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Nucleation and crystal growth of glasses produced
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Abstract

The feasibility to crystallise a glass prepared by thermal plasma vitrification of hospital wastes to produce a glass-ceramic suitable to be used
as a construction material was investigated by using differential thermal analysis (DTA) and X-ray diffraction (XRD). Two crystallisation
exotherms in DTA were attributed to the formation of wollastonite and a crystalline phase belonging to the melilite group (gehlenite or
akermanite). DTA tests have shown that the glass is not suitable for bulk crystallisation and must be converted into a glass-ceramic by using
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he sintering process route through a single crystallisation step at 1000 ◦C for 10 min.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Previous studies on vitrification of mixed medical waste,
ncineration ashes and radioactive wastes have shown
hat thermal plasma is a promising technology for their
reatment.1–3 In thermal plasma vitrification, the heat gener-
ted is used to treat hazardous wastes containing metals, inor-
anic oxides and/or organics at temperatures above 1500 ◦C,
t which point metal containing wastes are melted and organic
ontaminants are thermally destroyed. The plasma vitrifica-
ion yields a leach-resistant monolithic glassy slag, which is
nvironmentally safe for landfill disposal or can be reused as
lass-ceramic for construction materials.4–8

Glass-ceramics are crystalline materials consisting of one
r more crystalline phases and a residual glassy phase. They
ere developed in the 1950s by controlled devitrification of
lasses, giving rise to a wide variety of technological ap-
lications such as microelectronic substrates and packaging,
ptically transparent components, biomedical implants, cat-
lytic supports, membranes and sensors, as well as for the

matrix of composite materials.9,10 Controlled devitrification
is only possible for certain glass compositions and generally
takes place in two stages: formation of submicroscopic nu-
clei, and their growth into macroscopic crystals. These two
stages are called nucleation and crystal growth.11,12

The earliest glass-ceramics were produced by a conven-
tional glass route in which a bulk glass is crystallised by a
thermal treatment in the usual two-stage process. More re-
cently, a powder-processing route, similar to that used for
conventional ceramics, has been developed in which the glass
is reduced to a fine powder, shaped and heated. It is during
the heating that the glass particles densify by viscous flow
and then nucleate and crystallise.13 For glass-ceramic pro-
duction via conventional glass processing, the nuclei must
readily form throughout the bulk of the parent glass and sur-
face nucleation must be avoided. Conversely, glasses show-
ing a strong tendency for surface crystallisation may be
successfully transformed into glass-ceramic by the powder-
processing route. Consequently, the microstructure of glass-
ceramics produced by the two routes is different.

In the glass-ceramic process, it is essential that the mi-
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crostructure, and hence properties, are optimised. This is
achieved by control of the thermal history of the parent
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glass, especially the heat treatment time and temperature.
In this context, time–temperature-transformation (TTT) di-
agrams are extremely useful for presenting data from the
crystal growth stage; they may be used as guides for heat
treatment scheduling in the processing of glass-ceramics.14

On the other hand, differential thermal analysis (DTA)
has widely been used for the determination of the nucleation
mechanisms and optimum nucleation temperature. This con-
sists of the determination of the DTA crystallisation peak
temperature after isothermal thermal treatments at differ-
ent nucleation temperatures. The nucleation curve for glass-
forming melts has the shape of a convex curve depicting the
temperature where the nucleation rate is a maximum.15

Glass-ceramics prepared by controlled devitrification of
different inorganic wastes such as coal fly ashes, hydromet-
allurgical wastes or fly ashes from domiciliary solid waste
incineration have been widely investigated.16–25 However, to
our knowledge, the processing of glass-ceramics by crystalli-
sation of wastes from hospital fly ashes treated by arc plasma
technology (APT) has not been explored.

In this regard, this paper reports the results of a study to
characterise a glass prepared by APT vitrification of hospi-
tal wastes for the production of a glass-ceramic suitable to
be used as a construction material. The nucleation kinetic
is evaluated by means of DTA experiments and the crystal
growth is investigated by X-ray diffraction (XRD) and TTT
d
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gon plasma-jet flow. After reaching the sufficient electrical
conductivity between the feed and the graphite crucible, the
laminar torch was automatically switched on to transferred
arc mode. The molten waste was kept at 1550–1600 ◦C for
30 min, and then air cooled to room temperature.

