Journal of Non-Crystalline Solids 281 (2001) 139±151

www.elsevier.com/locate/jnoncrysol

Crystallization phenomena in iron-rich glasses
Alexander Karamanov, Mario Pelino *
Department of Chemistry, Chemical Engineering and Materials, University of L'Aquila, 67040 Monteluco di Roio, 67100 L'Aquila, Italy
Received 20 July 2000; received in revised form 24 October 2000

Abstract
In this study, results of the crystallization of iron-rich glasses are summarized. Thermogravimetry (TG)±dierential
thermal analysis (DTA) were utilized to explain the phase formations and the surface oxidation of FeO to yield Fe2 O3 .
The crystal phases fraction was evaluated utilizing X-ray diraction analysis (XRD). Low angle XRD technique was
used to investigate the distribution of the crystal phases on the surface and in the bulk as a function of the heat
treatment. Transmission electron microscopy (TEM) was employed to detect the evolution of the crystalline structure
and to determine the variation of the residual glass composition. The crystallization kinetics were investigated in
isothermal conditions by measuring the variation of the density. The activation energy of crystal growth was calculated
using isothermal and non-isothermal methodologies. The values of 377 and 298 kJ/mol were obtained for the temperature ranges 620±660°C and 720±780°C, respectively. Similar values, 368 and 321 kJ/mol, were estimated for the
energy of viscous ¯ow in the same temperature ranges. The results indicate that magnetite and pyroxene are the main
crystal phases and that the kinetics of pyroxene formation can be explained as growth on a ®xed number of magnetite
nuclei. In powder samples, heat-treated in air, the crystallization is inhibited by the surface oxidation of Fe2 to yield
Fe3 and a layer of haematite is formed on the surface. Ó 2001 Elsevier Science B.V. All rights reserved.

1. Introduction
Glass-ceramic materials have a number of outstanding characteristics in comparison with the
traditional ceramics and glasses, which determine
their application in advanced technology as well as
in electronics and medicine [1,2]. However, due to
the high cost of some of the raw materials (Li2 O,
B2 O3 , etc.), and the high melting temperatures or
special melting conditions, glass-ceramics are relatively expensive materials.
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It is possible to produce glass-ceramics using
cheap raw materials or wastes with low melting
temperatures and shorter production cycles, ®nding wide application in the building industry.
Slagsitalls glass-ceramics, produced in the former
Soviet Union, were made out of metallurgical slags
[3,4] and a number of similar products were developed in other countries [1,4±6].
Products from fused rocks (petrurgy) [7±15] had
a wide market and can be considered as predecessors of the glass-ceramic technology. In these
materials, an uncontrolled crystallization takes
place during cooling and, as a result, a coursegrained structure is obtained. Typical of petrurgy
are the iron-rich compositions, produced by
melting and casting or ®bring basalt rocks and
containing as much as 10±15 wt% iron oxides [16].
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Iron-rich glasses and glass-ceramics somewhat
similar to natural basalt were developed for nuclear waste disposal, because during vitri®cation
the radioactive nuclides are incorporated in the
chemically stable glass network [17±22]. More recently, glasses with an iron content of up to 30%,
were developed to stabilize some hazardous industrial wastes and recycle the product in the glass
or glass-ceramic markets. The wastes subjected to
vitri®cation were jarosite and goethite [23±36],
arising from the hydrometallurgy of zinc ores,
electric arc furnace dusts collected in the baghouse
®lter of the electric arc steel production [37±41], as
well as some other iron-rich industrial wastes
[4,42±44].
Special magnetic glass-ceramics with an extremely high iron content were also developed for
electronic applications [45±47].
In the glasses, iron can exist in both ferrous and
ferric forms. The Fe3 =Fe2 ratio depends on the
chemical compositions and melting conditions
being controlled by the melting atmosphere, i.e.,
by the presence of oxidizing or reducing agents in
the batch [8,15,21,35,41]. FeO is a typical modifying oxide while Fe2 O3 is intermediate, so that the
ratio Fe3 =Fe2 in¯uences the viscosity curve and
the liquidus temperature. The ferric/ferrous ratio
also aects the spinel and pyroxene formation, the
rate of crystallization and the ®nal properties of
the glass-ceramics.
In the crystallization of iron-rich compositions
some typical features are observed. The compositions with high iron content are peculiar since they
show a tendency to spontaneous crystallization
and in some cases the amorphous structure can be
obtained only after quenching in water (glass frit)
[28,38,41]. The initial melts are characterized by a
high liquid immiscibility [8,12,24,28,33], one of the
liquid phases is richer in iron and promotes the
formation of the spinels as the initial crystal phase
[8,12,20,29,33]. By prolonged thermal treatment
the pyroxene solid solution precipitates on the
spinel (magnetite, franklinite, chromite) crystals,
which act as nuclei for the crystallization.
Another peculiarity of iron-rich glasses is the
surface oxidation of Fe2 to yield Fe3 when the
samples are heat-treated in air. This phenomenon
is a function of the speci®c surface, decreases the

