distribution, vr: Two distinct size

distributions D1 and D2, of the same glass (devi-

trifying soda–lime–silica glass – SLS), were used to

test the proposed model. Fig. 2 shows that the first

one, D1, consisted of spheres sieved through # 70–

80 mesh sieves (average diameter 190 lm). The
other, D2, had a wider size distribution, with av-
erage diameter around 310 lm. Table 1 shows

their chemical composition. Some data for the

ABS glass used in Ref. [6] are also included here,

for comparison of the testing conditions.

The particle size distributions were measured

with a KS 2000 Imaging System – Release 3.0 –

coupled to a Zeiss Axioskop optical microscope.

Some spherical particles were distributed on a



Table 1

Chemical compositions of SLS glass (wt%)

Glass SiO2 B2O3 Na2O CaO Al2O3 MgO K2O FeO/Fe2O3

SLS 72.5 – 13.7 9.8 0.4 3.3 0.1 0.2
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Fig. 3. Measured viscosity of ABS and SLS [9] glass.
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glass slide and the sizes of about 300 particles were

measured. Fig. 2 shows the size distribution ob-

tained and also that of an ABS glass, with a broad

polydispersed distribution of non-crystallizable

jagged particles, which was also used to test the
Clusters model [1].

Green density, q0: Compact bodies of glass

spheres were prepared by pre-sintering at 650 �C
for half an hour. During this pre-sintering process

incipient necks formed that allowed to handle the

samples, and crystallization was negligible. Cylin-

drical alumina crucibles, with an internal volume

of about 0.3 cm3, 6 mm internal diameter and 1
mm wall thickness, were used to contain the glass

spheres during pre-sintering. The green density

(q0) was determined as the ratio between the glass
mass inside the crucible and its volume. After that

treatment, the compacts were sintered without

crucible to minimize thermal gradients.

Glass density, qg: The glass density was mea-
sured by He pycnometry, using an AccuPyc 1330
Micromeritics pycnometer. At 298 K, the density

values of (2.4622± 0.0005) and (2.4735 ± 0.0005) g/

cm3 were found for D1 and D2, respectively. Al-

though the glass used to produce the SLS spheres

has a true density of 2.51 g/cm3, some bubbles

were observed inside the glass spheres, which de-

creased their density. Hence, the former values

were used throughout this paper.
Glass transition temperature, Tg: The glass

transition temperature, Tg � 823 K, was deter-

mined by differential scanning calorimetry using a

Netzsch DSC, Model 404 calorimeter. The glass

particles used had diameters <74 lm and the

heating rate was 20 K/min.

Viscosity, gðT Þ and glass–vapor surface energy:

The viscosity data were taken from [9]. Low-tem-
perature viscosity measurements (up to 820 �C)
were performed by the penetration method. High-

temperature viscosity data were determined by the

rotating cylinder method in a Theta viscometer,

with a maximum temperature of 1600 �C. The full
range temperature–viscosity curve was obtained

by fitting the VFT equation log g ¼ Aþ B=ðT � T0Þ
to both low and high viscosity data. We found

A ¼ �2:7, B ¼ 4358:44 K and T0 ¼ 533 K for the

SLS glass, while for the ABS glass it was reported
A ¼ �2:086, B ¼ 4983:2 K and T0 ¼ 510:5 K with

g in Pa s and T in K [1]. Fig. 3 shows the viscosity

curves for the ABS and SLS glasses.

The used value of the glass–vapor surface en-

ergy is cSLS ¼ 0:33 J/m2.

Crystal growth rate, UðT Þ: The crystal growth
rates and density of nucleation sites are taken from

[9]. The glass spheres were treated at 953, 963, 973,
993 and 1073 K for different times in an electrical

furnace having a thermal stability of ±2 �C. After
a pre-determined time, the spheres were removed

from the furnace and the crystals on their surfaces

were analyzed using an optical microscope (Zeiss

Axioskop). A region of low crystallized fraction

was chosen and a digital image was taken. With

the aid of an Imaging System KS 2000 3.0, the
sizes of some crystals (those that were isolated

from other crystals, but not necessarily the largest)
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Table 2

Crystallization data about the main four crystalline phases appearing on SLS glass surface from [9]

Phase Morphology Phase Ns (m�2) UðT Þ (ms�1) Range of validity (K)

1 Spherulites Cristobalite 3.0· 109 eð�27 594=Tþ5:20Þ 953–1123

2 Needles Devitrite 1.1· 109 eð�27 657=Tþ6:93Þ 953–1123

3 Sticks Not identified 1.8· 108 eð�43 910=Tþ20:01Þ 1063–1123

4 Pyramidal Not identified 1.8· 108 eð�26 222=Tþ2:17Þ 1063–1123

The last column indicates the range of temperatures in which the crystal sizes were measured.
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were measured. This procedure was repeated after

sequential heat treatments. The same crystals were

measured and then the crystal growth rates were
obtained at each temperature. Table 2 summarizes

the data for the four different crystalline phases

found.

