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A B S T R A C T

Hazardous residues from ferronickel smelting plant are mixed with glass cullet and are vitrified for 2 h at
1400 �C. The obtained glass is characterized with a very high crystallization trend. As a result, it is
inappropriate for sinter-crystallization, but a fine crystalline glass-ceramic can be obtained by bulk
crystallization after short heat-treatment at low temperatures.
Due to the presence of 1.5 wt.% chromium oxide in the parent glass, together with high amounts of iron

oxides and magnesium oxides, the crystallization process is peculiar. It starts during the melt cooling
with the precipitation of preliminary Fe-Mg-Cr spinel crystals, which then act as centers for further
epitaxial growth of pyroxene phase. It is also highlighted that, due to liquid–liquid immiscibility, the main
amorphous phase is characterized by a nonhomogeneous binodal structure, which becomes finer after
the nucleation treatment. As a result, pyroxenes with sizes below 1 mm are formed as main crystal phase
after the crystallization step.
Notwithstanding of the high amount of hazardous wastes in the batch the obtained glass is

characterized with high chemical durability. At the same time, the obtained glass-ceramics is
characterized by a suitable coefficient of thermal expansion and attractive mechanical characteristics.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

During the vitrification of hazardous inorganic industrial
wastes the harmful metals are bonded chemically in a stable
amorphous structure [1–4], which drastically decreases their
solubility. However, this advanced technique for immobilization
has a relatively high cost and its application is justifiable mainly
when it is difficult to use cheaper methods for waste inertization
or/and when materials with added value can be obtained. From
this point of view, the synthesis of glass-ceramics seems to be one
of the most promising solutions. In fact, huge number of studies,
related to glass-ceramic by different harmful wastes, carries out
each year [5–13]. A significant part of these publications is related
to different iron-rich compositions [14] arising from the hydro-
metallurgy of zinc ores [15–19], electric arc furnace dusts [20],
wastes from Cu flotation [21,22], MSWA [23] and other residues
[24]. Some of these compositions are somewhat similar to basalt
rocks used in the petrurgy (fused rocks industry) [25,26] or to
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glasses used for vitrification of wastes from nuclear power stations
[1,27,28].

The iron-rich glasses have some interesting peculiarities, which
decrease both the costs of glass melting and crystallization heat-
treatment. Probably, this is another reason for the interest toward
these compositions.

Firstly, the iron-rich compositions are characterized by
specific viscosity curves, which at the same time are character-
ized by relatively high glass-transition temperatures (which
indicates a good chemical durability) and by low melting
temperatures. The “melting points” (i.e. the temperatures
corresponding to a viscosity of 102 dPa s) in a typical iron-rich
glass forming melt occurs at significantly lower temperature (by
150–200 �C), than the temperatures for melting of container glass
or traditional glass-ceramics from wastes [29–32]. This sharp
drop of viscosity at high temperatures can be related to changes of
melt structure with the temperature, caused by the high amount
of iron oxides in the melt.

The lower melting temperature leads to a significant decreasing
of the price of vitrification procedure. At the same time, the
tendency for evaporation of heavy metals during the glass melting
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Fig. 1. Scheme of the technological line of FENI INDUSTRY, Kavadarci.

Table 1
Chemical compositions (wt%) of used filter dust (FD), slag from electro-furnace
(SEF), converter slag (SC), container glass (CG) and obtained parent glass (G) [42].

