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8 Stress-induced Pore Formation and Phase
Selection in a Crystallizing Stretched Glass
In the present chapter, we describe results of experimental investigations and theoretical analysis of phase selection and nucleation of pores in small samples of undercooled diopside liquid when it is enclosed by a solid crystalline surface layer. The
formation of the surface crystalline layer starts with nucleation and growth of highly
dense diopside crystals. At the moment of impingement of these crystals on the sample surface, the crystallization pathway switches from diopside to a wollastonite-like
(WL) phase. The origin of such switch can be explained by the fact that the formation of the WL-crystal produces less elastic stress energy than the same amount of
diopside. This difference is due to the lower (as compared to diopside) density of the
WL-crystal phase, which is closer to the liquid density. The relative content of the two
crystalline phases can be changed by varying the sample size. Due to the density misfit
the growth of the WL-crystalline layer leads to uniform stretching of the encapsulated
liquid. This negative pressure leads finally to the formation of one small pore, which
rapidly grows up to a size that almost eliminates the elastic stress and, therefore, dramatically reduces the driving force for further pore nucleation. The nucleation process of the pore is experimentally found to occur in a very narrow range of the relative
widths of the surface layer (compared to the sample size) and, consequently, of negative pressures. We consider this fact as an indication that pore nucleation proceeds
via homogeneous nucleation. The above-given qualitative explanation of the observed
phenomena is corroborated by detailed theoretical calculations of elastic stress fields
and their impact on phase selection and pore nucleation. Good qualitative and partly
even quantitative agreement between experiment and theory is found. An overview
on other systems with similar or related properties is included as well. The findings
of this research are quite general because the densities of most glasses significantly
differ from those of their iso-chemical crystals. By this reason, the studied phenomena are of high technological significance for the development of different types of
glass–ceramic materials and the understanding and control of sinter-crystallization
processes. The latter problem is also considered in the present chapter.

8.1 Introduction
In crystallization processes of glass-forming liquids elastic stresses may arise due to
the difference between the densities of the original glass and newly formed crystals.
These stresses may strongly affect the kinetics of phase transitions in condensed sys-
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tems [1]. In more detail, the influence of internal elastic stresses on crystal nucleation and growth rates in glasses is considered from both theoretical and experimental
points of view, for example, in [2–7]. A detailed overview on different investigations
on the effect of elastic stresses on segregation and crystallization processes in glassforming melts is given in [8]. As shown in the cited references, elastic stresses evolving
in crystallization result in the reduction of the effective thermodynamic driving force
for crystallization. In case of the same composition of melt and crystal (iso-chemical
crystallization), elastic stresses can be of significance only at temperatures that are
lower than the so-called decoupling temperature, i.e. when the viscosity (determining
stress relaxation) increases with decreasing temperature faster as compared to the rate
of decrease of the effective diffusion coefficient determining crystallization and hence
stress formation.
In the present chapter, by considering a model system first we focus upon two
aspects of elastic stress effects. We demonstrate that elastic stresses may trigger the
formation of new phases that do not commonly develop at the given temperature and
normal pressure (cf. also [2]). In addition, it is shown as well that stresses can induce
vacuum pore (void) nucleation, i.e., they may result, similarly to cavitation processes
in liquids, in the formation of pores in crystallizing glass samples. These pores are
formed in crystallization to compensate, at least partly, the elastic stress caused by the
density difference between glass and crystal phase. This process of pore formation is
typical for glass crystallization if isolated samples of a residual glass crystallize, e.g.,
in the case of surface crystallization during sintering of glass powders. Isolated parts
of the residual melt can form also at the advanced stages of phase transformation due
to percolation of crystals distributed in the glass volume. In glass production it is also
known that vacuum bubbles are formed at stretching of glass-forming liquids due to
the fast cooling of glass surface layers resulting in tensile stresses in the interior of the
vitreous melt (see, e.g. [9]).
Crystallization of isolated glass samples may result in pore formation also via another mechanism similar to segregation processes in solids. The solubility of gases
in the crystalline phase is commonly lower as compared to the respective liquid. For
this reason, crystallization may lead to an increase of gas concentration in the residual melt and, as a result, to the formation of gas-filled bubbles. However, opposite to
vacuum pores, this kind of pores commonly evolves at the advanced stages of crystallization when the supersaturation of the dissolved gas achieves the critical value
for bubble nucleation (see e.g. Fig. 8.1). However, this topic is not discussed in detail in the present chapter. It should be also mentioned that internal residual stresses
may arise in glass-ceramics upon cooling down from crystallization temperature due
to the thermal expansion and the elastic mismatch between the crystalline and glassy
phases (see e.g. the review [10]).
All the mentioned aspects make the effects of elastic stresses of great importance
for the development and manufacture of glass-ceramics (cf. also [12]), especially, for
sinter-crystallization processes. It should be noted that due to sintering a part of the
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Fig. 8.1: Gas-filled pores in crystallized lithium calcium silicate (a) and sodium calcium silicate (b)
[11] glasses.

glass sample surface could be removed from the crystal nucleation process. It results
in an increase of average distance between growing crystals and hence in a delay
of formation of closed glass structures or crystalline skeletons. Thus, the condition
for formation of elastic stresses and accumulation of stress energy, finally resulting
in pore nucleation, will arise at higher volume fraction of the crystalline phase than
in the case of crystallization of single glass particles. However the latter case allows
one to analyze in detail the effect of crystallization on pore formation. The relevance
of the present study in glass technology problems will be considered in application
to different systems in Section 8.3 of the present chapter for glass powder sinteringcrystallization processes.

8.2 Stress Induced Pore Formation and Phase Selection in a
Crystallizing Stretched Glass of Regular Shape
8.2.1 The Model
In the subsequent analysis we consider the situation when a crystalline layer is formed
on the surface of a glass particle, i.e., we consider particles of glass powder or other
particles with isometric form, such as spheres or cubes. The formation of such crystalline surface layer can fix, like a nutshell, the total volume of the system that then
leads (in further crystallization) to uniform stretching of both crystal and residual
glass that is enclosed by the crystalline layer. The crystalline layer does not allow the
stresses to relax and thus elastic stress energy accumulates in such a stretched system. The elastic energy reduces the thermodynamic driving force for crystallization.
In this way, the evolution of elastic stresses inhibits and even may fully terminate crystal growth.

