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Scanning electron microscopy (SEM), energy-dispersive X-ray (EDX) spectroscopy and
X-ray diffraction (XRD) analyses were used to characterise the microstructure and chemical
composition of a glass and a glass-ceramic material obtained from incinerator filter fly ash.
Although the as-quenched material (vitrified fly ash) was amorphous under the detection
limits of XRD, a dispersion of droplets indicating glass-in-glass phase separation was
observed. In the glass-ceramic material (crystallised vitrified fly ash), crystals belonging to
the pyroxene group and spinels were identified. The microstructure of the glass-ceramic
consisted of crystals embedded in an amorphous glassy phase. The crystalline phases
contain a higher amount of metallic elements (e.g. Al, Cr, Fe, Ni and Zn and most probably
also other heavy metals) than the residual glassy phase. A change of composition of the
residual glass phase in the glass-ceramic product, in comparison with the parent glass, is
considered to explain, in comparative terms, the higher toxic potential of the glass-ceramic
over the glass. The present results demonstrate that for an accurate assessment of the
correlation between toxicity, release of hazardous compounds and microstructure,
high-resolution characterisation techniques must be employed. In this context, the effect of
crystallisation on the chemical durability of the products remains as an important area for
further research. C© 1999 Kluwer Academic Publishers

1. Introduction
The significance of municipal solid waste incineration
is continuously increasing in countries where the pop-
ulation density is high and the availability of space
for land-filling is limited, such as the west-European
countries and Japan. In Germany and Switzerland, for
example, more than 40% of the unrecycled waste is
being incinerated and soon this percentage will in-
crease [1]. Although incineration reduces the volume
of the waste by approximately 90%, it leaves consider-
able amounts of solid residues, such as bottom, boiler
and filter fly ashes [2, 3]. Filter ashes are produced at a
rate of 25–30 kg per 1000 kg of incinerated waste. They
are particularly problematic because they contain sig-
nificant concentrations of heavy metals (e.g. As, Pb, Sb,
Sn, Sr) as well as trace amounts of organic pollutants
(e.g. polychlordibenzo-dioxins and -furanes). Due to
increasingly stringent environmental regulations, these
residues are regarded as hazardous in most countries
[1–3]. Therefore, they must be deposited in special
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landfills equipped with careful control of the efflu-
ents. This is a costly and environmentally unsatisfactory
solution.

Different options are being developed for the de-
contamination and/or inertisation of incinerator filter
fly ash with the final objective of rendering a prod-
uct that can be reused or, at least, deposited in stan-
dard landfill sites without any risk. These technological
alternatives include immobilisation by cement-based
techniques [1, 4–6], wet chemical treatments [6] and
thermal treatments or vitrification [7–11]. Of these,
vitrification is the most promising solution, since by
melting the residues at temperatures above 1300◦C, a
relatively inert glass is produced: the high temperatures
involved in the process lead to the complete destruction
of the organic pollutant compounds, and heavy metals
can be either incorporated in the glassy product or sep-
arated from the residue by evaporation or differential
precipitation [7–11]. The inert vitreous product can, in
principle, be utilised for urban furniture, landscaping
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TABLE I SEM/EDX microanalysis (contents in wt %) of the materials investigated and their different phases (the chemical analysis of the original
fly ash is given from Ref. [13])

FA (As-received G (Original GC (Glassy GC (Crystalline
fly asha) glass) G (Droplets) G (Matrix) phase) phase) GC (Spinel A) GC (Spinel B)

