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Glass powders, obtained after vitrification andmilling of iron-richMunicipal SolidWaste BottomAshes (MSWA),
were studied towards manufacture of sintered glass-ceramic material. The crystallization kinetics was investi-
gated both in air and argon atmospheres by non-isothermal Differential Thermal Analysis (DTA). The densifica-
tion behaviors at different temperatures were studied with optical dilatometry. The formed crystal phases were
evaluated with X-ray diffraction (XRD) and the microstructure of samples were observed by scanning electron
microscopy (SEM).
The investigated composition is characterized with a high crystallization trend and formation of pyroxene solid
solutions and melilite solid solutions. Due to additional nucleation process and lower viscosity (because of the
lack of Fe2+ oxidation) the phase formation in inert atmosphere is accelerated and is carried out at lower
temperature.
In the interval 800–900 °C the densification in both atmospheres is inhibited by the intensive phase formation.
However, after increasing the sintering temperature up to 1120–1130 °C secondary densification is carried out,
resulting in material with zero water absorption, low closed porosity and high crystallinity. Some decreasing of
sintering temperature and finer crystal structure are predicted at densification in inert atmosphere.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The sinter-crystallization is an effective method to obtain glass-
ceramics from different vitrified industrial or urban wastes. This tech-
nique is based on simultaneous densification and phase formation of
glass powders or grains, which gives a possibility to produce samples
with complicated shapes or large building panels [1–4]. Since milling
or grinding of the parent glass frits is necessary, initial glasses with
lower degree of refining can be used,which allows significant shortening
of the melting time. At the same time, because no nucleation agent and
no nucleation heat-treatment are needed, only one step crystallization
heat-treatment can be applied. When the initial composition is charac-
terized with a relatively high crystallization trend, this crystallization
step is very short and high heating rate can be used [5,6]. These features
highlight the idea, that using the sinter-crystallization technique a signif-
icant reduction of the cost price is expected.

On the other hand, when the parent glass is characterized by a very
high crystallization rate (which is typical for numerous compositions
based on huge amount of wastes) the sintering process frequently is
inhibited by the intensive crystalline phase formation. This phenomenon
might be very useful when glass-ceramic foams are produced [7], but
whenwell sinteredmonolithic specimenswith goodmechanical proper-
ties can be obtained, the reduced degree of densification is unacceptable.
However, it was shown that in some compositionswith high crystalliza-
tion ability, a secondary sintering, near the eutectic temperature, is pos-
sible. In this manner well sintered materials with high crystallinity and
improved mechanical properties can be obtained. Typical examples are
some glasses from iron-rich industrial wastes or basaltic rocks [8,9].

Since many hazardous industrial residues and different radioactive
wastes contain high amount of iron oxides numerous iron-rich glasses
and glass-ceramics were studied during the last decades [7,10]. In ad-
dition, several basalt compositions were investigated for the needs
of petrurgy (i.e. re-fused rocks industry) [11–13]. The main part of
the results with the iron-rich silicate glasses is related to the nucle-
ation and crystal growth in bulk samples [13–15] and to the fiber pro-
duction [16–18], while very few studies discuss the sinter-crystallization
[4,8,9,19].

In the glass structure iron is presented in both Fe2+ and Fe3+ forms:
FeO acts as a modifying oxide, while Fe2O3 as an intermediate oxide,
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Table 1
Chemical composition (mol%) of parent GF glasses and a hypothetical composition with
complete iron oxidation GF-ox.

GF GF-ox

SiO2 38.2 39.9
TiO2 1.4 1.5
Al2O3 8.7 9.1
Fe2O3 0.8 5.4
FeO 8.8 –

CaO 30.3 31.7
MgO 6.0 6.3
CuO 0.7 0.7
MnO 0.2 0.2
ZnO 0.4 0.4
PbO 0.1 0.1
Na2O 2.5 2.7
K2O 1.0 1.1
P2O3 0.9 0.9
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which partially substitutes SiO2 in the glass network. In addition,
the iron oxides have limited solubility in silicate melts, resulting
in liquid–liquid immiscibility of the melt at high temperatures (i.e.
1400–1500 °C). This feature provokes spontaneous separation of iron-
rich liquid phase during the melt cooling [7,18,20,21], which at a sec-
ondary heating leads to fast formation of tiny magnetite spinel crystals
(FeO.Fe2O3). In the main part of the studied up to now compositions,
the iron oxides vary between 10 and 25 wt.%, SiO2 – between 40 and
60 wt.%, while the amounts of Al2O3, CaO and MgO are relatively low
(i.e. below 10 wt.%). These glasses are located mainly in the large field
of pyroxene crystallization [22] and as a result, the initially formedmag-
netite crystals act as nuclei for epitaxial precipitation of pyroxenes as
main crystal phase.

