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de crislau~ de dlopsuh' ( C'aA,lgSt,O,,). (.111 u eslinl~; 
h's patam~;Ire.~" cm~;liqtws pour  ]a m/cl~'alion el lu 
crm.~',~'ance crislalline ~) parln" des cotn'be,~' d'onall'se 
thermtqtw difl~;rcntwlh'. L,a tonp~;I alln e ntu ~ intnle de 
nl.'h;afiolt e,~'t de h20' C" el I'('ner,~ie d'aclwattolt Bran' 
ht crotssancc crtstalhlw E = ¢lh k.I tool- ~ L,O nmr 
ldto/ogw des ¢'rtst,m~ u ~"h; ohsert,e(' art SE~I  c / leur  
fo/'///c e,~l ~'/1 accord e/l'i'c I'//t~hce /Horpholog/qtte t/ 
cah'tth" pal D7,4 La vttroc~"ramiqtw ohtemw d porttr 
el'l/l/t'e/'/t'//ttch"e l/t/ lit ('ahtbh' pr('~'i'//h' t/He strttt'lure 

=h' grams tim' 

I Inlroduction 

T'he processing o1" ores and fuels leaves large 
quantities of waste (ashes, slag., etc.), ~mlv part t~l" 
which can be utthzed by tile cement industry As 
reg.ards fly ash, the atm~unt utilized ~n Italy ts about 
I% of cement producttt~n i As a c~msequence, new 
uses of fly ash have to be searched I'~r ~n order to 
meet requirements arising I'r~m the large product~m 
and the greater attention of the commuruty  towards 
an adequate disposal tn terms t~l" envtr~mmental 
safeguard : Hence there ts consMerable Interest tn 
their utiliz.alion as startmg matermls I'~r glass- 
ceramic producliorl TM 

M~reover. coal fly ashes are much tnore conve 
nterlt than steel slag' they are available tn a fine 
powder li~rrn' they are ready for m~xtng with other 
tngredwnts tn batch, and tn greater quantities than 
slag 

'T'h~s w~rk ~s part ol a more general study having 
the ultimate lechnoh~gtcal ob..lecttve of maximizing 
the am~unt of ashes in the batch, olherwtse the 
production w~uld be economically unlusl~fied. 

In prevl~tts papers"'" tile devltrlficat~on of fly ash 
derived glass w~thout tile add~t~m of any ~ther 
nngrednent and the effects ,,1" tile addltiim ~,1" MgO 
and TiO,  h~ tile ttv ash un the cryslallnz.atmn 
mech:~nism ~1" the dernved glass were studned The 
results ~1" these studies have shown Ihal Ihe fly ash 
dernved glass exhnbits nnternal nucleatum with~ut 
the addtti~m ~fl" any nucleating agent. A title-grained 
~lass-ceram~c was obtained but tile high viscumtv ~1" 
the melted glass does not ;~llow tile production of 
~,b, let'ts by the convent~mal lechntques. C)n the other 
hand, tile add~t~n of MgO and 'T'ff), t~ the fly ash 
lowers the melt viscosity but does not allow ~nternal 
nucleatu.m, as ,'l phase separation occurs ~n the glassy 
matrix. 

In this paper the effects of the addttiun t~l" L.t,O Io 
flV ash ~n tile devttr~ficalton mechanism of the 
derived glass are investigated with the aid of 
differential thermal analys~s (DT'A), X-ray dtffrac- 
t , m  (XRD) and si.'ann~ng electrum m~croscopv 
(SEMI 

2 Experimental Procedure 

'The glass was prepared by mlxmg fly ash with 
analytical grade reagent L,t,,CO~ in a Pt crucible so 
that the weight ratio of I(): 0.75 of fly ash to L, t20 was 
obtained in the batch 'the composilmn of the fly 
ash, obtained from the Coal Burmng Power Plant 
IENE'.L, Porh) Marghera, Venice)is reported In 
T'able I The glass composition hes m the range of 
c~lnpos~tl~ms ~1' glass ceramic materials based on 
the S i 0 2 - A I , ( ) ~ - L t , O  system, wtlere the main 
crystalline phase is a solid s~flutlon of l/-eucryptlte. 7 
'T'tle glass was melted tn an electric iwen at 150(1' (.-' 
I't~r 4 h and then quenched in a cast Iron mould. The 
as-quenched glass, annealed for 3()tnln at about 
I()(1' C' below tile glass trarlsttt~m lernperature, was 
cut by a dmmorld saw bladeln ptecessuttable for the 
experimental nle:lsurements. 