Na2O 3.5 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
MgO 2.4 1.26 1.37 1.12 — 3.65 3.55 4.27
Al2O3 17.5 15.77 15.51 15.97 16.71 14.51 23.46 32.28
SiO2 38.0 38.06 37.91 38.21 45.47 35.16 17.90 3.11
P2O5 1.6 2.17 2.30 2.09 1.62 2.31 1.09 —
SO3 0.2 0.66 0.87 0.72 0.79 0.38 0.27 0.11
Cl2 — <b < < < ¿ ¿ ¿
K2O 1.8 2.35 2.18 2.32 4.41 1.12 0.89 0.14
CaO 21.1 23.97 25.66 24.30 22.87 23.25 9.74 1.20
TiO2 1.7 2.11 1.93 2.08 1.32 2.97 0.93 0.59
Cr2O3 — 0.24 — — — — 5.57 10.70
MnO 0.4 0.19 — — 0.14 0.23 0.26 0.30
Fe2O3 8.0 8.07 7.25 8.25 2.23 12.73 16.63 20.01
NiO — — — — 0.15 0.15 1.34 2.13
ZnO 3.5 5.14 5.02 4.92 4.28 3.50 18.34 25.17

aThe original fly ash contains PbO (0.3 wt %) according to the chemical analysis.
b(< means that a small amount of Cl was detected by EDX;¿ means a much lower amount of Cl detected).
FA: fly ash; G: Glass; GC: glass-ceramic; n.a.: non assessed.

decoration or for road construction. As a disadvantage,
vitrification is an energy-intensive process involving
relatively high costs. Therefore, its use can only be
fully justified if high-quality products with optimised
properties can be fabricated, which can thus compete
with current materials, for example for building, archi-
tectural or insulation applications. The most effective
way to improve the properties of the vitrified products
without major alterations to the process itself is the in-
duction of a controlled crystallisation, i.e. by forming
a glass-ceramic.

In previous reports the possibility of obtaining glass-
ceramic materials from vitrified fly ash was demon-
strated [12, 13]. The mechanical properties and toxic
potential of the glass-ceramics were also deter-
mined [14]. However, the crystalline structure of the
material was not studied in-depth. A detailed knowl-
edge of the crystalline phases present, their chemi-
cal composition and microstructural arrangement is,
however, necessary in order to be able to assess
quantitatively the correlation between microstructure,
mechanical properties and chemical durability of the
material and, thus, to optimise the products. In our
previous investigation it was found, for example, that
crystallisation of the vitrified fly ash product, while be-
ing beneficial in terms of mechanical and other phys-
ical properties, may increase the toxic potential of the
vitrified residue [14]. In the present study a detailed
characterisation of the microstructure of the vitrified
fly ash product and of the glass-ceramic obtained from
it has been conducted. Standard characterisation
techniques including scanning electron microscopy
(SEM) coupled with quantitative elemental analyses
by energy-dispersive X-ray (EDX) spectroscopy and
X-ray diffraction (XRD) analyses were used. The re-
sults of the microstructure characterisation were anal-
ysed with the aim of providing an explanation for the

different toxic behaviour of the glass and glass- ceramic
products that was measured in the previous study [14].

2. Experimental
The starting glass was obtained by melting fly ash
from a municipal incinerator situated in Westfalen
(Germany). The fly ash chemical composition is shown
in Table I. In addition to the oxides listed, traces of
Cl, Sn, Sb, Cd, Ba, As, Sr, Zr, Pb and Mo were also
present. The preparation of glasses and glass-ceramics
from these particular fly ash was reported in detail in
previous studies [12, 13]. Therefore, only a brief de-
scription is given here. Batches of the as-received fly
ash, placed in alumina crucibles, were heat-treated at
600◦C for 2 h in air, followed by melting in an labora-
tory furnace at 1300◦C for 2 h. No additives, fluxes or
nucleating agents were added. The glass was quenched
in air at room temperature. A shiny black-colour glass
was thus obtained. The density of this glass, obtained
by the Archimedes technique, was 2.80 g/cm3 [13].
Specimens suitable for microscopic observation were
prepared from the as-quenched glass samples. Glass-
ceramic samples were obtained by subjecting a suf-
ficient number of specimens to a crystallisation heat-
treatment, as follows: the samples were heat-treated at
a rate of 10◦C/min to 880◦C, thereafter the samples
were hold at this temperature for 4 h and subsequently
the temperature was increased to 950◦C at a rate of
5 ◦C/min. The samples were kept at this temperature
for 10 h. At the end, the crystallised samples became
amber-brown coloured. During crystallisation forma-
tion of macro-porosity did not occur. The density of the
crystallised samples, as measured by the Archimedes
technique, was 2.89 g/cm3 [13]. As-quenched and crys-
tallised glasses were ground and milled to produce
powders of average particle size<63µm suitable for
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X-ray diffraction (XRD) analysis (Siemens, CuKα ra-
diation). Scanning electron microscopy (SEM) cou-
pled with energy-dispersive X-ray (EDX) spectroscopy
(Jeol JSM-U3, 20 kV acceleration voltage) was used
to examine the microstructure and composition of as-
quenched glass and glass-ceramic samples on both frac-
ture and polished surfaces. Samples were fractured in a
mortar especially designed to obtain fresh fracture sur-
faces of brittle materials in flexion [15]. The surfaces
were etched with a 2% HF solution during 15 s in or-
der to reveal the phases present both in the glass (glass
phase separation) and in the glass-ceramic (crystalline
phases). After the chemical etching the samples were
washed several times using distilled water and alco-
hol in an ultrasonic bath. This was necessary to remove
residuals of HF and external particles adhered to the sur-
faces. Polished sections were also prepared to a 1µm
finish for SEM/EDX observations by standard grinding
and polishing procedures using SiC paper and diamond
paste. Polished samples were also etched using solution
of 2% HF.