crystallization ability and leads to hematite formation on the surface [27,32,33,46].
The present work is a review of the results of
investigations carried out on bulk and surface
crystallization in iron-rich glasses made up of zinc
hydrometallurgy wastes.
2. Experimental
The glass compositions were prepared by mixing jarosite waste from hydrometallurgy of zinc,
granite waste, glass cullet, quartz sand, limestone
and Na2 CO3 . The melting was carried out at 1400±
1450°C utilizing alumina crucibles. Part of the
melts was quenched in water and the frit obtained
was broken and sieved. The other part of the melt
was poured in a stainless steel mould, annealed
and then cut into small specimens for subsequent
thermal treatment. The raw material characterizations and the melting conditions were reported
elsewhere [26,29,32]. Table 1 reports the chemical
compositions, measured by a Spectro-Xepos X-ray
¯uorescence apparatus, of the jarosite sample,
granite-scraps and glass cullet and the corresponding glass compositions used in this work and
labeled G1 and G2. The reported associated error
is evaluated by the instrument. G1 was prepared
for tile production by casting [26,29] while G2 for
sinter-crystallization of the glass frit [32]. Iron
oxides are presented as Fe2 O3 .
Dierent isothermal and non-isothermal treatments were carried out using powder and bulk
glasses. The crystalline phases formed were determined by the X-ray diraction analysis (XRD)
technique (Philips PW1830 apparatus and CuKa
radiation). The crystalline fractions developed
during the thermal treatment were evaluated
comparing the areas of the amorphous and crystalline phases in the XRD spectra [48]. The ratio
between the phases was estimated using the relative intensities of the major peaks [49]. Low angle
XRD analysis was employed to highlight the
phases on the surface of the glass.
The crystalline fraction was also evaluated by
measuring the change of density between the parent glass and the heat-treated sample. For this
series of tests, a He displacement Pycnometer
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Table 1
Chemical compositions of jarosite waste, granite-scraps, glass cullet and parent G1 and G2 glasses in (wt%)
SiO2
Al2 O3
Fe2 O3
CaO
MgO
ZnO
PbO
Na2 O
K2 O
L.O.I.

Jarosite waste

Granite-scraps

Glass cullet

G1

G2

3.7  0.05
0.3  0.04
49.3  0.04
0.1  0.01
0.2  0.06
5.6  0.04
3.6  0.02
±
±
37.2  0.43

70.2  0.21
12.1  0.31
1.6  0.01
5.2  0.06
0.6  0.10
±
±
2.9  0.27
3.3  0.07
4.1  0.34

72.5  0.23
0.5  0.04
0.1  0.01
8.7  0.11
4.0  0.31
±
±
13.4  0.61
0.2  0.01
±

52.9  0.19
4.1  0.11
24.1  0.03
5.2  0.09
1.8  0.22
2.7  0.09
1.7  0.01
6.4  0.45
1.1  0.05
±

53.8  0.21
3.7  0.09
21.7  0.03
8.7  0.10
0.2  0.05
2.4  0.08
1.5  0.01
6.9  0.43
1.0  0.05
±