A original glass from APT vitrification of hospital wastes
was supplied by the Technical University of Lodz. This vit-
reous glass, hereafter denoted as PG glass (Polish Glass),
showed a shiny dark green colour and appeared to be homo-
geneous. Table 1 shows the chemical composition of the as-
received PG glass determined by X-ray fluorescence (XRF).
In addition to the oxides showed in the table, traces of B,
Ba, Cr, Cu, Ni and Zn were also determined by inductively
coupled plasma method (ICP).

2.2. Nucleation and growth of crystals

2.2.1. Dynamic DTA experiments
DTA analyses were employed to determine the glass tran-

sition temperature (Tg), the crystallisation behaviour and the
nucleation curve of PG glass. The tests were carried out in a
SETARAM thermal analyser, Labsys model, using platinum
crucibles with calcined alumina as reference, in flowing air at
100 cm3/min. All DTA curves were normalised with respect
to the sample weight.
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. Materials and methods

.1. Raw material

The hospital wastes were treated in a DC thermal
lasma reactor designed in the Technical University of Lodz
Poland). The furnace was water cooled and the transferred
rc-plasma system had a maximum output power of 150 kW.
t the beginning, a single water cooled plasma torch was
perating in a non-transferred mode producing laminar ar-

able 1
RF analysis (wt.%) of PG glass prepared by APT vitrification of hospital
astes

xide wt.%

iO2 52.46
l2O3 9.49
e2O3 3.54
a2O 5.03

2O 0.50
aO 24.44
gO 1.93

iO2 1.61

2O5 0.83
nO 0.05

OI 0.11

otal 99.99
To ascertain the predominant crystallisation mechanism,
ulk or surface, in the devitrification of PG glass, DTA
ecords were performed on a monolithic bulk (approximately
mm × 2 mm × 2 mm), a fine powder sample (<35 �m) and
powder sample without size control. For determination of

he nucleation temperature, Tn, powder glass particles were
eated in the DTA equipment at 50 ◦C/min to different nucle-
tion temperatures in the range 700–750 ◦C and held at the re-
pective nucleation temperature for 30 min. After nucleation
reatments, the samples were post-heated without removal
rom the DTA apparatus until crystallisation was complete.
he plot of the temperature of the exothermic crystallisation
eak, Tc, versus the nucleation temperature, Tn, allows the
pecification of the optimum nucleation temperature from
he maximum of the curve.

The activation energy, Eact, for crystallisation was also
alculated from DTA data. This can be made by investigat-
ng the dependence of the temperature corresponding to the

aximum of the exothermic peak, Tp, with the heating rate.
he samples were crystallised at different heating rates, φ,
amely 5, 15, 30, 40, 50 ◦C/min. The data were analysed
sing the Kissinger equation.26

n

(
f

T 2
p

)
= −Eact

RTp
+ constant (1)

here R is the perfect gas constant (R = 8.314 J K−1 mol−1).
he plot of ln(φ/T 2

p ) versus 1/Tp is a straight line, whose
lope gives the value of E/R allowing the calculation of the
ctivation energy of crystallisation.
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2.2.2. Static (quenched) experiment: TTT curves and
XRD phase identification

For determining the relative growth of crystals, as well as
the TTT devitrification curve, the following experiments have
been conducted. Because of the dominant surface mechanism
of nucleation and crystallisation showed by the PG glass, the
thermal treatments have been carried out in pressed compacts
(35 MPa) of glass powder (particle size in the 60–200 �m
range). That is to say, glass-ceramics samples were prepared
by sintering the glass compacts in air at different tempera-
tures in the 800–1000 ◦C range and a hold time of 5–60 min.
Sometimes, the time was elongated to 240 min to observe
the saturation of the crystallisation. After thermal treatment,
the samples were quenched in air until room temperature and
then grounded to a fine powder, which was used to obtain the
corresponding X-ray diffractogram, in a Philips analytical
diffractometer, PW 1710 series, using Cu K� radiation.