3. Results and discussion
3.1. Vitrified fly ash (amorphous glass)
The as-quenched vitrified fly ash exhibited no signs of
crystallisation on the most part of the fracture surface,
as determined by SEM observations. The XRD pattern
of this material showed the typical halo of amorphous
glasses, as reported elsewhere [13], thus confirming the
lack of crystallisation, at least under the limits of de-
tection of XRD (crystallinity above∼2 wt % should
be detectable by XRD). However, the material exhib-
ited an heterogeneous microstructure due to the exis-
tence of numerous droplets of liquid-in-liquid phase
separation, as shown in Fig. 1a and b. Dispersion of
droplets representing areas of liquid-liquid insolubility
is a usual phenomenon in several glasses [16]. In par-
ticular, and relevant for this study as discussed below,
extensive glass-in-glass separation similar to that exhib-
ited by the present glasses, has been observed in basalt
glasses formulated for the immobilisation of nuclear
waste [17]. The size of the dispersed tiny droplets was
about 0.5µm and they exhibited a marked white con-
trast in the SEM, which may indicate an enrichment of
heavy metals. Some agglomerations of droplets form-
ing clusters were also observed (Fig. 1b). SEM observa-
tions done on polished and etched surfaces confirm the
presence of these insolubility droplets. EDX spot analy-
ses (spatial resolution of the order of 0.5µm) revealed
that there are not significant differences in the com-
position of the phases (i.e. droplets and matrix). The
respective quantitative analysis is presented in Table I.
A more detailed analysis of the data in Table I must take
into consideration the interference of the X-ray diffrac-
tion lines of some elements, which could affect the data
shown. Thus, for example, the diffraction lines NaKα

and ZnLα present a strong overlapping, meaning that
the indicated ZnO content may include the content of
Na2O also. The same occurs with the lines SKα and
PbMα , so that the indicated SO3 content includes also
the PbO content in this glass. It must be also pointed out

that although the spectra showed a peak corresponding
to the element Cl, this was not quantified because the
state in which this element is present is not known, i.e.
if it is present as a gaseous occlusion or forming part
of the vitreous structure. This aspect is relevant for the
present vitrified product, since the starting fly ash con-
tains non-specified amounts of organic compounds of
Cl. If it could be demonstrated that this element can be
entrapped, at least partially, in the vitreous structure, a
significant step towards the full inertization of the fly
ash via vitrification would have been done. Moreover,
the presence of Cl could have a profound effect on the
crystallisation behaviour of the vitrified fly ash.