FD SEF SC GR G

SiO2 37.5 � 0.4 53 � 0.5 1.9 � 0.01 71.4 55
MgO 14.5 � 0.1 16.9 � 0.1 6.2 � 0.1 3.3 12.1
CaO 2.3 � 0.02 2.4 � 0.02 15.9 � 0.1 9.8 5.4
Al2O3 1.8 � 0.01 2 � 0.01 0.3 � 0.01 0.6 1.5
Cr2O3 1 � 0.01 2.5 � 0.02 0.7 � 0.01 1.5
CoO 0.1 � 0.01 0.1 � 0.01 0.1 � 0.01 0.1
NiO 2.7 � 0.02 0.1 � 0.01 0.45 � 0.01 0.2
Fe2O3 30 � 0.3 14 � 0.1 60 � 0.5 19.8
FeO 9 � 0.1 19 � 0.2 –

Na2O 13.3 4
K2O 1.3 0.4
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diminish at lower temperatures, which is another advantage when
iron-rich hazardous wastes are vitrified.

The crystallization process in the iron-rich glasses also is
particular. Usually in similar compositions a tendency for liquid–
liquid immiscibility at higher temperature is presented, which
leads to the separation of an iron-rich phase during the cooling;
then these zones very fast crystallizes into magnetite spinel
[17,18,21,33,34]. It is interesting to note that during a subsequent
nucleation heat-treatment in the glass transition range the number
of thus formed spinel crystals doesn’t change significantly. As a
result, similar iron-rich glass-ceramics can be obtained by a single
crystallization step.

However, when Cr2O3, TiO2, CaF2 or/and high amount of MgO
are presented in an iron-rich glass, the phase formation processes
become more complex [11,17,35,36] and sometimes the classical
nucleation treatment becomes efficient. This is a premise for
formation of a very fine-crystalline structure and enhanced
mechanical properties.

The chromium oxide is considered as a traditional nucleation
agent for the pyroxene glass-ceramics and its optimal concentra-
tion usually is at about 0.7–1 wt%. Its activity, similarly to one of the
iron oxides, is related to the formation of tiny spinel crystals, which
then promote epitaxial growth of the main pyroxene phase.

In silicate melts Cr2O3 is characterized with a low solubility,
which value depends on the glass composition and the oxygen
fugacity [37–39] and which falls with the decreasing of tempera-
ture. As a result, when the initial chromium concentration is
superior of 1–2 wt.% a part of its oxide precipitates into
“preliminary” spinel crystals at high temperatures [17,35,36]. It
could be assumed that this precipitation takes place mainly during
the cooling of the melt in the temperature interval between 1200
and 900 �C. The remaining part of Cr2O3 participate in the
formation of “secondary” magnetite spinel at low temperatures
and prolonged heat-treatment.

It is known also that the chromium oxide significantly
decreases the surface tension of the silicate melts [31,39,40]. This
means that it could influence the liquid–liquid separation and/or
directly could decrease the thermodynamic barrier for nucleation
[40]. In fact, the presence of oxides as MoO3, WO3 and V2O5, which
decrease the surface tension, often leads to the formation of fine
crystalline glass-ceramics [40,41]. Since the immiscibility is a
typical feature for the iron-rich glasses these possibilities also can
be taken into considerations.

The studied in this work glass is characterized with elevated
amounts of MgO and iron oxides. In addition, it contains �1.5%
Cr2O3. As a result, this composition is characterized together with a
tendency for liquid–liquid immiscibility and a high crystallization
trend. The main aim of this work is to highlight the peculiarities of
this particular phase formation process, as well as to elucidate the
proposed in a previous work [42] low-cost crystallization heat-
treatment for production of bulk glass-ceramic.

The previous study was based on the evaluation of the optimal
crystallization heat-treatment by using DTA and pycnometric
methods, while the main aim of present work is to elucidate the
phase evolution and the structure of obtained glass-ceramic by
detailed SEM observations.

At the same time, since the parent batch is based on huge
amount of hazardous wastes, the chemical durability of obtained
glass and glass-ceramics are studied, together with the main
properties of the glass-ceramic.