(AccyPyc 1330) was utilized. The experimental
associated error to the measurements, employing
a 3±4 g glass sample, was evaluated as 0:001
g=cm3 .
The oxidation process of Fe2 to yield Fe3 was
investigated by thermal gravimetry (Cahn 1000
apparatus). In this series of experiments about 4 g
of powder sample were suspended in the microbalance and heated in air atmosphere.
The crystallization kinetics were investigated in
non-isothermal conditions by means of dierential
thermal analysis (DTA) technique. About 100 mg
of powder sample (122±212 lm particle size) were
used in air and nitrogen atmospheres. The experiments were carried out in `Netzsch STA 409' apparatus at 5, 10, 15 and 20°C/min heating rates.
DTA analyses were also carried on bulk samples in
air.
Transmission electron microscopy (TEM) (a
Philips CM 200 operating at 200 keV  EDS) was
employed to investigate the phase formation. For
these studies, the samples were thermally treated at
dierent temperatures and times and then crushed
and sieved to obtain a very ®ne fraction and deposited on a copper±carbon grid. TEM images
were used to identify particles with well-de®ned
crystalline structure. The EDS analyses highlighted the variation in the composition of the amorphous and crystalline phases during the thermal
treatment.
The viscosity±temperature curve of G1 glass
was estimated by carrying out two series of experiments: the glass transition temperature, Tg , and
the dilatometric softening point, Tw , were obtained

using a `Netzsch 402 ED' dierential dilatometer
at 5°C/min heating rate; the viscosity in the high
temperature region, 1200±1320°C, was measured
by a rotational viscosimeter.

3. Methodology
3.1. Evaluation of the crystalline fraction by density
measurements
Glass-ceramics may be considered as composite
materials made up of dierent crystalline phases
and residual glass, so the volume of glass-ceramics
is an additive function of the volumes of the vitreous and crystalline phases present.
The crystallization process in the glass-ceramics
is connected with volume changes, which are related to the degree of conversion [50,51]. The
change of density during crystallization process,
related to the volume variation, can be used to
estimate the degree of crystallization using the
following relation:
100
100 x
x


;
qgc
qg r
qcr

1

where x is the percentage crystal phase, qgc is the
density of the glass-ceramics, qg r is the density of
the residual glass and qcr is the density of the
crystal phase formed.
When the parent glass has the same composition as the crystal phase formed, there are no
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changes in the residual glass compositions and
qg r is identical to the density of the parent glass
qg .
However, during the crystallization of the
commercial glasses, the composition of the residual glass, g r, changes during crystallization,
so in order to estimate the percentage of crystal
phase formed, some assumptions must be made
[30].
Since during crystallization only a portion of
the parent glass is transformed in a crystalline
phase it can be assumed that the volume of the
parent glass Vg  consists of two parts: Vg c ± with
the composition as the crystal phase which is
going to be formed and Vg r ± with the composition of the residual glass. So the following relation, similar to Eq. (1), can also be written for
the parent glass:
100
100 x
x


;
qg
qg r
qg cr

2

where qg is the density of the parent glass and qg cr
is the density of the hypothetical glass with the
composition of the crystal glass.
By combining Eqs. (1) and (2), qg r is eliminated and the percentage crystal phase x can be
obtained through the relation
x  100

1=qg 1=qgc
:
1=qg cr 1=qcr

3

The applicability of this equation depends on the
dierence between the density of the amorphous
phase, qg cr and the corresponding crystalline
phase qcr and on the accuracy of the density
measurements. For magnetite and pyroxene, the
values of 1=qg cr 1=qcr are extremely high and,
as a result, the density dierence between initial
glasses and ®nal glass-ceramics in iron-rich compositions is about 0:15±0:25 g=cm3 . This allows,
by using a He displacement Pycnometer, the detection of dierences of about 1±2% crystal phase
in the crystallized samples.
A detailed description of the methodological
approach and application to the crystallization of
iron-rich glasses is reported elsewhere [30].