444 | 8 Stress-induced Pore Formation and Phase Selection
There exists, however, another possible way of evolution by which the system may
react to elastic stress fields: by the formation of pores inside the liquid regions encapsulated by the crystalline layer. In the course of development of a crystalline layer on
the sample surface, the remnant liquid is uniformly stretched. As a result, similar to
cavitation processes in liquids, pores may spontaneously evolve. Hence, in this case,
the elastic stress energy in the glass is the origin of pore nucleation. Thus we will be
dealing with nucleation of pores in a stretched liquid. According to the principle of le
Chatelier-Brown this process reduces the intensity of elastic stresses (which arise due
to the density difference between the crystalline and liquid parts of the system).
In the described crystallization pathway, further growth of the crystalline layer
is accompanied by an increase of the pore volume. As the result, elastic stresses will
then decay. Thus a distinctive feature of this nucleation process is that, in the general case, a second pore does not form since the first one almost fully eliminates the
stretching of the residual liquid and the thermodynamic driving force for pore formation. Therefore, a theoretical treatment of pore nucleation can be performed in terms
of determining the waiting time for the appearance of the first pore as, e.g., in the case
of crystallization of metal droplets [13] or boiling of liquids [14] following, with some
modifications, the basic ideas of the classical nucleation theory and/or its extensions
[13–16]. A second pore can appear only if the crystalline layer forms on the surface of
the first pore and thereby arrests its growth resulting in a renewed stretching of residual liquid.
It should be noted that classical nucleation theory has been successfully applied
to the description of pore formation in elastic solids under load, which leads to cracks
and destruction of the material [17, 18], i.e. to effects which by their physical origin are
similar to the processes discussed here. However, to the best of our knowledge, the
nucleation approach has not been applied so far to pore formation caused by crystallization of glass-forming melts. The aim of the present first part of the chapter is to fill
this gap and to apply nucleation theory to the analysis of experimental data on pore
nucleation.
The subsequent analysis presents the results obtained for glass samples with regular shape crystallizing from the surface. The assumption of a regular shape allows
us to obtain reproducible data and strongly simplifies its quantitative treatment. The
main qualitative conclusions of the description of phase transformation in isolated
glass samples with fixed volume are expected to be valid also for glass particles of
any arbitrary shape including isolated glass particles formed in sinter-crystallization
processes. This direction of the analysis will be advanced in connection with different
technological applications in Section 8.3 of the present chapter.
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8.2.2 Experiments
8.2.2.1 Material and Methods
Diopside (CaO⋅MgO⋅2SiO2 ) glass was chosen as a model for the analysis due to the very
high difference between the densities of diopside crystal, ρcr , and diopside glass, ρgl .
This density difference corresponds to the value of the density misfit parameter, δ ,
equal to
ρcr − ρgl
δ =
≅ 0.16.
(8.1)
ρgl
This parameter determines the magnitude of the elastic stresses in the crystallization
process under investigation.
The glass was melted in a platinum crucible at about 1500 ∘ C in an electric furnace
in air. Analytic grade carbonates of calcium and magnesium and anhydrous amorphous silicon dioxide were used for the synthesis. The melt was cast into a massive
steel plate. To eliminate a few bubbles detected by optical microscopy in the polished glass plates, the melting procedure was repeated at 1550 ∘ C for 5 hours. After re-melting and annealing at temperatures T close to the glass transition temperature Tg , no bubbles were observed within the resolution limit of an optical microscope
(∼ 1 μm). This glass was used to study pore formation.
Opposite to the glass obtained via single melting, after proper heat-treatment
above Tg , the re-melted glass revealed a few spherulites in its interior, with a number
density not exceeding 0.2 mm−3 . However, it is well-known that diopside glass crystallizes only from the surface as indeed observed for the single melted glass. This means
that during re-melting some impurities entered the melt acting as active centers for
crystal nucleation. Nevertheless, neither the growth rate of the crystalline surface
layer nor the glass transition temperature differs from that of single-melted glass.
Thus, we neglected the above mentioned impurities.
However, luckily these (unknown) impurities gave us the unique possibility to
measure the growth rate of the crystalline phase in the glass interior. Since we employed glass samples with a volume not smaller than 8 mm3 , the total volume of the
crystals inside the sample can be neglected compared to that of the crystalline surface
layer, at least, during mean expectation time of pore formation. One of the possible
reasons of the absence of detectable volume nucleation in pure diopside glass may
be the strong elastic stresses which evolve in crystallization. These stresses decrease
the thermodynamic driving force for crystallization and suppress homogeneous bulk
nucleation in the glass (cf. e.g. [3, 4]).
The compositions of the studied glass, before and after re-melting, are shown in
Table 8.1. Within the accuracy of the analysis (about 0.3–0.4 mol%) they are close to
each other and to that of stoichiometric diopside. The glass samples were cut by a diamond saw as cubes with sides a equal to about 2, 3, and 4 mm, respectively. Such
cubes were then dropped into a previously stabilized vertical box furnace. Opposite to
the crystallization behavior of any polished surface, crystalline surface layers on the
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Table 8.1: Glass compositions (in mol%) by analysis and nominal one

Origin glass
Glass after remelting
CaO⋅MgO⋅2SiO2

SiO2

CaO

MgO

50.9
50.5
50

24.4
25.8
25

24.7
23.7
25

cube surfaces are quickly formed due to the presence of many active centers for nucleation. After a given period of time the samples were quenched to room temperature.
Then the top and bottom surfaces of the cubes were eliminated by grinding and polishing to study their interior and to measure the crystalline layer thickness using an
optical microscope (Leica DMRX coupled with a Leica DFC490 CCD camera). Optical
microscopy and X-ray analysis were employed to identify the crystalline phases. X-ray
diffraction measurements were carried out on the powdered samples using a Siemens
D5005 X-ray diffractometer operating at 40 mA and 40 kV. CuKα (1.5406 Å) was employed as incident radiation. A Netzsch 404 Differential Scanning Calorimeter (DSC)
was used to detect glass-crystal and crystal-crystal transitions.

8.2.2.2 Results
Crystalline Phases
As already mentioned, the dominating type of crystallization of the studied glass
is surface crystallization. Two crystal morphologies were observed by optical microscopy on the cross sections of the large bulk (regular shaped) and the small (powdered) samples. The first type of crystals are square faceted (Fig. 8.2a and b, (1))

Fig. 8.2: Reflected light optical micrographs of crystallizing bulk (a) and powder (b) diopside glass samples
heat-treated at 870 ∘ C for 90 min and at 850 ∘ C for
50 min, respectively. Arrows (1) and (2) refer to diopside and wollastonite-like crystals, arrow (3) shows
the location of a pore.
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whereas the second formed a relatively dense layer (Fig. 8.2a and b, (2)) with the
crystal/glass interface parallel to the external boundaries of the sample. The latter
feature is clearly seen in the samples with planar surfaces (Fig. 8.2a).
The growth of the first type of crystals was terminated by the formation of the
second type ones. The sequence of occurrence of the different crystalline phases is
illustrated in Fig. 8.3. This fact allowed us to vary the ratio between these kinds of
crystals by changing the shape and size of the glass samples prior to crystallization.
It is reasonable to expect that crystallization of a bulk glass sample produces more of
the second type of crystals than crystallization of a glass powder.

Fig. 8.3: Reflected light optical micrographs of cross sections of bulk
diopside glass samples heat-treated
at 870 ∘ C for 7 (a), 14 (b), and 24 (c)
hours.

Fig. 8.4 shows X-ray diffraction spectra of a glass powder with an average size of about
60 μm and (3 ⋅ 1.5 ⋅ 7mm) bulk glass crystallized at 850 ∘ C for 24 and 120 hours,
respectively. This bulk sample revealed only surface crystallization. It should be noted
that 120 hours of heat treatment at 850 ∘ C was not sufficient for full crystallization of
the monolithic sample (please, see the weak halo of the amorphous phase in Fig. 8.4b).
The spectrum of the crystallized glass powder matches that of diopside [75-1072], while
the spectrum of the crystallized bulk glass is similar to that of wollastonite [72-2284]
with the distinction that the peaks shift to higher angles. Thus, we can suppose that
the second phase is a solid solution with wollastonite structure, where half of Ca is
substituted by Mg. This phase can be treated as a phase having a structure similar
to that of the low or high temperature forms of wollastonite with the following cell
parameters: low temperature triclinic
a/b/c/

7.605/7.049/6.822 ,

α /β /γ

90.39/95.08/103.16(∘ ),

Z = 3,

and high temperature monoclinic
a/b/c/

14.80/7.048/6.8221 , α /β /γ

90/95.08/90(∘ ),

Z = 6.
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Fig. 8.4: X-ray diffraction spectra of diopside
powder (a) and bulk (b) glass crystallized at
850 ∘ C for 24 h and 120 h, respectively. Both
spectra are presented in Fig. 8.3c.

The X-ray densities of these supposed structures were calculated as
ρ = 1.6602 ZM/V,

(8.2)

where M is the molar weight of diopside and V is the volume of a cell given by
V = abc [√1 − cos(α )2 − cos(β )2 − cos(γ )2 + 2 cos(α ) cos(β ) cos(γ )] .

(8.3)

The respective values of ρ are:
ρtric = 3.042 g/cm3 ,

ρmono = 3.058g/cm3 .

As we mentioned before, some samples of the re-melted glass revealed a few
spherulites in the interior after proper heat treatment. According to an X-ray analysis, these spherulites are also a wollastonite-like phase as the second phase in the
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Fig. 8.5: X-ray diffraction spectra of
the internal part (see inset of sample
cross section) of monolithic samples
(4 ⋅ 7 ⋅ 9 mm) of remelted diopside
glass crystallized at 870 ∘ C for 8 h
(upper spectrum) and wollastonitelike phase (lower spectrum).

crystalline surface layer. The X-ray diffraction spectrum of the internal part of the
diopside glass sample (see inset of Fig. 8.5a), crystallized at 870 ∘ C for 8h and including a few spherulites, is shown in Fig. 8.5 together with the diffraction spectrum of
the wollastonite-like phase taken from Fig. 8.4b.
The sequence of crystal phase formation and the effect of sample shape on phase
composition were corroborated by DSC analysis. Fig. 8.6 shows the heating and cooling DSC runs of bulk and powder glasses (Fig. 8.6a) and samples preliminary crystallized using bulk and powder glass (Fig. 8.6 ). The DSC-curve of the powdered
glass has only one exothermic peak, which, according to X-ray data, refers to diopside crystallization. We recall that diopside crystals are the first phase forming on
the glass surface, and in the case of small powder particles it is the main or unique
crystalline phase. Opposite to powdered glass, the DSC curve of the bulk glass re-