The composition, investigated in this work, differs from the above-
mentioned glasses. It contains lower silica percentage and higher
amount of CaO and Al2O3. This glass was produced by post-treated
mixed bottom ashes from municipal solid waste incinerators (MSWI).
The treatment of these streams is a complex process of selection and
physical/mechanical treatment (aging, sieving and washing), which is
realized in a plant located in the North of Italy. Then the obtained sec-
ondary raw material was separated in two fractions (above 2 mm and
below 2 mm); each of them was vitrified as it is (i.e. without additives)
and studied as a potential composition for sinter-crystallization.

In the first part of this study [23] the sinter-crystallization ability of
these two glasses (labeled GL (large) and GF (fine), respectively) was in-
vestigated up to 1000 °C. It was demonstrated that GL glass (obtained
from the coarse fraction, which contains higher SiO2 amount and
lower percentages of CaO, Al2O3 and iron oxides) is suitable for low
temperature sinter-crystallization, while the glass, obtained from
the fine fraction, shows high crystallization trend which inhibits the
sintering process yet in its initial stage. However, GF composition
shows interesting thermal behavior and curious poly-crystalline struc-
ture, whichwas related to the higher content of iron oxides. These pecu-
liarities provoke the research team to continue the investigations.

In thepresent part new resultswithGF compositionwhich aremain-
ly related to the kinetics of crystallization and to the possibility to obtain
well sintered material after secondary densification at higher tempera-
ture are reported. The variations of Avrami parameter and the activation
energies of crystal growth in air and argon atmospheres were studied
by differential thermal analysis, while the sintering behavior was evalu-
ated by optical no-contact dilatometer up to 1150 °C. The phase compo-
sitions and the structure of final material were elucidatedwith XRD and
SEM, respectively.

2. Experimental

Themeltingwas carried out in a gas kiln utilizing corundumcrucible;
2 kg batch (i.e. fine fraction of the pre-treated mix of MSWA) was heat-
treated for 1.5 h at 1400 °C and the obtained melt was quenched in
water. The resulting GF glass was crushed, milled and sieved below
75 μm. The particle size distribution of the obtained press powder was
measured by laser particle sizer (Mastersizer 2000) and the results are
reported in the first part of the study [23].

The chemical composition of parent glass powder was determined
by inductively coupledplasma (ICP-Varian Liberty 200),while the initial
Fe2+/Fe3+ ratio of the glass was estimated by Mössbauer spectroscopy
(Wissenschaftliche Electronic GMBN). The resulting chemical composi-
tion (inmolar percentages) is reported in Table 1, togetherwith a hypo-
thetical composition, where whole iron content is presented as Fe2O3

(labeled as GF-ox).
The thermal behavior of GF glass powder in the range 50–1400 °C in

air was estimated by simultaneous thermal analysis (Netzsch STA 409)
at 20 °C/min using a sample of ~30 mg. In addition, the crystallization
kinetics in the interval 500–1000 °C was investigated at 5, 10, 15 and
20 °C/min using ~20mg samples, corundumcrucibles and atmospheres
of air and argon (at a flux of 200 ml/min) by Perkin Elmer – Diamond
TG/DTA. Additional experiments at 20 °C/minwith a preliminary nucle-
ation step were also made in both atmospheres.

The activation energy of crystallization, ECr, was evaluated by the
Kissinger equation [24]:

ln ϕ=T2p
� �

¼ −ECr=RTp þ const ð1Þ

where Tp is the peak temperature of crystallization exotherm and ϕ is
the heating rate.

