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Sintering Behavior and Properties of Iron-Rich Glass-Ceramics
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Iron-rich glass-ceramics were obtained by the sintering of two
glass powders, labeled G1 and G2, at heating rates of 5° and
20°C/min followed by an isothermal step in the 850°–1050°C
temperature interval. The sintering process was evaluated by
the linear shrinkage; the closed porosity was estimated by
density measurements; the structure and the morphology of
the glass ceramics were observed by scanning electron microscopy. The bending strength, the Young modulus, and Vickers
hardness of the glass-ceramics materials were evaluated. The
results showed that the sintering process and morphology of
the glass-ceramics depends on the amount of magnetite and
pyroxene formed. With a low percentage of crystal phase
formed (25%–30% typical of G1) the structure is characterized by closed porosity; at higher crystallization (45%–50%
typical of G2) open porosity is mainly formed. The properties
of the glass-ceramics were not influenced by the heating rate
but improved with an increase in the degree of crystallization.

phases. To improve the densification, parent glasses with lower
crystallization rate are usually used.19,20
The iron-rich glasses form lower percentages of crystal phase
than common glass-ceramics (maximum 55%– 65%),6,7 but the
crystallization rate is very high. As a result the sintering process
occurs at temperatures higher than the crystallization interval.15
In the present work, the results of sintering in air of two
iron-rich glass powders are presented and discussed. The sintering
process was investigated by measuring the linear shrinkage and
closed porosity and by observing the structure of the fracture by
scanning electron microscopy (SEM). The mechanical properties
of the sintered materials were measured and discussed.
The sintering behavior of the same glass compositions, in N2
inert atmosphere, will be presented and discussed in a second
paper.

II.
I.

Introduction

Experimental Procedure

The parent glasses were prepared by mixing jarosite, a waste
from hydrometallurgy of zinc, granite waste, sand, and Na2CO3.
The melting was conducted in a pilot-scale melting kiln, producing
granulated glass frit.8 The furnace is lined with electrofused
ZrO2–Al2O3–SiO2 refractory, and the heating is obtained by liquid
petroleum gas (LPG) combustion. The unit can operate continuously with a capacity of 1000 –1200 kg/(24 h) or discontinuously
at 250 –300 kg/batch. In the present set of experiments, about 200
kg of glass frit from each composition was quenched after 5– 6 h
of melting at 1400°–1420°C. Table I reports the chemical compositions of the glasses used in the present work, measured by a
Spectro-Xepos X-ray fluorescence apparatus. A portion of the
glass frits was milled and sieved.
The crystallization process was evaluated in non-isothermal
conditions by means of thermogravimetric– differential thermal
analysis (TG-DTA) (“Netzsch STA 409” apparatus) using about
100 mg of powder sample (45–75-m particle size) at 5°, 10°, and
20°C/min heating rate in air. The crystalline phases formed were
determined by XRD technique (Philips PW1830 apparatus and
CuK␣ radiation). The crystalline fraction was estimated by comparing the areas of the amorphous halo in the spectra of the parent
glass and glass-ceramics, respectively. The ratio between the
crystalline phases was evaluated by comparing the intensities of
the major peaks.
Green samples with dimensions 50/4/4 mm3 were prepared by
mixing the glass powder (45–75-m fraction) with a 7% poly(vinyl alcohol) (PVA) solution and by pressing at 100 MPa.

S

ILICATE compositions containing 10 –15 wt% iron oxides are
mainly used by the fused-rock industry, which is based on
melting natural basalt rocks.1–3 The products are characterized by
high chemical durability and resistance to abrasion and corrosion.
Basalt-like compositions were also developed for nuclear waste
disposal4,5 and for the stabilization of iron-rich hazardous industrial wastes, such as jarosite and goethite, arising from the
hydrometallurgy of zinc ores6 – 8 and electric arc furnace dusts.9 –11
The high iron content compositions are characterized by a high
liquid immiscibility,6,7 often leading to spontaneous magnetite
crystallization. The formation of different liquid and crystal phases
increases the apparent viscosity of the melt12,13 and causes
difficulties in forming and shaping. For this reason, iron-rich glass
and glass-ceramics are mainly produced by casting, fast-pressing,
or centrifuging of the melt.1 The sintering technique may also be
used to improve appearance14 and properties15 and to obtain
materials with more complicated shapes.16
During the production of the sintered glass-ceramics, the
formation of the crystalline phases may influence the sintering
process. In the sintered glass-ceramics with cordierite17 or anorthite18 compositions, the sintering reaches 85%–90% of the
theoretical density before the beginning of the crystallization; the
degree of densification does not improve by increasing the
temperature due to the formation of high percentages of crystal
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Table I. Chemical Compositions of the Investigated Glass
Compositions G1 and G2
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After drying and a preliminary 30-min step at 280°C (to
eliminate the PVA), the samples were treated in air at heating rates
of 5° and 20°C/min, held at different temperatures in the 800°–
1150°C range for times between 1 and 180 min and cooled at
10°C/min. The sintering was evaluated by measuring the linear
shrinkage related to the initial size of 50 mm.
The apparent densities of the sintered samples were measured by He displacement pycnometer (AccyPyc 1330).21 Then,
to obtain the ultimate density, the samples were crushed and
milled to a size below 45 m, and the density was measured
again.21 Density measurements, conducted on the finer fraction,
below 38 m, did not significantly change the ultimate density
value.
The morphology of the samples was examined by SEM (Philips
XL30CP).
Glass samples were heated at 5° and 20°C/min and sintered for
1 h at 970°C for G1 and at 1050°C for G2. The mechanical
properties were measured after sintering. The bending strength was
determined by a three-point bending test with 40-mm outer span
and a speed of 0.1 mm/min (SINTEC D/10). The Young modulus
was determined by means of the nondestructive resonance frequency technique (Grindosonic). The Vickers hardness was estimated by WOLPERT apparatus.
III.