Fig. 8.6: DSC heating and cooling curves: The experiments were performed at |C| = 10K/min for
(a) bulk (≅ 4 mm) and powder (≅ 200 μm) glass and (b) crystallized powder (< 60 μm) and bulk
( 7 ⋅ 5 ⋅ 2 mm) glass at 850 ∘ C for 24 h and 219 h, respectively.
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veals two exothermic peaks. As was shown in Figs. 8.3 and 8.4, the main crystalline
phase in the crystallized bulk sample is represented by the second type of crystals
(wollastonite-like phase). Hence we could interpret the first peak as crystallization of
the wollastonite-like phase, and the second peak, close to 1100 ∘ C, as its transformation into diopside. Since diopside is the stable phase in a non-stretched system, the
cooling curves of both powder and bulk glasses do not reveal any thermal effects.
The above discussed impact of sample shape and size on the type of the crystal
phases which evolve is also confirmed by DSC-measurements of preliminary crystallized powder glass and bulk glass (Fig. 8.6b). The curve of the crystallized powder
glass does not reveal any thermal effects since the latter consists of diopside crystals,
while the curve of a monolithic piece, previously crystallized at a relatively low temperature, shows an exothermic peak at about 1100 ∘ C that is caused by the transition
of a wollastonite-like phase into diopside. But a DSC-scan of a sample, preliminary
crystallized at 1200 ∘ C, does not reveal any peaks independent of its shape.
Fig. 8.7 shows the thickness of the crystalline surface layer, h, versus time at T =
870 ∘ C; vacuum pore (void) formation was studied at this temperature. As we already
mentioned, with a proper heat-treatment, the re-melted diopside glass reveals sometimes a few internal wollastonite-like crystals with spherulitic form, which have no
effect on the results of the present analysis and, therefore, were not studied in detail.
However, we used the sample of re-melted glass which revealed some spherulites in
the interior to measure the size evolution of a given spherulite with heat-treatment
time. Fig. 8.8 presents the radii of nine spherulites together with h as a function of
time of heat-treatment at 870 ∘ C. One can see that the rate of crystal growth of the
crystalline layer is practically equal to that of the spherulites. This result is explained
by X-ray analysis data; both are wollastonite-like crystals. It should be also noted that
spherulite growth generally starts somewhat later than that of the crystalline layer.

Fig. 8.7: Thickness of the crystalline
layer as a function of heat-treatment
time at 870 ∘ C.
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Fig. 8.8: The radii of spherulites (1-9) versus time of heat-treatment at 870 ∘ C. The
solid line is a linear fit of the respective
data, while the dotted line is a linear fit of
the h(t)-data, shown also in Fig. 8.7.

Pores
Cubic samples with sides of size a of about 2, 3, and 4 mm were cut from the re-melted
diopside glass and heat-treated at 870 ∘ C for different times. Then the crystalline layers were removed from two parallel sides by grinding and polishing to measure the
layer thickness, h, and to check whether pores had been formed in their volume. The
following dimensionless parameter X was used to characterize the condition of pore
nucleation. This parameter is defined as
X=

a − 2h
2h
=1−
.
a
a

(8.4)

The values of X vary from 1 (absence of a crystalline layer) to zero (fully crystallized
sample). The latter case was never realized in our experiments due to the formation of
pores. As was shown in [19, 20], the value of the parameter X determines the degree
of elastic stresses in a finite system of the considered geometry.
The growth of the crystalline layer results in stretching the residual liquid inside the cube and finally in the formation of pores via nucleation and fast growth
up to a volume that compensates the density difference between the amorphous and
crystalline phases. Thus it is reasonable to suppose that pore nucleation is the ratelimiting process. The peculiarity of this nucleation process is that, as a rule, a second
pore does not appear since fast growth of the first one eliminates the elastic stresses.
Thus, the nucleation experiment is reduced to the detection of the first pore.
To show the statistical results of pore detection we plotted the reduced thickness
of crystalline layer (2h/a) versus heat-treatment time at T = 870 ∘ C (cf. Fig. 8.9). Each
point corresponds to a single heat-treatment for the given time. Filled and empty triangles refer to samples without and with a pore, respectively. These data refer to cubes
of different sizes denoted close to proper lines. According to Fig. 8.9, nucleation of a
pore occurs in a very narrow interval of (2h/a)-values. The average value of (2h/a),
at which a pore nucleates, is marked by (2h∗ /a). We interpret the existence of such
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Fig. 8.9: Reduced thickness of crystalline layer versus heat-treatment time at T = 870 ∘ C for cubic samples of different sizes denoted close to respective lines. Each point corresponds to single
heat-treatment for given time. Fill and empty triangles refer to samples without and with a pore,
respectively.

a narrow interval of (2h∗ /a)-values for the occurrence of pores as a strong indication
that pores nucleate homogeneously [22].
In such an interpretation we connect the possibility of pore observation with its
nucleation and growth. Alternatively, one could suppose that at low values of h, i.e. at
0 < (2h/a) < (2h∗ /a), or (X∗ < X < 1), the pore has a size that is too small for detection
by optical microscopy. To eliminate this doubt we calculated the diameter of a pore,
D, which has to compensate the density mismatch for different X. The respective value
can be easily obtained taking into account that the volume of the pore is equal to the
volume of the crystalline phase multiplied be the misfit parameter, δ . We then get the
following dependence for the pore diameter D as a function of X:
1/3
6
D = a { δ [1 − X 3 ]} .
π

(8.5)

According to Fig. 8.10, the expected diameter of a pore at values of X of the order of
0.93–0.97 should be larger than the resolution limit of optical microscopy. This result
indeed implies that pores do not form until X (2h/a) achieves some critical value,
X∗ (2h∗ /a). Fig. 8.11 shows that the value of X∗ grows with an increase of the cube
volume. Some (hypothetically diopside) crystals are occasionally formed on the pore
surface (Fig. 8.12).

8.2.3 Theoretical Interpretation: Classical Nucleation Theory
The following main experimental results will be discussed now theoretically: (i) the
switch from one to another crystalline phase during phase transition and the possi-
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Fig. 8.10: Diameter of a pore calculated
by Eq. (8.3) and using the density of the
wollastonite-like phase (see Table 8.2)
in dependence on the parameter X for
cubes with sides 2 mm (1), 3 mm (2), and
4 mm (3).

Fig. 8.11: Critical value of X for T = 870 ∘ C
versus volume of the sample. Circles
show experimental data. Curve is calculated for sphere with R3 = (a/2).

Fig. 8.12: Transmitted light optical micrographs of diopside glass, heat-treated at 870 ∘ C for 200
min (a) and at 890 ∘ C for 64 min (b).

bility to affect the type of phase developing by changing the size of the glass samples,
and (ii) the formation of pores at a relatively early stage of crystallization within a narrow interval of sizes of the crystal mantle, X (2h/a). Both groups of results will be
interpreted in terms of the influence of elastic stresses.
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8.2.3.1 Sequence of Appearance of Crystalline Phases
As discussed in the outline of the experimental results, diopside first forms and is then
replaced by a wollastonite-like phase. In order to give an interpretation of the origin
of this sequence of formation of different crystalline phases, the following fact is very
important: the density of the wollastonite-like phase is considerably lower than that of
diopside crystals. Thus, the density misfit and the resulting elastic stress effect in the
crystallization process for the wollastonite-like phase are lower than that for diopside.
Table 8.2 shows the respective values of ρ , δ , and δ 2 . Since the total energy of
elastic deformation is proportional to δ 2 , the effects of elastic stresses on nucleation
and growth of the wollastonite-like crystals must be less than those for diopside by
a factor of about five. The elastic stress energy Δf increases with the growth of the
crystalline layer and hence with a decrease of the parameter X in the case of diopside
faster than in the case of the wollastonite-like phase. Thus the effective thermodynamic driving force for crystallization of diopside has to decrease with decreasing X
faster than that for the wollastonite-like phase. This difference determines the switching at X = Xd/w of the type of crystalline phases growing in the system.
Table 8.2: Densities (in g/cm3 ) and density misfits for different crystalline phases
Phase
Diopside crystal
Wollastonite-like crystal, triclinic
Wollastonite-like crystal, monoclinic
Diopside glass