Detailed SEM observations of the fracture surfaces
of the vitrified fly ash product reveal the presence of
microporosity and the development of incipient crys-
tallisation at the edge of the samples, as shown in
Fig. 2a and b. Microporosity may develop as the result
of gases entrapped in the glass. These gases may orig-
inate in the Cl-containing organic compounds present
in the starting fly ash. The crystals observed, which are
present in a very low proportion, and therefore are not
detected by XRD, are of two types:

(1) Equiaxed polyhedral crystals of about 5µm size,
which showed a high level of electronic emission under
the SEM and are possibly spinels containing significant
amounts of heavy metals, and

(2) Elongated prismatic crystals of hexagonal cross
section of about 10µm length and 5µm thickness,
which are possibly crystals belonging to the pyroxenes
group, as discussed below.

3.2. Crystallised vitrified fly ash
(glass-ceramic)

Fig. 3 shows SEM images of different areas on the
fracture surface of a sample after the crystallisation
heat-treatment. At low magnifications (Fig. 3a), it is
possible to see a partially crystallised “shell” having
a thickness of about 35µm. This crystallisation zone
does not exhibit an oriented microstructure, as it has
been observed in other glass-ceramics [18]. From this
“shell”, it is possible to see a partially crystallised area,
where both elongated and equiaxed crystals are pre-
sented, having average size of approximately 5 and
10µm, respectively (Fig. 3b). The interior of the mate-
rial shows a high degree of crystallisation, characterised
by a network of interlocked elongated crystals between
which smaller, equiaxed crystals are situated (Fig. 3c).
By SEM observation of polished surfaces of the mate-
rial, as shown in Fig. 4, the crystalline phases present
can be better visualised and distinguished. Particularly
using backscattered electrons, a very good contrast be-
tween the crystalline phases and the remaining amor-
phous matrix can be achieved and so the morphology of
the crystals can be studied. Thus, in a low-magnification
image as shown in Fig. 4, the following features are dis-
tinguished:

(a) Polygonal, equiaxed crystals with a very bright
contrast, and showing a very dispersed distribution,
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(a)

(b)

Figure 1 SEM micrographs of the fracture surface of the as-quenched glass (vitrified fly ash) showing: (a) high dispersion of droplets representing
glass-in-glass separation, and (b) agglomeration of droplets.

4416



P1: FJL/LMQ P2: FDB/FIX P3: FJS 06-KJ007-5501-98 June 28, 1999 16:28

Figure 2 SEM micrographs of the fracture surface of a glass sample,
showing formation of microporosity (a) and incipient crystallisation (b).

(b) Elongated crystals exhibiting a grey contrast and
making the most part of the crystalline phase, and

(c) Areas of the amorphous residual glassy phase
(matrix), which appears in dark contrast.

Powder XRD diffraction analysis of the sample demon-
strates the high level of crystallisation achieved, as
shown in Fig. 5. The following crystalline phases
were detected, listed in decreasing order of the rela-
tive amount found: diopside, anortite (or an anortitic
feldspar) and spinel. The crystalline pattern obtained
was reproducible and did not depend on the batch of
as-received material taken for the experiments. This
indicates that the chemical composition of this par-
ticular fly ashes was very homogeneous. The relative
composition of the different crystalline phases in the
glass-ceramic can be assessed by EDX spot analyses
on high-magnification SEM images, such as the one
shown in Fig. 6. Typical EDX spectra obtained are
shown in Fig. 7 and the results of the quantitative anal-
ysis are presented in Table I. The data reveal the differ-
ent chemical composition of the different phases. Thus,
for example, although the Al/Si ratio is practically the
same for the amorphous and crystalline phase (elon-
gated crystals), the glassy matrix is richer in K, Zn
and Cl. This may suggest that Cl could be entrapped
as gaseous occlusions in the glass matrix, or that it
may be forming part of the silicate glass network. This
last hypothesis needs certainly further verification, e.g.
by using spectroscopic techniques, but it should be se-

riously taking into account, particularly considering
results in the literature demonstrating the incorpora-
tion of cloridic salts in glasses [19–21]. The chemical
analysis of the elongated crystalline phase leads to the
conclusion that these crystals may correspond to the
diopside phase identified by XRD analysis (Fig. 5).
Although diopside is a pyroxene crystal of general
composition CaO·MgO·2SiO2, it is well-known that
crystals belonging to the pyroxene group, i.e. augite,
can be formed by substitutions of the type: [CaO·TiO2]x