2. Characteristics of the used waste products

The used metallurgical wastes originate from the ferronickel
smelting plant FENI INDUSTRY, Kavadarci region–Republic of
Macedonia. The principal technological line of the plant is
schematically presented in Fig.1. The first stage of the manufacture
cycle is pre-reduction of the used ores; it is carried out in rotation
kiln and yields filter dust as a waste. During the next stage of
reductive smelting, together with the crude ferro-alloy an electro-
furnace slag is created, which is the main waste stream of this
production. In the last stage of manufacture, during the refinement
of final ferro-nickel alloy in a converter, another type of slag is
formed. The annual amounts of theses streams, according to the
manufacturer report for 2012–2013 [42], are: filter dust (FD)–
102,000 tons, slag from electro-furnace (SEF)–1 135,000 tonsand
slag from converter (SC)–109,000 tons.

The chemical compositions of the corresponding waste
materials are determined by X-ray fluorescence (XRF) spectrome-
ter (Model XRF ARL 9900) and the results are presented in Table 1.
The samples for XRF analysis were prepared by the following
procedure: the mixture of 0.2 g of the each waste material and
10.4 g of sodium tetraborate as a flux was melted at 1200 �C, casted
in platinum mold obtaining the sample for XRF analysis. For each
waste material, three samples for three parallel measurements
were prepared.

The main SEF waste is rich of silica, iron oxides and MgO, which
indicate that it is an attractive material for further vitrification
treatment. Somewhat similar are the characteristics of the FD
residue, while SC waste is mainly composed by iron oxides with
some CaO and MgO.



Fig. 2. XRD spectra of the waste materials.
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Mineralogical analysis is carried out by X-ray diffraction
method (Philips APD 15 diffractometer), operating at CuKa-
radiation. The diffraction data are collected at a constant rate of
0.02� s�1 over an angle range of 2u from 5 to 90�. The obtained
spectra are presented in Fig. 2. According to the XRD analysis, the
main phases in SEF and DF are various silicates (mainly olivine,
plagioclase and quartz), while in SC different iron oxides are
formed. All these crystal phases are typical for the applied high
temperature production treatments. This also is an advantage for
eventual vitrification, because dense and no-foaming glass batch
could be obtained.

The environmental impact of the studied wastes was estimated
by a standard Toxicity Characteristic Leaching Procedure (TCLP)
leaching test for 24 h at pH = 5.0 � 0.2, controlled by 0.5 ; solution
of acetic acid and by using 100 g samples for each waste. The
concentrations of heavy metals in the obtained solution after the
test are measured by atomic absorption spectroscopy (AAS) using
Perkin Elmer AA400 and the results are summarized in Table 2. The
measured values for several metals exceed the permissible limits
for not hazardous wastes [43], which demonstrate that these
residues cannot be landfilled and can be considered as harmful
residues. Metals as Ni, Zn and As are the hazardous elements in the
dust, Ni and Cr � in the electric-furnace slag and the converter slag.
The extremely high concentration of iron in the solutions of SEF
and SC also can be taken into consideration.
Table 2
Concentration of the heavy metals in the solution after TCLP test (mg*l�1).

FD SEF SC G GC Applied limits [43]

Fe 1 202 1155 0.416 0.26
Ni 6.1 2.7 19.2 0.311 0.1 1
Co 0.4 0.14 1.1 <0.005 <0.005 2
Cd <0.005 <0.005 <0.005 <0.005 <0.005 0.02
Cu 0.15 0.093 0.07 0.011 0.042 5
Mn 4.7 14.6 1.5 <0.005 <0.005
Pb 0.026 0.031 0.086 0.017 <0.005 1
Zn 3.6 0.29 0.42 <0.005 0.006 5
Cr 0.22 1.1 2.9 <0.005 <0.005 1.0
As 1.2 0.011 0.18 0.009 0.003 0.2
3. Experimental

The parent batch is obtained by mixing and homogenization of
the three wastes SEF, FD and SC in proportion 10/1/1, which
practically corresponds to the ratio arising from the production
cycle [42]. Then, 30 wt.% container glass, crashed bellow 5 mm, is
mixed with 70 wt.% of thus obtained waste mixture. The chemical
compositions of glass cullet, CG, and obtained glass, G, also are
reported in Table 1.