Density

δ

δ2

3.29
3.04
3.06
2.84

0.1584
0.0704
0.0775

0.025
0.005
0.006

To illustrate this effect, we employ the analytical results obtained in [19, 20] for the
evolution of elastic stresses, Δf , of the residual amorphous phase in surface crystallization of a finite spherical domain with constant values of the external radius.
Fig. 8.13 shows the dependence of Δf on the parameter r = R1 /R3 , where R3 is the
radius of the spherical sample and R1 is the radius of its internal amorphous core.
The parameter r is similar to the parameter X for a cubic shape given by Eq. (8.4). At
r > Xd/w and at r < Xd/w the curve Δf (r) refers to diopside and wollastonite-like phases,
respectively.
The model employed in [19, 20] treats the layer of diopside crystals as a smooth
one. This approach is reasonable for the second layer consisting of the wollastonitelike phase or more exactly for its internal surface. But the interface between the diopside crystal and the melt or the wollastonite-like phase is rough (see e.g. Fig. 8.2a).
Such property of the interface is caused by the relatively large distance between
crystals nucleated on surface defects. At a time corresponding to the coalescence of
diopside crystals (formation of the crystalline layer) a fast increase of the density fcr
of elastic deformation energy can be expected to occur due to restrictions on elastic
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Fig. 8.13: Elastic stress energy of residual amorphous phase as a function of the parameter r, calculated for the case of a sample of spherical shape. R1 is the radius of the sphere enclosing the melt
and R3 = 1mm is the external radius of the sample. Xd/w corresponds to switching of phases.

stress relaxation. The change of fcr can be sufficiently large to trigger the growth of
the wollastonite-like phase, producing smaller values of fcr . Thus we can suppose that
the moment of coalescence corresponds to X ≅ Xd/w . It could be also expected that,
since the growth of single crystals nucleated on glass surface is three-dimensional,
the average thickness of the diopside layer at the moment of its formation depends
mainly on the average crystal size determined by the typical distance between the
diopside crystals. By varying the size of the glass sample (from a fine powder to
monolithic pieces) one can change the ratio between the amount of diopside crystals
and the wollastonite-like phase in the crystallized sample, as we showed here earlier.
The growth of the wollastonite-like phase also results in melt stretching, but to a less
extent as compared to diopside. Nevertheless, such combined crystal growth finally
triggers the formation of a pore, which is followed by fast growth up to a volume that,
at each given moment of time, partially compensates the elastic stresses induced by
the density misfit between the crystalline and glassy phases.
It should be emphasized that sometimes new crystals (hypothetically diopside)
form on the pore surfaces (see the crystals located around pore (3) on Fig. 8.2b and
Fig. 8.12). Since the formation of a pore eliminates elastic stresses in the melt, we can
suppose that these crystals represent diopside. Moreover, their shape is similar to that
of diopside crystals on the polished surface of diopside glass giving additional support
to this suggestion.

8.2.3.2 Nucleation of Pores
To theoretically treat the results presented in Fig. 8.9, first we employ here classical
nucleation theory (CNT). The following equation can be used for the determination of
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the nucleation rate, I, of pores:
I = I0 exp (−

W∗ + ΔGD
),
kT

(8.6)

kT
.
(8.7)
h
Here N1 is the number density of “structural units” in the ambient phase, h is Planck’s
constant, and T is the absolute temperature. ΔGD is the activation free energy of attachment of “structural units” to the new phase, and W∗ is the thermodynamic barrier for
nucleation or the work of critical cluster formation.
Employing CNT, the work of critical cluster formation (in application to pore nucleation) can be written as [14, 15, 16]
I 0 ≈ N1

W∗ =

16π σ 3
,
3 p2

(8.8)

where p is the negative pressure in the stretched melt, and σ is the specific surface
free energy of pore surface, i.e. of the melt-vacuum interface. Here it is additionally
assumed that the vapor pressure in the cavitation bubble p is small as compared to
the negative external pressure p in the liquid (|p | ≪ |p|), and thus we neglect it. If one
replaces, as usually done, ΔGD by the activation energy of viscous flow, Eq. (8.6) can
be rewritten as [26]
W
h 1
(8.9)
I = I0 3 exp (− ∗ ) ,
kT
4l η
where η is the viscosity of the melt and l is a size parameter of the order of 2 ⋅ 10−10 m .
To apply the above equations to nucleation of pores one must specify the structural units, i.e. we have to specify at the expense of what units in the ambient liquid
phase pore formation and growth occurs. In the case of crystalline materials, pores
are considered as “negative” crystal units that grow due to the attachment of vacancies [27]. These vacancies serve as “void atoms” and their number density increases
under load. As opposite to a crystalline phase, the definition of vacancies in glasses,
which have a structure similar to that of the liquid, is different. In this case, the holes
in lattice-hole models of simple liquids are treated as vacancies. Hereby the molar
fraction of holes is taken to be equal to the relative free volume of the liquid [8]. We
will use Eq. (8.9) assuming, in a first approximation, that the number of holes does
not strongly differ from that of the structural units in the liquid, and its diffusivity can
be estimated via viscosity. Some arbitrariness in the definition of the pre-exponential
term, I0 , connected with these assumptions, will not strongly affect the nucleation
rate.
The following equation can be written then for the number of pores nucleated in
the stretched melt in a period of time t
t

N(t) = ∫ I(t )V(t )dt ,
0

(8.10)
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where I and V are the pore nucleation rate and the volume of the stretched melt, respectively. Since the negative pressure p determines, to a large extent, the thermodynamic barrier for nucleation (see Eq. (8.8)), its increase with increasing thickness
h of the crystalline layer leads to a strong increase of the nucleation rate with heattreatment time, t, while V weakly decreases.
Generally, only one pore appears in a stretched melt since its fast growth eliminates the negative pressure and terminates further nucleation. This nucleation event
occurs at some moment of time t1 , determined via
N(t1 ) = 1.

(8.11)

Here t1 corresponds to the critical value of X, detected in experiment,
X∗ =

a − 2Ut1
,
a

(8.12)

where U is the growth rate of the crystalline layer.
To estimate I and then perform calculations by Eqs. (8.10)–(8.11) one has to know
the value of the negative pressure, p. In [19, 20] this problem was solved for a model
that treats a spherical layer of diopside as a smooth one that forms early in the crystallization process. However, as was noted in Section 8.2.3.1, in fact, the diopside crystals
practically do not participate in melt stretching. At the moment of formation of the
diopside layer, when it could stretch the melt, a switch to the wollastonite-like phase
occurs. Therefore, here we present results of slightly modified calculations of negative
pressure for the case that the melt is stretched only by the layer of the wollastonite-like
phase. Hereby the thickness of the diopside crystal layer was considered as independent of the size of the sample. Fig. 8.14 shows the results of these calculations for different radii of the sphere estimated as R3 = a/2 versus r = R1 /R3 . After approaching
some critical value of pressure, p∗ , that corresponds to X∗ i.e. formation of the pore,
negative pressure drops rapidly.
In addition to the computed values of p(r), experimental data on the specific surface energy, σ , and viscosity, η , were taken from [25, 28], respectively. These data al-

Fig. 8.14: Negative pressure versus reduced size for different sizes of spherical
samples, R3 .
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lowed us to estimate the thermodynamic barrier for pore nucleation, W∗ , the nucleation rate I and then the function N(r) by employing CNT in the described way. The
condition of pore formation is given then by the relation N(X∗ ) = 1.

8.2.3.3 Discussion
The comparison between theory and experiment shows that pore nucleation experimentally occurs at lower values of pressure or a smaller width of the crystalline layer
than estimated theoretically. Consequently, CNT overestimates the work of critical
bubble formation. In order to arrive at a satisfactory agreement of experimental values of X∗ with theoretical predictions, we have to reduce the work of critical bubble
formation W∗ by a factor 0.544. The results obtained in such a way are shown in
Figs. 8.11 and 8.15. So, the remaining question to be answered is how such reduction
of the theoretically estimated thermodynamic barrier for nucleation of the pore can
be explained.

Fig. 8.15: Number of pores calculated by
Eq. (8.10) for spherical samples with size
R3 = (a/2) heat treated at T = 870 ∘ C
versus parameter r.