[MgO·FeO·ZnO]1− x [Al 2O3·Fe2O3]y·2SiO2. Thus, in
the present glass-ceramics, the presence of Fe, Mg,
Ca, Zn and Al in the elongated crystals (see Fig. 7b)
suggests that these are in fact pyroxenes of the type
augite, similar to those formed in crystallised basalt
glasses [17, 22], and in model glasses formulated to
simulate the composition of vitrified fly ash [21]. This
type of pyroxene crystals has been also observed in
crystallised glasses obtained from other industrial waste
rich in Fe, such as fly-ash from thermal power sta-
tions [23] and goethite industrial waste [24, 25]. Be-
sides the uncertainty concerning the state of the ele-
ment Cl in this material, as mentioned above, also the
location of P remains an open question. In particular,
it would be interesting to further investigate how this
element is incorporated in the crystalline structure of
the pyroxenes, since the EDX analyses (Table I) re-
vealed that these crystals contain a higher amount of
P than the residual glassy phase. Moreover, the exact
chemical composition of the pyroxene crystals can not
be further determined using SEM/EDX due to the fine
scale of the crystals and the limited spatial resolution
of the technique (of the order of 1µm). In this context,
investigations using transmission electron microscopy
(TEM) images and quantitative EDX are in progress
to gain a more detailed assessment of the exact com-
position and structure of the pyroxene phase present
in these glass-ceramics. The analysis by SEM/EDX of
the bright polygonal crystals (Fig. 7c and d and Table I)
showed the existence of at least two different (cubic)
spinel phases, which will be called spinel A and B. In
these phases a high concentration of the metallic ele-
ments Fe, Cr, Ni and Zn was found, which are thought
to be entrapped in this type of cubic lattice. In spinel B,
there is a higher concentration of Ca and Ti, which may
suggest the existence of a sphene phase in solid solu-
tion with the spinel. Further characterisation of these
crystalline phases will need the use of higher resolu-
tion techniques including TEM and electron diffraction
analyses.

The assessment of the crystallisation kinetics and the
accurate identification of crystalline phases and of their
chemical composition have been reported to be diffi-
cult tasks in this kind of glass-ceramics obtained from
vitrified incinerator fly ash [7, 12]. Nevertheless, the
present observations and XRD data may help to deter-
mine the crystallisation mechanism active in these ma-
terials. Thus, Figs 4 and 6 reveal that there is a preferred
orientation of the pyroxene crystals with respect to the
faces of the cubic crystals of spinel. Most of the elon-
gated crystals have one of their edges in contact with
the spinel crystals and are situated perpendicularly to
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(a)

(b)

Figure 3 SEM micrograph of the fracture surface of glass-ceramic sample: (a) low magnification image showing crystallisation “shell”, (b) partly
crystallised area exhibiting both elongated and equiaxed crystals, (c) highly crystallised area, showing a network of interlocked elongated crystals and
smaller equiaxed crystals. (Continued)
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(c)

Figure 3 (Continued).

Figure 4 Low-magnification SEM image of a polished surface of a glass-ceramic sample. The microstructure consists of elongated and equiaxed
crystals dispersed in an amorphous glassy matrix.
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Figure 5 XRD pattern of the glass-ceramic material showing high level of crystallisation. The following crystalline phases are identified: pyroxenes,
e.g. diopside (D), anorthitic feldspar (F), spinel (S).

Figure 6 High-magnification SEM image of the polished surface of a glass-ceramic sample showing details of the crystalline microstructure. The
following features are distinguished: (i) a polygonal, equiaxed crystal with a very bright contrast (spinel), (ii) elongated crystals exhibiting agrey
contrast (pyroxene) and (iii) an amorphous residual glassy phase (matrix), which appears in dark contrast.

the faces of this cubic phase. Therefore, a mechanism
for the crystallisation may be suggested, considering
the epitaxial growth of the pyroxene crystals from the
spinel phase, which being the phase that forms more
quickly, would then provide heterogeneous nucleation
sites for the further crystallisation progress.