Similar approach gives a possibility for entire use of the
considered industrial streams, as well as for a very cheap batch,
based only on waste products. The addition of glass cullet is a
common method used at the synthesis of similar glass-ceramics
[1–3]; it favors the glass melting, improves the chemical durability
and decreases the crystallization trends. Actually, due to the
elevated percentage of MgO, iron oxides and Cr2O3, the direct
vitrification of the main SEF residue or of the parent waste mix is
unsuitable, because it will produce a glass with extremely high
crystallization trend and lower chemical durability.

After additional homogenization, 300 g batch is melted in
200 ml corundum crucible using lift super-kanthal furnace. The
main part of the batch is put in the crucible at room temperature,
while the remaining part is added during a temperature step at
about 1200 �C. Then the temperature is increased up to 1400 �C and
after 2 h holding, the resulting melt is quenched in a cupper casting
mold. As a result, 15–20 cm glass bars are obtained, which after
annealing and crystallization treatments are cut into (4.5–5.5)/
(0.9.–1)/(0.6–0.7) cm specimens, appropriated for evaluation of
thermal and mechanical properties. Small glass bulk pieces with
weight of about 2–3 g are also cut and heat-treated at different
nucleation and crystallization times. These samples are used for
evaluation of the crystallinity [42] and for topography observations
with scanning electron microscope (SEM).

The appropriate method for glass-ceramic production (i.e. bulk
crystallization or/and sinter-crystallization), applicable for thus
obtained glass, was selected after preliminary tests. The crystalli-
zation ability is estimated by Simultaneous DTA-TG analysis
(Perkin Elmer-Diamond) runs in air at 20 �C min�1 using bulk and
powder (<75 mm) samples with weight of 15–20 mg. The sinter-
ability is evaluated by hot stage microscopy, HSM (Misura–HSM
1400) using the same glass powder at the same heating rate.

The phase formation in samples, heat-treated at different
crystallization regimes, is studied in details by SEM (JEOL JSM
6390) with INCA energy dispersive x-ray spectrometer. The
apparatus is equipped with scanning system in regimes of
secondary electron image (SEI) and back scattered electron
(BEC) mode. Before the observations the samples were grinded
and polished, etched in 2% HF solution for 3 s and coated with Au.

The XRD spectra of the powdered parent glass sample and final
glass-ceramic were obtained by Philips PW 1050 diffractometer,
equipped with Cu Ka tube and scintillation detector. X-ray powder
diffraction patterns were recorded in the angle interval 10–70� (2u)
at steps of 0.03� (2u) and counting time of 3 s/step.

Different characteristics of the final glass-ceramic, obtained
after optimal nucleation and crystallization heat-treatments, are
measured and discussed. The density is obtained by gas
pycnometer (AccyPyc 1330). The thermal expansion in the interval
20–400 �C is measured at 5 �C/min by optical dilatometer (Misura
HOD 1400).

Mechanical properties such as compressive and bending
strength were determined by universal strength testing set
SHIMADZU AGS-X with load of 10 kN, connected with supporting
software TRAPEZIUM X. The measurements were performed with a
0.5 mm* min�1 crosshead speed, using specimens for bending
strength with dimensions of 5 � 5 � 50 mm, and for compressive
strength 5 � 5 � 5 mm. The Vickers hardness was determined using



Fig. 3. DTA (solid lines) and TG (dashed lines) curves of powder and bulk glass
samples.
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hardness tester AVERY 6460 supplied with optical microscope [44].
The indentation was obtained with a load of 5 kg for 10 s and the
Vickers hardness (HV) was calculated using Eq. (1):

HV ¼ 1; 854 � F
d1 � d2

ð1Þ

where F is the applied load and d1 and d2 are the diagonals of the
Vickers indentation mark. The cracks that originated from the
Vickers indentations were used to determine the fracture
toughness using Eq. (2), proposed by Lawn and Fuller [45]:

KIC ¼ 0; 0824 � F
c
3
2

ð2Þ

where c is an average length of the cracks obtained in the tips of the
Vickers marks (microns).

