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Sinter-crystallization in the diopside–albite system
Part II. Kinetics of crystallization and sintering
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Abstract

The formation of intragranular pores, induced by diopside crystallization in diopside–albite glasses, was highlighted in a previous study and here
confirmed by SEM observation. The sinter-crystallization kinetics of four glass compositions, labelled G1, G2, G3 and G2-Cr, characterized by
the formation of induced crystallisation porosity, PCR, was investigated. The activation energies of crystallisation, EC, and sintering, ES, were
evaluated by differential thermal analysis (DTA) and by contact differential dilatometer in non-isothermal conditions, respectively.

The results highlighted that the kinetics of the crystallization process was not influenced by the PCR formation and that the EC values are in
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greement with the corresponding activation energies of viscous flow.
The sintering was evaluated up to 24% linear shrinkage of the samples. In the initial stage of the densification, up to 8% shrinkage, the measured

S values are comparable for all glasses while, between 9 and 24% shrinkage, ES increase as a function of the crystallisation ability of each glass.
ulk nucleation occurred in G2-Cr: the rate of phase formation resulted to be higher, the densification was inhibited by the formation of 6 ± 3 wt.%
iopside and significant open porosity remained in the sintered glass-ceramic.

2005 Elsevier Ltd. All rights reserved.
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. Introduction

Glass-ceramics materials have been obtained by sinter-
rystallisation technique, using glass powders or frits.1,2 How-
ver, since the densification and the phase formation occur
imultaneously, the existing theoretical models, applied to this
ethod, are not able to explain all complex aspects arising dur-

ng the heat-treatment.3

Due to the increasing of the apparent viscosity, the crystal-
ization may reduce or even hinder the sintering, leading to the
ormation of materials with a residual porosity. At the same time,
he formation of crystal phases might avoid the deformation at
igher sintering temperature.

The crystallisation lowers the sintering rate and, due to the
ensity variation associated with the phase formation, might also
roduce an additional porosity. The formation of this induced
rystallisation porosity, PCR, was highlighted and investigated

∗ Corresponding author. Tel.: +39 0862 434233; fax: +39 0862 434233.
E-mail address: karama@ing.univaq.it (A. Karamanov).

in the first part of present work.3 It was demonstrated that the
volume variation due to crystallization is partly transformed into
shrinkage of the sample and partly into the formation of intra-
granular spherical pores. The higher is the crystallisation ability
of the glass, the lower is the shrinkage and the higher is PCR
formation.

In the first part of this study the role played by the forma-
tion of the induced crystallisation porosity on the crystal growth
mechanism was not clarified. In order to highlight this aspect,
the crystallisation was investigated by DTA and the obtained
activation energies of crystallization were compared with the
corresponding activation energies of viscous flow. These results
are discussed in the present work, together with the variations of
the activation energies of sintering, evaluated by non-isothermal
dilatometry. The influence of the crystal phase formation on the
densification rate was studied by XRD and SEM techniques.

1.1. Crystallization kinetics

The kinetics of isothermal crystallization in glasses is usu-
ally investigated by the KJMA (Kolmogorov, Johnson, Mehl,
955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2005.12.007
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Avrami) equation in the form1,2,4:

α(τ) = 1 − exp(−const IoU
nτn+1) (1)

where α(τ) is the degree of transformation at time τ, Io the rate
of steady-state nucleation, U the rate of crystal growth and n
a parameter depending on the crystal growth mechanism and
morphology. When no nucleation takes place and the crystals
grow on a fixed number of previously formed nuclei, N, Eq. (1)
becomes:

α(τ) = 1 − exp(−const NUnτn) (2)

In the common case of normal growth mechanism, U may be
represented by the following relationship2,4:

U(T ) ≈ const �T

η
(3)

where �T is the degree of supercooling (i.e., the difference
between the liquidus, Tl, and the experimental, Te, tempera-
tures) and η the viscosity. At high temperatures, i.e., close to
Tl, U mainly depends on �T, while at low temperatures it is
a function of the viscosity variation. At high supercooling, the
�T variation becomes negligible and it may be assumed that
the activation energies of crystal growth, EG, has a value, sim-
ilar to the corresponding activation energy of the viscous flow,
Eη.2,4 In the glass forming melts Eη decreases with increasing
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1.2. Sintering kinetics

