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Abstract

The effects of the addinion of L, O 1o iy ash on the
devinnification belinvionr of the dericed glass are
mvestigated with the aid of differential thermal
analysys (DTA). X rayv diffraction ( XRD) and
scannmyg clectron nmcroscopy ( SEM)  The phases
crvstathzing  first for the as quenched  glass and
the glass sample previonshy meleated are different.
Sold  solutions — of  lthuwan-magnesiim — sihearte
(Liy, soMegy o S104) and a small quantiy of fi-
cucriptite ( LiAIS10 ) sohd solition are formed from
the as quenched glass, winde only solid solutrons of
ltthunm-magnesivm stheate are formed  from the
sumple precionshy nucleared i bothe cases, these
crvstallme phases wie then comerted, ar lugher
temperatures, nito g large amountt of B-cucryptite
solid solution together with small quantities  of
diopside crvstals (CaMlgSi,0,). Kinetie parameters
for nucleation and crvstal growthwere estinated from
the DTA curves  The temperature of maxmuin
nucleation rate was 620 C and the actieation energy
for crystal growth E = 316kJmol ' The crvstal
morphology was meestigated by SEM, and the erysral
shape was consistent with the morphological mdex n
calewlated by DT A, The glass ceramie obtamed from
a previoushy meleated glass showed a fine gramed
fexture

Der Effeht der Zugabe von Li, O cu Flugasche anf das
Entglasungsi erhalten des hergestellton Glases wurde
nut Hilfe der Differentialthermoanalyse (DTA),
Routgenbeugung ( YRD ) und Rasterelek tronen
nmihroskopie ( SEM) wntersucht  Ber Glas, das nur
abgeschireckt wurde und Glas, das bereits Kenne
entlnelt, wterschewdet sich dhe erste Kristalhsations
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phase  Es bilden sich Lithuan-Magnesumsihk at
Mischhristalle ( Ligy .y Mg o\ S104) und germge
AMengen [i-Eucrvpit Aischkristall ¢ LiA1S10,), wah
rend sl e Lithoam- Magnesuonsilikat-Misch
hristalle i Proben bilden, die beretts Kenne enthalten,
i bewden Fallen wandeln sl diese kristallimen
Phasen ber hoheren Temperaturen m grofle Mengen
[ Evcrvpur und germge AMengen Diopsidkristall
{CaMgSi,00) wn Kmensche Parameter fur die
Kennbildung und das Kristallvachstune werden an
hand — der DTH-Kureen  abgeschatzt Die
Kennbiddungsrate enewche eme Mavmuwn ber 620 ¢
wnd die Ak ticternngsenergie fur das Knstalhveachstonn
hetrug E = 316kJmol ™', Die Krstallmorphologie
wierde it Hilfe von SEM untersucht, die Kristallform
stinmte nut denr mor phologischen Inde s n, berechnet
mit DT A, uberem Die Glaskeranunk, die sich auy Glas
bldet, dus beretts Kenne entluelt, ceigte eme feinhor
mge Textur

Ona Studie Ueffet de addition de Ly O auy cendres
volantes sur la dévnnfication du verre dérned, cecr d
Paide d'analyse  thernngue différentielle (DTA ),
difftaction X (XRD), ¢t nueroscopie a balavage
(SENM) Les prenneres phases a cristalhser dany le
verre suplerment trempd ot dans U'échantillon de verre
nuclée an préalable sont différentes Dans le verre
stmplement trempe, il se forme des solutions sohdes de
stheate de hilm-magnesuon ( Li, o, Mg, - S104)
ot e solution sohde d'eucryptite P Lid1S10,) en
petite quantite, alors que dans le verre prealablement
nuclec, senles les soluttons solides de sihcate  de
It magnésnn apparaissent Dans les dewy cas,
ces phases cristallines sont converties a plus hante
temperature en un melange d'une grande quantite de
solution solide d’cucryptite 3, et d'une petite quantité
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de cristauy de diopside ( CaMgSi,0, ). On a estimé
les paramétres cmeétiques pour la nucléation et lu
crowssance cristalline a partir des courbes d'analyse
thermique difiérennielle. La tempeérature maimale de
nmucléation st de 620 C et Fénergie d'activation pour
la croissance cristallme B = 316 kdmol ™" La mor
phologie des cristauy a été observeé au SEM et leur
forme est en accord avee 'mdice morphologique n
calenlé par DTA La vitrocéramique obtenue a partir
d'un verre nuclée an préalable présente wune structure
de grams fine