3.2. Crystallization kinetics by DTA measurements
The crystallization kinetics in glasses are usually
investigated by the Kolmogorov, Johnson, Mehl,
Avrami (KJMA) equation in the form [1,51]
a s  1

exp

const: I0 U n 1 sn ;

4

where a s is the degree of transformation at time
s; I0 is the rate of steady-state nucleation, U is the
rate of crystal growth and n is the Avrami parameter, an integer number which depends on the
growth direction number and the mechanisms of
nucleation and crystal growth.
DTA is widely used for the kinetics investigation in glasses, for evaluation of the crystallization
activation energy as well as for the estimation of
the reaction order, i.e., the Avrami parameter, n, in
Eq. (4) [52]. In the case when there is no nucleation
during DTA run, the activation energy of crystal
growth, Ec , can be estimated carrying out DTA
experiments at dierent heating rates, by using the
Kissinger equation [53]
ln /=Tp2  

Ec =RT  const:;

5

where Tp is the crystallization peak temperature of
the DTA trace, / is the heating rate and R is the
gas constant. A plot of ln /=Tp2  vs. 1=Tp is a line,
whose slope corresponds to Ec .
The Avrami parameter, n, can be determined by
Ozawa's method using the following equation [54]:
d ln

ln 1 a
d ln /



n;

6

T

where a is estimated by evaluating the partial area
of the crystallization peak from exotherms, obtained at dierent heating rates and at a ®xed
temperature, T.
The value of n can also be estimated by the
Augis and Bennett [55] equation
n  2:5=Dw RTp2 =Ec ;

7

where Dw is the width of the crystallization peak at
half height. In this case the Avrami parameter can
be evaluated by a single DTA experiment if the
activation energy has been previously obtained by
other methods.
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4. Results and discussion
4.1. Bulk crystallization
With the aim of obtaining information on the
crystallization ability of the parent glass and
temperature interval of transformation, DTA were
carried out in the 20±1200°C temperature range. In
Fig. 1 the corresponding DTA plots of the G1 and
G2 bulk samples obtained at 10°C/min heating
rate are reported.
The Tg of the G1 and G2 glasses occurs at 560°C
and 570°C, respectively, temperatures which are
typical for iron-rich glass composition [7,12,17,28].
The formation of crystalline phases is represented
by the occurrence of a single exothermal peak,
having its maximum at 780°C for G1 and 805°C
for G2, respectively. The melting endo-peaks,
however, highlight that two phases melt at dierent temperatures in both samples. For G1 composition the temperatures of the endo-peaks are at
1080°C and 1120°C while for G2 they are lower ±
at 1025°C and 1070°C, respectively. It was previously demonstrated [32] that for G2 composition,
the ®rst peak corresponds to the melting of pyroxene, which represents the major crystalline

Fig. 1. DTA traces of G1 and G2 bulk samples.
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phase and the second one to the melting of magnetite.
In isothermal conditions the crystallization behavior was investigated by measuring the density
change as a function of dierent heat treatments.
Fig. 2 shows the density variation and the corresponding percentage of crystal phase evaluated
according to Eq. (3) of G1 samples, heat-treated
for 1 and 10 h holding time at dierent temperatures. For 1 h heat treatment the density variation,
i.e., the crystallization of the glass, starts at 620°C
and reaches its maximum at 700°C. For 10 h heat
treatment the beginning of the crystallization occurs at 600°C, the degree of transformation is
higher and its maximum is obtained at 660°C.
By treating the glass at temperatures higher
then 680±700°C the density, i.e., the degree of
transformation, decreases. The densities, measured
after 1 and 10 h, are similar so that the percentages
of crystallization shown in the ®gure can be considered as the maximum obtainable at these temperatures. Similar behavior was reported for other
iron-rich compositions [11,31,46].
Fig. 3 shows the variation of the crystal phase
percentage as a function of time at dierent constant temperatures (620°C, 640°C and 660°C) [29].
The maximum density was obtained after heat
treatment up to 20 h at 660°C and resulted in being
3:04 g=cm3 , corresponding to about 55% crystal
phase. Assuming that this value corresponds to the
maximum degree of transformation a  1 in Eq.
(4), the Avrami parameter, n, was obtained from
the slope of the linear regression by plotting the