TheAvrami parameter, n, was evaluatedby theOzawaequation [25]:

d ln − ln 1−αð Þð Þ½ �
d lnϕð Þ T ¼ −nj ð2Þ

where the degree of transformation (α) is estimated at a fixed temper-
ature, T, from exotherms obtained at different ϕ. The value of degree of
transformation is calculated as the ratio of partial area of the crystalliza-
tion peak at T to its total area. The areas of the crystallization peakswere
calculated by using sigmoidal baselines.

The sintering process was studied with horizontal optical dilatome-
ter (Misura – HSML ODLT 1400, Expert System Solutions). The initial
green samples (50 mm × 5 mm × 3–4 mm) were obtained by mixing
the glass powder with 7% PVA (polyvinyl alcohol) solution and
uniaxially pressing at 40 MPa (Nannetti hydraulic press). The addition
of PVA increases the green strength and decreases the initial porosity
but a preliminary burn-out step at 280 °C was necessary before the
sintering experiments.

The crystalline phases, formed during thermal treatments carried
out in the DTA furnace, were identified by XRD analysis. X-ray powder
diffraction patterns for phase identification were recorded in the
angle interval 10 to 80° (2θ) at steps of 0.03° (2θ) and counting time
of 3 s/step on a Philips PW 1050 diffractometer, equipped with Cu
Kα tube and scintillation detector. Quantitative analysis and cell refine-
mentswere carried out by BRASS – Bremen Rietveld Analysis and Struc-
ture Suite [26].

Additionally, the formation of crystalline phases at heating and
cooling was studied by high-temperature X-ray diffraction (HTXRD)
using a conventional Bragg–Brentano powder diffractometer X'Pert
PRO, Panalytical with a heating chamber (HTK 16) and rates of
50 °C/min. Parent glass powders were heated on platinum bar from
room temperature to different characteristic temperatures (950 and
1120 °C) at which the XRD scanning was performed. In order to eluci-
date the phase formation at cooling spectra were realized during
the cooling at 950 and 25 °C. The X-ray diffraction patterns at each
temperature were obtained over a range of diffraction 10–70° 2Ɵ
with time per step equal to 25 s.
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The degree of sintering, the microstructure of samples and the
crystal morphologies of final glass-ceramic were observed by Scanning
Electron Microscopy (ESEM, Quanta-200, FEI Co. and JEOL JSM 6390).
3. Results

The initial Fe2+/Fe3+ ratio of ~4.8 (according to the Mossbauer
results) is very high and probably can be explained by the presence of
unburned residues in the used MSWA. In fact, in a previous work,
discussing the possibility to use this waste as alternative raw material
in ceramic production, the amount of these residues was evaluated
as ~5% [27].

The high Fe2+/Fe3+ ratio indicates that an intensive oxidation
process (FeO into Fe2O3) can be expected above the glass transition
temperature. In previous studies with fine iron-rich glass powders
in air it was shown that after treatment in the interval 600–800 °C the
entire iron oxidation takes place, as well as that the crystallization pro-
cess almost starts after the oxidation [21,28]. It was also elucidated
that when sinter-crystallization is carried out in inert atmosphere the
oxidation is inhibited. As a result, variations in the crystallization and
sintering temperatures, as well as modifications in the phase composi-
tion and the crystalline structure, are observed [8,15].

Similar changes can be also expected after heat-treatment ofGF glass
powders in inert atmosphere. In fact, after sintering at 950 °C in air, dif-
ferent crystalline structures were formed in the surface layer and in the
internal parts of bigger grains [23]. In the surface layer, as well as in the
particles with size below 30–40 μm, the crystallization is mainly surface
induced and the formed crystals are prolonged and have size of 4–8 μm.
50 µm
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c

Fig. 1. SEM images of GF glass powde
Contrarily, in the inner part of big grains (60–80 μm) bulk phase forma-
tion takes place. The crystalline structure becomesfinerwith increase of
the distance from the grain surface and in the central parts tiny crystal-
lites with 1–2 μm size are observed. In addition, the EDS analyses high-
light an increasing amount of the iron in the “surface” zone with about
2 wt.%. These features were explained assuming that FeO oxidation is
carried out in the finer grains and in the surface layer of bigger particles,
whereas in their centers non-oxidized Fe2+ remains.