Finally, the chemical durability of the obtained glass and glass-
ceramic also were evaluated by TCLP test.
Fig. 4. HSM sin
4. Results and discussion

4.1. Crystallization trend and sinter-ability

The DTA-TG results of bulk and powder samples of the parent
glass are shown in Fig. 3. The DTA analysis highlights a glass
transition at about 615–620 �C for both samples, crystallization
peaks at 798 and 816 �C and enthalpies of �85 and �50 J g�1 for the
bulk and powder samples, respectively. These results demonstrate
that the crystallization in the bulk sample is carried out at lower
temperature and leads to a formation of higher amount of crystal
phase.

In addition, the traces of powder sample elucidate also a low
intensity exo-therm bulge in the interval 720–780 �C, which is
related to a weight gain of about 0.5 wt.%. Similar effects are
attributed to the surface oxidation of Fe2+ into Fe3+, which takes
place before the crystallization and leads to variations in the
kinetics of phase formation and the ratio between the formed
crystal phases [19]. The main reason is the significant decreasing of
the magnetite (FeO�Fe2O3) solid solutions after the transformation
of FeO into Fe2O3. Due to the low specific surface, analogous DTA
peaks and TG gains are not observed in bulk samples.

Since in a powdered glass a whole oxidation of the iron oxides is
expected near the glass transition temperature and considering
that the oxidation gain for 1 wt.% FeO is 0.11%, by the TG variation it
is possible to estimate the initial ratio Fe2+/Fe3+ [23,46]. Thus
obtained FeO/F2O3 ratio of about 1/3 for the studied glass is a
typical result for similar compositions and melting procedures and
indicates that at bulk crystallization spontaneous formation of iron
spinels can be expected [19,47]. At the same time, the decreased
crystallization trend of the glass powders, after the FeO oxidation,
might favor the sinter-crystallizations.

Since the densification and the phase formation take place in
same temperature interval, the sinter-ability strongly depends on
the crystallization trend of used glass powder. When the
crystallization rate is low the densification completes before the
formation of a notable amount of crystal phase, so that sintered
glass-ceramics are obtained at low temperatures (i.e. at 700–
800 �C for typical iron-rich compositions) [48]. When the
crystallization ability is moderate, the sintering is partially
inhibited in the crystallization interval. In this case well sintered
materials can be obtained after a secondary sintering near the
liquids temperatures (usually at 1050–1100 �C) [23,48]. Finally,
when the crystallization trend is very high, the sinter-
tering plot.
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crystallization is inappropriate because the sintering interval
becomes very narrow and is shifted at higher temperatures [48].

The sinter ability of studied glass powders was tested by Hot-
Stage Microscopy (HSM) experiment. This technique combines the
tools of microscopy and thermal analysis by observation of a small
sized pressed powder sample at a certain thermal cycle. During
this measurement series of photos are recorded, which gives
information about the changes in dimension and shape with
temperature. As a result, the sintering interval might be estimated
by measuring the shrinkage of the sample, while after the
subsequent start of deformation and melting the variations in
its shape can be used to obtain information for the apparent
viscosity [49,50]. This is possible, because some fixed viscosity
values can be related to different “characteristic forms”: sintering
point–1010 P, softening point–108.2 P, sphere point–106.1 P and half
sphere point–10 4.6 P.

The results for the variations of sample’s height vs. temperature
are plotted in Fig. 4, whereas selected HSM photos, including ones
for the observed sintering point, deformation point and half sphere
are shown in Fig. 5. It is interesting to note that during the test the
sample does not “pass” through a sphere shape. Similar behavior
Fig. 5. HSM images at 600 �C, 1150 �C, 1170 �C (sintering point), 121
usually is observed when in the corresponding viscosity range
some unmelted crystal phase yet is presented in the sample.