The number of crystals per unit area were de-

termined counting all crystals that appeared in a

given surface area.

Sintering of the compacts, qðT Þ: The compacts
were sintered in air, at a final temperature of about
1100 K (Tg � 823 K). The measured heating rates

were in the range 0.2–15 K/min. After reaching the

desired temperatures, the samples were air-quen-

ched to room temperature to preclude any addi-

tional sintering and crystallization on the cooling

path. The sintered compact densities were deter-

mined by the Archimedes method, using mercury

buoyancy.
Crystal phase determination: XRD measure-

ments were made of ground samples of the SLS

glass spheres previous to any heat treatment, and

of the glass spheres sintered at 1083 K (1 K/min)

and 1110 K (5 K/min). The crystalline peaks were

indexed using the JCPDS card files and the crys-

talline phases determined, whenever possible.
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Fig. 4. (a) Sintering kinetics of size distribution D1, calculated

densities (––) from left to right: 0.2, 1, 5, 15 K/min. Measured

values: symbols. (b) Sintering kinetics of size distribution D2,

calculated densities (––) from left to right: 1, 5 K/min. Mea-

sured values: symbols. (a,b) (� � �) glass density.
4. Simulations and test of the model

We constructed and tested an algorithm based

on Eqs. (2)–(5), using a commercial software. We

used SLS glass spheres having two different size

distributions: a relatively narrow distribution (D1)

and a broader one (D2) (Fig. 2). This glass how-
ever, has a moderate tendency to crystallize; thus,

we hoped that it would partially crystallize con-

currently with sintering, which would allow us to

test our model under this arresting condition.
Fig. 4(a) shows the calculated densification

curves (size distribution D1) for four heating rates:

0.2, 1, 5 and 15 K/min. Measured data for all the
heating rates are also shown. Fig. 4(b) shows cal-

culated and measured densification values for the

size distribution D2.
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For both heating rates and sizes, an increase in
the heating rates shifts densification to higher

temperatures. The maximum calculated sample

density is always about 2% lower than the exper-

imental final density.

Fig. 5 shows the XRD spectra corresponding to

as-received SLS ground glass samples: previous

to any heat treatment, heat-treated at 1 K/min up

to 1083 K, and at 5 K/min up to 1110 K. The three
spectra are shifted vertically to allow a visual

comparison.

The XRD spectrum of both as-received and 5

K/min sintered samples exhibited a majority of

glassy phase and a small peak, which can be as-

signed to quartz inclusions. These inclusions

probably result from unmelted material. The glass

compact treated at 5 K/min reached a maximum
density of 98% at 1110 K, and our calculations

show that approximately 10% of the particles�
surfaces have crystallized at this stage (with an

expected saturation density of 0.96).

The XRD spectrum of the sample heat treated

at 1 K/min up to 1083 K shows a small crystalline

fraction composed mainly of cristobalite, and de-

vitrite to a lesser degree.
We calculated the saturation density for differ-

ent heating rates using Eq. (5). The obtained val-

ues are plotted in Fig. 6. The saturation density

depends on heating rate. Full density is predicted

for heating rates larger than about 5 K/min. There

is a minimum heating rate R, so that for lower rates
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Fig. 5. X-ray diffraction spectra of three SLS glass samples:

ground as-received, heated at 1 K/min up to 1083 K, and heated

at 5 K/min up to 1110 K.
crystallization prevails over sintering and a porous

body is obtained. This residual porosity is thus

larger the lower the heating rate.

For heating rates above R, maximum density

can be (theoretically) achieved. However, while for
this glass the calculated maximum is q ¼ 0:96 the
experimental maximum is about q ¼ 0:98.
Saturation density 0.96 is only reached using

heating rates higher than about 5 K/min. For

smaller cooling rates, highly porous compacts are

obtained (curve (d) of Fig. 6). In the present sys-

tem with clean, dust free, surfaces saturation

density¼ 1 is to be expected if heating rates higher
than about 5 K/min are used.