1 Introduction

The processing of ores and fuels leaves lurge

quantities of waste (ashes, slag, etc.), only part of

which can be utihzed by the cement industry As
regards fly ash, the amount utihzed n Italy 1s about
[% of cement production ' As a consequence, new
uses of Ay ash have to be searched lor in order Lo
meet requirements arising from the large production
and the greater attention of the community towards
an adequate disposal m terms of environmental
suleguard * Hence there 1s considerable nterest in
therr utilization as startng materials for gluss-
ceramic production 4

Moreover. coal fly ashes are much more conve
ment than steel slag: they ure avalable 1n a fine
powder [orm; they are reudy for mixing with other
tngredients in batch, and in greater quantities than
slag

This work 1s part ol a more general study having
the ultimate technological objective of maximizing
the amount ol ashes in the batch, otherwise the
production would be economically unjustfied.

In previous papers™® the devitrification of fly ash
derived glass without the addition of any other
ingredient and the effects of the addition of MgO
and TiO, to the fly ash on the crystallization
mechanism of the derived glass were studied The
results of these studies have shown that the fly ash
derived glass exhibits internal nucleation without
the addition o any nucleating agent. A fine-grained

glass-ceramic was obtained but the high viscosity of
the melted glass does not allow the production of

objects by the conventional techniques. On the other
hand, the addition of MgQ and TiO, to the Ay ash
lowers the melt viscosity but does not allow internal
nucleation, as a phase separation occurs in the glassy
matrix.

In this paper the eflects of the addition of Li,0 to
Ay ash on the devitrification mechamsm of the

derived glass are investigated with the aid of

differential thermal analysis (DTA), X-ray diffrac-
tion (XRD) and scanning electron microscopy
(SEM)

2 Experimental Procedure

The glass was prepared by mixing fly ash with
analytical grade reagent Li,CO, in a Pt crucible so
that the weight ratio o 10: 0-75 of fly ash to L1,0 was
obtamed in the batch The composition of the fly
ash, obtained from the Coal Burning Power Plant
(ENEL, Porto Marghera, Venice) 1s reported in
Table | The glass composition lies in the range of
composttions ol glass ceramic materials based on
the SiO,-Al,0O,-Li,0 system, where the main
crystalline phase is a solid solution of f-eucryptite.”
The glass was melted in an electric oven at [500°C
for 4 h and then quenched n a cast iron mould. The
as-quenched glass, annealed for 30min at about
(00" C below the glass transition temperature, was
cut by a diamond saw blade i preces surtable lor the
experimental measurements.

Differential thermal anualysis (DTA) curves were
recorded in air at different heating rates (2, 5,7 5, 10,
'Cmin™ ") on bulk specimens of about 50 mg.
Powdered Al,0, was added to improve heat
transfer between the bulk sample and the sample
holder. A Neltzsch thermoanalyser High Tempera-
ture DSC 404 was used with Al,0, as relerence
material The nucleation heat treatments were
performed in the DTA apparatus (o eliminate
temperature gradients. Nucleation times were
measured on isothermal DTA curves from the time
al which the samples, heated at 50"C min ™!, reached
the selected temperature

To nvestigate the amorphous nature of the as-
quenched glass and the crystalline phases developed
during the DTA runs, the thermally processed
samples were finely ground The samples were
analysed 1n a computer-assisted X-ray (Cuk,)
powder diffractometer (XRD) using a Philips
diffractometer model PW 1710, with a scan speed of
["min~'. Using a built-in computer search
program, the X-ray diffraction patterns were
matched to JCPDS data and corresponding phases
were identified.

For the investigation of the glass-ceramic texture
and crystal morphology, a scanning electron micro
scope, Cambridge model S-240, was used Samples
were mounted 1n epoxy and surfaces were ground

Table 1. Coal fly ash composition

Ovnde wt e
Si0), 48 72
Al, O, 1579
Fe,0, 172
Ca®) 810
MgO) I 40
K,O (57
Na,0 016
TiO), I54
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Fig. I. DTA curves ol the mvestigated glass recorded at
[0 Cmin ™' (a) as gquenched sample (b) sample nucleated lor
2 at 6o ¢

smooth. then polished with diumond paste Samples
were etched in 1" HF for approximaltely 60s. The
etched sumples were coated with a thin Au film