The sintering plot, as well as the comparison of HSM images,
made at 600 �C (before the glass transition region) and at 1150 �C
show that in this interval the shrinkage is less than one percent,
which elucidates a very scarce sinter-ability. The densification
practically starts at 1170–1180 �C and finishes after only 20–30 �C.
At 1210–1220 �C deformation is observed and at 1240–1250 �C the
viscosity already drops to �104.6 P.

These results demonstrate that the densification practically
takes place together with the melting of the formed crystal phases.
This explains the very narrow sintering interval and indicates that
serious technological problems can be expected at eventual
production by high temperature sinter-crystallization. As a result,
this method was abandoned and studies only with glass-ceramic,
obtained by bulk crystallization, were made.

The optimal heat-treatment for manufacture of the bulk glass-
ceramic was estimated in a previous study [42]. The nucleation
step was evaluated by DTA analysis, while the crystallization step–
by pycnometric measurements. It was highlighted that a suitable
crystallization heat-treatment can be based on 45–60 min
0 �C, 1222 �C (softening point) and 1245 �C (half sphere point).



Fig. 6. XRD spectra of the parent glass and final glass-ceramic.
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nucleation at about 650 �C and 30–60 min crystallization at about
730–750 �C. Similar short and low temperature heat-treatment
usually is untypical for the manufacture of waste glass-ceramics
[1–3] and can be considered as a positive result. The total
crystallinity was estimated about 55–60%, which is a high amount
for the typical iron-rich glass-ceramics. The additional kinetics
Fig. 7. SEM images after 1 min crystallization at 730 �C 
valuations, made by DTA, elucidate that three dimensional
crystalline structure can be expected [42].

The XRD spectra of the initial glass sample and the final glass-
ceramic are presented in Fig. 6. These results confirm that the
crystallization starts with the formation of some spinel phase
during the melt quenching, followed by a pyroxene growth.
(a and b � sample GC0-1; c and d –sample GC60-1).



Fig. 8. SEM images after 5 min crystallization at 730 �C (a - sample GC0-5; c and d
–sample GC60-5).

Table 3
Properties of final glass-ceramic.

Properties

Density (g/cm3) 3.16 � 0.01
Coefficient of thermal expansion in interval 20–400 �C (10�7/C) 70.8 � 0.1
Bending strength (MPa) 120 � 9
Compressive strength 250 � 17
Young’s modulus (GPa) 40 � 2
Hardness (GPa) 9 � 0.2
Fracture toughness (MPa m1/2) 1.6 � 0.1
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4.2. Phase formation and structure

The efficiency of proposed nucleation treatment and the
development of glass-ceramic structure were studied by scanning
electron microscopy (SEM) and energy-dispersive elemental
analysis (EDS). Different samples, obtained with and without
nucleation step of 1 h at 650 �C and with crystallization treatments
for 1, 5 and 60 min at 730 �C were prepared and analyzed. These
specimens were labeled GC0-1, GC0-5, GC0-60, GC60-1, GC60-5 and
GC60-60, where the first and the second numbers indicate the
nucleation and the crystallization time, respectively. The crystal-
linity of the samples was evaluated by density measurements [42]
and the results show that after 1 min at 730 �C the formed crystal
phase is 6 � 3% for both GC0-1 and GC60-1 samples. After 5 min
crystallization treatment the crystallinity increases up to 10 � 3
and 21 �3% for GC0-5 and GC60-5, respectively, while 43 � 3% and
50 � 3 crystal phase was measured for samples GC0-60 and GC60-60.

