
A

T
r
m
i
c
t
©

K

1

d
c
n
(
(
a
a
r
t

a
T
t
i
o
a
i
T

0
d

Journal of the European Ceramic Society 27 (2007) 2423–2431

Structural characterization of Na2O–CaO–SiO2 glass ceramics
reinforced with electric arc furnace dust

I. Tsilika, Ph. Komninou ∗
Physics Department, Aristotle University of Thessaloniki, GR-54124 Thessaloniki, Greece

Received 9 April 2006; received in revised form 28 August 2006; accepted 10 September 2006
Available online 1 November 2006

bstract

he microstructure of three different compositions of electric arc furnace dust (EAFD) from steel scrap recycling facilities mixed with cheap
aw materials (SiO2, Na2O, CaO), treated under the same conditions were examined by means of X-ray diffraction (XRD), scanning electron
icroscopy (SEM) and transmission electron microscopy (TEM). Wollastonite-type crystals were identified as the major crystalline phases. The
nitial composition of the mixtures was found to influence the type of crystals formed. The distribution of the elements in the glass matrix and the
rystals in the as-casted and crystallized samples as well as the role of EAFD in the crystallization process were studied in an attempt to understand
he mechanism of wollastonite-type crystals formation.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Electric arc furnace dust (EAFD) is a solid waste produced
uring process of steel in steel scrap recycling facilities. It
onsists mainly of the contaminants of steel and its main compo-
ents are zinc oxides (ZnO), lead oxide (PbO), and zinc ferrite
ZnFe2O4). Manganese oxide (MnO) and magnesium oxide
MgO), are contained in smaller amounts as well. The huge
mount of annual production of EAFD (15,000 t/year) in Greece,
long with its toxicity have raised the issue of developing envi-
onmental safe and low cost methods for the management of
hese solid wastes.

A continuously developing method of solid waste man-
gement is vitrification with the addition of batch materials.1

hrough vitrification, reduction of the volume of waste, destruc-
ion of the organic components and stabilization of the toxic
ngredients are accomplished at the same time. The products
f vitrification can, with further thermal treatment (nucleation

nd crystallization), be converted into glass ceramics with
nteresting mechanical, thermal and chemical properties.2

he properties of the resulting glass ceramics are tailored by
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ucture-final; Waste material

he initial composition of the glass and the heat treatment
rocedure.

In an attempt to solve the problem of management of EAFD
astes, Kavouras et al.3 vitrified EAFD with cheap raw mate-

ials, namely CaCO3, Na2CO3 and SiO2 powders, at ambient
ressure. The vitreous products were converted into glass ceram-
cs by a two-stage heat treatment (nucleation and crystallization).

ollastonite (CaSiO3) appeared to be the dominant crystalline
hase. Depending on the initial composition, the resulting mate-
ials have been proved3 to reveal different properties concerning
heir state of crystallization, morphology of the formed crystals
nd microhardness.

The main target of this work is to investigate, from the
tructural point of view, the inmobilization of EAFD and the
ossibility of utilizing the resulting glass ceramics into useful
pplications. Wollastonite, which has been found to dominate
n the samples, is an important substance in ceramic and cement
ndustries. It has traditionally been used as raw material for tiles,
hite paint, as a filler for resins or paper, as high frequency insu-

ator and as machinable ceramic.4 Thus, a thorough examination
f the crystalline phases formed and the distribution of the

lements of EAFD in the samples is performed during the whole
rocess of the heat treatment (casting, nucleation, and crystal-
ization) in order to understand the differences in the behavior of
he devitrified materials and the mechanism that favors the for-

mailto:komnhnoy@auth.gr
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diffraction pattern (EDP) of EAFD 3, illustrated in Fig. 2. The
diffused rings together with the diffraction spots indicate early
stages of crystallization. The crystallized samples revealed var-
424 I. Tsilika, Ph. Komninou / Journal of the E

ation of the certain crystalline phases. In addition, the role of
he elements of EAFD in the crystallization process is examined.

. Experimental procedure

EAFD powder was mixed with SiO2, Na2CO3, and CaCO3
owders in various proportions. The wt% compositions of
AFD and of the resulting mixtures, named as EAFD 1, EAFD
, EAFD 3, are shown in Tables 1 and 2, respectively. The solid
ixtures were placed in a Pt crucible and they were heated in

n electric furnace at ambient atmosphere at 1400 ◦C for 2 h.
he resulting melts were poured on a stainless steel plate and
ere rapidly cooled down at room temperature. When cooled

hey were subjected to a two-stage isothermal treatment process
t temperatures determined from DTA scans. Specifically, the
amples were heated up to 680 ◦C for 15 min where nucleation
nitiated and then heated up to 900 ◦C for 30 min for their crys-
allization and crystal growth.

