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ABSTRACT

Glass-ceramic materials possess all ellOrll lOlIS potential for lise ill glazes for ceramic tiles.
However a deoiirification p/"Dcess needs to take place for ceramic fri ts during the fast single-fire
cycles typically used i ll processing glazed floor tiles. Thus, such fr its should have a well-selected
and COil trolled chemical composition, so that the kinetic crustailisution process, during fas t firing,
will take place inlenselu, producing a glaze with a high crusialline fraction. Besides crustallisotion
dllrillg fir ing. glaze densification shouid also oCCllr ill such a way as to yield a compact layer.
practicallu free of porosity. Uniortunatelu, sillterillg and crustatlisation of the reac ting milled frit
powders do not OCCllr i ll differCllt temperature rOllges during thermal treatment ill a sillgle cycle.
These two kinetic processes IIs llally develop simul tancouslu i ll the same temperature rallge, cm/sillg
mutuel interference. Tile objective of this stlldy was first to idelltify and to eualunte glass-ceramic
systems that devitrify during fast singte-firc cycles and, subsequentb], to establish COIIl1IIOI1 ground
bettreen them with regard to the correlations betweell crystallisatioll and densification. The eigh:
studied sys tems were falllid to be suitable for developing significant proportions of crusmttine
phases ill the heat treatment p/"Dcess with high heating and cooling rates. A systematic relationship
bettoeen crlfstallisatioll and densificniion COIl be obserred 011 IISillg differentiat thermat analusi« and
hot stage microscopy techniques for the combilled allalysis of this behauiour.
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INTRODUCTION
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Glass-ceramic materi als are polycrystalline so lids th at contain a res idual glassy
phase. They are prepared based on controlled crystallisa tion of molten glasses. The
interest in these materi als is funda men tally due to their singu lar charac teristics compared
w ith glass and ceramic materi als II}.

Glasses, on initially ha ving a larger ene rgy content than that cor res pond ing to th eir
thermodynamic balance, can crystallise in favourable conditions. This process is known
as devitrification, in which crystal nucleati on and growth are the predominating
mechanisms 121 .

All the characterist ics indicate that glas s-ceramic materi als are quite app ropria te for
glazes, since they develop the desired technical charac teris tics during p rocessing,
p roducing a laye r free of defects and with better resistance to mechanical stresses .

On the othe r hand, design of a glass-cera mic glaze for floor tiles sho u ld ens u re th at
th e se lec ted frit p rec ursor is technicall y and com mercia lly compatible with th e
manu facturing condi tions generally used in the production of glazed cera m ic floor tiles.
Thus, the preparati on of de vitrifiable frit s used as one of th e major compone nts in floor
tile glazes, need to sa tis fy certain requirements regarding their d evitrificati on and
sintering beh aviour, besides being compa tible w ith the cha racteris tics of the engobe and
body.

Glazes are consolid ated by sintering milled frits (glassy powders of hi gh specific
surface area) in a sing le th ermal treatment. Th eir densification is achieved by means of
sintering in the presence of a viscous flow that arises a t slightly higher temperat ures th an
the glass tran sition temperature (TG)' Thus, above TG' viscosity tends to decrea se and each
glassy particle tends to become spherical. Liquid phase forms between the particles and if
the temperature is sufficiently hi gh to maintain certa in degree of viscosity, these w ill begin
to form a structural connection by necking 131.

The lit erature d escribes th e obtainment of glass-cera m ic materials by long
nucleat ion and growth programs 11.41, most of the kn own systems being incompatible with
fast-single fire cycles. Besides thi s, for prod ucing glass-ceramic glazes in a fast cycle,
d en sificati on of th e glaze layer needs to be completed at a lower tempe ra ture th an that of
crystallisatio n start, thus producing dense materials of low porosity, wh ich are at the sa me
tim e we ll crystallised . However, this ideal sequen ce of events d oes not always develop,
because the crysta llisation phase can occur before or simultaneously wi th sintering 131 .

EXPERIMENTAL PROCEDURE

MATERIALS

Eight frits were selected, based on previou s stud ies, which showed th at such
compositions presented kineti c crystallisati on behaviour com pa tible with fast sing le-fire
cycles. The glassy systems used w ere referenced as follows: MAS, Z J1 LAS , ZrLS, ZrKCS,
Z J1 AS, CBAS, ZrCMS and CMAS. The chem ical compositions of these frits are show n in
Table 1.