DtflZ-'renttal thermal analysis ID'T'A) curves were 
rec~rded in air at different heating rates (2, 5, 7 5, Ilk 
2()"CmJri -~) on bulk speclmerlS of about 5()mg. 
Pt~wdered AI,(;)~ was added t~ Improve heat 
transfer between the bulk sample and the sample 
h~flder. A Netzsch thermoanalyser High 'Tempera- 
ture DSC 404 was used with AI,C)~ as reference 
material The nucleation heat treatments were 
performed ill the D'T'A apparatus to eliminate 
temperature g, radtents. Nucleation t~mes were 
measured on isothermal D'T'A curves from the time 
at whnch tile samples, heated at 51)"C min - ~, reached 
the selected lemperalure 

To investtg.ate lhe arnorphous nature of the as- 
quenched glass and the crystalhne phases developed 
during the DTA runs, the thermally processed 
samples were finely ground 'The samples were 
arutlysed tti a computer-ass is ted X-ray {CuK,) 
powder  diffr:tctomeler IXRD) using a Phtltps 
dlfl'rachmleler model PWITl lL with a scan speed of 
I"mln-~ Using a built.in computer search 
pr~grum, the X-ray diffraction patterns were 
matched t~ JCPDS data and corresponding phases 
were idenl~fied. 

For the tnvesligatton of the glass-ceramic texture 
and crystal morphology, a scanning eleclron micro 
scope, C'ambrMge model S-240, was used Samples 
were mtmnled ~n epoxy and surfaces were ground 

'T'uble I. Coal Itv ash compo'.almn 

L) ~ Ida' nq % 

StO : 48 '72 
AI,O~ ~5 7q 
Fe :O ~ ~ 72 
C'aO 8 I0 
MgO I 40 
K ,,O ().",'7 
N,', ,,O 0 16 
'T'~() ,, I. ";4 
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F'il~. I. D'TA L'llrV~'!., ~1 Ihe inve,qil2uled ~,las~, rcc~)rded al 
I() (.' mlrl-i (,.ll ,'J,.~ quenched !,ample (b),,ample nllcleuled h~r 
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.~m()(~th. then p~fltshed wi th  d iamond  paNle Samples 
were etched Ill I " .  H F  I'~r appr(~,~imalely 6()N. 'The 
etched sample',, were c~,ated wi th a thin Au film 

.t Resulls and Discussion 

3.1 D T A  and X - ray  d i f f rac l i .n  
The D'T'A curves carr ied ~ul on (a)a hulk sample (fl' 
tile us quenched ~.lanN and (b) a .~arnple prevtou.~ly 
nucleated are reported in Fig I A slope chang, e 
~ccur.~ at tile .~ame temperature ~r~ both curve,', 

I'~ll(~wed by ~ne exotherml¢ effeel, wi th  a max imum 
al '761"C in F'l~,. I(a) and al 74() 'C in F'u~,. I(b), 
I'()llowed al hl~,her temperalure,~ by tw~ end~lhermlc  
etTeel.~. The .,ec(md endo-peak ~.'(.'ur.~ at about  the 
same temperature,  1()8()"C, on ho lh  etlrves, whi le Ihe 
max imum ~fl'the hrst endc)-pea k sf'ul'l.~ I'[~m 957 'C in 
F'l~, I(a)h~ g2,-I '(." in F'lL~ I(b). 'T'he.~h~pe chan~,e may 
be at t r ibuted t~ the ~,las,',, t r a n ~ t l ( m  In thi,',; w~rk ,  the 
=nflectl~m p()inl (,1' the D'T'A curve w,'m taken as the 
.~.la'~N tran'~il ion leml.~eralure (/",, = '~9~' C) 