The resulting materials were characterized by X-ray diffrac-
ion analysis (XRD) using a Seifert 3003 powder diffractometer
nd Cu Ka1 radiation. Microstructure characterization was per-
ormed using electron microscopy techniques (EM). Scanning
lectron microscopy (SEM) observations and stoichiometric
nalysis of the materials were conducted in a JEOL JSM-840A
icroscope operated at 20 kV, equipped with an Oxford

SIS-300 energy dispersive spectrometry (EDS) analyzer.
pecimens for transmission electron microscopy (TEM) and
igh-resolution TEM (HRTEM) investigations were initially
hinned by mechanical grinding followed by ion-milling to
each electron transparency. TEM and HRTEM observations
ere carried out in a Jeol-2011 (point-to point resolution
.19 nm and Cs = 0.5 mm) and a FEG STEM JEOL-2011
lectron microscopes, both operated at 200 kV, the latter

quipped with a Link EDS microprobe analyzer capable of
nalyzing particles of a few nanometers size. The microprobe
nalysis was employed complementary to the EDS analysis by
EM, where higher local resolution was demanded.

able 1
omposition (wt%) of electric arc furnace dust (EAFD)

EAFD

gO (%) 0.8
l2O3 (%) 1
iO2 (%) 4.5

2O (%) 1.5
aO (%) 5.1
nO (%) 3.7

e2O3 (%) 37.7
nO (%) 38.8
bO (%) 6.9

able 2
ompositions (wt%) of the resulting mixtures (EAFD 1, EAFD 2, EAFD 3)

SiO2 (%) Na2O (%) CaO (%) EAFD (%)

AFD 1 55 10 15 20
AFD 2 55 5 20 20
AFD 3 55 5 25 15 F

l

Fig. 1. X-ray diffractograms of EAFD 1, 2, 3.

. Results

XRD measurements, presented in Fig. 1, showed that in all
amples, despite their compositional differences, wollastonite is
he dominant crystalline phase. A small peak of SiO2 (tridymite)
s also observed. The amorphous background present in the
iffractograms (especially in EAFD 1) reveals that the materials
re not fully crystallized.

TEM analysis was performed at both types of heat-treated
aterials: those presenting crystal nucleation and the crystal-

ized ones. The former samples of all three compositions were
ound to be mainly amorphous, as can be seen in the electron
ig. 2. EDP of the nucleated sample EAFD 3, showing early stages of crystal-
ization of triclinic wollastonite.
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ig. 3. Bright Field (BF) image of a wollastonite crystal formed inside the glass
atrix.

ous types of crystal structures. Specifically the analysis of their

DPs showed wollastonite as the main crystal component and

he existence of SiO2 crystals in small amount, in accordance
ith XRD results. A Bright Field (BF) image of a needle like
ollastonite crystal, formed inside the glass matrix of EAFD1

E
o
i
t

ig. 4. EDP of: (a) the [21-2] zone axis of wollastonite, taken from the EAFD 1 samp
he zone axis of Na2Ca3Si6O16, taken from the EAFD 1 sample, (d) a crystal structur
an Ceramic Society 27 (2007) 2423–2431 2425

s shown in Fig. 3. Representative EDPs of the two crystal struc-
ures are shown in Fig. 4a and b. Fig. 4a depicts the [2 1 2̄]
one axis of wollastonite taken from the sample EAFD 1, while
ig. 4b shows the [3 1 0] zone axis of SiO2, taken from the same
ample. Especially in EAFD 1, where the concentration of Na2O
s larger, the formation of (Na2O, 3CaO, 6SiO2) phase was also
avored, as can been seen in the EDP of Fig. 4c, where the
0 1 2] zone axis of the specific phase was identified. The partic-
lar crystal structure was not detected by XRD probably due to
ts small amount present in the sample. Another structure was
lso identified by TEM at both EAFD 1, 2 with a space group
nd lattice parameters close to that of wollastonite. The EDP
Fig. 4d) of such a structure, belonging to EAFD 2, shows close
esemblance to the EDP of the [1 1̄ 0] zone axis of wollastonite.

