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A BST RA CT

III this stlldy, glasses and sintered glass-ca amics wae obtained from tile combination ofblast
[ur nace slags alld fly ash, produced by coal coml1lls tiOll ill power stations. Tile glasses were melted
at 1350"C and thermal treatment for crustallisation alld sintering of tile pouuicr compact was
carried out ill a short cycle toith a maximllm duration of 60 millII tes. Tile glass-ceramics were
produced toith tile intention of acllievillg properties similar to tllose of porcelain tile. for lise ill
ceramic tiles. Tile identification of appropriate process conditions was based Oil tile determinat ion
of crustatlisation cfficieno], qllalltijiable by meallS of tile determination offormed cnjs totlinc pltasc
voillme or residual glassy phase polumc. For this, a procedure lias beell developed ill this work for
tile quantification of tile crustnlline phases and residual glass uollime present ill sinlered glass­
ceramics made f rom industrial wastes. For this analusi« tile relation was considered betweell tile
inl ensiti; of tile main diffractioll peaks of each pltasc present ill tile system alld tile qllalltity of tile
phase present ill the composition, the relation beillg defi lled by tile Chung method. Tile result s
sllowed tile possibility of obtaining sintercd glass-ceramics IISillg short sinicring cycles. iohich
yielded materials toiih a degree of crystallillity of tile order of 70%. Tile rcsultins; materials
presented equnl or better mechanicnl properties tluin thosefoulid ill materials suclt as porcelain tile.
tile Iligllmeclltlllical strCllgtll being particularlu notetoorlln] .
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INTRODUCTION

CASTELL6N (SPAIN)

The development of glass-ceramic material from the sintering of glass powder,
formulated from wa ste raw ma terials, has been stud ied as an alte rn ative for ob taining
new products, whi le also being a solution for the use of by -prod uc ts of industrial
p rocesses,

The stud y of the use of ind us trial by-products as raw mat erials initially focused on
ma te rials for bu ild ing cons truc tion, such as mor tar s, and for the pavi ng industry Fly and
heavy ash, stee l slags and mining wastes have been among the m ain materials, More
recently it has become possible to use th ese raw mat erials in makin g glasses th at can be
used in glass-ceramics production, which can in tu rn be em ployed in cera mic tiles,

Glass-ce ramics are materials obtaine d by contro lled cryst allisation of glasses, They
can be mad e by crys tallisa tion in mo noli ths or by crystallisation and sintering of pieces
produced by moulding glass in powd er for m. They are used in d ifferent a pp lications; in
the cera m ic tile ind us try they can be applied as raw mat erials in man ufactur ing products
with po rcelain tile charac teris tics, and for use as glass-cera mic glazes. In bo th cases, the
properties of the glass-ceramic, and consequen tly of the floori ng, a re strong ly influenced
by the efficiency of the sintering p rocess, which is reflected in densit y afte r sinter ing, and
in the glass crys tallisa tion process, evid enced by the percen tage of a rising crysta lline
ph ase forma tion.

For the determ ination of the crys talline phase pe rcen tage presen t in the glass­
ceramic, d ifferent methods hav e been pu t forward, the most im portant being X-ray
d iffract ion (XRD), Th is technique a llows d escrib ing crystallisa tio n behaviour
qua lita tively and quanti ta tively

For the quant itati ve determinati on by XRD of the crystalline phases th at form
during crysta llisa tion, d ifferent methods are used . Seve ra l of these methods were
initially crea ted for the study of po lymers and lat er on adap ted for th e study of
crys tallisa tion in glasses. In th is work the Ch ung method has been used , on being the
on ly one, amongst those that are based on the relation of ind ivid ual phase with
cha rac teris tic peak int en sity, w hich allows individual iden tifica tion of the d ifferent
phases p resen t

This method p roposes that the fraction by weight of a crys talline pha se in the
mi xture of ana lysed material and o f a reference material relate di rectly to the intensities
of the characte ristic d iffraction peaks of each ph ase, Thus, studying mixtures of the
ma terial being ana lysed with defined , known quan tities o f a re feren ce mat erial, w hich is
gene ra lly alumina, en ab les determining the percent age of eac h phase p resent in the
ma terial being stud ied, and also the res id ua l glassy phase content To achieve th is resul t
it is indispen sa ble to have standard sam ples of each pha se to be iden tified , thus enabling
the d etermination of a propor tionali ty factor used in the method. The accu racy of the
obtaine d resu lts dep ends on the correct d eterminat ion of peak intensity, o f the match
between test material and reference material and of the care in avo id ing performing the
an alysis based on peaks p roduced by overlap ping di ffract ion lines of more than one
phase.

X-ray di ffractom etry is used in this study to identi fy the crystalline phases, formed
d uring ap p rop ria te therm al treatment, in gla sses ma de by combining blast furn ace fly
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ash and slags. The frac tion by weigh t of each cry sta lline phase and the residual glassy
phase content were determined using the Chung meth od.