'T'~ investi,g.,'ile the nature of  the thermal effects 
(m lhe D'T'A cu~ yes, X R D  analysis was perl 'ormed 
The X R D  pallern,~ (~1' the as quenched ~lass have 
b~oad htimp,~ characterl,~llc ~,1' tile amorphou,~ slate 
'Tile X R D  paltern,~ of  a .',ample healed up 1o Ihe 
temperature ~,1" Ihe e.~(_) pe:lk (a) and of  Ihe sample.,, 
healed ill Ihe DT'A rurnace unti l  lhe max imum (b) 
and unti l  h.) the end (c) o1' Ihe first end~, peak, are 
rep~l led in Fl~. 2. Many  rel tecmms appear in F'i~, 
2(a), indlcatinl:., lhal Ihe ex~ peak ~m the D'TA curve 
~)1" the as quencl led I~,IaNN iS related t(~ a cryslal l iz  
alloy1 pr(~cess Thene reltecll~mS were assigned h~ 
a ~_~,lld ,~(~ltill~l| o1' /I eucrypt i te  (LIAISIO.~) and 
'.,~flld s~fltlllCm.~ ~1' I ithlurl l-nla~,rle.~urn s~ll~.'ale 
(L.t I, , :,)M[-.~(I _ ,)S1(_)4), even if', I'~r a I'ew reltecll~mn, 
the .'~g.reernenl belween tile inlenNtty values expert- 
menia l ly  ~btalned wi th (.meN rep~rled ~n lhe JCPDS 
cards in ll~l c~mlpiele 

'Tile pr~).~.les~lve decrea.~e (fl' Ihe rel-]ect~ns al 
I r ibu led I~ s~did ~tdt i l lons o1' l i lh ium-magne,~ium 
',;lilcale alld the Mlltllilallel)LIN I m.'rea.~e ()l'~nes cor re,~. 
p~uldlnl., t<~ a ,,(~lid solutl~+ll ( f l / l -eucrvpl l te ,  t(~g, ether 
wi th the appeararlce (~1 the marn rettectionn ol'dl(~p- 
,,~de c~v~lals (C'aMy, S l :O, ) ,  g(~in~ Ir()m F'i~, 2(a) lu 
i t )  nh(_~w_'~ Ihal the I~r~l el~d~-peak ()1' tile D T A  curve 
(fl ' lhe a~ quenched g.lass indue t~)lhe transl'~_~rination 
pr~ce.',..'., ~1 solid ',.~)itlll~)llS (~1 iithtttrn-m~.lgrle.MLtln 

i i  

• 1 

e l  • • , 

I h 2 (  ) ~ ~) 31~ 3 b 4 ( I 4 h M )  ~ h  ( ' ; 0  

214 
F i~. Z. X Ra~ dil]la~ ll~ri pallern,, ~I ,,ample,, healL'd (a)Io lhe lelnperaiure c~l lhe DTA ~.'x~ peak. (h)h~ lhe maxunum ~I llle him DTA 
,'nd~ peak arid t~.') IL~ Itle end (d Ihe hrsl E)'TA er,J~ peak tO) LiIhlurn-ma~neslurri ~,ll,.'ale ,,ohd ,,~diJll~m,, (&)d.~p~,ide ~.'ry,.,lal,~.. 

((_1) II el.lCrVpllle ..,~lld ,.,,dUll~m 
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silicate, by reacl,on with Ihe residue glassy malrnx, 
~nto a large atn~unt ol'sol~d s~le, t~n ~fl'//-eLucrypttle 
and, in less quanlily, into du~psnde cryslals. T'he 
second endo-peak of Ihe DT'A curves ~1" the as- 
quenched glass and ~fl' lhe prev,:~usly nuclealed 
sample ~ccurs ~n the same lemperalure range 
M(~reover, the look of lhe XRD p,'~llern of a sample 
after a D'TA run IS very s~m~lar l~ that shown by tile 
sample healed until the end of the first elld(~ipeak, 
see F'lg 2(c), indicating, that the second endo peak ~m 
both D'T'A Cil~ yes may be attributed 1~ meltln~ ~1' tile 
crystals puevnouslv ~blallled 