Fig. 2. Variation of the density after 1 and 10 h heat treatment
at dierent temperatures.
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Fig. 3. Percentage of crystal phase formed as a function of the
time in G1 composition at 620°C, 640°C and 660°C.

value of ln ln1= 1 a as a function of ln s. The
obtained n values for 620°C, 640°C and 60°C are
1.53, 1.52, and 1.44, respectively.
Kinetics results were also obtained for the
crystallization of G2 composition [32]. Fig. 4 reports the kinetics curve, obtained by density
measurements after heat treatments at 680°C. In
this case an n value of 1.36 was obtained.

Fig. 4. Percentage of crystal phase formed as a function of the
time in G2 composition at 680°C.

All the obtained values for the Avrami parameter, n, are near 1.5 which can be related to the
diusion-controlled three-dimensional growth
taking place on a ®xed number of nuclei or,
eventually, to simultaneous nucleation process and
one-directional crystal growth.
In order to assess the eventual presence of a
nucleation process, two dierent series of experiments were carried out using G1 samples [29]. In
the ®rst series, the densities were measured after 1
h heat treatment in the Tg ± Tg  60°C temperature range (560±620°C). Then the `nucleated'
sample was heat-treated for 30 min at 680°C to
allow crystallization and the density was measured
again. The parent glass sample was directly treated
at 680°C for 30 min. No sensible variation of
density was induced by the nucleation heat treatments compared to the direct crystallization of the
parent glass, so it was concluded that, in the investigated temperature range, no nucleation takes
place.
In the second series of experiments, bulk samples were placed in the DTA and treated for 1 h at
600°C, 620°C and 640°C and then the temperature
was raised by 15°C/min heating rate. In the three
investigated samples, the position of the crystallization peak resulted in being the same as the nonnucleated sample, treated with the same heating
rate. These results support the hypothesis that the
nucleation process is negligible and that the reaction order, n, for the 620±660°C temperature range
can be explained as three-dimensional diusioncontrolled growth on a ®xed number of nuclei.
The three-dimensional magnetite and pyroxene
structure was also con®rmed by TEM observation
for dierent goethite and jarosite glass-ceramics
[23,28,29,33]. Fig. 5 shows the dendritic pyroxene
structure, precipitated in G1 composition heattreated for 3 h at 660°C. Similar results showing a
typical dendrite pyroxene crystal were also reported for other iron-rich compositions
[8,11,12,18,19].
TEM of the parent glass was employed to investigate the variation of compositions among the
residual glass and crystal phases during the crystallization process. By observing particles of the
parent glass and collecting the ¯uorescence emission of the main elements, i.e., Si, Fe, Zn, Ca, Na,
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Fig. 5. TEM picture of G1 composition after 3 h heat treatment at 660°C.

Pb, a map of the distribution in the glass grain has
been obtained [24,36]. The glass showed that Fe
and Zn are concentrated in speci®c areas while the
other elements are uniformly distributed in the
matrix, suggesting that liquid±liquid separation

may occur during the cooling of the melt. These
areas become, during the thermal treatment, sites
for the precipitation of magnetite Fe3 O4  and
franklinite ZnFe2 O4 . In the surrounding zones,
where the Si concentration is higher the formation
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of the pyroxene is favored after spinel precipitation. After the crystallization is completed Pb and
Na are concentrated in the residual glassy phase,
thus aecting the leaching properties of the glassceramics.
The formation of the crystal phases in G1
composition was also investigated by XRD analysis. Fig. 6 shows the spectra of the parent glass
before and after thermal treatments at 660°C for
dierent times.
The parent glass shows an amorphous spectrum
with some traces of magnetite formation. However, the peaks are not sharp and the `path' is very
wide so that they could be related to a liquid±liquid separation with the presence of an iron-rich
phase, i.e., not yet well-arranged magnetite structure. After 20 min heat treatment at 660°C the
magnetite peaks become sharper and the amount
of crystalline phase formed in the sample can be
evaluated as about 7±9 wt%. After 40 min of heat
treatment the beginning of the pyroxene phase
formation is well evident. After 3 h thermal
treatment, the crystallization is completed and
pyroxene represents the major crystal phase in the
glass-ceramic.