The sintering of glass powders is accompanied by a shrink-
age, which depends on the initial porosity, P, of the sample. At
35–40% P the linear shrinkage, �L/Lo, corresponding to the
formation of a non-porous material, is 13.5–15.5%. The first
10–12.5% are related to neck formation and growth11,12 and
may be expressed by the Frenkel equation13:

d(�L/Lo)

dt
= 3σ

8rη(T )
(6)

where σ is the surface tension, η the viscosity and r the radius
of the particles. Since σ varies little with the temperature, the
sintering kinetics depend on the viscosity (i.e., it may be assumed
that the activation energy of the sintering, ES, is equal to Eη).
Rewriting Eq. (6) for the case of non-isothermal sintering (i.e.,
T = νt) and expressing η by Eq. (4) the following relationship
is obtained:

d(�L/Lo)

dT
= const

v
exp

(−Esin

RT

)
(7)

After integration8 this relationship gives Chen’s equation in the
form:

Esin

RTX

= ln

(
T 2

X

v

)
(8)
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emperature5,6 but, for a relatively short temperature interval, it
ay be assumed as constant and evaluated through an Arrhenius

quation:

(T ) = ηo exp

(
Eη

RT

)
(4)

n the case of non-isothermal crystallization, carried out by DTA
r DSC, it is assumed that Eqs. (1) and (2) can be applied in non-
sothermal conditions.7 The non-isothermal kinetics are usually
nvestigated by experiments carried out at different heating rates,
, and the activation energy of crystallization, EC, may be eval-
ated by Chen’s equation8:

EC

RTα

= ln

(
T 2

α

ν

)
(5)

here Tα is the temperature, at which α attains equal value at
ifferent heating rates. Usually Tα is evaluated at the crystalli-
ation onset temperature, To, (corresponding to the beginning of
he phase formation) and the peak temperature, TP, (correspond-
ng to α of 0.63).4,7 In the last case, Eq. (5) becomes identical
o the widely applied Kissinger equation.9 Using the variation
f the glass transition temperature, Tg, with the heating rate, the
nergy of viscous flow in the glass transition range, ETg, may
lso be estimated by Eq. (5).5,8

When surface crystallization takes place or when the crystals
row on a fixed number of nuclei, the EC value corresponds to the
ctivation energy of crystal growth, EG; when nucleation takes
lace during heating, EC has a lower value.7,10 This is a conse-
uence of the fact that the number of formed nuclei depends on
he heating rate: the lower is the rate, the bigger is the number
f formed nuclei and the faster will be the phase formation.
here TX is the temperature at which the sintering process attains
fixed shrinkage value X.

. Experimental

The theoretical compositions of the studied glasses (labelled
1, G2, G2-Cr and G3) are reported in Table 1. In G2-Cr a
.3 mol% Cr2O3 was added in order to favour bulk crystalliza-
ion.

The energy of viscous flow in the glass transition range and
he activation energies of crystallisation were evaluated by DTA
esults (Linseiz L81), obtained at 2.5, 5, 7.5, 10 and 20 ◦C/min
sing 100–110 mg powder samples (75–125 �m). ETg was eval-
ated by Tg variations while the activation energies Eo and
P—by the variations of To and TP, respectively.

The sintering was studied by 7.5/4.0/4.0 mm3 “green” sam-
les, prepared by 75–125 �m glass powder fractions, pressed at
00 MPa. After 30 min holding at 270 ◦C (to eliminate the PVA
inder) the samples were heated at 2.5, 5, 10 and 20 ◦C/min in
differential dilatometer (Netzsch 402 ED). In this instrument,

able 1
hemical compositions of the studied glasses (mol%)

G1 G2 G2-Cr G3

iO2 54 58 58 62
l2O3 2 4 4 6
r2O3 – – 0.3 –
aO 21 17 17 13
gO 21 17 17 13
a2O 2 4 4 6
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the dilatometric push rod applies some pressure on the samples,
which accelerates the densification and induces some degree of
anisotropy.14,15

The phase analysis of the samples was made by X-ray diffrac-
tion (Philips PW1830 with Cu K� radiation). The amount of
crystalline phase was evaluated by comparing the amorphous
and crystalline areas in the XRD spectra.1 The sintered samples
were observed by SEM (Philips XL30CP).