The meltin g batches containing the raw materials were homogenised by dry mill ing
In a rota ry ball mill for Smin. The com positions were placed in crucibles of ZAS
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(z ircon ium -alu m ina-silica) for melting . A labora tory mel ting kiln was used at a heating rate
of 5°C / mi n to a temperature of 1000' C ho ld ing th is temperature for 15m in, which was
enough time to com p lete the decom position reactions of the ca rbona te p recurso rs. The
tem perature was raised to 1500°C with a ra te o f 10eC / mi n. Afte r 20 minu tes, the materia l
was quenched in wate r, and the resu lt ing fri ts were separa ted and d ried in an oven.

CHARACTERISATION OF DEVIT RIFICATION BEH AVIOUR

Each frit wa s p repared in the lab o ratory and wet m illed in a ro ta ry m ill. Mill tim e
was va ried so that no reject was ob ta ined o n a screen with -l-l um mesh aperture. The
resu lti ng d ry powders were moistened w ith 7% wa ter by weigh t and un id ircctiona lly
pressed at 250kgf / em' , form ing cy lind rica l d isk s w ith a 3.5cm diameter and m ass of
approxima tely 109 . Th ese tes t specimens we re subjected to d ifferen t thermal trea tments,
var ying peak firi ng tem perature (Table 2). The heating an d coo ling ra te used was
20eC! mi n, w ith a 5m in hold a t peak fir ing tem pera tu re.

The s in te rcd pieces were m illed u nt il reach ing a particle size be low -l-l um and
analysed w ith regard to the dev itri fied crysta lline ph ases by X-ra y d iffrac tio n (XRD)
(po wder me thod ). A Phil ips I'W3 710 d iffra cto meter was used , w ith a copper tube,
scann ing in the range (20) from 10° to 600

, a t a ra te o f 1° I m ino

Samples o f eac h frit, w ith par ticle s ize below -l-lum, were subjected to hea ting tes ts
by different ia l the rma l anal ys is (DTA), w ith a Ncizsch, STA 409 ins trum en t. A hea ting
ra te o f 20°C / min was u se d , determ ini ng the g la ss trans itio n te m peratu re (T

L
) ,

crysta llisa tio n tempera ture (T,) and melting tem perature (T,). The same test w as carried
out in th e sam p les that co n ta ine d pa rticles o f sizes bet ween 1 77 ~lm and 297~lm . Shifts in
th e crys ta llisa tio n pea k fo r the d ifferen t particle sizes ind ica ted the predomi nance of a
su rfa ce crysta llisation process I;J,

The mi crost ru ctures ob ta ined af te r the di ffe ren t the rm al treat m ent s (Tab le 2) were
obse rved by scann ing e lectron m icroscopy (SEM).

(hide "" t%
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Temperatures (Oe)

.IIAS 950. 1000. 1050. 1100 Y 1150

ZnLAS 1000. 1050. II 00 . 1150 Y 1200

ZrLS 750. 800. 850. 900. 950. 1000

ZrKCS 1000. 1050. 1100. 1150 Y 1200

Z"AS 950. 1000. 1050. 1100 Y 1150

CnAS 850. 900. 950. 1000 Y 1050

z-ests 850. 900. 950. 1000 Y 1050

csus 850. 900. 950. 1000 Y 1050

Taf1Jt' 2: Maximum ht'llt-t rm tmmt tem peratures (fll'Il l i1lS and cooli1lg ralt'S tif l Ooe/wilt and
5111 ;11 holdat peak temperatures.

CH ARACTERISATIO X OF SINTERI NG BEHAVIOU R

In the mill ed frit samples, with particles sma ller than 44flm, d iagrams were obta ined
that correlate the decrease in height of pressed cy lind rical specim en s (2m m diameter and
2mm height) with the increase in temperature, based on images in black and white
produced by hot stage microscopy. During the tes t the specimens were se t on a sintered
alu mina base. Images of the sam ple profiles were recorded in lOoC steps du ring hea ting a t
20°C / min . The densification sta rt tempe ra ture (T,) and softening s ta rt temperature (1.)
were dete rm ined of each frit.

VICKERS MICROHARDNESS AND MICROSTRUCTURE

Th e determination of hardness accordi ng to the Mohs sca le does not rep resen t an
accura te measure for evaluating ceramic materials, due to the subjectivity in the evaluation
of the resu lts. More sign ificant evaluations w ith thi s property ca n be found in ceramic
su rfaces by dete rmining Vicke rs microh ardness [01• The high est va lues for th is cha racte ristic
in ce ramic glazes ind icate better performance w ith regard to risks and abrasion resis tance
171

The specimens sin tered at 11 50°C of the devitrifi ab le frit s were prepared by
embedd ing in resin . The tes t surfaces were previously subj ect to abrasion and polishi ng.
The appara tus used to measu re Vicke rs microhardness was a Digital Microhardllcss Tester
FM made by the Future Tech Corporntioll. At least five measurements were ma de per sa m p le
app lying variable load s (P) (lOOg, 200g and 500g) for 10 seconds. Subsequen tly, the
d iagonals of the indent were measu red (I) and the microha rdness values (Hv) calcu lated
by means of Eq ua tion 1.