These results con®rm that the phase transformation starts with magnetite formation and that
the pyroxene crystallization is in¯uenced by the
magnetite phase, i.e., the magnetite crystals act as
nuclei for the pyroxene crystal phase precipitation.
The spectra highlighted that the magnetite peak
intensity does not sensibly increase with a prolonged thermal treatment (more than 20 min)
while pyroxene formation occurs after magnetite
precipitation and increases with time up to 180
min.
XRD analysis of G1 bulk glass was also made
after heat treatment at 740°C [34]. The result
con®rmed that the total amount of crystal phase
decreases with the increasing of the temperature.
The maximum amount of crystal phases for this
temperature corresponds to about 9±11% magnetite and about 34±36% pyroxene. The analysis of
the spectrum after 3 h at 660°C gives about 8±10%
magnetite and 43±45% pyroxene. It can be concluded that the increasing of the heat treatment
temperature leads to the decreasing of the amount
of pyroxene phase while the amount of magnetite
phase does not changes. Similar results have been
reported for some basalt compositions [11].
It might be assumed that, for similar compositions, the crystallization thermal cycle can be carried out by a single isothermal step being the
optimum heat treatment 60±90 min at 680±720°C
yielding a 50±60 wt% crystal phase.
4.2. Surface crystallization in powder and bulk
samples

Fig. 6. XRD spectra of G1 bulk samples heat-treated at 660°C
for dierent times.

In general, the mechanisms of crystal growth
are similar for surface and bulk [56,57], so the
dierences in the crystallization depend on the
number of nuclei formed and their distribution
[58]. However, the furnace atmosphere might play
an important role in the surface crystallization by
modifying the composition of the surface [56,57].
In iron-rich glasses, the initial Fe3 =Fe2 ratio
generally depends on the chemical compositions
and melting conditions [8,35,44], but due to the
surface oxidation process Fe2 ) Fe3  the ratio on the surface might be consistently dierent
than in the bulk thus in¯uencing the phase transformation.
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In previously investigated iron-rich goethite and
jarosite glasses melted in electric or gas furnaces,
the Fe3 =Fe2 ratio was estimated between 7 and
10 [25,29,35]. Similar values were reported for
dierent basalt [8] and magnetic glass-ceramics
[45], melted at 1400±1450°C in air for times up to
10±15 h.
In Figs. 7(a) and (b) the XRD spectra of a bulk
(B) sample, heat-treated with 5°C/min heating rate
up to 950°C and held at 950°C for 24 h are shown,
respectively. The ®rst spectrum yielded about 43±
45 pyroxene and 3±5 magnetite while the second
about 35±37 pyroxene and 8±10 magnetite crystal
phases, respectively. Considering similar results
reported in the literature [11] it was concluded that
at high temperatures (900±1000°C) re-crystallization of pyroxene yielding magnetite takes place.
Figs. 7(c) and (d) show the XRD spectra of
powder, P, samples, heat-treated with 5°C/min
heating rate up to 950°C and held at 950°C for 24
h, respectively. The ®rst spectrum yielded about

Fig. 7. XRD spectra of bulk, B, and powder, P, G2 samples
heat-treated at 950°C.
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31% crystal phase, only pyroxene; the second
spectrum yielded 38% crystal phase and the formation of hematite due to the oxidation of Fe2 is
evident. The intensities of the pyroxene peaks in
both P samples are similar.
TG±DTA analysis con®rmed the dierent
crystallization behaviors of bulk and powder G2
samples. The TG±DTA were carried out with
10°C/min heating rate using powder samples heattreated in air and nitrogen atmospheres and bulk
sample heat-treated in air [32]. The results for
powder sample (P) are reported in Fig. 8. The TG
trace of the P sample in air shows a detectable
increase of weight, about 0.5%, taking place after
620°C. This weight change is connected with an
exothermal eect having its maximum at 720°C.
The crystallization peak occurs, in the same graph,
at 875°C, while two melting points are noticeable
at 1080°C and 1180°C, respectively. When the P
sample is heat-treated in N2 atmosphere no TG
variation is detected and the only exothermal peak
is the one relative to the crystallization. The
melting pyroxene point in this case occurs at a
lower temperature (1025°C). Finally, when a bulk
sample was heat-treated in air no TG variation