3.3. Crystallisation and toxic potential
of the products

The microstructural analysis presented in the previous
sections may be used to provide a first (qualita-
tive) explanation for the toxic behaviour of the
glass and glass-ceramic materials. In a previous
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(a) (c)

(b) (d)

Figure 7 Typical EDX spectra obtained for the different phases in the glass-ceramic sample (see also Fig. 6): (a) glass matrix, (b) crystalline phase,
elongated crystals, (c) crystalline phase, equiaxed crystals (spinel A), and (d) crystalline phase, equiaxed crystals (spinel B).

investigation [14], the toxic potential of the materials
was assessed by cell culture tests. By measuring the cell
activity after contact with extracts from the samples, it
was shown that the toxic potential of the glass-ceramic
material was higher than that of the as-quenched
glass. The results of those toxicity measurements are
summarised in Fig. 8, where toxicity, as quantified by
the cell activity of a cell culture medium treated by
extracts of the samples [26], has been plotted for dif-
ferent concentration of extraction media. The toxicity
data were normalised to the values determined for a
petri dish glass, which was assumed to be non-toxic.
The results shown in Fig. 8 indicate that the release
of substances that inhibit cell activity, for example
heavy metals, was more pronounced in the crystallised
samples. Since both glass and glass-ceramic specimens
were similarly dense (with negligible microporosity),

a possible effect of porosity on the different toxic
potential of the materials can be ruled out. Assum-
ing that most heavy metals are concentrated in the
crystalline phases, as the SEM/EDX analyses of the
present investigation suggest, the increase of toxicity
of the glass-ceramic could be simply explained on
the basis of a poorer leaching resistance of these
crystalline phases in comparison with that of the parent
glass matrix. Results in the literature disagree on the
influence of crystallisation on the leaching resistance
of heavy metal containing glasses. For example, in
glasses prepared from steel making precipitator dusts
and silica [27], crystallisation was shown to affect
negatively the leaching behaviour, whereas for glass-
ceramics prepared from basalt glasses [17], goethite
waste [24], hazardous waste incinerator residuals [28]
and lead-containing waste glass [29], crystallisation
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Figure 8 Relative toxicity of the materials investigated, according to
the results of a previous study [14] using the cell culture tests: (¥) glass-
ceramic, (c) as-quenched glass. The data were normalised with respect
to the toxicity of petri dish glass, whose toxicity was assumed to be nil.

resulted in a higher chemical durability. In yet other
observations on simulated nuclear waste glasses, crys-
tallisation was found to have no effect on the leaching
behaviour of the samples [30]. It is interesting to note
that the microstructure of the present glass-ceramics,
exhibiting crystalline phases embedded in a glassy
matrix, is exactly opposite to that of the crystallised
lead-containing glasses developed by Dwivediet al.
[29]. In those samples lead-rich glassy islands were
embedded in a crystalline matrix with low lead
concentration. Thus, during leaching tests, most of the
surface exposed to the acidic extraction fluid was a
lead-deficient crystalline matrix while most part of the
lead was immobilised in glassy pockets, resulting in
less lead being extracted from the glass-ceramic. In
the present glass-ceramic, according to the results of
the EDX analyses (Table I), the heavy metals are most
probably concentrated in the crystalline phases, which
may be expected to have a lower chemical resistance
than the amorphous glass matrix, thus leading to the
poorer chemical durability of the glass-ceramic. In
this context, the present results contradict the claim of
an earlier waste management approach [31], in which
the heterogeneous dispersion of hazardous element-
containing particles in a glass matrix (i.e. forming a
composite material), was proposed to lead to a good
chemical durability of the products. The present results
show that the encapsulation of crystalline particles
containing heavy metals in a glass matrix does not
guaranteeper sea low leachability of the products.