3.2 "l'emper'-,lure of maximum nucleation role 
A'~ reported by Marulta ut o/," a ntlcleatn~m 
rate-lemperature-hke curve can be obtained from 
D'T'A curves, recorded at the same heating rate, ~1" 
the sample,~ with the same specific surface 'Thm 
method us based on the sh~l'l ~1" the DT'A cryslalliz- 
alton peak lemperatur'e, 'T w from thai of Ihe as- 
quenched glass, 'T'~., an a c~msequence ~1" the heat 
treatment of ni,.'le,',lum at different temperatures If 

the samples are held the name t ime( t ,  = 2h)a t  each 
temperalure (T.) uf Ihe heat Ireatmenl, a plot of 
( l /T'r , - l /Tr, ' )  agannsl tile temperature T. of the 
nucleatnon heal Ire,',tmenl (Fig 3) gnves a nuclealnon 
rale-temperalure-hke curve that exhibils a max- 
nmum at tile temperature of 62()"C 

'The XRD pallerns uf Ihe sample nucleated (12 h) 
at the temperalure of tile nlaxlmum nuelealnon rate 
(at lhe ,same sample healed to the temper'alure of the 
ex~ peak (b), and then healed t~ Ihe lemperature of 
the fitsl endo-peak of the DTA curve (c), are 
reported in F'IS. 4. Figure 4(a) shows Ihat the heal- 
Ireatlnent of llucleallon does II()l eaelse cryslal- 
lizallqm. Figure 4(b), nf c~mpared with F'n~. 2(a), 
d~es not exhibit Ihe refleclums assigned t~ tile 
solid n~Hulu.m ,~l" /I-eucrypl~te bent only shows the 
reflect~ms assnL.,ned t~ solnd solutl~)ns of l l thlum- 
unagnestum silicate. At hngher temperatures, see F'ng 
,-l.(c), the transl'ormatt~m eft" the s~>lid st~luttons 
~I" Itthnum-map, nestunl silicate unto the solnd 
s~+luuln~m of /leucryptnte and a stnall quantnty of 
d~ps~de crystals takes place T'hns result may b~ 
inlerpreled on tile banns of the different structures of 
lhe cryslalline phases ~btanned. T'hey conlaln Ihe 
same slruclural unil, the ~rth~silncale anion (Sff.)~ - ). 
arranged nn differenl ways. Is~flated letrahedra form 
the structure of the hthnum-magnesnum snlicate 
phases, whde chains and framework of letrahedra 
make up the slruclures ~1' dnopsnde and/I eucryptnte 
phases, respeclivelv T'he nuclcal,.m heat-lreatment 
causes the cuyslallizatnon of more depolymerlzed 
phases, according l~ the composll~on of the mother 
glass, that are more knnel,.'ally faw.~ured Ihan more 
c~mlphcated structures ~1' diopsnde and [I euervplnle 
phases More~wer, the nuclealion heal-trealment 
gnves rnse t~ a remarkable difference nn the glass. 
cerammc texlure. An shown in Fig. 5, which shrews 
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Fig. 4. X Ray dlHraCllOn pdlLerm, i~l Ih~ ~ample la )nuc lea led  h~r a hmp Imle(  I ? h)u l  Ih¢ ler r lpe[a lure ifl Ihe rrlU ~.irrlurrl n u c l c a l . m  r~le, 
(hi healed h~lhe lempera lu re~f l  Ihe D T A  ex~ p~ak.(c)  healed I o l h e  lempera lu re  ~fl'lhe firhl D'TA endo p e a k . ( O )  LHhnum-ma~;ne~HJm 

ndtcale .,qd,J ~qdLll,mn, ( A )  dt~H~tde cry,,l~l,~, ( l - I)  11 eucrvp lHe ,,l~lid s o l u l , m .  
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~h) 
Fill. 5 SEM r~h,~h.mrr,~Rrapl'r, ~1 ,,.~mpk", healed I,~ lhe 
h'mr~er;Jlllre ol fli~. ~ D T A  ~x.~ D'al~ (a) a', qu('rlched !?l.J,,'. (b) 

,,nnIple IIIJde;lled I~u 12 h al ¢~71) ( '  

~EM l~hot~microf.,raphs ()I' a rum nucleated sample 
(a). and a ntnclealed satnl~le (b), the ptevi(,tnslv 
nu(.'lealed sample exhtNIs a I~ne~.gra~ned texture 
Ihan the non nucleated sample. 