Fig. 8. DTA (solid line) and TG (dashed line) of G2 powder
samples, heat-treated in air (P±air) and nitrogen P±N2  atmospheres.
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appeared in the trace; the crystallization exo-peak
occurs at 805°C and the melting pyroxene endopeak at 1025°C, i.e., the same temperature as in the
powder sample heat-treated in N2 . DTA traces are
reported in Fig. 1.
In order to highlight the oxidation kinetics,
isothermal treatments were carried out at 630°C
and 680°C with 0.3±0.5 mm G2 glass powder
fraction and the dierential weight gain was recorded as a function of the time [35]. The results
are plotted in Fig. 9 which shows that by increasing the temperature, the weight gain increases
rapidly in the ®rst 60 min and then assumes an
asymptotic behavior. No appreciable weight gain
was detected by heat treatments below Tg (24 h at
540°C), temperatures at which the diusion process and structural changes are practically inhibited. By plotting the weight gain as a function of
the square root of time, straight lines were obtained [32], which can be related to the diusion of
Fe2 from the bulk to the surface of the glass.
The degrees of crystallization for G2 glass were
investigated by measuring the variation of density
and by XRD analysis for P and B samples
heat-treated at 680°C. The change of density is
negligible for P even after up to 500 min heat
treatments and the XRD analysis highlighted an
amorphous spectrum with some low intensity
peaks of magnetite. At the same time, as it is
highlighted in Fig. 4 after 400 min heat treatment
at 680°C, the crystallization process in B sample is
complete with a value of about 45% crystal phase.

Low angle XRD method was used to investigate the distribution of the phases formed on the
surface (S) and on the bulk (B) during heating.
Fig. 10 shows the spectrum of the surface of a G2
bulk sample, heat-treated for 2 h at 680°C and
950°C, and the corresponding spectrum after polishing the surface for about a millimeter. After
heat treatment at 680°C the surface layer is still
amorphous, while pyroxene formation occurred in
the bulk. The comparison of the spectrum after
heat treatment at 950°C highlights that hematite is
prevalent on the surface of the glass while pyroxene is the main crystal phase in the bulk. Optical

Fig. 9. Dierential weight gain as a function of the time of G2
glass powder.

Fig. 10. Low angle XRD of the surface, before (S) and after
polishing (B), of G2 samples heat-treated at 680°C and 950°C.
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[32] and scanning electron [27,33] microscopes
con®rmed the presence of about 0.1 mm thick
hematite phase on the surface of the glasses.
4.3. The activation energy of crystallization
The activation energy of crystal growth on a
®xed number of nuclei, Ec , can be evaluated using
isothermal kinetics results obtained at dierent
temperatures. In this case, assuming an Arrhenius
temperature dependence for the crystal growth
rate, i.e., U  U0 exp Ec = RT , Eq. (4) can be
written in the form
ln sa  Ec = RT   const:;