Employing classical nucleation theory, such deviations may be explained assuming
that the specific surface energy is size-dependent, i.e., a dependence σ = σ (R) is assumed. Recall that in the computations we employ the value of σ measured for a planar interface, i.e., σ = σ∞ was utilized. Since the specific surface energy in Eq. (8.8)
refers to pores of critical radius
2σ
R∗ =
,
(8.13)
p
the size dependence of surface energy must be taken into account. Proceeding in such
a way, the work of critical cluster formation is changed according to
W∗ (σ (R)) = W∗ (σ∞ ) [

σ (R) 3
] .
σ∞

(8.14)
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It follows that in order to reconcile theory and experiment
σ (R) = σ∞ (0.544)1/3 = 0.816σ∞

(8.15)

must be assumed. The reduction of the thermodynamic barrier by a factor 0.544 can
be realized via the reduction of the specific surface energy from σ∞ = 0.377J/m2 [28]
to σ (R∗ ) = 0.308J/m2 .
To a first approximation, let us employ – with the necessary precaution (cf. e.g.
[29] and the discussion below) – Tolman’s equation
σ (R) = σ∞ (1 +

2δ −1
)
R

(8.16)

for the description of the size dependence of the surface tension. Here the Tolman
parameter, δ , characterizes the width of the interfacial region between the coexisting
phases (it has to be of the order of atomic dimensions). The required reduction of the
thermodynamic barrier corresponds at a critical radius R∗ ≈ 10−9 m to the reasonable
value of Tolman’s parameter, equal to δ = 0.112R∗ ≈ 10−10 m.
However, as was shown in [30–33], in contrast to Tolman’s equation, the curvature
dependence of surface tension in processes of condensation and boiling or segregation in solutions is determined by term of the order (1/R)2 in the expansion of σ with
respect to cluster size, i.e.
B
σ (R) = σ∞ (1 + 2 ) .
(8.17)
R
Assuming B < 0 leads to a decrease of the work of critical cluster formation by a constant value as compared with the results obtained via CNT and assuming the capillarity approximation, i.e., size-independence of the surface tension. A widely similar result has been recently obtained in the analysis of crystal nucleation of certain classes
of glass-forming melts [34]. Thus, in the framework of CNT, we can connect the reduction of the thermodynamic barrier for pore nucleation with the reduction of the
specific surface energy due to its size dependence. However, the question about the
foundation of the underlying assumptions like δ > 0 or B < 0 remains to be answered.
It should be also recalled that our experiments were performed on cubes and the
theoretical analysis was performed here for spheres. The difference in the shapes of
the samples, studied theoretically and experimentally, may be another origin for the
quantitative deviation of theoretical and experimental results.
An alternative general approach to reconcile experiment and theory can be given
by employing the generalized Gibbs’ approach for the determination of the work of
critical cluster formation [7]. In this approach it is shown that the bulk properties of
the critical clusters considerably deviate from the properties of the newly evolving
macroscopic phases. As a consequence, the specific surface energy is also necessarily
size-dependent. Moreover, within this approach it can be demonstrated that – under
very weak assumptions concerning the systems under consideration – CNT (employing the capillarity approximation) overestimates the work of critical cluster formation.
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Consequently, since we employed CNT here, the theoretical values of the work of critical cluster formation are (by necessity) too high. A detailed analysis of the interpretation of pore formation in terms of the generalized Gibbs’ approach will be presented
in the next section.

8.2.4 Theoretical Interpretation: Generalized Gibbs Approach
8.2.4.1 Thermodynamic Aspects: Equation of State of the Stretched Diopside Fluid
In order to apply the generalized Gibbs approach to the description of nucleation [15,
16, 36], the thermal equation of state of the system where the process of nucleation
takes place has to be known. Lacking suitable data for the particular systems we are
analyzing here, we employ (at least, as a qualitatively appropriate expression) the reduced form of the van der Waals equation of state [37–39] for the specification of the
thermal equation of state of the diopside melt. In such an approach, we get
Π(ω ) =
Π=

p
,
pc

8θ
3 (ω −
ω=

1
)
3

v
,
vc

−

3
,
ω2
θ =

(8.18)

T
.
Tc

(8.19)

Here p is the pressure, v is the specific volume, T is the temperature, while pc , vc , and
Tc refer to the critical point. These critical parameters can be determined via density,
ρ , Young’s modulus, E, and bulk thermal expansion coefficient, β ,
ρ (θ ) =

ρc
,
ω (θ )

E(θ ) = −ω pc (

dω −1
) ,
dΠ

β (θ ) =

1 dω
.
ω Tc dθ

(8.20)

For diopside glass [28]
ρ0 = 2.84 kg/m3 ,

E0 = 1011 J/m3 (atT = 20∘ C),

β = 11.73 ⋅ 10−5 K−1 (at T = 870 ∘ C),
the solution of the system of equations yields
pc = 102 MPa, ρc = 971 kg/m3 ,

vc = 1.03 ⋅ 10−3 m3 ,

Tc = 3590 K.

(8.21)

The chemical potential of the molecules in a van der Waals fluid can be written generally as [35]
μ
8θω
6
8θ
ln(3ω − 1) +
−
+ χ (θ ).
=−
(8.22)
pc vc
3
3ω − 1 ω
Here χ (θ ) is some well-defined function of temperature.
Here we consider pore formation processes proceeding via nucleation and growth.
Such processes occur for homogeneous initial states of the system (diopside melt) located in the region between binodal (the boundary between stable and metastable regions) and spinodal (the boundary between metastable and unstable regions) curves.
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All further calculations will be performed here for a heat-treatment temperature, T =
870∘ C. It corresponds to a reduced temperature, θ = 0.318. In this particular case, the
position of the binodal curves is given by ωb(left) = 0.373 and ωb(right) = 1663, the re(left)
(right)
= 0.445 and ωsp
= 6.343,
spective parts of the spinodal curves are located at ωsp
correspondingly. Thus, we consider initial states located between the left hand side
branches of the spinodal and binodal curves, respectively, i.e., initial states in the
(left)
range of reduced volumes ωb(left) < ω < ωsp
. It corresponds to the interval of tensile stresses psp < p < pb (psp ≈ −769 MPa, pb ≈ −0.06 MPa). Isotherms for the
diopside melt, according to Eq.(8.22), for different values of the reduced temperature
θ = 0.318, 0.6, 0.84, 1 are shown in Fig. 8.16, dashed and dashed-dotted curves refer
to binodal and spinodal curves, correspondingly.

Fig. 8.16: van der Waals’s isotherms adopted for the description of the diopside melt for different
values of the reduced temperature, θ = 0.318, 0.6, 0.84, and 1. The first value corresponds to the
temperature of the experiment [40], the latter three curves are given for illustration of the general
behavior.

One can see that there are two classes of isotherms: for the first group of isotherms
(θ ≥ θs ), the inequality p ≥ 0 holds, and for the second class, (θ < θs ), the pressure
may be both positive and negative. Only in this temperature range the melt can exist
in a stretched state. This parameter θs , separating the behavior, is determined via the
equation
Πl (ωsp ) = 0,
(8.23)
which yields θs ≈ 0.844 and Ts ≡ Tc θs ≈ 3029 K. Let us note that the parameters Tc
and Ts are rather formal quantities here. The diopside melt can decompose partially
at high temperatures. For this reason, the temperature values may not be reached in
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reality. They are employed only for the specification of the equation of state, which is
used then exclusively in the physically realistic range of temperatures and pressures.

8.2.4.2 Work of Critical Pore Formation and Nucleation Rate
In order to determine the work of critical pore formation, governing the nucleation
process, both the thermodynamic driving force for nucleation and the value of the
surface tension have to be known. For the surface tension we choose here an equation
of the form [16, 36]
δ

σ (ωg , ωm , θ ) = Θ(θ ) (

1
1
) ,
−
ωm ωg

δ = 2.

(8.24)

Here ωg is the specific volume of the gas in the pore, ωm is the specific volume of the
melt, the function Θ(θ ) is determined via
4−δ

Θ(θ ) = A (

1
ωb(left)

−

1
ωb(right)

)

.

(8.25)

The parameter A is defined via A = 0.0333J/m2 , which corresponds to the experimental value of the specific surface energy, σ = 0.377J/m2 [28].
Similarly to [16, 36], the basic equations employed for the determination of the work,
W∗ , of formation of a pore of radius R in the generalized Gibbs approach read
Δg(r, ωg , ωm , θ )
kB T

δ

= 3(

1
1
−
) r2 + 2f (ωg , ωm , θ )r3 ,
ωm ωg

f (ωg , ωm , θ ) = Π(ωg , θ ) − Π(ωm , θ ) +

1 μ (ωm , θ ) − μ (ωg , θ )
,
ωg
pc vc

(8.26)

(8.27)

where the driving force of pore formation, Δg, and the critical pore size, r, are given in
dimensionless form. In detail, the following notations have been used
Δg ≡

ΔW∗
,
Ω1
r≡

Ω1 =
R
,
Rσ

1
16π
Θ(θ )3 ,
2
3 pc kB θ Tc

Rσ =

2
Θ(θ ).
pc

(8.28)

(8.29)

The dependencies of the scaling factors Ω1 and Rσ on temperature are shown in
Fig. 8.17. For the chosen temperature, T = 870 ∘ C, their values are equal to Ω1 =
14.665 and Rσ = 1.027 nm. These values are specified in the figure by dashed curves.
These parameters tend to zero at T = Tc , but this limiting case is far beyond the physically interesting temperature interval between the glass transition, Tg , and melting
temperature, Tm . So, the analysis can be performed similarly with analogous results
for other temperatures within the range Tg < T < Tm .
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Fig. 8.17: Dependencies of the scaling
factors, Ω1 (left) and Rσ (right), on temperature (see text).