(1) Sintering and Crystallization
In Fig. 1 the TG-DTA traces, at 10°C/min heating rate, of G1
and G2 glasses are plotted. They present the typical behavior of
iron-rich powder glasses heat-treated in air.6,7,11 The TG traces
(dashed lines) show a detectable increase in weight of 0.5 ⫾ 0.05%
for G1 glass and 0.6 ⫾ 0.05% for G2, taking place in the
550°– 800°C range. Wide exothermal effects in the DTA trace
(solid line) are connected to the weight gain with the maximum at
730° and 660°C for G1 and G2, respectively. As discussed in detail
in previous works,6,7,14 the Fe3⫹/ Fe2⫹ ratio for similar compositions ranges between 6 and 8 and the exotherm and weight gain are
due to the oxidations of FeO to yield Fe2O3. The crystallization
exo-peaks occur at 833° and 852°C, respectively, while the
melting of the crystal phases is indicated by the endotherms at
1070° and 1100°C for G1 and at 1150° and 1210°C for G2,
respectively.
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To evaluate the activation energy of crystallization, EC, additional DTA experiments were conducted at 5° and 20°C/min, up to
1000°C. The EC was estimated by the Kissinger equation:22
ln 共v/T2p兲 ⫽ ⫺EC/RTp ⫹ constant
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(1)

where Tp is the peak temperature of and v is the heating rate. A plot
of ln (v/T2p) vs 1/RTp is a line, whose slope corresponds to EC.
The DTA results are reported in Fig. 2 and Fig. 3 (which are
given in the Data Depository (see footnote ‡ on p. 1)), while Fig.
4 shows the Kissinger plots and the corresponding EC values,
which are comparable with similar glass compositions.14
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Fig. 4. Kissinger plots and the activation energy of crystallization, EC, of
G1 and G2.
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Fig. 1. DTA traces of the parent glass powders G1 and G2 in the range
550°–1250°C.
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Fig. 5. Linear shrinkage as a function of a 1-h step of the holding
temperature.

August 2004

Communications of the American Ceramic Society

1573

12

∆L/Lo (%)

10

8

G1 (900°C)

6

G2 (1000°C)

20 °C/min
5 °C/min

20 °C/min

Fig. 8. SEM image of fractured G1 glass-ceramic, heated at 5°C/min and
sintered 1 h at 1000°C. (SEM images at 900° and 950°C are available in the
Data Depository.)
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Fig. 6. Linear shrinkage as a function of the holding time at 900°C for G1
and 1000°C for G2.

The XRD analysis highlighted the amorphous structure of the
parent glasses and the formation of magnetite (Fe3O4) and pyroxene solid solutions (MgOx䡠FeO1⫺x䡠CaO䡠2SiO2) in the glassceramics. The spectra of the glass-ceramics, sintered at 5°C/min
heating rate followed by a 1-h step at 970°C for G1 and at 1050°C
for G2 showed the formation of 6.0 ⫾ 3.0 wt% magnetite and
22.0 ⫾ 3.0% pyroxene in G1 and 13.0 ⫾ 3.0 wt% magnetite and
35.0 ⫾ 3.0% pyroxene in G2, respectively. The higher amount of
crystal phase formed in G2 glass-ceramic can be related to the
higher percentages of iron oxides and CaO in the parent glass.
The sintering was evaluated at 5° and 20°C/min heating rates by
measuring the variation of linear shrinkage (⌬L/L0) referred to the
initial 50-mm length. Figure 5 shows the results obtained after 1-h
steps at different temperatures. Up to 850°C for G1 and up to
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900°C for G2 (i.e., in the crystallization temperature interval, as
observed by DTA) the sintering process is inhibited due to the
rapid magnetite precipitation followed by pyroxene crystallization
on the magnetite nuclei.2,7 Then, as shown in the figure, the
densification increases as a function of temperature with different
behavior for G1 and G2 compositions.
The linear shrinkage of G1 is favored by the low heating rate
and increases up to 950°–970°C. Then, at 1000°C, deformation of
the samples takes place. In G2, the sintering is favored by the high
heating rate, no deformation is observed, and the linear shrinkage
reaches higher values.
Figure 6 relates the linear shrinkage as a function of the time at
900°C for G1 and 1000°C for G2. In G1, the initial shrinkage (after
1 min) is 4.5% at 20°C/min and 5.5% at 5°C/min; after about 50
min the maximum value reaches 7.5% at 20°C/min and 8.5% at
5°C/min. G2 shows different behavior: at 5°C/min, the initial
shrinkage is 7.5% and increases up to 9.5%, while at 20°C/min the
initial value is 9% and the final is 12%.
These differences are due to the different amounts of crystal
phase formed in the glass compositions:
(A) G1 forms a relatively low percentage of crystal phase,
25–30 wt%. As a result, at 1000°C the apparent viscosity is low
and deformation of the samples occurs. The rate of crystallization,
in the low-temperature interval, is relatively slow so the sintering
is favored by the 5°C/min heating rate.
(B) G2 forms a higher amount of crystal phase, 45–50 wt%,
and the samples show higher densification without deformation.
Better sintering is obtained at 20°C/min because the increase of the
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Fig. 7. Percentage of closed porosity after a 1-h step as a function of the
holding temperature.