Simulations made for the same particle size

distribution, supposing clean surfaces and no

concurrent crystallization (curve (a) of Fig. 6)

show that, in this case, saturation density¼ 1 al-
ways can be reached. If, however, dust particles

covering 10% of the particles are considered not

only at the Frenkel regime but also in the MS re-
gime, even in the absence of concurrent crystalli-

zation, independent of the heating rate, saturation

density of 0.96 is reached.
5. Discussion

For a glass of a given composition, the surface
tension, viscosity and crystal growth rates are fixed
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but, among the controllable variables, high heat-
ing rates, few nucleation sites, clean particle sur-

faces and smaller particle size favor sintering over

crystallization.

Since our glass spheres were made by an in-

dustrial process, as shown in Ref. [9], their surfaces

are full of defects and small embedded particles,

which are difficult to properly characterize. In our

model, sphere–sphere contacts that are of the
crystal–crystal or crystal–glass type (and not glass–

glass, as would be the case of contacts between

clean glass spheres) are considered to be inactive in

sintering. It is remarkable that this approach ex-

plains both isothermal [9] and non-isothermal

sintering kinetics of these glass spheres.

Although the agreement between measurements

and calculations is quite good, the mismatch is
larger at high temperature. The calculated satu-

ration density is systematically 2% lower than

measured. Possible causes for this mismatch are:

ii(i) In our model the glass–crystal and crystal–

crystal contacts do not contribute to sintering.

Perhaps this condition is fulfilled at the lower

temperatures, but as temperature increases
glass can wet the crystallized surface contrib-

uting a little to the sintering kinetics.

i(ii) The Mackenzie–Shuttleworth kinetics are

slightly underestimated by our model.

(iii) As a consequence of crystallization, the chem-

ical composition of the glass matrix continu-

ously changes with time. An estimate of the

surface viscosity change due to these composi-
tional shifts, considering the main phases de-

tailed in Table 2 (cristobalite and devitrite),

and using the SciGlass database [10] indicates

that a slight decrease in the viscosity of the

glass surrounding the crystals occurs, and,

therefore, faster kinetics develop.

Fig. 6 shows that higher heating rates can
overcome concurrent crystallization, but cannot

overcome the effect of dust on the glass surface.

Remnant porosity is always present in the latter

case. This result agrees with those of Ref. [9] for

isothermal sintering experiments where the satu-

ration density decreased with an increased fraction

of pre-crystallized surface of the glass particles.
5.1. Effect of heating rate

Higher heating rates shift the densification

curves to higher temperatures, and also causes an

increase in the saturation density [6]. This is ob-

served in Fig. 4 for both size distributions (D1 and

D2), for calculations and experimental results. For

a heating rate of 1 K/min, the sintering kinetics
corresponding to both size distributions almost

coincide. But at 5 K/min, that of the D2 glass is

shifted about 10 K to the right from that of the D1

distribution. Thus, the sintering kinetics shift with

heating rate, and this shift is larger for larger

particles. In Fig. 7 the calculated densification

curves at different heating rates are plotted for 35

and 133 lm sized particles, which correspond to
the smaller and larger radii of the D2 size distri-

bution.

Fig. 8 displays the differences in temperature at

which each particle reaches a relative density of 0.8

(arbitrary value) as a function of the heating rate.

Very high heating rates are included only to show

the trends. This difference increases with heating

rates, thus increasing the temperature gap at which
different particle sizes sinter.

5.2. Thermal gradients

Other subject of interest in non-isothermal sin-

tering are thermal gradients. These may arise when
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the sample dimensions are relatively large; for ex-

ample in glassy blocks of about 50 cm for nuclear

waste immobilization or for ceramic tiles.

Temperature gradients between the surround-
ing hot air and the specimen may arise on the

sample surface (due to the small heat transfer co-

efficient, h) and inside the compact (due to the

small thermal diffusivity, k, of porous glass). We
estimate these gradients in the following para-

graphs.

The temperature profile T ðr; tÞ in an infinitely
long cylinder of finite radius a, 0 < r < a, with
zero initial temperature and with an imposed sur-

face temperature q � t, where q is a constant heating
rate and t is time, can be expressed as [11]

T ðr; tÞ ¼ q t
�

� a2 � r2

4j

�
þ 2q
aj

X1
n¼1

e�ja2nt
J0ðranÞ

a3nJ1ðaanÞ
;

ð6Þ

where j ¼ k
c�q is the diffusivity, k the thermal con-

ductivity, c the specific heat and q is the glass

density. J0 and J1 are Bessel functions, and the an

are the roots of J0ðaaÞ ¼ 0.