The Gibbs free energy surface for the metastable initial state has a typical saddle shape
(see Fig. 8.18). This saddle point position – supplying us with the work of formation
and the size of the critical pore – is determined by the set of equations
𝜕Δg(r, ωg , ωm , θ )
𝜕r

= 0,

𝜕Δg(r, ωg , ωm , θ )
𝜕ωg

= 0.

(8.30)

The dependencies of work of formation, size and gas density in the critical pore on
negative pressure are shown in Figs. 8.19a–c. The full curves correspond to the generalized Gibbs’ approach, while the dashed curves refer to computations performed in
the framework of CNT [14, 16, 35].
Once the work of critical pore formation is known, we can employ Eq. (8.9) for the
determination of the rate of nucleation, J, of pores. As in Section 8.2.3.2, we used l ≈
2⋅ 10−10 m (the size parameter of the diffusing building molecules, which is equivalent
to the jump distance or the lattice parameter – parameters commonly employed in

Fig. 8.18: Dependence of work of pore
formation, ΔG/kB T , on the radius of
the pore and the gas density in the
pore.
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Fig. 8.19: (a) Work of the critical pore formation, ΔGc /kB T , as a function of negative pressure; (b) radius of the critical pore, Rc , as a function of negative pressure; (c) gas density in the critical pore
as a function of negative pressure; (d) nucleation rate, J, as a function of negative pressure (full
curves – generalized Gibbs’ approach, dashed curves – CNT).

such kinetic analysis (see, e.g. [41, 42])) and the viscosity of the diopside melt [25] well
described by the following VFT equation
−1
η (T) = 10[−4.27+3961.2(T−750.9) ] , [in Pa ⋅ s] .

(8.31)

According to Eq.(8.31), at the heat-treatment temperature T = 1143 K the viscosity is
equal to 6.74⋅105 Pa s. Some uncertainty in the definition of the pre-exponential term,
J0 , will not strongly affect the nucleation rate, the value J0 = 1041 s−1 m−3 has been used
for the calculation [14]. In Fig. 8.19d, dependencies of the nucleation rates, obtained
via the generalized Gibbs’ approach (full curve) and CNT (dashed), on pressure for the
same values of temperature are shown.
As we already noted, generally, only one pore appears in a stretched melt since
its fast growth eliminates the negative pressure and terminates further nucleation.
In order to estimate the nucleation rate and then to perform the calculations using
Eqs. (8.9)–(8.17), one needs to know the dependence of the negative pressure, p, on
the position of the crystal-melt interface, X. As was noted, at the beginning of the crystallization process the diopside crystals practically do not participate in melt stretch-
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Fig. 8.20: Sketch of experimental results showing the switch of the crystallizing phase in dependence on the width of the crystalline layer and stress induced pore formation: (a) cubic sample of
diopside glass; (b) formation of diopside crystals at the surface of the sample; (c) formation of a
continuous solid crystalline layer; (d) formation of a wollastonite-like crystalline layer; e) growth of
the wollastonite-like phase and pore formation.

ing, and only at the moment of formation of a continuous diopside layer, latter one
can stretch the melt, and a switch to formation of the wollastonite-like phase occurs
(see Fig. 8.20c). Therefore the thickness of the diopside crystal layer was considered
as independent of the size of the sample.
For the computations of the evolving elastic fields, similar to Section 8.2.3.2 we
considered a sample of spherical size. Fig. 8.21 (dashed curve) shows the results of
these calculations versus ra = Ra /Rs for a radius of the sphere estimated as Rs = a/2
(here Rs is the radius of the spherical sample and Ra is radius of the amorphous core).
After approaching some critical value of pressure, p∗ , that corresponds to X∗ , i.e. to
the size of the layer at the moment of formation of the pore, negative pressure drops
rapidly. Taking into account Eq. (8.18), one can rewrite the condition of pore formation Eq. (8.17) as N(X ∗ ) = 1. A comparison between the predictions of the value of X∗
via CNT and experiment (in agreement with earlier mentioned general considerations
[43]) shows that CNT overestimates the work of critical pore formation. In contrast,

Fig. 8.21: Dependence of the negative pressure on reduced size of the amorphous core. Full curve –
dependence as it is predicted for nucleation of a pore according to the generalized Gibbs’ approach,
short-dashed curve – according to CNT, dashed line – calculation of [20].
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the generalized Gibbs approach gives results which are much nearer to experiment, it
slightly underestimates the work of critical pore formation, i.e., a pore is created at a
lower value of negative pressure than that found in experiment. In order to arrive at a
satisfactory agreement of experimental values of X∗ with theoretical predictions, for
CNT we have to increase the negative pressure by a factor 1.356 (short-dashed curve
in Fig. 8.21), and for the generalized Gibbs’ approach we have to reduce the negative
pressure by a factor 0.939 (full curve in Fig. 8.21). Such reduction of the theoretically
estimated pressure can be easily explained by the difference in the shapes of the samples studied theoretically [20] and experimentally [40].
Fig. 8.11 shows the dependence of X∗ on the volume of the sample, circles show
experimental data, the curve is calculated by Eqs. (8.14)–(8.18). The thickness of the
diopside crystal layer, Xd/w , was used here as a fit parameter, the best result is obtained
for a value Xd/w = 27.1 μm, which is in good agreement with the experimental data.

8.2.4.3 Conclusions
The generalized Gibbs approach leads to much smaller values of the work of critical
pore formation (ΔGc = 56.8kB T), as compared to CNT, being nearly identical to the
value required for a quantitatively exact prediction of the experimental results. The
result obtained via CNT (ΔGc = 121.9kB T; see Fig. 8.19a) is much higher, leading to a
huge difference of the values of the steady-state nucleation rates obtained via the two
different methods (Fig. 8.19d). So, the generalized Gibbs approach provides us with
a much more adequate description of the process of pore nucleation as compared to
classical nucleation theory and allows one to interpret pore formation in the considered elastically stretched liquids as cavitation-like processes caused by elastic stresses
also in a quantitatively correct way.
The switch of surface crystallization of diopside melts from diopside crystals to
a wollastonite-like crystalline phase and pore formation in the glass-forming diopside melt can be described both qualitatively and quantitatively as the result of elastic
stresses caused by crystallization. In contrast to CNT, the generalized Gibbs approach
has shown to be capable of giving not only a qualitative but even a quantitatively correct interpretation of this process. In this way, phase switch and pore formation due to
crystallization is a general phenomenon, which has to be properly taken into account
in any processes like sintering, fabrication of glass-ceramic materials involving partial
crystallization of glass powders.
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8.3 Sintered Diopside-albite Glass-ceramics Forming
Crystallization-induced Porosity
8.3.1 Introduction
Usually glass-ceramics, produced by bulk nucleation and crystal growth, is described
as non-porous materials, and micro-voids in their structure are explained as defects
from the parent glass or cracks formed due to significant difference between the thermal expansions of crystal and amorphous phases present in the considered materials [44, 45]. At the same time, the observed voids in sintered glass-ceramics were explained only as residual inter-granular porosity; similarly to ceramic materials, this
porosity is considered as a negative factor, reducing the quality of the mechanical
properties. However, in some studies it was noted that another type of porosity might
be formed in the glass-ceramics due to the crystallization process. This phenomenon
is not well studied and explained from both experimental and theoretical points of
view yet. First attempts for a systematic experimental work, related to the formation
of this crystallization induced porosity, PCR , were carried out in the last decade [46–
52]. In these studies sintered glass-ceramics belonging to the pseudo-binary system
albite-diopside, which form different percentages of diopside, were used. Later PCR
formation was confirmed in other sintered glass-ceramic systems [53–62], as well as
in some new ceramics with high crystallinity [63–65].
During sinter-crystallization, processes of densification and crystal phase formation take place in the same temperature interval. When the sintering completes before
the actual beginning of phase formation its kinetics may be explained by models for
viscous flow sintering. However, in the major part of sintered glass-ceramics densification and crystallization take place simultaneously. When phase formation is characterized by a relatively high velocity, a rapid increasing of the apparent viscosity,
ηapp , is observed; this phenomenon reduces the sintering rate and may even terminate further densification. A somewhat similar phenomenon is well-known from the
production of bulk glass-ceramics, where the increase of apparent viscosity avoids the
deformation during heating between the nucleation and the crystallization steps [44,
45]. It is recommended to carry out the crystallization treatment always at ηapp higher
than 1010−11 dPa s (i.e. at viscosity values similar to the dilatometric softening point).
It is interesting to note that at similar viscosities the densification rate in the sintered
glasses or glass-ceramics is negligible.
Various models might be used to estimate the relationship between apparent viscosity and effective volume of a rigid phase in a slurry. Notwithstanding of the different
theoretical approaches, all relations predict a relatively small ηapp variation of up to
one “critical” percentage of rigid phase, followed by a rapid increasing of apparent
viscosity by 103 –108 dPa s. This means that a completed sintering could be obtained
only if it is finished prior to the formation of this “critical” percentage of crystalline
phase; otherwise, the densification will be inhibited by the high apparent viscosity.
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The increase of ηapp not only diminishes sintering but can also influence the crystallization shrinkage, which is a consequence of the volume variations during crystallization, ΔVCR . It can be assumed that only that kind of phase formation, taking place
at low apparent viscosity, leads to a crystallization shrinkage; the subsequent crystallization, going at high ηapp , firstly can create tensile stresses in the material and after
that can provoke the formation and growth of crystallization induced pores.
The amount of PCR mainly depends on the percentage and kind of the formed crystal phase. Since the melt density is an additive function of its chemical composition,
while the density of crystal phases depends on their different structures and packing,
ΔVCR varies significantly. Its value is lower at loose crystal structures and higher at
denser crystal arrangement. Very high ΔVCR (at about 16 vol%) is observed during
the crystallization of diopside, which is one of the most “popular” crystal phases
in the glass-ceramics. This phase is typical for many glass-ceramics from industrial
wastes [44, 45] as well as for several sintered glass-ceramics [66]. In the present
analysis a part of the above-mentioned results from diopside (CaO⋅MgO⋅2SiO2 )-albite
(Na2 O⋅Al2 O3 ⋅6SiO2 ) system are summarized together with some data unpublished
up to now. The phase diagram of this pseudo-binary system [46] shows a very large
crystallization field of diopside and a very narrow crystallization field for albite. This
indicates that practically only diopside is formed, while the final residual glasses
retain a composition similar to albite. In addition, the viscosity-temperature curves of
the investigated diopside-albite compositions are very similar [46]. This justifies the
evaluation of the experimental results mainly as a function of the different crystallization trends.

