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bstract

A glass ceramic composite was obtained by sinter-crystallisation of vitrified municipal solid waste bottom ashes with the addition of various
ercentages of alumina waste. The sintering was investigated by differential dilatometry and the crystallisation of the glass particles by differential
hermal analysis. The crystalline phases produced by the thermal treatment were identified by X-ray diffraction analysis. The sintering process was
ound to be affected by the alumina addition and inhibited by the beginning of the crystal-phase precipitation. Scanning electron microscopy was
erformed on the fractured sintered samples to observe the effect of the sintering. Young’s modulus and the mechanical strength of the sintered

lass ceramic and composites were determined at different heating rates. The application of high heating rate and the addition of alumina powder
mproved the mechanical properties. Compared to the sintered glass ceramic without additives, the bending strength and the Young’s modulus
btained at 20 ◦C/min, increased by about 20% and 30%, respectively.

2006 Elsevier B.V. All rights reserved.
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. Introduction

In 2004, 44 incinerators (31 with electric energy produc-
ion and 10 with thermal energy recovery) were operating in
taly resulting in 2.6 million tonnes of waste being disposed [1].
epending on the chemical composition and the results of the

eaching tests, the solid residues of the thermal treatment (i.e.
ottom and fly ashes) are usually classified as special or haz-
rdous wastes. Presently they are disposed in landfill sites [2].

Vitrification is a known technology used to improve the chem-
cal stability prior to disposal. It has been applied to nuclear
aste [3–5] as well as to several hazardous industrial residues

6–9]. By properly selecting the glass composition and ther-
al treatment, the re-utilisation of the glass or glass ceramic

s raw material for different industrial applications can be

btained. In this regard, several studies have been carried out
n recent years on the crystallisation behaviour of the parent
lass obtained from MSW ashes, on the structure and proper-
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ies of bulk glass ceramics and on the possibility of obtaining
intered glass ceramic and composites from powdered MSW
lasses [10–18].

Sinter-crystallisation is a technology based on a combined
intering of the glass particles and crystal-phase formation
nduced by the thermal treatment [19–22]. Glass powders are
sed to produce glass ceramics (GC) and composites [23,24]
y means of a fast thermal treatment. Improved mechanical
roperties, high chemical durability and complex shapes can
e obtained.

In previous studies, the sintering behaviour of a glass obtained
y Vercelli Municipal Solid Waste Incinerator was presented
17,18]. In the present study, the sinter-crystallisation behaviour
f glass ceramics composites obtained using the same glass with
he addition of different amounts alumina waste is investigated.
he sintering and crystallisation were studied by dilatomeric
easurements and by differential thermal analysis (DTA) at dif-

erent heating rates, respectively. The crystalline phases formed
ere evaluated by X-ray diffraction (XRD) and the structure of
he obtained sintered glass ceramics was observed by scanning
lectron microscopy (SEM). The mechanical properties of the
lass ceramics and composites obtained at different heating rates
ere compared.
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Table 1
Chemical composition of the BA, GC0 and AW

BA GC0 AW

SiO2 40.9 41.1 1.4
TiO2 1.2 2.9 –
Al2O3 13.6 14.0 97.6
Fe2O3 5.7 4.1 0.2
CaO 12.2 13.9 0.5
MgO 3.1 4.6 0.3
Na2O 10.9 10.3 –
K
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Since crystallisation and sintering occurred simultaneously,
the densification in GC0 was inhibited and a residual porosity
remained in the glass ceramic. The sintering rate was shown to
2O 1.8 3.2 –
ther Balance Balance Balance

. Experimental

The bottom ash (BA) vitrification was performed in alu-
ina crucibles at 1400 ◦C for 1 h in air in a chamber furnace.
he resulting dark brown glass, labelled GC0, was quenched.
he BA, GC0 and alumina waste (AW) compositions were
etermined by XRF (Spectro Xepos). The results are shown in
able 1.

The glass was broken, milled and sieved to obtain different
ranulometric fractions. In the present study, the fraction passing
5 �m is used. The GC0 glass ceramics were prepared through
he sinter-crystallisation of the parent glass powder while the
omposites, labelled GC10, GC20 and GC30, were obtained
ith the addition of 10, 20 and 30 wt.% AW (<75 �m).
The initial samples were obtained by mixing the pow-

er glass and the alumina waste powders with 10% PVA
polyvinyl alcohol) solution and by uniaxially pressing at
00 MPa at room temperature. Samples (9 mm × 4 mm × 3 mm
nd 50 mm × 4 mm × 3 mm) were shaped to study the sintering
nd to measure the mechanical properties of the obtained glass
eramics.