Fig. 9. SEM image of fractured G2 glass-ceramic, heated at 5°C/min and
sintered 1 h at 1050°C. (SEM images at 950° and 1000°C are available in
the Data Depository.)
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Table III. Mechanical Properties of the Obtained Sintered
Glass-Ceramics
Young modulus
(GPa)

Bending strength
(MPa)

Vickers hardness
(MPa)

66 ⫾ 2
60 ⫾ 4
78 ⫾ 4
81 ⫾ 4

73 ⫾ 12
78 ⫾ 14
83 ⫾ 9
87 ⫾ 10

4660 ⫾ 100
3790 ⫾ 40
6690 ⫾ 20
6300 ⫾ 20

G1/5
G1/20
G2/5
G2/20

apparent viscosity (induced by the crystallization) takes place at a
higher temperature.

(2) Structure and Properties
The porosity of the sintered samples was evaluated by pycnometry
and the morphology observed by SEM.
The percentages of porosity, P, were estimated through the
following relation:
P ⫽ 100

 u ⫺ a
u

IV.

where a and u are the apparent and ultimate densities of the
heat-treated samples obtained before and after milling, respectively.21 A He displacement pycnometer, which measures the skeleton
density of the samples, was used in the present study. Therefore,
relation (2) provides the percentage of closed porosity that cannot
be filled by the helium. The experimental data are presented in
Table II (available in the Data Depository (see footnote ‡ on p. 1)),
where the associated error is ⫾0003 g/cm3.
Figure 7 shows the percentages of closed porosity after 1-h heat
treatment at different temperatures. In G1, the closed porosity
increases with the temperature up to 950°C, reaching 7% at
5°C/min and 8.5% at 20°C/min. At 1000°C, i.e., in the deformation
temperature region, the percentage of closed porosity decreases. In
G2, the closed porosity is negligible even at 1050°C, so that the
structure is mainly characterized by open porosity.
The differences in microstructure were confirmed by SEM
observations. Figure 8 shows the fracture morphology of G1
glass-ceramic sintered at 1000°C, while Fig. 9 shows G2 glassceramic sintered at 1050°C. (SEM images of G1 glass-ceramics at
900° and 950°C and G2 glass-ceramics at 950° and 1000°C are
given in the Data Depository (see footnote ‡ on p. 1).) The
differences between G1 and G2 are evident in the closed and open
porosity characterizing the two glass-ceramic structures, respectively. At 900°C G1 shows open porosity with necking between
the particles; at 950°C the closed porosity is predominant; at
1000°C pore coalescence begins. The sintering of G2 is negligible
at 950°C; at 1000°C the formation of the necks starts to take place;
at 1050°C the glass-ceramic is sintered, and the structure retains an
open porosity.
The mechanical properties, summarized in Table III, were
measured using a series of five samples, sintered at 970°C for G1
and at 1050°C for G2. The overall properties of G2 surpass G1 due
to the higher amount of crystal phase formed and the lower
porosity. The properties, obtained by 5° and 20°C/min heating
rates (G1/5, G1/20) and (G2/5, G2/20) are similar for both
compositions so that short heat treatment may be applied. Only the
G1/5 hardness is higher than G1/20 due to the higher percentage of
crystal phase formed. The results show that the obtained values of
the bending strength are higher than the characteristic of traditional
glazed earthenware ceramics (30 – 40 MPa), sintered at 1200°–
1300°C.3

Conclusion

The sintering of iron-rich glass-ceramics is inhibited, in the
750°–900°C crystallization interval, by the intensive magnetite
and pyroxene formation; therefore, a higher sintering temperature
is required.
In G1 glass-ceramics, a 25%–30% of crystal phase is formed,
the densification is favored by low heating rate, and the structure
of the material is characterized by closed porosity. In G2, a
45%–50% crystal phase is formed, the sintering is favored by a
high heating rate, and the structure shows open porosity.
The obtained glass-ceramics have high mechanical properties
which increase as a function of the amount of crystal phase
formed. The properties obtained at 5° and 20°C/min heating rates
are comparable so that fast heat-treatments may be applied.
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