8.3.2 Experimental
The theoretical compositions of the used three model glasses (labeled G1, G2, and G3)
are reported in Table 8.3. The melting procedure, the experimental results for the glass
compositions, obtained by XFR-analysis, and the experimental conditions, realized to
prepare the different glass fractions, are reported in previous papers.
Table 8.3: Chemical compositions of parent glasses

SiO2
Al2 O3
CaO
MgO
Na2 O

G1

G2

G3

54
2
21
21
2

58
4
17
17
4

62
6
13
13
6
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“Green” samples with initial size 10/10/(8–10) mm3 were prepared by mixing
the parent glass powders with 7.5 % PVA solution and by un-axial pressing at 100–
150 MPa. After drying and a 30 min holding at 270 ∘ C (to eliminate the PVA) the samples
were heated to different temperatures in the range 650–1000 ∘ C at a heating rate of
5 ∘ C/min and then sinter-crystallized for 1–10 hours. The degree of sintering was evaluated by the variation of total porosity, PT , and closed porosity, PC , by measuring
apparent density, ρa , skeleton density, ρs , and absolute density of the glass-ceramics
samples, ρgc through the following relationships:
PT = 100
PC = 100

ρgc − ρa
ρgc
ρgc − ρs
ρgc

,

(8.32)

,

(8.33)

where ρa was measured by a dry flow pycnometer (GeoPyc 1360), while ρs and ρgc – by
He displacement Pycnometer (AccuPyc 1330). Firstly, skeleton density was measured
and then the absolute density after crashing and milling the samples below 26 μm.
The experimental associated errors to the evaluation of ρa , ρgc and ρs were estimated
as ±0.013 g/cm3 , ±0.003 g/cm3 and ±0.005 g/cm3 , respectively. The experimental
error associated to PT and PC was evaluated as ±0.6 % and ±0.3 %, respectively. The
open porosity PT was estimated as the difference between PT and PC .
The crystalline fraction, x (wt%), was also evaluated by density measurements
through the expression:
1
1
−
ρg ρgc
),
(8.34)
x = 100 (
1
1
−
ρg(cr) ρcr
where ρg is the absolute density of parent glass and ρgc is the absolute density of glassceramic, ρg(cr) is the density of a hypothetical glass with the composition of the formed
crystal phase and ρcr is the density of the crystal phase. In the case of diopside, it was
assumed that ρcr and ρg(cr) have values of 3.27 and 2.75 g/cm3 , respectively. The experimental associated error of the ρg and ρgc values was evaluated as ± 0.003 g/cm3 , which
corresponds to an experimental error of ±1 % on the evaluation of the amount of the
formed diopside. A detailed description of the methodological approach is given in
[67]. The structures of samples were studied by Scanning Electron Microscopy (Philips
XL30CP). Both polished fractured samples and their surfaces were observed. The samples were treated with 2 % HF solution for 5 seconds.
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8.3.3 Results and Discussion
8.3.3.1 Density and Porosity Evaluations
Figs. 8.22–8.24 show the variations of open and closed porosities as well as the percentages of formed diopside after 1 hour of heat-treatment at different temperatures for
compositions G1, G2 and G3 (fraction 75–125 μm). At low temperatures, up to 750 ∘ C,
the porosity is only open, at 800–850 ∘ C the transformation from open into closed
porosity takes place, while in the range of 850–1000 ∘ C the porosity becomes closed.
Diopside formation starts at 750 ∘ C for G1 and G2 and at 800 ∘ C for G3; above 900 ∘ C

Fig. 8.22: Open and closed porosities and percentage of crystal phase
in sintered G1 glass after 1 hour at
different temperatures (fraction 75–
125 μm).

Fig. 8.23: Open and closed porosities and percentage of crystal phase
in sintered G2 glass after 1 hour at
different temperatures (fraction 75–
125 μm).

Fig. 8.24: Open and closed porosities and percentage of crystal phase
in sintered G3 glass after 1 hour at
different temperatures (fraction 75–
125 μm).
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the amounts of formed crystal phase practically remain constant. It is evident that the
percentages of formed crystal phase are well related to the amounts of closed porosity.
However, it is incorrect to assume that the entire closed porosity is crystallization-induced because some residual closed porosity, PR , always remains in sintered
glass powders. In order to estimate the value of PR identical experiments with a noncrystallizing SiO2 –CaO–Na2 O container glass were carried out. The results are presented in Fig. 8.25. They highlight that after sintering at 700 ∘ C the porosity becomes
only closed and PR value is 3.6 ± 0.6 %. This result is comparable with the values obtained by other authors [68, 69]. The lower sintering temperatures of samples from
container glass are in a good agreement with its inferior glass transition temperature,
Tg : in the studied diopside-albite glasses Tg values are found within the range of 660–
680 ∘ C [48], while the container glass has glass transition temperature of ∼560 ∘ C.

Fig. 8.25: Open and closed porosities in sintered container glass after
1 hour at different temperatures (fraction 75–125 μm).

Table 8.4 summarizes the density and porosity results obtained after 1 hour at 900 ∘ C.
It it obvious from these data that the closed porosity significantly increases with the
amount of the formed crystal phase. Assuming that the residual porosities in G1, G2,
and G3 are similar to their values in the sintered container glass the following results for PCR are obtained: ∼6.5 % in G1, ∼4.1 % in G2 and ∼0.1 % in G3. Using thus
obtained PCR values and combining Eqs. (8.33) and (8.34) the percentages of crystal
Table 8.4: Porosity and crystal phase in G1, G2 and G3 (1 hour at 900 ∘ C and fraction 75–125 μm)

G1
G2
G3

glass
density
(g/cm3 )

apparent
density
(g/cm3 )

skeleton
density
(g/cm3 )

absolute
density
(g/cm3 )

crystal
phase
(wt%)

total
porosity
(wt%)

closed
porosity
(vol%)

2.74
2.69
2.56

2.69
2.65
2.55

2.73
2.69
2.58

3.04
2.92
2.68

58.8
49.4
28.6

11.5
9.2
4.8

10.1
7.9
3.7
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phase, leading to formation of crystallization induced porosity (labeled as Cr-P), can
be estimated. The other part of crystal phase (labeled as Cr-S) can be related to the
crystallization induced shrinkage. The results of these approximations, together with
the ratio Cr-P/Cr-S, are summarized in Table 8.5.
Table 8.5: Amounts of crystal phase, leading to crystallization induced porosity, Cr-P, and crystallization induced shrinkage, Cr-S, for G1, G2 and G3 (1 hour at 900 ∘ C and fraction 75–125 μm)