Additionally, due to the intensive crystallization, significant induced
crystallization porosity was formed. This additional porosity is a result
of the high crystallinity and elevated density difference between the
amorphous and the crystal structures of the formed crystal phases
[29–32].

Fig. 1a shows a typical SEM image with weakly sintered GF particles
after 1 h holding at 950 °C. In the central “big” grain the variation in
crystal structures is verywell evidenced,while in other particles the for-
mation of crystallization induced porosity is well seen. Fig. 1b shows an
“oxidized” little particle where only large crystals are formed. Fig. 1c
demonstrates the central “non-oxidized” zone of a big grain at higher
magnification and the formation of tiny spherulites.
3.1. Kinetics of crystallization

Fig. 2 presents DTA-TG results for GF glass powders in air in the
range of 50–1400 °C. In the interval 200–400 °C two low intensity
exo-effects, which probably are due to traces of unburned residues
from MSWA, are presented. In fact, the DTA results of the parent
waste show two exo-effects at the same temperatures [27]. Glass
10 µm

5 µm

b

rs, heated for 1 h in air at 950 °C.
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Fig. 2. STA results of GF glass powders in air atmosphere in the interval 50–1400 °C.
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transition temperature occurs at about 640 °C and then, in the interval
650–850 °C, a large exotherm with relatively low intensity, which is
linked with a weight gain is observed. Similar combination is typical
for the iron-rich glass powders, treated in air, and is a result of Fe2+

oxidation into Fe3+[8,21]. The crystallization peak occurs at 896 °C,
the melting of formed crystal phases starts at about 1060 °C while two
melting endo-effects are observed at about 1150 and 1195 °C, respec-
tively. TG results demonstrate that together with the melting of the
crystal phases start some Fe3+reduction; the rate of this process
increases with the temperature rise.

Figs. 3a and 4a show non-isothermal DTA curves at 20 °C/min in the
interval 500–1000 °C in air and argon, respectively. The additional DTA
traces, shown in Figs. 3b and 4b, are related to nucleated samples and
will be explained in the discussion part.

The DTA traces in air are comparable to the ones from Fig. 2, while
the precise TG measurements highlight an increase of ~1.3 wt.%,
which corresponds to oxidation of about 12 wt.% FeO. This data is in a
satisfactory agreement with the results for the parent glass, obtained
with chemical analysis and Mössbauer spectroscopy, and elucidate
that after oxidation in air the iron becomes mainly in Fe3+ state
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Fig. 3.DTA (solid line) and TG (dotted line) results in air atmospherewithout (a) andwith
(b) “nucleation” step.
(i.e. the chemical composition of the glass powders changes from GF
to GF-ox from Table 1). Evaluation of the degree of iron oxidation with
accurate TGmeasurementswas also proposed by the other authors [17].

The results, obtained in argon atmosphere (Fig. 4a) showsimilar glass
transition temperature, no oxidationDTA and TG effects and a shift of the
crystallization peak to lower temperatures with more than 30 °C. In ad-
dition, the crystallization peak becomes sharper and more intensive,
which indicates a significant variation in the crystallization kinetics.

Plots with estimations of the activation energies of crystallization,
ECr, and the Avrami parameters, n, are presented in Figs. 5 and 6, respec-
tively. Notwithstanding the lower crystallization temperatures the
value of ECr in argon is about two times lower than the one, obtained
in air. This difference is too high and cannot be explained only as an
effect of lower viscosity of the glass due to absence of Fe2+ oxidation.
The difference in n values (i.e. 1.3 in air and 3.3 in argon) also is too
big and cannot be described only as a drastic change in themorphology
(i.e. one dimensional crystal growth in air and formation of three
dimensional crystallites in argon).

The formed crystal phases of samples, heat-treated for 1 h at 900 °C
in the DTA furnace, were identified by XRD analysis and the results are
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Fig. 5. Activation energy of crystallization for GF glass powders, treated in air and argon
atmospheres.
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reported in Fig. 7. The corresponding DTA traces ensure that the phase
formation is completed in both atmospheres. The XRD spectra highlight
an elevate crystallinity and two main structures (i.e. pyroxene solid so-
lutions and melilite solid solutions).