Since after 1 min at 730 �C the phase formation is in its initial
stage, the SEM observations practically elucidate only the
formation of the preliminary spinel crystals. Their size is estimated
between 3 and 10 mm for both GC0-1 andGC60-1 samples. The
distribution of these spinel into the main glassy matrix is shown in
Fig. 7a; in the inset of figure is presented a typical single crystal at
higher magnification. The EDS analysis of these preliminary spinel
crystals highlights that they are characterized with a relatively
constant chemical composition: 46–54 wt% iron oxides, 28–33%
chromium oxides, 13–16% MgO, 2–3% Al2O3 and 1–2% NiO.

The morphology of main glassy matrix of sample GC0-1 at high
magnification is shown in Fig. 7b. Considering that the crystallinity
is very low, this structure might be attributed to a binodal liquid–
liquid separation [51]. The nucleation treatment of 1 h at 650 �C
does not increase the crystallinity, but the size of the dispersed
phase in the glassy matrix decreases and its total amount
increases. This might be explained by a continuous immiscibility
process during the nucleation treatment. Somewhat similar results
are reported also for other silicate systems [41,51].

Another interesting observation is that around the preliminary
formed spinel a homogeneous zones around 3–6 mm are formed,
as well as that away from these crystals the non-homogeneity of
the matrix becomes finer and finer. A possible explanation for
these variations in the glassy structure is the creation of a diffusion
field around the spinel crystals. These features are highlighted in
Image 7-c, which demonstrates a preliminary spinel crystal and
the surrounded amorphous phase in sample GC60-1. Fig. 7d
elucidates a zone, which is relatively close to the spinel crystal
at high magnification and where the amount of the separated
phase is lower. It is well seen that this secondary phase has a
spherical shape and average size of 80–150 nm. The BEC
observations clear highlight that it is enriched of heavy elements.

After 5 min treatment at 730 �C a significant change in size and
composition of the preliminary spinel is not observed, which
confirm that these crystals are formed mainly during the cooling of
the melt. However, the start of pyroxene crystallization in the main
glassy matrix also can be evaluated. The formation of a typical
dendritic pyroxene crystal in sample GC0-5 is shown in Fig. 8a,
while Fig. 8b demonstrates the growth of several pyroxenes on
enriched of iron oxides crystal. The EDS analyses elucidate that
these new “nuclei” are chromium free and have olivine composi-
tion corresponding to fayalite-forsterite solid solutions (i.e. Fe2-
xMgxSiO4 with x value between 0.6 and 0.8). Early stages of
epitaxial growth of pyroxenes on some of the preliminary spinel
are also observed.

After 1 h crystallization at 730 �C the phase formation in sample
GC60-60 is practically completed. In this sample the epitaxial
formation of pyroxene is very well distinguished. This is
highlighted in Fig. 9a (BEC) and b (SEI), which demonstrate the
growth of individual 0.5–1 mm pyroxene crystals on the prelimi-
nary spinel, as well as formation of fine pyroxenes in the
surrounded zone. Tiny areas with size of 0.1–0.2 mm and higher
concentration of heavy metals also can be distinguished in this
region; these formations eventually might be qualified as
“secondary” spinel. Here, it can be noted that the epitaxial
pyroxene growth is typical for this type of glass-ceramics [18,32],
as well as for other similar systems [52–54].

The main structure of glass-ceramics GC60-60 is shown in Fig. 9c.
This arrangement is comparable to one of the pyroxene area
around the preliminary spinel, but due to the very low dimensions
of the crystals and high crystallinity it is difficult to distinguish
individual crystals. The formation of some olivine crystals, which
are well distinguish due to their higher density, is also manifested.

In sample GC0-60 the crystallization is not totally completed and
the pyroxene crystals, both formed by epitaxial growth on
preliminary spinel or in the main bulk of samples, are



Fig. 9. SEM images after 60 min crystallization at 730 �C (a, b and c � sample GC60-60; d �sample GC0-60).
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characterized by higher dimensions, reaching 3–6 mm. This is
shown in Fig. 9d, where the EDS spectra of main spinel and
pyroxene crystal phases are also presented.