3. Results and discussion

3.1. Crystallisation

Due to the high crystallisation ability of the investigated
glasses, the viscosity versus temperature curves could not
be experimentally obtained. For this reason the VFT (Vogel-
Fulcher-Tammann) equations were calculated by the Lakatos
method.5 It was shown16 that the hypothetical viscosity ver-
sus temperature curves of the investigated compositions are
very similar: the calculated Tg temperatures (1013.3 dPa s) are
in the range 610–625 ◦C, the Littleton temperatures (107.6

dPa s)—at 820–830 ◦C and the working points (104 dPa s)—at
1140–1170 ◦C, respectively. These viscosity curves were used
to estimate Eη for different temperature ranges and the obtained
values are summarised in Table 2.
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Fig. 1. DTA traces of the investigated glasses at 5 and 20 ◦C/min.

process, EC has a value similar to the activation energy of viscous
flow. In fact, as shown in Tables 2 and 3, the obtained Eo and EP
are in agreement with the hypothetical temperature variations of
the Eη.

Fig. 2. Variations of Tg vs. temperature, obtained by Chen’s equation.
The DTA curves of the investigated glasses, obtained at
◦C/min (dashed lines) and 20 ◦C/min (solid lines), are plotted

n Fig. 1. They show similar glass transition temperatures for all
lasses, while the crystallisation onset temperature and the peak
emperature decrease as a function of the crystallization ability.
ompared to G2, To and TP of G2-Cr decrease by 10–15 ◦C due

o the Cr2O3 addition. The bulk nucleation in G2-Cr was con-
rmed by other DTA experiments where powders of each glass
ere held for 1 h at 750 ◦C (for nucleation) and then heated up to
100 ◦C: in G1, G2 and G3 no variations were observed, while
n G2-Cr To and TP decreased by another 10–20 ◦C.

The variations of Tg, To and TP as function of the heat-
ng rate are presented in Figs. 2–4, respectively, while Table 3
ummarised the ETg, Eo and EP results, obtained by Chen’s
elationship. All ETg values are in the narrow range between
80–620 kJ/mol, thus confirming the similarity of the viscosi-
ies, while Eo and EP varied from 360 to 510 kJ/mol and from
40 to 485 kJ/mol, respectively.

Varying the crystallisation ability among G1, G2 and G3,
o and TP decrease, while EC increase. The EC variations may
e explained considering that during a surface crystallization

able 2
ariation of the activation energy of viscous flow vs. temperature

G1 (KJ/mol) G2 (KJ/mol) G3 (KJ/mol)

600–700 595 576 556
700–800 472 457 442
800–900 397 385 373
900–1000 348 337 327
000–1100 313 303 294
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Fig. 3. Variations of To vs. temperature, obtained by Chen’s equation.

Fig. 4. Variations of TP vs. temperature, obtained by Chen’s equation.

In G2-Cr, due to the addition of Cr2O3, the crystallisation
temperatures and the crystallisation activation energies decrease
with respect to G2. The bulk crystallisation increases the rate
of phase formation and the DTA peaks are observed at lower
temperature; the EC values become lower than the activation
energy of crystal growth EG.7,10

The surface crystallization in G1, G2 and G3 and the occur-
rence of bulk crystallization in G2-Cr were confirmed by BSE-
SEM microscopy, using polished specimens etched for 3 s with
2 wt.% HF.

Fig. 5 is an image of G1 sample after 1 h at 800 ◦C, showing a
sintered body with a residual intergranular porosity and surface
crystallization between the grains. Fig. 6a shows G2-Cr sample
after 1 h at 800 ◦C: the crystalline formation is evident between
the grains as well as in the bulk of the particles. Fig. 6b is a

Table 3
Activation energies of viscous flow in the glass-transition range, ETg, and crys-
tallization, Eo and EP

G1 G2 G2-Cr G3

Eg (KJ/mol) 621 582 598 595
Temperature range (◦C) 673–698 646–670 647–671 654–679
Eo (KJ/mol) 507 409 360 357
Temperature range (◦C) 853–897 849–903 839–896 883–946
EP (KJ/mol) 485 387 342 341
Temperature range (◦C) 899–948 897–958 881–942 930–1002

Fig. 5. BSE-SEM images of polished G1 sample, sinter-crystallised at 800 ◦C.