The pyroxenes are one of the largest mineral groups, includingmore
than twenty different minerals, which are mainly presented by sodium,
magnesium and calcium pyroxenes. Most popular between the calcium
pyroxenes are diopside – CaMgSiO6, hedenbergite – CaFe2+ SiO6 and
augite – (Ca,Na)(Mg,Fe,Al)(Si,Al)O6. In addition, due to simple chain
silicate structure the pyroxenes are characterized with a great possi-
bility for incorporation of various cations, which explains the forma-
tion of various solid solutions between the end-members.

Themeliliteminerals, which can be presented by the general formu-
la (Ca,Na)2(Al,Mg,Fe2+)(Al,Si)SiO7, are also very common. This group
also forms solid solutions with several end-members, the most impor-
tant of which are gehlenite Ca2Al(AlSi)O7 and åkermanite Ca2Mg
[Si2O7]. Furthermore many of the melilites can contain high amount of
both iron oxides.

The analysis of XRD spectra shows that in air the ratio pyroxene/
melilite is ~1.8. In argon the amount of pyroxenes decreases, while
one of the melilites increase which leads to pyroxene/melilite ratio
of about ~1.1. The cell refinements elucidate some differences in the pa-
rameters of pyroxenes and melilites, formed in air (labeled as Pair and
Mair) and in argon atmospheres (labeled as PAr andMAr). These results
Fig. 6. Avrami parameters by Ozawa relationship for GF glass powders, treated in air and
argon atmospheres.
are summarized in Table 2, together with the best matched phase
from ICSD structural database.

The analysis of pyroxenes elucidate that the cell parameter of the
phase, formed in air, is similar to diopside, while the cell parameter of
the phase, formed in inert atmosphere, is comparable to an augite
(which indicates some enrichment of iron oxide). The results for the
melilite demonstrate that the variations in structures are not so signifi-
cant, and that the phases formed in air and in argon are similar to
gehlenite.

3.2. Sintering behavior in air and structure of the final glass-ceramic

Sintering experiments with optical dilatometry in air were made
at heating rates of 5, 10 and 20 °C/min and at different holding
temperatures.

The dilatometric results demonstrate that up to ~1050 °C (i.e. the
eutectic temperature according to DTA results) the sintering process
always remains inhibited by the crystallization, as well as that some
negligible improvement of densification was observed by applying
high heating rate [23]. For this reason the highest heating rate of
20 °C/min was used to reach this temperature.

After that, due to partial melting of the crystal phases and increase
of the temperature starts a secondary sintering process. At tempera-
tures higher than ~1150 °C (corresponding to the first melting endo-
effect in DTA traces) starts overfiring and deformation. The sintering
traces in the interval 1050–1150 °C show that the minor is the rate,
the higher is the final shrinkage and the lower is the closed porosity.
Therefore in this temperature interval heating rate of 5 °C/minwas sug-
gested. It is supposed that the diminishing of heating rate after the eu-
tectic temperature decreases the trapping of gasses formed during the
melting. In fact, the TG traces in the interval 1050–1150 °C show some
weight decrease, which mainly can be explained as Fe3+ reduction.

Fig. 8 demonstrates the sintering curves obtained after 1 h at 1120,
1130 and 1140 °C. The traces at 1120 °C show that the densification is
not completed after a 1 h step, while the results at 1130 °C highlight
that the maximum linear shrinkage of ~11.5% is reached after holding
of 25–30 min. At 1140 °C sintering finishes for only 5–10 min, but the
attained shrinkage value is a little lower. In addition, after 25–30 min
holding starts some overfiring. These results demonstrate that the sec-
ondary sintering is possible in a relatively narrow temperature interval
and needs an accurate thermal treatment. However, the obtained at
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Table 2
The cell parameters of pyroxenes and melilites, formed in air and in argon atmospheres together with the best matched phase from ICSD structural database.

u.c. parameters, Å

Crystal system/space group Mineral/sample ICSD code Chemical formula a b c β

Best matched data
Tetragonal/P-4 21 m Gehlenite 160332 Al2Ca2SiO7 7.735 7.735 5.089 90.000
Monoclinic/C2/c Diopside