MATERIALS AND METHODS

For th is study a comb ination of blast fu rn aces slags and fly ash was prepared in a
proportion of 70/30 by weight. This composition was selected on the basis of previous
stud ies (01) tak ing as main criteria the low meltin g temperatu re of the m ixture and
appropriate viscos ity of the melt in producin g the glass in the form of a frit. The glass was
obta ined by melting at 1300 "C for two hours, followed by qu enching in water. The
res u lting materi al wa s characterised by X-ray diffractometry and differential thermal
ana lys is (DTA).

DTA was used to determine th e typical glass /glass-ce ra mic transformation
tempera tu res (T . [glass transit ion temperature], T, [crystallisation temperature] and Tm

[melting temper':~ture of formed crystalline phases]). The tes t was ca rried ou t in a ir, in
alum ina crucibles, with a heating rate of 10 "C/ m in using powder samples.

The amorphous nature of the glass an d the crysta lline phases produced d uring the
thermal treatments were studied by X-ray diffractometry, usin g powder samples of the
glass obtained initially and of the glass subjected to heat treatm en t at 1100 "C for 1 h.

Samples of an orthite, gehlenite and diopside supplied by specialised laboratories or
sintered in our laboratorv were combined with a standa rd material (alum ina) in a
p roportion of 50 / 50 by wei ght, for use as a referen ce. These mixtures were used to
determine the proportion ality parameter, Ki, used in the qu antita tive d etermination of the
phases p resent. The mixture of the refe rence ph ase and referen ce material was ground in
a Y-mill for 30 minutes, the ma teria l subsequently being deagglomerated by passing it
through a 400 mesh siev e.

Samples of the glasses and glass-cera mics obtain ed by ther mal treatment, under
different time and temperature cond itions, were prepared for X-ray diffractometry
an alysis by the following prepara tion method . Each sa mple wa s mi lled and b lend ed w ith
the reference ma teri al (alu mina) in a proportion of 80 / 20 by weight of glass -ceram ic and
alu mina . The sample was prepared by the wet method in an agate mortar, using acetone
as a liquid medium. The mixtures, dcagglomcratcd using a 400 mesh sieve, were
subjected to X-ray d iffrac to me try tests on a Philips Xpert ins trument with coppe r anode
emi tter tube.

A second batch of sa mples of the glasses and glass-ce ramics, p roduced by thermal
trea tmen t in di fferent time and temperatu re condit ions, was p repared for X-ray
d iffractometry an alysis by only using the milling an d deagglome ra tion stages. These
sa m ples se rved to ob tain X-ray d iffractograrns used building the T IT glass crystallisa tio n
curve.

The microstructu ral character isa tion of the glass and glass-ceramics was ca rried out
using po lished sa mples etched wit h a 1% H F solution. The images were obtained on a
Ph ilips sca nning electron microscope (SEM).
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RESULTS

The chemical and mineralogical composition of the two raw mater ials used and of
the glass mad e by melting at 1300"C are deta iled in Table 1. Blast furnace slag is mainly
made up of glassy phase, depending on the industri al process in which it is formed;
during this process qu enching occurs which imped es the forma tion of crys talline
structu res. In this raw material onl y one crys talline phase was identified , present in sm all
qu antities, as mer winite. Fly ash, in turn, is mad e up of mullite and quartz, which are
cha racte rised as two ph ases with high melting temperatu res.

Oxide WI%

Si02 AllO j FCzOJ CaO Na10 K,O Ti01 ~lgO

Slag 32.0 1 1~.69 0.3 ~ 1.53 1.02 0.4 0.71 9.22

Fly ash 64.05 23.77 ~ . 1 3 0.98 0.66 3.68 1.19 1.53

Table 1 - Chemica! and mi"t'rll!ogical composition of the raw materials used.

In the DTA curve found for the glass in powd ered form (Figu re I), the follow ing can
be ident ified : glass transition temperature of 756"C; an exothe rmal tran sition in the 930 to
1l 00"C range with a peak at 981"e, correspo nd ing to glass crystallisa tion; th ree endother­
mal tran sit ion s above 1120"e, correspo nd ing to melting of the arising crys ta lline phases.
These results allow stating that glass crystallisation during heating beg ins between 756
and 930°e, reaching the max imu m crys tallisation rate at a tem peratu re close to 980"C. In
these glasses, the tendency to crys tallise should diminish at tempera tu res excee d ing
JOOOne, by vir tue of the fact tha t the melting process of the ari sing crys talline phases
begins. Thus, to favour crysta llisation the possibility should be cons ide red of cond ucting
hea t treat ments at tempera tures between 800 an d JOOO°c. In the case of glass powder sin­
ter ing, this process should be conside red to occur in the 756°C to 930°C ran ge, since at
lower temperatures, the densificaci6n rate will be low or zero, owing to kinetic facto rs,
whil e, at temperatures higher than 930"C, the sintering process can be affected when glass
crystallisa tion comme nces .
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Figure 1 - DTA ( urpes of tlrt'glass oMa;/1('d bycombillillg
Mast!lI r1ll1ct' flHash milt slag.
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The X-ray diffractogram of the gla ss after milling the frit (Figure 2) confirms the glassy
cha racter of the material, w hile the d iffractogram of the sa me glass, after the crysta llisa tion
thermal treatmen t, shows the p resen ce of three major crystalline phases (Figure 3).