RESULTS AND DISCUS S IO N

1.854 P

I ' 0)

Table 3 se ts ou t the main da ta on the crysta lline pha ses id en tified in the X-ray
diffractograms for the frit s that were milled and subjected to different thermal treatments
(Table 2). All the com pac ts, at a tempera ture of lOOO°C, presented a sign ifican t p resence of
crysta lline pha ses of in te res t in the g lazes for ce ram ic floor tiles. The results of the XRD
ana lys is are d iscussed below.
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AlAS. Th e crystallisation of glasses in th is system is known to be a complex process,
due to the great number of phases, many of them metastable, which can crystallise from
the precursor glass 1'1. It was observed that Ind ialite, on e of the structural iorms of
Cordierite, exhib ited growing diffracted peak int en sity w ith increasing maximum heat­
treatment temperature, indica ting the main phase star ting at lOOoce.

ZIlLAS. f~ -spodumene (Aluminiu m-Lithium Silicate) appears as the ma in phase in
the diHractograms of the sa mp les treated at d ifferent temperatures, m ainly at lOSO°C and
1100°e. It is known tha t when the TiO , is used as a nu clea ting agent, the development of
Rutile accompanies the transformation of the ~-spodumene phase 1' 1.

ZrLS . The Lithiu m Silicates are the main phases tha t form by thermal treatments u p
to a temperature of 9S0°e. In the samples trea ted at lOOoce, Zirconium Silica te is the major
phase present 191.

Z rKCS . Wollastonite was the main crystallising phase, p res en ting peaks of
practically u naltered in tensity for thermal treatments from lOOO°C up to l1S0 °e, while
this phase was not de tected at 1200c e. At thi s last temperatu re, the Zirco nium and
Calc ium-Zirconium Silicates we re th e main phases present in the samp les n.n
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Table 3: Ptso-ee idl!ll t ~fjed i ll the X-ray diHractognml." of tire heat srcatedjrtt-,

Z IlAS. Gahn ite was the major identified phase at all the tes t peak heat treatment
temperatures. The largest p resence of Willemite was mainly observed at lOSO°C 1111.
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CBAS. At temperatures of 850°C and 900°C, diffracted peaks were not obse rved,
hardly evidencing am orphous bands. With the three highest temperatures (950°C, lOOO°C
and 1050°C). the nature and inten sity of the phase peaks remained practically una ltered .
Barium-Aluminium Silicates are the ma jor ph ases th at form 1121.

ZrC'vlS. At 850°C, Forsterite is the main crystallised ph ase. At temperatures o f 900°C
or higher, Diopside becom es the main phase, while the peak inten sities of the in itially
formed Forsterite practically stay cons ta nt. The study of the effect of the use of different
nu cleating agents on crystalli sation in th is system, sho ws that Zrf), yields crys ta ls o f I to
5!,m, while TiO, produces crys tals sma ller than O.5!lm [131. -

CMAS. Significant crysta llisa tions we re not detected with treatm ent a t a maximum
temperature of 850°C. At the other temperatures, the main ph ases th at form ed were
Diopside and An orthite 1141.

For the eight systems, the resulting microstructures exhibit crys ta ls that d o not
usu ally exceed l Gum. These crvstals, are su fficientlv numerous and interact w ith each
othe r,' not being ' sim ply d ispersed in a glassy 'm atr ix. Figu re I shows so me of
microstru ctures fou nd .

II II

f("ll re J: ( /I) polis/It'd SHy/act'l!f Z I1 I.AS treated at 115WC; (bJ fYIlelfln- sw1i1Ct' of ZrLS: treated at 95WC: (c) iSll/ll ft'd J'tm' il l

Z lI LAS treated at 1150 ::C; (d) 1'<ll i ... ll t'd s/lrjiTCt· {~rZIIAS treated li t HJ5()"'C.

The thermograms found by DTA (characteristic values in Table 4) show:

• Initially, with the increase in temperatu re not very pro nounced endothermic events
occur, corres pond ing to an increase in specific heat, which means g lass transition {TJ ;

1'. CI - J Ot>
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• Exothermic events, a t higher tempera tures th an transition tempera tures,
indica ting crys tall isatio n tempera tures (Te);

• Endotherm ic events, at sti ll h igher tempera tu res, indicating meltin g of the
crystalline p hases (T

F
) .