(Fe-bearing)
83821 Al0.6Ca0.96Fe0.51 Mg0.44Si1.4O6.12 9.786 8.860 5.338 105.870

Monoclinic/C2/c Augite 85167 (Mg, Fe, Al, Ti)
(Ca, Mg, Fe, Na)
(Si, Al)2O6

9.735 8.864 5.291 106.270

Experimental data
Tetragonal/P-4 21 m Mair 7.730 7.730 5.046 90.000
Monoclinic/C2/c Pair 9.792 8.857 5.354 106.10
Tetragonal/P-4 21 m MAr 7.747 7.747 5.036 90.000
Monoclinic/C2/c PAr 9.748 8.867 5.311 106.07
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1130 °C samples demonstrate an excellent degree of densification: zero
water absorption and closed porosity of 8–9 vol.% (evaluated by the
density difference between sintered and milled samples).

The crystalline phase formation during the heat-treatment was
estimated by a high-temperature X-ray diffractometer. The spectrum
of parent glass and the spectra, obtained at 950 °C and at 1120 °C
during heating and at 950 °C and room temperature during cooling
are plotted in Fig. 9. In order to compare the crystallinity at different
temperatures the main peaks of Pt at 2θ of 46° (from the sample
holder) were used as internal standard. Thus obtained results confirm
the partial melting in the sintering range, as well as a new crystalliza-
tion process at cooling.

The microstructure (surface and fracture) of final glass-ceramic
sintered at 1130 °C was studied by SEM. Fig. 10a shows a typical
image from the sample surface and demonstrates the very good degree
of sintering, the absence of open pores and the elevated crystallinity.
The polycrystalline “orange skin” surface of an individual grain is evi-
denced in Fig. 10b.

Fig. 11 presents the fracture of sample. The image from Fig. 11a con-
firms the relatively low closed porosity and also highlight that two dif-
ferent kinds of pores are formed in the sample. The main part of the
porosity is presented by spherical or semi-spherical pores with size of
20–50 μm,while another part of the pores has lower size and elongated
shape; typical images at higher magnification are presented in Fig. 11b
and 11c, respectively. It might be assumed that the spherical voids are
typical residual pores,while the smaller cavities are additionally formed
crystallization induced pores. Both kinds of pores do not have a smooth
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surface and several crystals are well distinguished in the voids. An
image at higher magnification of such crystals, with habit typical for
the pyroxenes [33], is shown in Fig. 11d. The locations of these
“naked” crystals (similar to “bridges” or “spines”) in the central voids
of pores seem unusual. This phenomenon can be explained by the
local volume variations during the crystallization at cooling, as well as
by the big difference between the thermal shrinkages of residual liquid
phase and crystal phases [32]. Both events contribute to uncover some
of the crystals near the pore surface. Similar “naked” crystals into the
pores were observed also in other sintered materials with high crystal-
linity [9,27,29–32,34–37].

4. Discussion

4.1. Influence of the nucleation process on kinetics of crystallization

The activation energy of crystallization, ECr, estimated by the equa-
tion of Kissinger can be related to the activation energy of crystal
growth, EG, if only no nucleation takes place during the DTA runs
(i.e. the crystallization process is surface induced or the crystals grow
on a fixed number of nuclei). In this case also it could be assumed that
ECr is comparable to the activation energy of viscous flow, Eη, in the in-
vestigated temperature interval.

However, when nucleation occurs during non-isothermal DTA runs,
the number of formed nuclei depends on the heating rate (i.e. the lower
is the rate the bigger is the number of formed nuclei). As a result, the
obtained ECr by Eq. (1) has lower value than the one of EG and Eη. In
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Fig. 9. Hot stage XRD results.

Fig. 10. SEM images from surface of GF glass-ceramic sintered at 1130 °C.

56 A. Karamanov et al. / Journal of Non-Crystalline Solids 389 (2014) 50–59
this case, for an adequate estimation of EGMatusita and Sakka proposed
the following modification of the traditional Kissinger equation [38]:

ln ϕn
=T2p

� �
¼ −mEG=RTp þ const ð3Þ

Herem is a parameter, depending on the directions of crystal growth
and the transport mechanism. In accordance with the classical KJMA
theory, when nucleation and crystal growth takes place n = m + 1,
while when the crystal growth on fixed number of previously formed
nucleim = n (i.e. Eq. (3) becomes identical to Eq. (2)).