10 15 20 25
, .

30 36 40 46

Figurt· 2 - X-ray diffractogram of lilt, glass powder.

The pred ominan t phase found belongs to the meli lite grou p. This group has
geh lenite and ak erm ani te as end s, whose differen tiation by X-ray d iffra ctometry
encou nters so me diffi culties owing to the struct ural simila rity of the two species. The
identi fied seconda ry ph ases were anorthite, which belongs to the plagiocl ase group, and
d iopside, w hich a rises as a secondary phase at high tem pera tu res and belongs to the
pyroxen e group.

Based on this ident ificat ion of crystallised ph ases, the process of quantita tive ly
cha rac terising the arising crys ta lline phases comme nced . First , reference sa mples of
an orthi te, diopsid e and gehleni te were prepared . These standa rd sa mples were prepared
mixing the phase being studied with a referen ce ma terial, in thi s case alu mina. The
mi xtures were mad e in p ropo rtions of 50/50 of the phase to be quanti fied and alumina.
The mixture was ho mogen ised in a Y-mill by stirring for 30 minutes. The hornogenised
material was deagglomerated on a 400 mesh sieve.

• anorthite
• o

.. gehlenite I akermanite

• ••
o

..
•: . .

1i .~•• ~ _ . J e.

· ,l~~

, , , , " "" "
10 15 :N 25 3Q as 4G ., 50 55 to 1 5 70
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Figure 3 - DiffmctoRram of the glass-caam;c obtained bycrystallisation of the monolithic glass at nOD"e for 1 h.
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The d iffractogram s found of the mi xtures anor thite /alumina , diops ide / alu mina
and ge hlenite / alumina (Figure 4) allowe d determining the proportiona lity pa ra me ter Ki
given by the relation:

K = (X / X )(I! I )
I ( I I C

where

X, = fraction by weight of compo nen t i

X, = fraction by we igh t of alu mina

I i = intensity relative to a plan e (Ilk!) rep rese ntative of ph ase i

I, = in ten sit y rela tive to a plane (ilk!) rep rese n tative of alumina

•
+ + +

+ +

+ Alumina

'" Anorthite
K,=1 ,405

x Diopside
K,=1,2654

10 20 30 40 50 60 70

28 (")

Figure 4 - X-ray diffractograms oj the reference samples of anorthite,
diopside IJIld gelrlenitt', romN lIt'd wil lr alumina.

The values obtained for Ki were 1.838, 1.405 an d 1.265 for gehlenite, anorthi te an d
di opside, respectively. These va lues can be consi de red ap prop ria te w he n they are
ana lysed compa ra tively with va lues presented by Ma rsigli 0, who de termi ned va lues of
propo rtionali ty for di fferent phases belon ging to the plagioclase, an orthite and meli lite
groups.

For the qua n tita tive ana lysis of the g lass-ce ramics, sa mples were prepa red
cons ist ing of 20 w t% alumina and 80 w t% in glass-ceramic. The sa mples were
homogenised in a Y-mixer an d deagglom erated on a 400 mesh sieve. The sa me p rocedure
was cond uc ted for all the glass-ceramics mad e.

The homo genised powder was ana lysed by X-ray di ffractomct ry and the resulting
spectru m was used to determine the percent age of each crysta lline ph ase present. For this,
cha racterist ic diffraction lines were selected of eac h ph ase, takin g care to excl ude the lines
tha t exhibited overlappi ng of characterist ic peaks of different phases, and se lecting the
lines located in the 2 0 range between 20 and 45". After determining the percentage of eac h
crystalline ph ase present, the pe rcen tage of total crysta lline phase present was calcu lated
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by summation, and from this val ue, the residual glassy phase content:

X = (X / K )(I /I )
m ( Im lme

and

X =X / (l -X ), m c

whe re

X; = fraction by we igh t of phase i in the glass -ceramic

X,m= fraction by we ight of phase i present in mix ture m

X = fraction bv weight of alumina present in the mixture (in this case, X = 0.2), " ,
I;m= intensity relati ve to a plane (Ilk/) representative of phase i