Fig. 6. BSE-SEM images of polished G2-Cr sample, sinter-crystallised at
800 ◦C.
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Fig. 7. BSE-SEM images of polished G1 sample, sinter-crystallised at 900 ◦C.

10,000 magnification of a diopside spherulite in the bulk. Fig. 7a
is an image of Fig. 5 sample, heat-treated at 900 ◦C and shows
a induced crystallization pore in the centre of the particle. The
grain boundaries are marked by the dashed white line. Fig. 7b
is a magnification of 7a with colonnar dendritic crystals growth
from the surface toward the centre.

The total percentages of diopside formed in G1, G2 and
G3 glass-ceramics were evaluated as 59 ± 1%, 49 ± 1% and
30 ± 1 wt.%, respectively.3 It was also clarified, that the for-
mation of the induced crystallization porosity (about 8, 6 and
1 vol% in G1, G2 and G3, respectively) starts after the crystal-
lization of about 12 wt.% diopside in G1, 16% in G2 and 23%
in G3. A PCR value of about 5%, was also evaluated in G2-Cr
glass-ceramic.

From these results it was inferred that no induced crystalliza-
tion porosity is formed during the beginning of the crystallization
process (evaluated by To), whereas PCR formation takes place
in G1, G2 and G2-Cr during the diopside formation indicated by
TP. For G3 the PCR formation is negligible. At the same time,
EP and Eo have comparable values for all compositions, with a
difference of about 20 KJ/mol due to the 40–50 ◦C temperature

Fig. 8. Dilatometric traces of G2 and G2-Cr at 5 and 20 ◦C/min.

difference between the TP and To ranges. It was concluded that
the rate of the phase formation is not influenced by the formation
of the induced crystallization porosity.

3.2. Sintering

The contact dilatometer, employed in this study, applies some
pressure on the sample during the densification. Therefore, the
linear shrinkage was measured up to 24% (for the initial length
of 7.5 mm size). In the other two directions, the �L/Lo was
measured as 4.0 ± 0.5% by a micrometer. Considering an initial
porosity of 35 vol%,3 it was evaluated that about 7 vol% residual
porosity remained in the samples at 24% linear shrinkage.

The four compositions show similar dilatometric traces: the
sintering onset temperatures are near to the corresponding Tg
temperatures, a 1% shrinkage is obtained at 700–750 ◦C and a
24%—at 770–880 ◦C. For G1, G2 and G3, the sintering rate
increases continuously with the temperature at all heating rates.
G2-Cr shows similar behaviour at 10 and 20 ◦C/min, while at 2.5
and 5 ◦C/min the sintering rate starts to decreases after a �L/Lo
of about 12%. This behaviour is shown in Fig. 8, where the G2
and G2-Cr traces at 5 and 20 ◦C/min are compared.

The variations of the sintering activation energy as a function
of the shrinkage are plotted in Fig. 9. At �L/Lo up to 8% the
measured ES are comparable for all glasses, but, due to the exter-
nal force applied by dilatometer push-rod, the obtained values of
E

F
a

η are 200–250 kJ/mol lower than the expected ones. A similar

ig. 9. Variations of the activation energy of sintering as function of the shrink-
ge.
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Fig. 10. Isothermal dilatometric plots of G2 at 750, 760 and 770 ◦C.

difference was also obtained in a previous study carried out on
a soda-lime-silica glass.17

Between 10 and 24% linear shrinkage, the sintering activa-
tion energy varies as a function of the crystallisation trend. ES
decreases in G3, increases in G1, G2 and, especially, in G2-
Cr where ES becomes higher than EC at �L/Lo of 24%. This
behaviour may be explained, assuming that the nucleation and/or
the beginning of the phase formation significantly increases the
apparent viscosity, ηa,3,18 thus decreasing the sintering rate and
increasing ES.