3 Results and Discussion

3.1 DTA and X-ray diffraction

The DTA curves carried out on (a) a bulk sumple of

the as quenched glass and (b) a sample previously
nucleated are reported - Fig | A slope change
occurs at the same temperature on both curves
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[ollowed by one exothermic effect, with 4 maximum
at 761"C an Fig. (a) and at 740'C n Fig. 1(b),
[ollowed at higher temperatures by iwo endothermic
eflects. The second endo-peak occurs at about the
sume temperature, [08O'C, on both curves, while the
maximum ol the first endo-peak shifts from 957 'Cin
Fig 1{a) to924°Cn Fig 1(b). The slope change may
be attributed to the glass trunsition In this work, the
inflection point ol the DTA curve was taken as the
gluss transition temperature (7, = 59V ()

To mvestigute the nature of the thermal effects
on the DTA curves, XRD unalysis was performed
The XRD patterns of the as quenched glass have
broad humps characteristic ol the amorphous state
The XRD patterns of a sample heated up (o the
temperature of the exo peak (a) and ol the sumples
heated in the DTA furnace untl the maximum (b)
and unul to the end (¢) of the first endo peak, are
reported in Fig. 2. Many reflections uppeur in Fig
2(a), ndicating that the exo peak on the DTA curve
of the as quenched glass 1s related to o crystalliz
ation process  These reflections were assigned to
a sohd solutton of ffeucryptite (LIAISIO)) and
sohd  solutions  of - ithum-magnesium  silicate
(L1 oy Meg - 0S10,), evenal, for a few reflections,
the agreement between the mtensity values experi-
mentally obtained with ones reported on the JCPDS
cards 15 not complete

The progressive decrease ol the reflections at
tnibuted 1o sohd solutions of hthium-magnesium
stheate and the stimultaneous increase of ones corres-
pondmg toa sohd solution ot fi-eucrypiite, together
with the appearance ol the mamn reflections of diop-
side crystals (CaMgSi,0,), going trom Fig 2(a) to
(¢) shows that the first endo-peak of the DTA curve
ol the as quenched glass s due to the translformation
process ol sohd solutions ol lithium-magnesium

] 20 2h n I

40

41 Hi() hhy #0
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Fig. 2. X Raydiffiaction patierns of samples heated (2) to the temperatare ol the DTA exo peak. (b) (o the maximum of the hist DTA
endo peak and (¢) 1o the end of the hrst DTA endo peak (@) Lithiwum-mapnesium sihcate solid solutions (A) diopside crystals,
() f8 eucryplite sohd solution
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silicate, by reaction with the residue glassy matrix,
into a large amount of sohd solution of f-eucryptite
and, in less quantity, into diopside crystals. The
second endo-peak ol the DTA curves of the as-
quenched glass and of the previously nucleated
sumple occurs 1n the same (emperature range
Moreover, the look of the XRD pattern ol a sample
alter a DTA run s very similar to that shown by the
sample heated until the end of the first endo-peak,
see Fig 2(¢), indicating that the second endo peak on
both DTA curves may be attributed to melting of the
crystals previously obtamed

3.2 Temperature of maximum nucleation rate
As reported by Marotta ¢ ol * a nucleation
rate-temperature-like curve can be obtained from

DTA curves, recorded at the same heating rate, of

the samples with the same specific surlace This
method 1s based on the shift of the DTA crystalliz-
ation peak temperature, T, from that of the as-

quenched glass, T, as a consequence ol the heat

treatment ol nucleation at different temperatures 10

the samples are held the same time (7, = 2 h) at each
temperature (T,) of the heat treatment, a plot of
()T, = 1/T,) aganst the temperature T, ol the
nucleation heat treatment (Fig 3) gives a nucleation
rule-temperature-like curve that exhibits a max-
imum at the temperature of 620°C.