The crystallisation behaviour of GC0 and GC20 was investi-
ated by differential thermal analysis (DTA-Netzsch STA 409)
t 10 ◦C/min heating rate in the 20–1250 ◦C range. The sinter-
ng of composites was investigated by dilatometer (Dilatometer
etzsch 402ED) measuring the shrinkage of the samples in

he 700–1000 ◦C temperature range at different heating rates.
he morphology of the fractured sintered samples was observed
y scanning electron microscopy (SEM Philips XL30CP). The
rystalline phases induced by the thermal treatment were identi-
ed by XRD analysis (Philips-PW 1830, Cu K�) and the formed

otal amount of crystalline phase was evaluated by comparing
he area of amorphous halo in the parent glass and GC0 [19].
he open porosity, P, was estimated through the relation: P

%) = 100 (ρsk − ρapp)/ρsk, where ρapp is the apparent density,
easured by Dry Flow pycnometer (GeoPyc 1360), and ρsk is

he skeleton density, measured by Helium displacement Pyc-
ometer (AccyPyc 1330).

The mechanical strength was determined by the three-points
ending test with a 40-mm outer span and a crosshead speed of

.1 mm/min (SINTEC D/10) by using series of five samples. The
oung’s modulus of the sintered glass ceramics was determined
y means of the non-destructive resonance frequency technique
Grindosonic). F
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. Results and discussion

In the previous studies, carried out with GC0 composition
lass ceramic [17,18], two overlapping crystallisation peaks
ere present in the DTA traces corresponding to 440 and
30 kJ/mol activation energies of crystallization. Based on XRD
nd SEM, crystallisation started as a surface pyroxene forma-
ion, followed by anorthite and gehlenite in the bulk.

Fig. 1 shows the DTA plot of GC0 and GC20 and demon-
trates that both samples have similar crystallisation behavior.
he glass transformation temperatures (Tg) are relatively high
nd occur at about 669 and 665 ◦C for GC0 and GC20, respec-
ively. The crystallisation exo-peaks, Tp, are detected at 859 and
20 ◦C, and 863 and 925 ◦C for GC0 and GC20 respectively.
he melting endo-effects occurs in range of 1160–1200 ◦C for
oth samples. The temperature interval between Tp and Tg is
horter than the temperature interval between the liquidus tem-
eratures, Tl, and Tp, indicating a relatively high crystallisation
rend [25,26]. The Tl was detected at about 1160 ◦C as the onset
f the curve while the maximum of the endo-effect was revealed
t about 1200 ◦C. Thus, the alumina addition does not sensibly
nfluence the crystallisation process of the glass matrix.

This result was also confirmed by the XRD spectra of the
lass ceramic and composites, shown in Fig. 2. The XRD of
C0 show that the crystalline phases formed are pyroxene –
exMgyCa(1−x−y)SiO3, anorthite – CaAl2Si2O8 and gehlenite
Ca2Al2SiO7. The total percentage of the crystalline phase

ormed after 1 h heat treatment at 1000 ◦C was 67 ± 3%, where
he associated error is an overall estimation of the uncertainties
elated to the evaluation of the areas in the XRD spectrum [19].
n GC10, GC20 and GC30, the same phases (pyroxene, anor-
hite and gehlenite) with the same relative ratio were identified.
he corundum peak intensity is consistent with the increasing
ig. 1. DTA traces of GC20, GC0 powder (<75 �m) at 10 ◦C/min heating rate.
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Fig. 5 presents the GC20 dilatometric curves obtained at 5,
ig. 2. XRD patterns of GC0, AW and composites heated up to 1000 ◦C.

ecrease due to the beginning of the pyroxene formation and the
ensification stopped in the temperature range 800–850 ◦C after
formation of about 10% crystal phase [18].

The dilatometric results of the composites obtained at
0 ◦C/min are reported in Fig. 3a. The GC10 sample reached
maximum shrinkage of 13% whereas, for GC20 and GC30

hrinkage of 12% and 9.5% was obtained, respectively.
In Fig. 3b, the sintering rate of the composite is plotted. In

greement with the Scherer theory on composite densification,
t the beginning of sintering, the rate decreases by increasing

he amount of AW [27,28]. The maximum densification rate
ccurs at almost the same temperature, 802–806 ◦C. After the
aximum, the curves of all composites practically coincide due

ig. 3. Dilatometric shrinkage and sintering rate of the composites during den-
ification at 10 ◦C/min up to 1000 ◦C.