F'~nallv, the t tansl 'ormalion r'~r~(.'ess ~nto the s~)l~d 
s~fluli(m ()i'/)' eu(.'rvpllle I'(~r the an-quenched gla,~s (~r 
I'~r the glass sample prev~t~usly nu(.'leated, yields a 

Ftg. 6. SE'.M ph~m~mwr~)graph ~1 a ,,ample Ilealed I~ li lt ' 
ienlper.JlLire ~1 lhe hrsl E)TA en¢l~ peal,. 

glans-(.'eramte malertal with htgh cryslallinttv but 
stron[~lv rra¢lured a~ consequence or the large 
vartali()n (~1 wdume thai takes place m Ihts 
Iransl~rmatt~m, as sh~wn ~n Fig 6 

3.3 Kinetic parameters of crystal growth 
When D'T'A runs are (.'arrled (.)Lit oz! bulk (h~w spe(.'th(.' 
.surl'ace .'lrea)samples prevuu.mlv nucleated I'~r a hmg 
time al the temperature ~l'a high nencleati~m rate the 
crystals gr~lw al each healtng tale i'rom the .~anle 
numhet ~11' nucleu l e the number ~fl' nuclei I'ormed 
dur ing the DT'A run (.'an be regarded .'1,~ neghgible." 

As samples ~1' the studied gla,s,~ were nuclealed I'~r 
12 h ;it lhe temperature ~1' the maxttnurn nticleall~m 
rate as delecled o11 Ihe ntl(.'lcallOll rate- lemperalure 
like uurve. Ihe I'~dh_w, lnl. equalu_m (.'an be used '~ 

/ I l l / t  = 7 r  ' + ( . ' ons tan l  ( I )  

wllcre/J is the E)'TA healnrlg rate, E is the a¢invaln,m 
energy ror crvslal gr~wlh and 'T', is the lemperaLure 
~fl'a maximum ~l ' the D'TA crystalllzatl~m peak. A 
value ~l'aCllvall~m energy. E = ~ I~ kJ m~l-  ~. Fur the 
crystal b.,.r~wlh, was calcitlaled I'rL~rn the slope ~1" the 
strai[.qll Itne ,~bta~ned tw pl~dllrtg in/t  a.galrlsl I"Tr,. 
,see F'~, 7. The value ~1" Ihe murph~d~.,~cal ~ndex , . ,  
thai is related It~ tile crvslal ,shape (r~d-ltke , = I: 
plale.]tke . = 2, threedimei~si~mal . = ~) can be 
e~ altialed, usin[.~ the ~,:iltie ~>1' E prevl~usly calctilaled, 
j'r~Hri II1~:' I'OI]~w111!.' eq t ia l l~HI  t~ 

I ~-;2 
. E  = - (2) (' ') 

, r , ,  r ; , ,  

where T~ and 'T'~, are the tw~ Inflectu.m polrll 
tenll.~eralures, cl~rresDmdirlg to the cryslal lrzal~m 
peak detected I'r~ml the dertvalive ~1" the DT'A curve 
~1 a sample previ~u~l.v nucleated. A value Found, 2 I,I, 
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is consistent with the morphology of the crystalline 
phases obtained from the heal-treatment of nude- 
at]on, i.e. three-dimensional crystals of lithium- 
magnesium silicate solid soluttons. 

4 Conclusions 

From the experimental results the Ibllowing cc, nclus- 
ions can be drawn. 'The investigated glass exhibits 
internal nucleation w~th a maximum nucleation rate 
at b20"C. The devitrificatlon process occurs in tw,~ 
steps Imtmlly, samples nucleated for a long time, 
unlike as-quenched samples, in which u small 
amount of fl-eucryptite solid solution also crystal- 
lizes, only lithium-magnesium silicate solid solutions 
~.'rystallize. 'The activation energy of this step is 
E =  316kJmol -~. At higher temperatures the 
lithium-magnesium silicate solid soluttons are 
converted, in a large amount, into/I-eucryptite solid 
solution, and in a small quantity, into diopside 
crystals 'This transformation produces a fine- 
grained glass-ceramic material wtth a high cry- 
stalhnltv degree but strongly fractured. 
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