The XRD patterns ol the sample nucleated (12 h)
at the temperature ol the maximum nucleation rate
(1), the same sample heated to the temperature of the
exo peak (b), and then heated to the temperature of
the fitst endo-peak of the DTA curve (¢), are
reported in Fig. 4. Figure 4(a) shows that the heat-
treutment of nucleation does not cause crystal-
lization. Figure 4(b), 1l compared with Fig 2(a),
does not exhibit the reflections assigned to the
solid solution of f-eucryptite but only shows the
reflections assigned to solid solutions of lithrum-
magnesium silicate. At gher temperatures, see Fig
He), the transformation of the solid solutions
of  hthrum-magnesium  silicate 1nto the  sohd
solution of ff eucryptite and a small quantity of
diopside crystals takes place This result may be
interpreted on the basis of the different structures of
the crystalline phases obtained. They contain the
same structural unit, the orthosihcate anton (S1074 7).
arrunged 1n different ways. Isolated tetrahedra form
the structure of the hithrum-magnesium silicate
phases, while chains and framework of tetrahedra
make up the structures of diopside and ff eucryptite
phases, respectively The nucleation heat-treatment
causes the crystallization of more depolymerized
phases, according to the composition of the mother
glass, that are more kinetically favoured than more
complicated structures of diopside and ff eucryplite
phases Moreover, the nucleation heat-treatment
gives rise to u remarkable difference 1n the glass-
ceramic lexture. As shown in Fig. §, which shows

o {a)

40 ah ho bb 60
20

Fig. 4. X Ray diffracnion patterns ol the sample (a) nucleated lor a long time (12 hyat the temperature ol the maximum nucleation rale,
(byheated 1o the temperature of the DTA exo peak, (¢) heated (o the temperature of the first DTA endo peak. (@) Lithium-magnesium
sthicate solid solutions, (&) diopside erystals, () ff eucryplite sohd solution,
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(b)

Fig. § SEM photomicrographys ol samples heated 1o (he
temperature of the DTA exo peak {a) as quenched plass (h)
siomiple nueleated for T2 h al 620 ¢

SEM photomicrographs ol a non nucleated sumple
(a). and a nucleated sample (b), the previously
nucleated sample exhibits o Hner-gramned texture
than the non nucleated sample.

Finully, the transformation process into the sohd
solutton of ff eucrvplte lor the as-quenched glass or
[or the glass sample previously nucleated, yields a

Fig. 6. SEM photomicrograph ol a sample heuated 10 the
temperature of the hrst DTA endo peak

glass-ceramic material with high crystallimty but
strongly fractured as consequence of the large
vartation ol volume that takes place m this
transformation, as shown n Fig 6

1.3 Kinetic parameters of crystal growth
When DTA runsarecarried outon bulk (low specihie
surlace area) samples previously nucleated for a long
time at the temperature of & high nucleation rate the
crystals grow at each heating rate from the same
number ol nucler, 1e the number of nuclei formed
during the DTA run can be regarded as neghgible.®
As samples of the studied glass were nucleated for
[2hat the temperature of the maxmmum nucleation
rate as detected on the nucleation rate-temperature
like curve, the following equation can be used *

In/f=(—i)( ?Ip) + ¢onstanl (n

where [/1s the DTA heating rate, £ 1s the activation
energy for crystal growth and 7, 1s the temperature
of a maximum of the DTA crystalhzation peak. A
value ol activation energy, £ = Yo kI mol ™' for the
crystal growth, was caleulated from the slope of the
strarght hine obtamed by plotung In i agamst 177,
see Fig 7. The value ol the morphological index, »,
that 1s telated (o the crystal shape (rod-hike n = |,
plate-like n =2 three dimensional # = 3) can bhe
evaluated, using the value ol E previously calculuted,
from the following equation '

192
(7= 7)
T T
where T, and T,, are the 1two inflection point
temperatures, corresponding to the crystallization

peak detected from the derivative ol the DTA curve
ol a sample previously nucleated. A value found, 2 8,

4
al e
K
[xa)
g ¢ ¢
L]
' i I
‘b.\
806 098 1 2 104
1000/Tp( 1/K)

Fig. 7. Plot ol In ff versus | T,
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is consistent with the morphology of the crystalline
phases obtained (rom the heal-treatment ol nucle-
ation, i.e, three-dimensional crystals of lithium-
magnesium silicate solid solutions.

4 Conclusions

From the expenmental results the following conclus-
ions can be drawn. The investigated glass exhibits
internal nucleation with a maximum nucleation rate
at 620"C. The devitrification process occurs In two
steps Tnimally, samples nucleated for a long time,
unlike as-quenched samples, in which a small
amount ol S-eucryplite sohd solution also crystal-
hzes, only lithium-magnesium silicate solid solutions
crystallize. The activation energy of this step s
E=3l6klmol™'. Al higher temperatures the
ithium-magnesium silicate solid solutions are
converled, in a large amount, into f-eucryptite solid
solution, and in a small quantity, into diopside
crystals This transformation produces o fine-
grained glass-ceramic material with a high cry-
stallinity degree but strongly fractured.
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