In order to examine the homogeneity of the as-casted samples
nd the mechanism of crystallization, the elemental distribution
s measured throughout the sample before the crystallization
rocess. For this reason the EDS analyzer of SEM was used,
he large diameter of the beam of which offers a better statis-
ical analysis. The results of the EDS analysis of the samples

AFD 1, 2, 3 are presented in Fig. 5. From the EAFD elements
nly the distribution of Fe and Zn is depicted in the figure. This
s because the particular elements exist in the sample in rela-
ively large amounts, thus an accurate measurement could be

le, (b) the [3 1 0] zone axis of SiO2, taken from the EAFD 1 sample, (c) [0 1 2]
e similar to wollastonite, taken from the EAFD 2 sample.
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of structure, with small deviations in their d-spacings, namely
in their lattice constants (Fig. 8c). A third type involves crystals
which contain Si, Ca, Na, Fe, and Mn in such amount that
(Ca, Na, Fe, Mn)/Si = 1/1 (Fig. 8f). The particular crystals have
ig. 5. Atomic percent of Ca, Na, Fe, Zn in the as-casted: (a) EAFD 1, (b) EAFD
and (c) EAFD 3 samples.

btained. As it is made apparent, Na, Ca, Fe, Zn are dispersed
lmost homogeneously. It is obvious that the amount of atomic
ercent of the elements in the samples is dependent on their ini-
ial composition. Namely EAFD 3 that contains a larger amount
f CaO relative to EAFD 1, 2, exhibits a higher average atomic
ercent in Ca.

After the crystallization procedure, crystals and glass matrix
oexist in the samples. In order to examine the local varia-
ions of the compositions brought by the crystallization process,

anoprobe EDS analysis was taken from nanocrystals in the
RTEM observational mode. The small diameter of the probe

ize used (1.2 nm−1), allowed the stoichiometric analysis of the
amples at the nanoscopic level.

F
H
o

an Ceramic Society 27 (2007) 2423–2431

The comparison of the residual glass matrix stoichiometry
efore and after the devitrification process shows differences in
he concentration of Ca and the distribution of EAFD elements.
n fact, as it is made apparent in the EDS spectra of Fig. 6,
he calcium content is larger in the as-casted than in the glass

atrix of crystallized EAFD 1, 2, 3, where the concentration of
a is fairly small. In addition, the elements of EAFD are not
omogeneously dispersed throughout the glass matrix of the
rystallized samples, as was observed in the as-casted samples
Fig. 5). In the amorphous regions close to the crystals (Fig. 7a)
AFD concentration appears to be larger compared to the rest
f the glass matrix (Fig. 7b).

As far as the crystalline areas of EAFD 1, 2 are concerned,
ifferences in the calcium and EAFD content of the various
rystals are also observed. Representative EDPs and their
orresponding EDS spectra are shown in Fig. 8. Specifically
here are crystals, with the symmetry of SiO2 (Fig. 8a, EDP of
3 1 0] zone axis of SiO2) in which the main component is Si,
ith small amounts of Ca, Na (Fig. 8b). In other crystals Si and
a appear in higher percentage, while Na, Mn, Zn and Fe exist
nly as traces (Fig. 8d). These crystals show a wollastonite-type
ig. 6. Representative EDS analysis taken from nanocrystals of EAFD 1 in the
RTEM observational mode: (a) in the as-casted sample, (b) in the glass matrix
f the crystallized sample.
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ig. 7. Representative EDS analysis taken from nanocrystals of the crystallized
AFD 1 in the HRTEM observational mode: (a) in the glass matrix close to a
rystal, (b) in the rest of the glass matrix.

he wollastonite structure (Fig. 8e, EDP of [21-2] zone axis of
ollastonite).
When the calcium content is further increased (EAFD 3) at

he expense of EAFD, the crystals formed, have Ca, Si as main
omponents. EAFD appears in the crystals mainly as traces and
ess often in small amounts. The Ca/Si ratio fluctuates between
.8 and 0.9 in most crystals. This is obvious in Fig. 9, where the
DP of the [0 0 1] zone axis of wollastonite along with the cor-

esponding EDS spectrum is depicted. The stoichiometry of the
ormed CaSiO3 crystals approaches the ideal one (Ca/Si = 1/1).
. Discussion

The crystal phases stable at the composition of the samples
re depicted in the phase diagram shown in Fig. 10.5 It is appar-

g
i
E
a

able 3
rystalline phases at different compositions

ample name Chemical composition (wt%)