3. Results and discussion

3.1. Dynamic DTA experiments

Fig. 1 shows the DTA curves of bulk and powder PG glass.
It can be seen that all samples exhibit a glass transition at
a ◦
p
w
a
T
a
t
b

Fig. 2. Plot of the temperature of the exothermic crystallisation peak, Tc, vs.
the nucleation temperature, Tn, for PG glass.

These results indicate that surface crystallisation is the pre-
vailing mechanism for the devitrification of PG glass and
hence it is not suitable for bulk crystallisation and must be
converted into a glass-ceramic by using the sintering process
route.

Fig. 2 shows the plot of the temperature of the exothermic
crystallisation peak, Tc, versus the nucleation temperature,
Tn. It can be seen that there is no great differences in Tc
with Tn, which suggests that a nucleation step is not nec-
essary for the devitrification of PG glass, which could be
transformed into a glass-ceramic by a single crystallisation
step.

Fig. 3 shows the plot of ln(φ/T 2
p ) versus 1/Tp for PG

glass. As expected, a linear relationship was obtained. The
value of Eact determined from the slope of this line was
291 kJ/mol, which is lower than the value reported for glasses
obtained from urban incineration ashes (379 kJ/mol) in which
surface crystallisation also plays a major role in the glass
devitrification.21 This result suggests that PG glass would be
easier to crystallise than urban incineration glass perhaps ow-
ing to its chemical composition with a great content in Fe2O3
round 690 C. The curve of the fine powder sample with a
article size <35 �m shows an exothermic peak at 994 ◦C,
ith a shoulder at 885 ◦C, following by an endothermic peak

t 1180 ◦C which indicates the formation of a liquid phase.
he full powdered sample (without size control) also shows
similar trace, but the corresponding peaks have lower in-

ensity than glass with particle size <35 �m. Conversely, the
ulk sample does not exhibit distinct crystallisation peaks.

Fig. 1. DTA curves of bulk and powder PG glass.
 Fig. 3. Plot of ln(φ/T 2
p ) vs. 1/Tp for PG glass.
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and TiO2, which are well established as nucleating agents for
crystallisation.11 The low value of Eact is in good agreement
with the fact that a nucleation step is not necessary for the
crystallisation of PG glass.

3.2. Static (quenched) experiment: TTT curves and XRD
phase identification

After thermal treatment, the appearance and colour of the
samples change with the temperature and time of treatment,
from almost black to a wide range of brownish colours.

Fig. 4 shows the TTT diagram for the crystallisation of PG
glass compacts depicting a C-shaped curve, which is char-
acteristic of nucleation and growth processes. The onset of
crystallisation starts after 60 min of heat treatment at 800 ◦C,
with lower treatment times as the temperature increases. Par-
tial devitrification of the glass compacts is observed after
thermal treatment at 850 ◦C for 30 min, and the samples are
fully devitrified at 850 ◦C in 60 min. At or above 950 ◦C, full
crystallisation is reached with a very short heating time of
5 min.

Fig. 5 shows the X-ray diffractograms of PG glass com-
pacts after 10 min of thermal treatment at different tem-
peratures. The crystalline phases identified are gehlenite
(Ca2Al2SiO7) or akermanite (Ca2MgSiO7) at lower temper-
atures (850–950 ◦C) and wollastonite (CaSiO ). The Joint
C
s
t
a
d
s

F
p
t

Fig. 5. X-ray diffractograms of PG glass compacts after 10 min of ther-
mal treatment at different temperatures (W: wollastonite; G/A: gehlen-
ite/akermanite).

other and could give rise to solid solutions. Therefore, it is
difficult to discern between both phases by only XRD anal-
ysis. Similarly, the small deviations in the d-values between
monoclinic and triclinic wollastonite do not make it possible
to discern the crystal system of wollastonite.