Actually, as the compact porosity varies with

time (and temperature), so does its thermal con-
ductivity and diffusivity. The other parameters c
and q have typical values c ¼ 0:3 cal/(gK),

q ¼ 2:46 g/cm3.
When the samples are sintered in air with nat-
ural convection, a heat transfer coefficient h must

be considered (this must be equally valid for both

small or large samples). This actually causes the

sample�s surface temperature Ts to be lower than
the furnace�s temperature, which follows the im-
posed heating curve.

The following heat conservation equation, on

the sample�s surface, can be considered:

kAðdT=drÞr¼a ¼ hADT ; ð7Þ
i.e. conduction heat flux (from the sample surface

to its interior)¼ convection heat flux (from air to

sample surface), where ðdT=drÞr¼a is the tempera-

ture gradient at the sample�s surface, and can be
obtained from Eq. (6), A is the area of the con-

sidered surface, DT ¼ T1 � Ts and T1 ¼ q � t. A
correct analysis of thermal gradients using Eqs. (6)

and (7) require the knowledge of k and ðdT=drÞr¼a
and their dependence on porosity.

Using Eq. (6) and k ¼ 0:01 cal/(K cm) [12], for a
porous body of relative density¼ 0.6 with a con-
tinuous glassy matrix and isolated pores the tem-
perature profile shown in Fig. 9 is obtained.

Fig. 9 shows that for small cylindrical samples a

few degrees difference are expected between the

temperatures of the surface and central axis.

Using Eq. (7), with the temperature gradient

at the sample�s surface ðdT=drÞr¼a  15 K/cm

(from Eq. (6)), and h  200 W/(Km2) [13] and a
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maximum heat transfer coefficient h (for heating in
air with natural convection), the estimated value of

DT is 31 K. However, the great uncertainty in the

value of h poses doubts about the actual magni-
tude of the DT on the surface. Our experiments do
not indicate so high values of DT .

5.3. Crystal morphology

The exact computation of the crystallized frac-

tion of the particle�s surface becomes nearly im-
possible when the geometry of the crystals is so

complex as that of devitrite, which can appear as

single needles or bundles of needles with no sym-

metry. Moreover, Table 2 shows that devitrite is by

far the most common crystalline phase in the typical

sintering range. We thus approximated its surface
morphology by a circle, as the exponent in Eq. (2)

shows. The same geometry was used for computing

the other crystalline phases� areas. This approxi-
mation overestimates the crystallization kinetics

and thus underestimates the sintering kinetics.
6. Conclusions

We tested the Clusters model for non-isother-

mal sintering with concurrent crystallization in a

very complex system (four crystallizing phases and

pre-existing surface crystals). Despite all these

complicating factors, the calculated sintering ki-

netics reasonably agree with the measured kinetics

for various heating rates and two particle size
distributions.

We characterize the competition between non-

isothermal sintering and crystallization through a

minimum heating rate R, which is characteristic for
each glass and particle size distribution. Heating

rates lower than R lead to bodies with higher po-

rosity, while higher rates lead to bodies with higher

density up to a characteristic saturation value from
which a further increase of the heating rate will not

improve the final density.

While high heating rates can overcome the

hindering effect of crystallization on the sintering

kinetics, pre-existing dust on the glass surface al-

ways generates porous bodies, independent of the

heating rate.
In all the tested cases, the experimental com-
pacts� density saturates at slightly higher density
than predicted by the simulations. This saturation

may be due to at least three factors: (i) the con-

dition that glass–crystal and crystal–crystal con-

tacts do not contribute to sintering is not fulfilled

at high temperatures; (ii) the Mackenzie–Shuttle-

worth kinetics are slightly underestimated by our

model; (iii) as a consequence of crystallization, the
chemical composition and viscosity of the glass

matrix continuously change with time.

For a glass of a given composition, the surface

tension, viscosity and crystal growth rates are fixed

but, among the controllable variables, high heating

rates, few nucleation sites, clean particle surfaces

and smaller particle size favor sintering over crys-

tallization. The developed algorithm provides a
powerful simulation tool to design the densification

of devitrifying glass compacts having any particle

size distribution subjected to any heating rate, thus

minimizing the number of time-consuming labo-

ratory experiments.
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