SiO2 CaO Na2O EA

ample 15 55 34 11 –

AFD 1 55 15 10 20
an Ceramic Society 27 (2007) 2423–2431 2427

nt that the composition of EAFD 1 (denoted by 1 in the phase
iagram) corresponds to the crystalline phase Na2Ca3Si6O16.
owever, the particular phase is stable at higher temperatures,
amely higher energies compared to the conditions of crystal-
ization of EAFD 1. In the sample (EAFD 1) examined, the

ajority of the crystals are found to belong to the wollas-
onite structure. Only small areas of the sample were identified
s Na2Ca3Si6O16. As the concentration of calcium increases
t the expense of sodium (EAFD 2, 3), the concentration of
he mixture is moved to points 2 and 3 in the phase diagram
Fig. 10).5

In the crystal structures formed in all the samples, an impor-
ant role plays the presence of EAFD which has not been taken
nto account in the phase diagram. As it has been mentioned,
AFD consists of a mixture of various oxides. According to
lizadeh et al.,6 the presence of certain oxides (Fe2O3, Cr2O3,
2O5, etc.) or combinations of them, act as nucleating agents
ho have been proved not only to promote bulk crystallization
ut also to influence the nature and the amount of phases crys-
allized, namely different phases crystallize at the presence of
ifferent nucleating agents.

A clear proof of this assumption is shown in Table 3. In the
ample EAFD 1 wollastonite appears as the dominant phase
nd Na2Ca3Si6O16 as a minor phase. Previous experiments7

erformed on samples with similar parent glass composition as
AFD 1, (sample 1: all EAFD is substituted by CaO), have indi-
ated the presence of Na2Ca3Si6O16 as the dominant crystalline
hase and wollastonite as a minor phase, indicating that EAFD
ct as a nucleating agent which promotes wollastonite formation.

In addition, the crystallization of wollastonite in our samples
t relatively low temperature (900 ◦C), compared with the one
ndicated in the phase diagram (1100 ◦C), also may be attributed
o the presence of the oxides of EAFD. Rizkalla et al.8 have
eported that the presence of P2O5 in the parent glass (SiO2,
aO, and Na2O) lowers the activation energy of crystallization
f wollastonite. Consequently, the elements of EAFD, especially
e, Zn seem to play an important role in the crystallization mech-
nism.

According to Rincon et al.9 during bulk crystallization, Fe
ons show tendency to diffuse to the surface. Supposing that
ach wollastonite crystal acts as a small bulk crystal, it may be
ssumed that the presence of Fe, Zn in our samples initially facil-
tate crystallization, while during crystallization diffuse to the

lass matrix and are distributed around crystals.10 This theory is
n accordance with the EDS analysis taken from nanocrystals of
AFD 1, 2, 3 in the HRTEM observational mode. The specific
nalysis showed that the concentration of EAFD in the amor-

Crystalline phases

FD

Major phase: Na2Ca3Si6O16

Minor phases: wollastonite, Na2Ca2Si3O9, Na2CaSiO4

Major phase: wollastonite
Minor phases: Na2Ca3Si6O16, SiO2
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Fig. 8. (a) EDP of a crystal of EAFD 1 with the SiO2 structure, (b) the corresponding EDS analysis, with Si as the main component, (c) EDP of a crystal of EAFD
2 with a wollastonite-type structure, (d) the corresponding EDS analysis, with Si, Ca, Na, as main components and traces of EAFD, (e) EDP of a crystal of EAFD 1
with the wollastonite structure, (f) the corresponding EDS analysis, with (Ca, Na, Fe, Mn)/Si:1/1.

Fig. 9. EDP of the [1 0 0] zone axis of a wollastonite crystal of EAFD 3 with Ca/Si ∼ 1 and the corresponding EDS analysis.
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Fig. 10. Phase diagram of CaO–Na2O–SiO2 system.5

hous areas, surrounding the crystallized areas of wollastonite,
s large and small or zero inside the crystals. Such a HRTEM
mage (taken from the EAFD 1 sample) and the corresponding
DS spectra are presented in Fig. 11.

The role of EAFD as a nucleating agent may explain also

he reason why the particular elements are not homogeneously
ispersed in the glass matrix of the crystallized samples. As
t has been discussed, during crystallization EAFD promotes
rystallization of wollastonite and diffuses to the surrounding

m
N
(
(

Fig. 11. HRTEM image of a crystallized ([1 0 0] zone axis) and an a
an Ceramic Society 27 (2007) 2423–2431 2429

lass matrix. As a result the elements of EAFD, after the crys-
allization process are not homogeneously dispersed in all the

aterial, being in small amount or absent in the crystallized areas
Fig. 11), showing local maxima in the amorphous regions near
he crystals (Figs. 11 and 7a) and being almost absent in the rest
f the glass matrix (Fig. 7b).