The values of densifica tion start temper a ture (T
I
) and softening s tart temperature,

found in the hot stage mi croscopy test, a re also given in Table 4. Densificati on start (TI )

occurs consis ten tly at a higher tem pera ture than TG for all the frits.

Temperature (OC)

DijTerenualThermalAnao~~
Hot Stage

M icr o.fiicopJ'

TG Tn Tn To Tn Tn TI T.•

.lIAS 78 1 950 1007 1113 13 17 890 \ -1 -10

ZnLAS 592 786 1132 700 11-10

ZrLS 562 785 900 954 918 976 6-10 990

ZrKCS 770 10 17 1230 1282 830 I l l l

ZlIAS 654 879 750

CB.' S 71i 101\ 1221 790 1229

Zr CJ /S 722 940 !JOO 790 I l OI

ClIA S 753 9 19 1249 840 1290

Table -1 : Value measured ily d£fjen!/I tial thermal ilI lI11ysis: glass transition temperature (T,.), crystallisation temperature (Tc:'
T~_: and T,) , melti"s tenuicrature (Tr; , T,:: Im £1 Tn>. Valil l'S measured by hot stage microscopy: densiiication start tempera­

turc (T) and 5(~ft t'lI i llg temperat ure (T) .

A tempera ture shift was observed in the most intense cry s ta llisation peak , when
sa mples that containe d di fferen t particle size ranges were subjected to di fferen tial thermal
analysis . The crys ta llis ation temperatures (T~ ) obta ine d in the sam ples wi th the coarsest
pa rticles (between 177 and 297~lm ) were round to be hi gher than the tempera tures
correspond ing to crystallisation of th e samples containing the finer particles (smaller th an
44~lm ), in dica ting the p redominance of a surface nucl eation process. The d ifferences in
crystallisation tempera tures (~T,) are show n in Tab le 5. As crys ta llis atio n in these sy stems
developed preferentia lly fro m the fri t particle surface, va riations in the specific surfaces
found in the glaze mill ing process can also be involved in the changes of th e nu mber and
siz e of the crystals, and can hence cause altera tio ns in the visua l ap pe arance of the glazed
floor tile surface. The microgra phs in Figures l (c) an d ltd) respectively show the
preferenti a l nucleation of Zirconi um Silicate a t the surface of an isolated pore in Zn LAS
an d surface nu cleation of Gah nite in ZnAS .

Frit

MAS Zn LAS ZrLS ZrKCS Zn AS CBAS ZrCMS CMAS

~Tc
43.3 -12. 8 53.3 53.3 66,5 55.5 SR.1 R4,5

(oCl

Table5: D~{fi..> rclJ cc~ ill temperature of the main characteristic crystallisatioll peaks (~ffrit samples ((l ith coarsc particlcs (bet­

ween 177 and 297,w1/ ) andiine particles (smaller tlu1Il 44,1I111).

Figure 2 shows the valu es of specimen dimen sional variation, obtained in the hot
stage micro scope, corre lating the percentage of in itial height w ith the in crease in
tem perature. Together w ith each one of these plo ts, the res pective DTA of th e frit is
shown, to facili tate a correlation between crysta llisa tion and sintering. Com mon

I'. Cl- J07
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TaMe 6: Virkcr~ IllicYtI /wrdlles::. of (rit
compactssilltcYt'd at 1150:C. ·

Vickers Mieruhardness

Frit (101 K gf/mm1
)

.lIAS 9.9,0.7

8:to I
ZnLtS . .. .. . .. . ........ .. _....... . .. . .. . ... . .

l -l ± I

ZrLS ., ± I

ZrKCS 7.2 ± 0.5

ZnAS 8.3 :!: 0.7

CRAS 5.6 ± 0.3

ZrC\/S 8.6 ,0.1

C! IAS 9.0 ,0.7

Commercial A 5A j: 0.5

Commercial H 5.8 ± 0.3

beha vio ur was obse rve d in all the frits in Figu re 2, where at a higher temperature to that
of sin tering star t (T,), a flatt ening always occurs in the cu rves, there not being any increase
in shrinkage, before the so ftening temperat ure is reached (T,J It is important to note that
the beginning of this flatt eni ng coincides with the temperature at which the firs t
crystallisation occu rs for each frit (TcJ This demonstra tes tha t crys ta l forma tion plays a
decisive role in the change of sintering beh aviour in an initially glassy system.