G1
G2
G3

Cr-P

Cr-S

Cr-P/ Cr-S

40 ± 3
27 ± 3
4±3

19 ± 3
22 ± 3
25 ± 3

2.1
1.2
0.2

Cr-P notably increases with the crystallization trend, while the percentage of Cr-S, on
the contrary, decreases. This phenomenon leads to significant variations of the Cr-P/
Cr-S ratio and highlights that the relative amount of crystal phase, leading to huge increasing of apparent viscosity and inhibiting of the crystallization shrinkage, notably
decreases with the rise of crystallization trend. It might be assumed that for the fractions of 75–125 μm the crystallization shrinkage in G1 stops after formation of 5–10 μm
surface crystal layers (which corresponds to ∼ (1/3) of the total amount of the crystal
phase), whereas in G3 the shrinkage continues even after formation of a crystal front
of 50 μm (i.e. Cr-P is negligible). These differences elucidate that a dense crystal core
can be formed in G1, while in G3 the crystal front can be more lax and can allow some
flow between the crystals.
The ratio Cr-P/Cr-S also depends on the size of the used glass particles. If the
crystallization shrinkage at different fractions stops at similar thickness of the crystal front (for each of the compositions), it follows that the finer are the powders the
higher is Cr-S and the lower is Cr-P. This hypothesis was confirmed using fractions
26–32 μm, 40–53 μm and 75–125 μm of the G1 glass. In order to guarantee a completed
sinter-crystallization the samples were heat-treated for 2 hours at 900 ∘ C. The obtained
density and porosity results are summarized in Table 8.6, whereas the corresponding
values for Cr-P, Cr-S, and Cr-P/Cr-S are shown in Table 8.7. It is assumed that the
percentage of 3.6 ± 0.6 % for residual porosity might be also used for the fractions of
26–32 μm and of 40–53 μm.
The results for these three fractions show similar crystallinity, while Cr-P and
Cr-S percentages vary significantly. In the fraction of 26–32 μm two thirds of the formed
crystal phase lead to shrinkage and only one third – to crystallization induced porosity
(i.e. contrary to the results for the fraction of 75–125 μm). In the fraction of 40–53 μm
the amounts of diopside, leading to shrinkage and porosity, are similar. If it is assumed
that the crystallization shrinkage in the fractions of 26–32 μm and 40–53 μm also stops
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Table 8.6: Porosity and crystal phase in G1 after 2 hours at 900 ∘ C
Fraction
size
(μm)

apparent
density
(g/cm3 )

skeleton
density
(g/cm3 )

absolute
density
(g/cm3 )

crystal
phase
(wt%)

total
porosity
(vol%)

closed
porosity
(vol%)

26–32
40–53
75–125

2.81
2.75
2.70

2.83
2.78
2.73

3.06
3.06
3.05

62.9
62.9
61.1

8.2
10.0
11.3

7.5
9.0
10.3

Table 8.7: Amounts of crystal phase, leading to crystallization induced porosity, Cr-P, and crystallization induced shrinkage, Cr-S, for G1 after 2 hours at 900 ∘ C
Fraction size, (μm)
26–32
40–53
75–125

Cr-P

Cr-S

22 ± 3
32 ± 3
41 ± 3

41 ± 3
31 ± 3
20 ± 3

Cr-P/ Cr-S
0.5
1.0
2.1

after formation of about 5–10 μm surface crystal layers the estimations for Cr-S parts
in fact are ∼(2/3) and ∼(1/2), respectively.
In order to evaluate the simultaneous formation of crystal phase and crystallization induced porosity various treatments at 800 ∘ C for different times (between
1 min to 10 h) were also carried out. The results, obtained for the composition G1 and
the fraction of 40–53 μm, are plotted in Fig. 8.26. This figure demonstrates that after
1 min the porosity is only open and the amount of crystal phase (formed during the
heating) is negligible. After 1 hour holding the crystallinity increases to ∼ 10 % and
open porosity still remains. After that, up to 4 h heat-treatment, the open porosity is
transformed into closed residual porosity and diopside percentage reaches ∼25 %.
Then, the increasing of the amount of the crystal phase is accompanied by the formation of additional crystallization induced porosity. Finally, after 10 hour holding
the sinter-crystallization is completed by the formation of ∼60 % diopside and ∼9 %
closed porosity.

Fig. 8.26: Open and closed porosities
and percentage of crystal phase in
sintered G1 glass after different times
(fraction 40–53 μm).

474 | 8 Stress-induced Pore Formation and Phase Selection
8.3.3.2 SEM-observations of G1-glass-ceramics
The structures of G1 glass-ceramics (both surfaces and polished fractures), obtained
after 1, 4 and 7 hours holding at 800 ∘ C (for fraction 40–53 μm), were studied with
Scanning Electron Microscopy. A part of the results are summarized in Figs. 8.27–8.31.
The fracture of the sample after 1 hour holding (Fig. 8.27) elucidates a well sintered
body, where the surface crystallization is in its initial stage and as a result the separated grains are well distinguished. The residual intergranular pores are characterized
by a smooth surface, while no additional intragranular pores are observed in the volume of the grains.

Fig. 8.27: BSE-SEM images of polished fracture after 1 hour at 800 ∘ C.

Fig. 8.28 shows some details of the sample, heat-treated for 1 hour, obtained at higher
magnification with SE-SEM technique and after Au-metallization. Fig. 8.28a highlights the contact zone between two sintered grains and shows the beginning of
crystal growth in both particles. Fig. 8.28b presents the surface of a closed residual
pore (i.e. non-sintered part of a grain) with crystals growing inside of the particle.

Fig. 8.28: SE-SEM images of fracture after 1 hour at 800 ∘ C (details).
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Fig. 8.29: BSE-SEM images of polished fracture after 4 hours at 800 ∘ C.

Both images elucidate that the width of crystals in the beginning of phase formation
is 1–3 μm.
Fig. 8.29 presents the polished fracture of the sample, obtained after 4 hours holding. The image at lower magnification (Fig. 8.29a) demonstrates an increased closed
porosity and the co-existence of two different kind of pores. The bigger part of porosity
is presented by intergranular residual pores with smooth surfaces. However, some intragranular pores with poly-crystalline surface can also be identified. The photos from
Fig. 8.29b show an individual grain without crystallization-induced pore and the increase of crystal front up to 6–8 μm. The comparison with the image from Fig. 8.27b
clearly demonstrates that the central amorphous part is more affected by the chemical
attack (i.e. the chemical durability of glassy phase decreases during the crystallization). This interesting feature might be explained by formation of tensile stresses due
to the additional crystallization. In fact, the un-annealed glasses (i.e. glasses under
tensile stress) demonstrate significantly lower chemical resistance.
Fig. 8.30 highlights the structure after 7 hours of sinter-crystallization. The crystallization process is completed in the major part of the particles and the pores are mainly

Fig. 8.30: BSE-SEM images of polished fracture after 7 hours at 800 ∘ C.
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crystallization induced and located in the centers of grains. The residual glassy phase,
observed in some bigger grains, is characterized by a better chemical durability than
that one formed after 4 hours holding. The latter difference probably indicates that
the formation of crystallization-induced pores leads to a decrease of the stresses in
the sample. In the image from Fig. 8.30b a residual pore (left) and a crystallization induced pore (right) are shown. The differences in their structures are well illustrated: PR
shows smooth surface (similar to the one in Fig. 8.27b) where the beginning of crystal
growth is well distinguished, while PCR is characterized by a rough surface. It corresponds to the final part of crystal growth completing in the void, formed in the center
of the particle.
Finally, Fig. 8.31 summarizes images from the surfaces after different holding
times. The sintering in the samples is entirely completed and it is difficult to distinguish separated grains or residual open pores. It is also evident that the increase of
holding time does not change the crystals morphology on grain’s surface (i.e. no recrystallization is found). However, the rise of the amount of tiny open pores, formed
directly on the grains facade, is observed during sinter-crystallization. This peculiarity might be related to continued crystallization shrinkage or/and increasing gas
pressure in the crystallization-induced pores. Very interesting images (Fig. 8.31d),
showing rupture of the crystal core, were made on the edge of a sample heat-treated
7 hours. This behavior will be investigated and explained in future reports.

Fig. 8.31: BSE-SEM images of surface after 1 (a), 4 (b), and 7 (c) and (d) hours at 800 ∘ C (from left top
to right bottom).
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