A similar interpretation of the results, obtained by Ozawamethod, is
also necessary. At nucleation and crystallization during theDTA runs the
directions of crystal growth can be related to valuem= n− 1, while at
absence of nucleation m = n.

If nucleation process is carried out in the studied GF glass pow-
ders the above-mentioned corrections might explain the curious
DTA kinetics results. In order to verify this hypothesis additional
DTA experiments were made in both air and argon atmospheres. Glass
powders were heat-treated for 1 h at “nucleation” temperature of
670 °C (i.e. 30–50 °C higher than Tg) and then heated at 20 °C/min up
to 1000 °C. The results are shown in Figs. 3b and 4b, respectively, and
are compared to the ones obtained without nucleation treatment.

The traces in air show that the effect of nucleation treatment on the
crystallization is negligible and that the peak temperature decreases
with only 5°. At the same time, DTA and TG variations demonstrate
that the oxidation process is carried out mainly during the “nucleation”
step.
The nucleation experiment in inert atmosphere shows a significant
shift of peak temperature with more than 20 °C in the nucleated sam-
ple. This elucidates that a very active nucleation process is carried out
and that a significant decrease in the size of the formed crystal can be
expected. Considering that without nucleation treatment in the “non-
oxidized” parts of big grain crystallites with size of 1–2 μm are formed
(see Fig. 1c) it can be assumed that after successful nucleation the pre-
cipitation of nano-crystallites can be expected. Experiments, related to
synthesize bulk glass-ceramics with similar compositions and nano-
structures, probably will be started in the near future.

Fig. 4b shows also a split of the crystallization exotherm in two parts,
which indicates that the nucleation influencesmainly one of the formed
crystal phases. In fact, the first DTA onset shifts similarly to the peak
temperature, while the second onset remains at temperature, compara-
ble to one in the non-nucleated sample.

In order to show up the crystal phase, which is influenced by the
nucleation heat-treatment, additional experiment was made in the
DTA furnace. Samples were heat-treated for 1 h at 670 °C and then
for 30 min at 800 °C in air and argon atmospheres. Thus obtained pow-
ders were studied by XRD and the corresponding spectra are shown
in Fig. 12.

The sample, heat-treated in air, demonstrates a beginning of crystal-
lization and simultaneous formation of pyroxene solid solutions and
melilite solid solutions. In the sample, nucleated in argon, the amount
of pyroxenes is similar to the one in air, while the percentage ofmelillite
solid solutions significantly increases. This means that the nucleation
process influences mainly the melilite precipitation.

It can be concluded, that in the studied glass the oxidation state
of iron plays important role not only on the chemical composition
of formed crystal phases and their ratio, but also influences on the
tendency for nucleation.When the iron is in third valence (composition
GF-ox) the nucleation is negligible; when the iron is mainly in second
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Fig. 11. SEM images from fracture of GF glass-ceramics sintered at 1130 °C.
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valence (composition GF) the spontaneous nucleation is carried out.
Notwithstanding that the mechanism of nucleation process is not yet
clarified, it can be noted that similar behavior is not observed in the
common iron-rich pyroxene compositions [7,15,20,21].

Considering that nucleation process occurs in argon, the corre-
sponding activation energy of crystal growthwas estimated by relation-
ship (3) using values of 3.3 for n and 2.3 form. Thus the obtained value
of 395 kJ/mol for EG is realistic and comparable with the activation
energy of 455 kJ/mol calculated with Eq. (2) for the samples treated
in air.

The “average”m values of 1.3 for the samples in air (i.e.m= n) and
2.3 for the samples in inert atmosphere (i.e. m = n− 1) better explain
the probable differences in the structures of the samples. In air mainly
one-dimensional pyroxene crystals can be formed, while in inert atmo-
sphere the relative part of three-dimensional melilite crystallites can
increase significantly, resulting in higher m value.
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Fig. 12. XRD results of “nucleated” in air and argon atmospheres GF glass powders (1 h at
670 °C and 30 min at 800 °C).
4.2. Effect of inert atmosphere on the sintering

The main part of sintering experiment was carried out in air atmo-
sphere. However, some dilatometric tests were made also at abundant
flux of argon (~1.5 l/min). Unfortunately, because of the specific
construction of optical dilatometers this flux does not guarantee
a fully inert atmosphere in the apparatus furnace. Notwithstanding,
interesting differences in the appearance, the sintering behavior
and the structure of samples, obtained in air and argon flux, were
observed.