Assuming that the toxic potential of the materials
(Fig. 8) correlates directly with their chemical dura-
bility, the present results may be rationalised on the
basis of the hypothesis of Chicket al. [17] for basalt
glass-ceramics. The microstructure of the material in-
vestigated by Chicket al. resembles that of our glass-
ceramics, i.e. they observed the presence of crystalline
phases, including pyroxenes, embedded in a glassy ma-
trix. They showed that the durability of the continuous
glass phase controlled the leaching behaviour in both
the parent glass and the glass-ceramic, and explained
the higher chemical durability of their glass-ceramic

materials by considering the change of composition of
the glass residual phase. They speculated that the in-
creased chemical durability of the glass-ceramic was
due to the removal of alkaline-earth elements (e.g.
Ca, Mg) from the glass matrix phase to form the py-
roxene phase, in particular augite. With less concen-
tration of alkaline-earth elements, the glass network
should be more resistant to chemical attack. The au-
thors also noted that in their glasses, the effect of re-
moval of alkaline-earth elements from the glass matrix
phase would overcome the observed enrichment of this
phase in Na. This element is expected to affect nega-
tively the chemical durability of the products. In our
glass-ceramics, a depletion of the elements Ca and Mg
in the glass phase was detected (see Table I). However,
this is not as pronounced as that shown to occur in the
basalt glass-ceramics of Chicket al. [17]. In partic-
ular, in that investigation, the concentration of Ca in
the glass phase of the glass-ceramic was shown to be
less than 50% of that in the as-quenched glass [17]. In
our material this difference was only of 8% (Table I).
Moreover, since the concentration of Na could not be
quantified with the SEM/EDX technique used (due to
the overlapping of theKα line of Na andLα line of
Zn), the possible change of Na concentration in the
glassy phase of the glass-ceramic can not be ruled out
nor confirmed, this being an interesting topic of re-
search for future studies. Thus, analysing the present
data and literature results, seems that there is no uni-
versal explanation for the effect of crystallisation on
leaching behaviour, and that each glass-ceramic sys-
tem must be analysed separately. For the present glass-
ceramics, further microstructure and chemical analyses
utilising measurement techniques of higher resolution
are required in order to obtain a more clear view of the
relationship between crystallisation and chemical dura-
bility. In particular, the distribution and relative concen-
tration of the elements Cl, P, Na and of the heavy metals
in the different phases must be assessed. The potential
hazardous effect of these materials should be further
analysed by conducting chemical durability tests (e.g.
Soxhlet, “Swiss” [21] or DEV-S4 tests [32]), in addition
to the toxicity tests described elsewhere [14].

4. Conclusions
The microstructure of a glass and a glass-ceramic ma-
terial obtained from incinerator filter fly ash was in-
vestigated. The as-quenched material (vitrified fly ash)
was amorphous under the detection limits of XRD.
Tiny droplets of glass-in-glass phase separation were
observed, however. In the glass-ceramic material (crys-
tallised vitrified fly ash), crystals belonging to the py-
roxene group and spinels were identified. These crystals
are embedded in an amorphous glassy phase. The par-
ticular arrangement of the crystalline phases lend to the
conclusion that the pyroxene crystals may have grown
epithaxially from the faces of the cubic spinels. The
crystalline phases contain a higher amount of metal-
lic elements (e.g. Al, Cr, Fe, Ni and Zn and heavy
metals) than the residual glassy phase. Following an
explanation advanced by Chicket al. [17], the change
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of composition of the glass phase in the glass-ceramic
product, in comparison with the parent glass, seems to
be the key factor explaining its higher toxic potential,
as found in a previous study [14]. The existence of Cl
in the glass and glass-ceramic was confirmed, but little
is known on the way it is incorporated in the glassy and
crystalline phases. The exact correlation between toxi-
city, release of hazardous compounds and microstruc-
ture of these materials must be further investigated. This
will help to answer the open remaining questions con-
cerning the chemical durability and toxic potential of
the products, and how these are changed by the crys-
tallisation. Only after these questions have been fully
addressed and clarified, it will be possible to consider
realistically the materials for the envisaged technical
applications.
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