During heating, the densification of the specimens tha t began at T, is interrupted when
the first crystallisa tion arises at temperature Tu ' Starting from this temperature, the
shrinkage of the specimens ceases . Thus, at a temperature of Tu ' there is probably an
alterat ion in the sintering mechan ism of the sys tem. In this case, the pred ominan t
densificalion mechanism wou ld go together with a di ffusion process by viscous flow to
solid state di ffusion, becau se the crvs tals are fundamentally formed on the surface of the
particles, th is being the region initially occu pied by the viscous phase. Solid sta te sinteri ng
could occu r on cont ributing enough ene rgy and time to the system, this not being possible
given the high heating ra te used . In the eigh t stud ied systems of Figu re 2, the frits reinitiate
densification at temperatu res close to melting temperatures (T,) of at least one of the
crys talline phases, when a liquid phase reappears and the initial dens ification mechanism
predominates aga in.

Frit ZIIAS p resen ted d ifferent beh aviou r (Figure 2), its den si fica tion reini tia ting afte r
the first crystallisa tion (T

CI
) just before melting of the crys talline phases forme d (Ca hnite

and Willem ite were found as stab le phases, in the X-ray diffractograms in the ran ge
between 950° and I 150°C). Th is beh aviou r is probab ly due to the presen ce of Boron Ox ide
in its formu la, wor king as a vigo rous flux at temperatures below 1000°C.

After observing the corre lation between crystallisa tion and densification, it woul d be
important to have a low rate of sur face crys tallisa tion for the sinter ing of the glass-ceramic
systems 13/; however, this becomes a negligible problem when such high heating and
cooling rates are used .

As ex pec ted, the Vickers microh ardness resu lts (Table 6) show th at in the spec ime ns
trea ted thermally at 11 50°C, crystallisa tions occu r in those wit h the grea tes t ha rdness, on
compa ring these wi th specime ns made with frits in which significa nt devitr ificat ions do
not occu r (frits Commercial-A an d Commercial-B),

Exce p tio na lly there is CBAS
that present ed a microhardness
comparable to those of the specimens
mad e with frit Commercial-A . The
relati velv low microh ardness va lues
and the' high mean STD deviat ion
found for sa mple ZrLS see m to be
related to the prese nce of a large
fraction of sma ll pores in th e
specimens p rocessed in this
cond ition. Sam ple ZIILA S exh ibited
ra nges o f ve ry different
microhardness va lues depending on
where th e inden t was mad e. The
microstructure of this sample was
qu ite heterogen eous (Figure I (a » ,
exh ibiting different regi ons th at
cou ld ind ivid uall y ex ceed the
dimen sion s of the indents.
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CONCLUSIONS

CASTELL6:'J (SPAI:'J)

The most significant conclusions to be drawn from the experiments carried ou t w ith
the devitrifiable frit s (MAS, ZIlLAS, ZrLS, ZrKCS, ZIlAS, CBAS, ZrCM S, CMAS) are:

- With regard to devitrificati on behaviour, in all the stu d ied frits the presence of
su rface crystallisa tion predominated .

- With the thermal treatments used , all the compacts prepared w ith th e milled frit s
presented a significant presence of crys ta lline phases of interest in glazes for floor tiles a t
a temperature of 1000°C.

- The microstructures produced present crysta ls that do not usuall y exceed f Ourn.
These crystals appea r, in all the cases, in sufficiently numerous quantities and interact
with each other, not being simply di spersed in th e glassy matri x.

- To understand the correlati on between devitrifi cation and sintering it is es pecia lly
important to foresee the effect of using frit s of thi s natu re in designing glaze surfaces .
Combine d ana lys is of the results of th e hot stage microscopy and differential thermal
ana lys is techniques enable making certain observations:

• Densificat ion starts at temperature T" w hich exceeds the glass tran siti on
temperature (Te).

• Th e systems maintain a hi gh densification rate up to the temperature at which
crysta llisation of the first crys talline phase occurs (TcJ

• At temperatures just ab ove those of first phase crystallisa tion (T
CI

) , there is no
significant rise in densification.

• Dens ifica tion takes pl ace again when viscous flow reappears, or aft er a
so ftening temperature (TJ when melting of at least one crystalline phase at Tn
ha s alrea dy occurred, or when a vigorous flux is present in its formula (as in the
case of B,03in the Z,1AS formula).

- Th erm al treatments at 1150'C produced specimens w ith high er mi crohardness,
com pared w ith th e results for commercial non-devitrifiable frit s processed under the
sa me conditions, owing to the properties of the crys tals present and th e res u lting
micros tructu res .
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