In order to highlight this phenomenon, G2 and G2-Cr samples
were heat-treated at 5 ◦C/min and held for 5 h at 750, 760 and
770 ◦C. The results are plotted in Figs. 10 and 11 and show that in
both compositions the sintering starts at about 700 ◦C and have
a similar behaviour up to 8% shrinkage. Then, the sintering rate
in G2-Cr starts to decreases becoming zero after about 1, 2 and
4 h holding at 770, 760 and 750 ◦C, respectively.

The viscosity variations, in the investigated 650–800 ◦C
range, were estimated by the Lakatos method,5 assuming a Tg
temperature of 650 ◦C. In this manner, for the initial shear vis-
cosity, η, at 700, 750, 760 and 770 ◦C the values of 1011.5, 1010.1,
109.8 and 109.5 dPa s were obtained, respectively. It can be calcu-
lated that η decreases by a factor of ≈2 every 10 ◦C which means
that, according to Eq. (6), the sintering time at 750 ◦C must be
about two- and four-times longer than the sintering times at 760
and 770 ◦C, respectively.

t

time at 750 ◦C, 55–60 min at 760 ◦C and 10–15 min at 770 ◦C,
respectively. Fig. 11 shows that in G2-Cr the sintering stops at
about 16, 20 and 22.5% linear shrinkage (corresponding to a
residual porosity of about 16, 12 and 9 vol%) after holding at
750, 760 and 770 ◦C, respectively.

The sintering behaviour of G2 and G2-Cr was also inves-
tigated by SEM, using samples heat-treated at 5 ◦C/min, held
for 1, 5 and 120 min at 800 ◦C and cooled at 10 ◦C/min. The
images of the G2 and G2-Cr fractured samples are shown in
Figs. 12 and 13, respectively. After 1 min holding, the two sam-
ples show a similar neck formation stage; after 5 min—the sin-

Fig. 12. SEM images of fractured G2 samples, sintered for 1 min (a), 5 min (b)
and 120 min (c) at 800 ◦C.
The experimental results are quite different. Fig. 10 shows
hat in G2 a 24% �L/Lo is reached after 225–230 min holding

Fig. 11. Isothermal dilatometric plots of G2-Cr at 750, 760 and 770 ◦C.
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Fig. 13. SEM images of fractured G2-Cr samples, sintered for 1 min (a), 5 min
(b) and 120 min (c) at 800 ◦C.

tering improves in both samples but the degree of densification
is higher in G2; after 120 min—the densification is completed
in G2 (only some residual closed porosity is observed), while
G2-Cr shows an open porosity similar to one at 5 min sintering.

The amount of crystal phase formed in G2-Cr was investi-
gated by XRD. Fig. 14 shows the spectra of the parent glass,
samples sintered for 1 and 5 h at 760 ◦C and the final glass-
ceramic (1 h at 900 ◦C). After 1 h at 760 ◦C, the spectrum is
similar to the parent glass; after 5 h the amount of formed
diopside was evaluated as 6 ± 3%. It was concluded that the
formation of a low amount of crystal phase (10 ± 5 wt.%)3,19,20

Fig. 14. Spectra of G2-Cr samples, sintered at 760 ◦C, parent glass and final
glass-ceramic.

increases the apparent viscosity by more than 100 times (i.e.,
from ≈109–10 to ≈1011–12 dPa s), leading to a system of “rigid”
particles. The subsequent volume variation, due to the diopside
crystallization (up to ≈60% in G1, ≈55% in G2-Cr and ≈50%
in G2), does not produce additional shrinkage but is transformed
into the formation of a round-shaped intragranular porosity.

4. Conclusions

The investigated diopside–albite glass compositions are char-
acterized by similar Tg temperatures and by comparable activa-
tion energies of viscous flow, Eη. The glasses have different crys-
tallisation behaviour leading to various percentage of induced
crystallization porosity, PCR.3 The formation of this intragran-
ular porosity has not influence on the crystallization kinetics
so that the activation energies of crystallization are always in
agreement with the corresponding Eη.

In the initial stage of the densification the activation energies
of sintering, ES, are comparable for all glasses; then ES increases
as a function of the crystallisation ability. In the case of bulk
nucleation, the densification stops after the formation of 6 ± 3%
diopside, leading to significant residual open porosity in the
glass-ceramic.
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