The electron microscopy analysis entirely confirms the previous
results [42] and suggests that the studied glass-ceramics can be
manufactured by a two-step heat-treatment. In this manner,
material with higher crystallinity and finer crystalline structure is
obtained, which is a premise for good mechanical characteristics.

4.3. Properties of final glass-ceramic

The main characteristics of the glass-ceramic samples, obtained
after 1 h nucleation and 1 h crystal growth, were evaluated by
different techniques. The results are summarized in Table 3, while
the TCLP results of parent glass and final glass-ceramics are
compared with ones of the parent wastes in Table 2.

Due to the formation of crystal phases with high density (as iron
rich pyroxenes, spinel and olivine) the density of glass-ceramic is
slightly higher than ones of the common glass-ceramics by
industrial waste [1–3]. At the same time, the coefficient of thermal
expansion is moderate and even a little lower than these of the
typical waste glass-ceramics for building or tiling application. This
value is comparable with the expected coefficients of thermal
expansion of both main crystal phases [55–57] and with ones of
residual low alkali glassy phase (estimated by the Appen methods
[39]). This elucidates that the formation of significant stresses in
the material are not expected.

The obtained glass-ceramic is characterized with enhanced
hardness and high bending strength, as well as with a compressive
strength and Young modulus similar to other iron-reach glass-
ceramics [13]. Such good mechanical characteristics can be
explained by the structure of the material. In fact, the main
crystalline phase in the material is pyroxene, which is character-
ized with high hardness, while the crystallites size is below 1 mm,
which is prerequisite for good bending strength. In addition, this
small-sized structure implies higher surface area of the contact
planes between the crystals, which increases the capacity of the
material to accumulate mechanical energy.

The value of fracture toughness also is elevated. The obtained
relatively high value [58] is result not only of the structure, but
also of the origin and the propagation of cracks. As it is shown in
Fig. 10, the cracks originate from the corners and the edges of the
indentation and interrupt after relatively shorter path of
propagation.



Fig. 10. Optical microscopy images after indentation test.
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Finally, the TCLP test of the parent glass and the final glass-
ceramics clearly elucidate that the obtained materials are
completely inert (see Table 2). The concentration of the measured
heavy metals decreases by two to four orders in comparison with
the values for the initial hazardous wastes. Therefore the
vitrification of the used metallurgical waste materials is an
effective way to capture the heavy metals and to avoid the
negative impact on the environment.

5. Conclusions

The possibilities to manufacture glass-ceramics by sinter-
crystallization or bulk crystallization using glass, based on 70 wt
% hazardous wastes from the ferronickel smelting plant, are
studied.

The parent glass is characterized by a very high crystallization
trend, which is a consequence of elevated amounts of chromium
oxides, iron oxides and magnesium oxides in the composition. As a
result, the sintering process is totally inhibited by the intensive
phase formation, which compromises the sinter-crystallization
method. At the same time, fine crystalline bulk glass-ceramic are
obtained after a short low-cost thermal cycle: 45–60 min nucle-
ation at 650 �C and 30–60 min crystallization at about 730–750 �C.

The crystallization process is peculiar, which leads to a complex
structure of the material. The phase formation starts during the
melt cooling with the precipitation of preliminary Fe-Mg-Cr spinel
crystals. Then, these crystals act as centers for epitaxial growth of
pyroxene phase, forming a part of the glass-ceramic arrangement.
However, the main structure is a result of the tendency for liquid–
liquid immiscibility, which leads to the formation of 0.5–1.0 mm
pyroxenes as a main crystal phase. The crystallization of some tiny
olivine crystals, also acting as nuclei for pyroxene growth, is
furthermore noted.

The obtained glass-ceramic is characterized as an inert material
with a high chemical durability and very good exploitation
characteristics.
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