The crystallization of wollastonite requires a considerable
mount of Ca. That is why the glass matrix of the devitrified
amples has a smaller amount of Ca. Namely calcium is gathered
n the regions to be crystallized in order to form CaSiO3. As a
esult the neighboring regions are depleted from calcium.

It has been mentioned that wollastonite (CaSiO3) is the
rystalline phase that is favored under certain conditions. The
toichiometry of CaSiO3 requires Ca/Si:1/1. In the samples
xamined the amount of calcium is not adequate to meet this
equirement. Consequently crystals from which the EDP of
ig. 8c and the EDS spectrum of Fig. 8d were taken, are formed
ith deviations in lattice parameters and stoichiometry of the

deal wollastonite structure.
It is reasonable to assume that the type of crystals formed

epend on the local fluctuations of the chemical environment.
o the crystals with Si in large amount, Ca in smaller amount and

races of Na, Mn, Zn, and Fe (Fig. 8c) are expected to be found in
egions where the nucleating agents of EAFD are present. These
rystals are attributed to wollastonite-type crystals, because this
tructure is identified by the EDP (Fig. 8c) and favored under the
onditions, even though Ca/Si < 1/1. Small amount of EAFD ele-

ents occupy the Ca sites in the CaSiO3 structure and form (Ca,
a, Fe, Mn, Zn)SiO3 crystals. When Ca/Si is sufficiently large

Fig. 8f) (Ca, Na, Fe, Mn, Zn)/Si:1/1 crystals are also observed
the third type of crystals, Fig. 8e).

morphous region and their corresponding EDS nanoanalysis.
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ig. 12. The distribution of the elements Ca, Si, Fe, Zn, Na in an area containin
ontent, (d) Fe content, (e) Zn content, (f) Na content.

The crystals with the structure of SiO2 (Fig. 8a) and with
ain component Si and small amount of Ca, Na (Fig. 8b) are

xpected to appear in areas of the sample with small calcium
nd EAFD content and especially in EAFD 1 where the concen-
ration of Ca is smaller. The particular crystals may be attributed
o SiO2 glass residuals, which were also identified in XRD
easurements.
When calcium content is further increased (EAFD 3) the

a/Si ratio is more close to unity. As a result more crystals
ith the CaSiO3 stoichiometry and the structure of wollastonite

re formed. The amount of crystals with Ca/Si < 1 is signifi-
antly decreased, the elements of EAFD disperse into the glass

atrix and a better crystallization and stabilization of the waste

s accomplished. So the addition of calcium has resulted in
he formation of crystallized samples with the stoichiometry
nd structure of wollastonite, while EAFD elements are not

t
c
X
w

tals and glass matrix (X-ray mapping). (a) STEM image, (b) Si content, (c) Ca

ncorporated any more in the crystal structure, showing ten-
ency to diffuse to the chemical inert matrix where they are
tabilized.

It is worth noticing the role of Zn++ in the wollastonite-type
rystals. Zn is classified among the intermediate species, acting
ither as a glass network former occupying tetrahedral sites or
s a modifier occupying octahedral sites.11 In the present case,
n++ as well as Fe++, seems to substitute partially Ca++ in the
tructure of wollastonite, giving rise to a solid solution of (Ca,
n, Fe)SiO3 wollastonite structure.

As it was mentioned the majority of EAFD elements of the
evitrified materials appear in the matrix surrounding the crys-

als (Fig. 7a). This is also evident from Fig. 12, where a well
rystallized area of EAFD 3 is illustrated together with the
-ray maps of some of the EAFD elements. The crystals of
ollastonite are depicted from their large concentration of Ca
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Fig. 12c). The particular areas are depleted from the EAFD ele-
ents (Fig. 12d, e and f). The Fe, Zn, Na elements are distributed

n the matrix around the crystals. As it is expected silicon, as the
lass network former, is homogeneously dispersed in all the sam-
les. The transparent area in the middle of the picture (Fig. 12a)
s due to the thickness variation of the sample.

. Conclusions

The microstructure and the distribution of elements of vit-
ified industrial waste (electric arc furnace dust) from steel
crap recycling facilities were examined during the whole
rystallization process. The local chemical environment seems
o determine the different types of crystals formed. As the
oncentration of Ca increases in the initial composition, the
a/Si ratio approaches unity and more crystals of the ideal
ollastonite structure and stoichiometry are formed. The ele-
ents of EAFD seem to facilitate wollastonite formation

nd show tendency to diffuse to the chemical inert matrix
ear the crystals after crystallization, where they are stabi-
ized.
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