8

where sa is the time, corresponding to a certain
value of a. If the logarithm of sa is plotted against
1=T , the slope yields the Ec =R value. By this
method, the Ec value for G1 composition in the
620±660°C temperature range resulted in being 377
kJ/mol [29].
For the G1 composition, the activation energy
was also evaluated by the Kissinger equations using DTA experiments with little bulk samples
carried out at dierent heating rates. The value
obtained by this methodological approach, using
Eq. (5) resulted in being 298 kJ/mol [29].
The dierences in the Ec values can be explained
by considering that the DTA crystallization peaks
were observed in the temperature interval 720±
780°C, i.e., in a temperature range of about 100°C
higher than the one for the isothermal investigations.
The variation of Ec with the increasing of temperature can be related to the temperature dependence of the activation energy of the viscous ¯ow,
Eg . Eg was evaluated by viscosity measurements in
the low temperature range where no crystallization
occurred, i.e., 560±620°C and at temperatures
higher than the liquidus. Tg g dPa s  1013:3  [59]
and Tw ± dilatometric softening point log g 
11:3 [60] were evaluated by dilatometric experiment while in the high temperature region
(1200±1320°C) the viscosity was measured by
means of a rotational viscometer. The associated
error to the dilatometric measurements was evaluated as 2°C, while for the rotational viscometer
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measurements of 4°C. The viscosity±temperature
curve was evaluated through Vogel±Fulcher±
Tammann (VFT) equation [59,60] using the experimental points. Fig. 11 reports the obtained
experimental points and the calculated VFT viscosity curve as function of temperature. Then the
activation energy of viscous ¯ow, for dierent
temperature intervals, was calculated using an
Arrhenious dependence for Eg [6,60]. The values of
368 and 321 kJ/mol were obtained for the 620±
660°C and 720±780°C temperature ranges, respectively, i.e., values in good agreement with the
corresponding values of Ec .
The DTA experiments were also employed to
estimate the Avrami parameter value [34]. The n
value, obtained by the Ozawa method at 750°C
was 2.9. Similar n values (between 2.8 and 3.1)
were obtained by the Augis and Bennett method
for each of the experimental exotherms. All obtained values are near 3, which can be related to a
three-dimensional time-independent growth on a
®xed number of nuclei. This value is dierent by n
value of 1.5, obtained in the low temperature range
(620±660°C).
The dierence in the Avrami parameter with the
temperature may be related to a change in
the diusion process. It is known that, when the
scale of the diusion ®eld becomes constant, the

Fig. 11. Viscosity vs. temperature curve for G1 composition.
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diusion-controlled crystal growth becomes time
independent [61]. This is typical of dendritic formation or of ®ber-like surface crystallization [62],
when the growth is carried out at higher temperatures.
The activation energy of crystal growth, Ec and
the reaction order, n were also estimated on powder G1 glass, carrying out DTA experiments in air,
P±air, and nitrogen atmospheres,P±N2 [34]. The
Ec values of 321 and 319 kJ/mol were obtained for
P±air and for P±N2 , respectively, by using the
Kissinger equation (Eq. (4)). It was concluded that
the diusion process connected with the crystal
growth is similar when bulk or powder glasses are
heat-treated in an air or nitrogen atmosphere.
The Avrami parameter, n, was evaluated by the
Ozawa method (Eq. (4)) at 825°C for P±air and at
740°C for P±N2 , as well as by the Augis and
Bennett method (Eq. (4)) for each of the experimental exotherms [34]. The results of both the
methods were about 3 for P±N2 sample, which can
be related to a three-dimensional time-independent
growth on a ®xed number of nuclei, i.e., the same
result as the value, obtained for B±air sample. For
P±air sample, a n value of about 1:2 was obtained
by both methods which correspond to two-dimensional parabolic growth or, alternatively, to
one direction time-independent growth.

5. Conclusions
The results of this work throw some light on
characteristic crystallization phenomena in ironrich glasses.
For the investigated compositions the crystallization begins with spontaneous magnetite formation which is favored by the initial liquid±liquid
separation; the magnetite crystals become nuclei
for the precipitation of major pyroxene phase.
The crystallization kinetics in bulk glasses have
been interpreted as a three-dimensional diusioncontrolled pyroxene formation on a ®xed number
of nuclei. The activation energy of crystal growth
on surface and bulk are similar in air and nitrogen
atmospheres which indicate similar diusion processes associated with pyroxene formation.

The surface oxidation of Fe2 to yield Fe3 is
connected with diusion of the iron from the bulk
to the surface and leads to a change of the chemical composition. As a result, the crystallization of
powder glass in air is inhibited and hematite is
formed on the surface samples at high temperatures.
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