I, = intensity relative to a plane (I1kl) representative of alumina

The va lues obtained for the percentage of each crystalline phase and of the residual
glassy phase we re plotted, showing the va ria tion of the percentage by we ight versus heat
trea tment temperature (Figure 5). In the figure, crystallisa tion can be obse rve d to begin
be tween 850 and the 900"C, with maximum crys ta llisa tion at 960°C. The smaller degree of
crystallinity found above this temperature can be explained by the rise in the tenden cy to
form liqu id ph ase by mel ting of the formed crystals. These resul ts are consistent with the
values initially foun d by DTA. The maximu m crysta llinity attained was 76%, and hence
residual glassy phase content was 24%. This degree of crystallini ty can be considered high
when compared wi th val ues obtained wi th other similar materials. Of the identified
phases, the phase belonging to the melilite group always predominates, while diopside,
which is always present in smaller percentage, exhibits greater stabili ty at high
temperatures.
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Figure 5 - Plots oj till: variation (ifcryslalli"ity with temperature of flit' sintervdgla$iH "f·ramics.
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The X-ra y diffractometry study can be supplem ented by con stru ctin g a lIT
crystallisa tion curve, which not onl y cons ide rs heat treatment temperatures as va riables,
but also the time of residen ce at these temperatures. For thi s study, X-ray d iffractometry
tests were carried out on sintered glass -ceram ics obtained by heat treatments under
di fferent conditions of tim e and temperature. For these test s, the samples were used in
powdered form and the resulting diffractograms were di vid ed into three catego ries, in
acco rd ance with the crystalline ph ase peak in tensities and in tens ity of the am orphous
ph ase band charac teristic of the presenc e of glassy phase. The classification divided the
materi als into glass-ce ramics with a high degree of crystallisa tion, glass-ceramics with an
intermediate degree of crys tallisa tion and non-cryst alli sed glasses. Examples of these
diffractograms are given in Figu re 6.

......

•
• ...1", ...J4JLh............. ..}100°C

.... J I. 970
", ' f ~ './\", ~

~,,::L:.:::,,=~:

• Anorthite

... Gehlenite / Akermani te

• Diopsidc

10 20
, , 1

30 40 50

28 (grades)
60 70

Figure 6 - X-ray difjractograms of the glass-ceramics obtained with dijfi.'re1l 1hmt treatment
at d~ffl.'n'''t temperatures with a 6U min hold at the corres}'olftti llg temperature,

The lIT curve constructed with the results (Figu re 7) defin es two regions that
identify the necessary conditions of tim e and temperature to favour the crys tallisa tion
process. The cu rve shows that at temperatures close to 850°C the tim e of residen ce at heat
treatment temperature can be a fund am ental factor in defining the final degree of glass
crystallinity, wh ile at high er temperatures, the influen ce of heat trea tme nt tim e becomes
progressively sma ller as temperature rises, which is exp lained by the high crystallisa tion
rate in the glass . This high crystallisa tion ra te can be ben eficial with regard to greater
crys ta llisa tion in the glass, but can negatively affect the sin tering behaviour of the material
and lead to glass-ceramics with high porosity, which can be detrimental to its mechan ical
properties.
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The images in Figure 8 represent tw o micrographs of the glass-ce ram ics produced
by sintering . The images clea rly sho w the influen ce of varying crystallisa tion temperature
on the final degree of crystallinity of the glass-cerami c.
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Figure 7 . TIT Cll n1C of the slass. Results found for theglasssubjected to 11m! treatments at
temperat u res befH'Ct'li 800 ami 1100"Cfor times beflPt't'1l5 nnd 60 1IIi" .

Figure 8 - A1icrograph (SEM) of the j.i lass-ccYa Ill ;cs produced: (a) heat treatment at 870"C for
15 min ; (bJ lteut treatment at 1100"C for 15 mill.

CONCLUSIONS

X-ray di ffractometry is a fun d amental resource for the study of crys ta llisation
behaviour in glasses. In thi s study XRD anal ys is in mon olith s provided qual ita tive
informatio n, identifying the crystalline pha ses present after thermal treatmen t. At the
same time, quantita tive ana lysis by XRD in sintered glass-ceramics allowed identifying
the crystalline ph ases tha t formed during heat treat ment, as well as establish ing the
fra ction by weigh t of each phase and the residual glassy phase content.

r. GI ·I99



CA ST ELLO I': (SPAl l': )

Construction of a TIT curve with the help of X-ray diffractometry data can be
cons idered a semi-quantitative analysis, and is useful in defining the heat treatment
conditions required to maxim ise crystallisation or, depend ing on the case involved, to
avoid th is if necessar y.

The studied glass-ceramic presented a maximum crysta llinity of 76%. It im portant
to high ligh t that control of heat treatment temperatu re is fundamen tal, since low
temperatures inhibi t crystallisa tion, while high temperatures favour the melting process.
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