Figs. 6 and 7 show the X-ray diffractograms of PG glass
compacts after different heating times at 850 and 1000 ◦C,
respectively. At 850 ◦C, both the intensity and the nature
of the crystalline phases change with time. Thus, gehlen-
ite/akermanite is the major phase up to 15 min of thermal
treatment. At longer times this starts to dissolve and it is
not detectable by XRD in the glass-ceramic produced after
240 min. As to wollastonite, it is detected after 30 min at
850 ◦C and its intensity increases with heating time, being
the only crystalline phase detectable after 240 min of ther-
mal treatment. Wollastonite also is the only crystalline phase
detected at 1000 ◦C for different times (5–30 min), with its
growth fully saturated after 5 min at this temperature. These
results indicate that gehlenite/akermanite starts to crystallise
at lower temperatures and shorter times than wollastonite.
Thus, the lower temperature DTA exothermic (Fig. 1) is due
to the crystallisation of gehlenite/akermanite and the higher
temperature peak is associated with wollastonite.
3
ommittee of Powder Diffraction Standard (JCPDS) cards

how that the maximum reflection at 2.85 Å can be assigned to
wo members of the melilite group, gehlenite (Ca2Al2SiO7)
nd akermanite (Ca2MgSi2O7), with small deviations in the
-values. Gehlenite and akermanite have the same crystal
tructure and their lattice parameters are very close to each

ig. 4. TTT diagram for the crystallisation of PG glass compacts: (©) amor-
hous; (⊕) onset of crystallisation; ( ) partial crystallisation; (�) total crys-
allisation.
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Fig. 6. X-ray diffractograms of PG glass compacts after different heating
times at 850 ◦C (W: wollastonite; G/A: gehlenite/akermanite).

The relative proportion of wollastonite in the glass-
ceramics were estimated by XRD from the ratio
Irelative = In/Itotal. The peak used for In was 2.97 Å, which cor-
responds to the (−3 2 0) plane. Plots of Irelative versus crys-
tallisation temperature and time are given in Figs. 8 and 9,
respectively. The relative proportion of wollastonite initially
increases with temperature and time and tends to saturate at
lower times as the temperature increases. The higher inten-
sity of wollastonite phase in the XRD patterns was observed
in the sample heat treated at 1000 ◦C for 10 min. Therefore,
this must be considered as the optimum crystallisation treat-
ment to transform the PG glass into a glass-ceramic mate-
rial.

It is well known that wollastonite is a common crys-
talline phase in glass-ceramics formulated with high CaO
content,6,16,19 and in conventional ceramic tiles manufac-
tured by a fast-firing process. Wollastonite crystallisation
gives high mechanical resistance to tile products and a high
content of this phase in a sintered glass-ceramic will im-
ply higher strength of the final products. Therefore, the
optimum thermal treatment at 1000 ◦C for 10 min is well

Fig. 7. X-ray diffractograms of PG glass compacts after different heating
times at 1000 ◦C (W: wollastonite; G/A: gehlenite/akermanite).

Fig. 8. Plot of Irelative vs. crystallisation temperature: (�) 5 min; (�) 10 min;
( ) 15 min; (�) 30 min; ( ) 60 min.
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Fig. 9. Plot of Irelative vs. crystallisation time: (�) 850 ◦C; (�) 900 ◦C; ( )
950 ◦C; (�) 1000 ◦C.

suited to the industrial processing of fast-firing ceramic
tiles.

4. Conclusions

The powder-processing route has been successfully ap-
plied to a glass prepared by thermal plasma vitrification of
hospital wastes with the aim of converting it into a glass-
ceramic tile suitable as a construction material. DTA analy-
ses have shown that surface crystallisation is the prevailing
mechanism for the devitrification of PG glass, which must be
converted into a glass-ceramic by using the sintering process
route. The value of Eact determined by the Kissinger method
was 291 kJ/mol, which is lower than the value reported for
glasses obtained from urban incineration ashes (379 kJ/mol)
in which surface crystallisation also plays a major role in the
glass devitrification. The low value of Eact is in good agree-
ment with the fact that a nucleation step is not necessary for
the crystallisation of PG glass. The onset of crystallisation
stars after 60 min of heat treatment at 800 ◦C and the optimum
thermal treatment to transform the glass into a glass-ceramic
is a treatment at 1000 ◦C for 10 min, with wollastonite the
crystalline phase devitrified.
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