1
r
a

F
u

Fig. 4. DTA trace and dilatometric shrinkage of GC20.

o the beginning of the phase formation and the rate is reduced
o zero at 850 ◦C (i.e. identical behaviour as GC0 glass ceramic
18]). The results show a similar densification degree for GC10
nd GC20, while for GC30, it is considerable lower. For this
eason, the sinter-crystallisation behaviour of the composites
as investigated in detail for GC20 composition.
Fig. 4 compares the GC20 sintering curve and the correspond-

ng DTA trace. The exo-effect in the DTA trace is shown by the
verlapping of two peaks. The first peak is due to the begin-
ing of precipitation of pyroxene, whereas the second peak
s due to the other crystalline phases [17]. The sintering plot
hows that the densification is inhibited by the beginning of
he crystalline-phase formation in the glass matrix. The same
ehaviour was observed in GC0 and other sintered glass ceram-
cs [18,22,29].
0 and 20 ◦C/min. The densification improves at a high heating
ate: the shrinkage reaches 13% at 20 ◦C/min, 12% at 10 ◦C/min
nd only 10% at 5 ◦C/min. The residual porosity values for the

ig. 5. Dilatometric shrinkage of GC20 during sintering at 5, 10 and 20 ◦C/min
p to 1000 ◦C.
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Fig. 6. SEM image of a fracture surface of GC0 sa

amples sintered for 1 h at 1000 ◦C are presented in Table 2.
imilar behaviour was reported for other sintered glass ceramics

16,30,31].

The morphology of GC0 and GC20, investigated by SEM
bservations, reveals that after 1 h heat treatment at 1000 ◦C,
bout 10–15% of residual porosity remains in the materials. Sim-

h
s
g

Fig. 7. SEM image of a fracture
(a) after 1 h at 1000 ◦C; (b) after 10 h at 1000 ◦C.

lar morphologies were obtained after 10 h with a temperature
f 1000 ◦C.
Fig. 6a shows a fracture surface of a GC0 specimen that was
eat treated at 20 ◦C/min up to 1000 ◦C for 1 h while Fig. 6b
hows the same sample after 10 h of heating. In Fig. 6a, the
lass particles and the residual open porosity are clearly dis-

surface of GC20 sample.
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Table 2
Properties of the sintered materials

Heating rate
(◦C/min)

ρap (g/cm3) ρsk (g/cm3) P (%) E (GPa) σb (MPa)

GC0
5 2.37 2.73 13 ± 2 42 ± 5 49 ± 4

20 2.41 2.70 11 ± 2 45 ± 4 59 ± 5
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[27] G.W. Scherer, Sintering with rigid inclusions, J. Am. Ceram. Soc. 70
5 2.38 2.86 17 ± 2 47 ± 2 53 ± 3
20 2.48 2.85 13 ± 2 59 ± 4 71 ± 4

inguishable while Fig. 6b shows the typical necks between the
articles.

Fig. 7a shows the GC20 structure after 1 h holding at 1000 ◦C
hile Fig. 7b shows the alumina particles in the glass ceramic
atrix. The Al2O3 particles were identified by SEM-EDS anal-

sis.
The mechanical properties are reported in Table 2 and show

positive effect due to the addition of 20% AW. At 5 K/min the
ending strength and Young’s modulus increase by 8% and 12%
hile at 20 K/min increase by 20% and 31% compared to GC0,

espectively.
This behaviour can be attributed to the compressive stresses

aused by the difference in the thermal expansion coefficient
etween the glass–glass ceramic matrix and the alumina on cool-
ng down from the processing temperature [32,33].

. Conclusions

The results of this study illustrate that the sintering process
f vitrified MSW bottom ashes and alumina waste is inhibited
y the crystallisation of pyroxene, anorthite and gehlenite, and
hat a residual porosity remained in the material even after pro-
onged thermal treatment at high temperature. For the GC20
omposition at 5 ◦C/min, the residual porosity value is about
7% whereas, by increasing the heating rate to 20 ◦C/min, a
orosity of 13% was obtained due to retardation in the begin-
ing of the crystallisation process.

The addition of 20% alumina waste, AW, does not influence
he crystallisation process but improves the mechanical proper-
ies. Compared to the glass ceramic sintered without additives,
he bending strength and the Young’s modulus increased by 20%
nd 30%, respectively.
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