The color of the samples, treated in air is reddish–brown, while the
glass-ceramics obtained after sintering in argon flux was dark brown,
which indicates a higher Fe2+/Fe3+ ratio. However, the dark brown
color of samples in argon flux also demonstrates that a part of Fe2+

ions oxidizes due to presence of some air in the instrument furnace. In
fact, when no oxidation is carried out the iron-rich glass-ceramics re-
main black as the initial glasses [4]; black was also the color of GF sam-
ples at made DTA experiments, which were carried out at entirely inert
argon atmosphere.

Densification results at 20 °C/min heating rate and holding at
1130 °C for a sample obtained in air and holding at 1120 °C for a sample
treated in argon flux are shown in Fig. 13. The inset in the figure pre-
sents the corresponding sintering rates.

Both sintering curves show similar glass transition temperatures, Tg,
at ~640 °C, which is in a good agreement with the DTA results. The pos-
sibility to estimate Tg by using glass powders is a new application of
the optical dilatometry, which was discussed in a previous work [39].
After the temperature of glass-transition the dilatometric plots identify
softening temperatures, TS, at 725 °C in air and at 690 °C in argon. The TS
increase in air can be explained with the higher degree of Fe2+ oxida-
tion and the related viscosity increase.

The sintering starts after TS temperatures but after ~1% linear shrink-
age in air and ~1.5% in argon the densification rate starts to decrease due
to the beginning of phase formation; reaching shrinkages of 1.8% at
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Fig. 13. Densification results for a sample obtained in air (1 h holding at 1130 °C) and a sample treated in argon flux (1 h holding at 1120 °C).
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880 °C and 2.5% at 850 °C, respectively, the initial sintering process
stops. It is evident that due to the lower viscosity in argon flux the
sintering is accelerated and the degree of initial densification is higher.
50µm

20µm

a

b

Fig. 14. SEM images of polished samples, treated in air (a) and argon flux (b).
After that, up to the eutectic temperature of ~1050 °C, the densification
process remains inhibited in both atmospheres.

The plots at higher temperatures demonstrate that the secondary
sintering in argon flux again is accelerated. Despite the lower holing
temperature the sintering rate in argon is significantly higher. As a result,
the sintering at 1130 °C in air completes after 30–40min, while the den-
sification rate in argon flux at 1120 °C becomes zero after only 5 min.

The SEM observations of these two samples also demonstrate some
differences. Typical images showing these differences, are shown in
Fig. 14. It is evident that the glass-ceramic, obtained in argon flux, is
characterized with a more fine-crystalline structure, as well as with in-
creased closed porosity (probably due to overfiring).

It can be assumed, that using similar glass compositions and
completely inert atmosphere additional decrease of the sintering tem-
perature, finer structure and higher crystallinity can be expected.

5. Conclusions

The possibility to use “as it is” vitrifiedMSWA for synthesis of cheap
sinteredmaterial obtained by short thermal cycle near the eutectic tem-
perature is demonstrated.

The investigated glass powders are characterized with a high crys-
tallization trend and formation of pyroxene and melilite solid solutions
at 850–900 °C. In air atmosphere, after Fe2+ oxidation, the phase forma-
tion leads to pyroxene/melilite ratio of 1.8. The kinetic results indicate
mainly one-dimensional growth on fixed number of nuclei, which
explains the formation of themain pyroxene phase. In inert atmosphere
no oxidation is carried out and the ratio pyroxene/melilite notably
decreases. In addition, nucleation of the melilite phase is carried out
resulting in a decrease of the activation energy of crystallization and
an increase of the Avrami parameter.

The intensive phase formation inhibits the densification at low
temperatures in both atmospheres. However, after an increase of the
sintering temperature up to 1120–1130 °C secondary densification
takes place leading to amaterial with zero water absorption, low closed
porosity and high crystallinity. Experiments in argon flux highlight that
in inert atmosphere a decrease of the sintering temperature and finer
crystal structure can be expected.
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