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A BSTRACf:

Th rough thi s study. glazes of a glass -ceramic na ture have been obtaine d by introducing
nu cleating agent s into a commercial boric crysta lli ne frit , se lec ted beforehand . s tudying the
ph en omena of nuclea tion and growth of zirconium silicate (ZrSiO) crystals in th e in d ustrial
firing cycle of ceramic stone ware 1100r tiles. with a red as well as a white bod y. withou t
altering th ese. Subsequen tly. in a second s tudy stage. (l-A I,O , crysta ls with preset
characteris tics were added to the glaze compositio n to ob tain the glass -ceramic composite.
Th e study of the presen ce of crystalline phases was carried ou t using X-ray diffract ion and
was completed using sca nning elec tro n microscopy and energy dispersive X-ray ana lys is
(SEM/EDXI. The mech an ical prop erti es of the materi als obt ained were also eva lua ted ann
thei r quali ty para meters determined .
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Finally, the study on the glazed tile was completed with the development of a crystalline
glass-ceramic for th e screen-printing decoration and a granulated glaze, which had identical
characteristics to the starting glaze, in order not to lose the improved mechanical prop erti es
obtaine d in th e base glaze, during tile decoration.

l.INTRODUCTION

Th ere is cur ren tly growing interest in th e ceramic industry in thi s region in the
devel opment of new material s with better technological performance characteris tics, centring
on two variables: a greater refractive index in th e glazes and improved mechanical strength
(11. Non etheless , the two parameters. gloss and hardness , would appear to be opposed . In
this regard , new glazes with glass-ceramic characteristics could be design ed and developed ,
which improve the mechani cal properti es of existing glazes and whi ch in turn might keep
an acceptahle refractive index. This th erefore involves dev el oping "advanced glaze
compositi ons and glaze coatings"?',

At the same tim e, there is a growing int erest in th e Spanish ceramic industry in
environme ntal aspects , influen ced on th e one hand by th e introduction of Eur op ean
regulations on th e subject and on th e othe r hand by the need to recycl e industria l waste and
to isolate toxic or hazardous waste, while at the same tim e achi eving a potential eco nomic
saving (3 1. In this field too, transform ation of these raw materials - which in principle seem
unusable, into new usable materials, may be of great use (4,5).

To start with, th erefore, a glaze coating or ceramic glaze may be defined as glass that is
applie d to a ceramic body in order to protect or dec orate the final ceramic product ; glaze
coatings or ceramic glazes are basically complex mixtures of silicates and or borates , basically
formulated like glass with three types of component;glass-network forming oxides, modifying
oxides and intermediate oxides (61. For the production of glaze coatings or ceramic glazes,
consequently, in order to prevent faults and to optimise or produce new products. ph enomena
suc h as immiscibility or nucleation and crys tallisation, which are cha rac teris tic of glassy
compos itions, must be contro lled (7 1.

Contro lli ng glass devitrificati on in order to produce a mainly crys tallise d materi al , is
kn own as the "ceramming" process . Crystallisation of a glass may th erefore be directed
towards obtaining glass-ceramic mat erials with a given microstructure, which dep ends on
th e application required of the material obtained. One of th e authors who has studied in
greates t detail th e glas s-ceramic pro cess is McMillan (RI, wh o establishes th e foll owing stages
in the overall glass-ceramic process .

1) Fu si on of a homogen eous gla ss , whose co mposit ion includes a d d it ives or
cons titue nts capable of producing nuclei for the development of crystall isation in a later
pro cess step.

2) Forming of th e glass to give it a certain shape according to its se rv ice applica tio n.

3) Application of suitable heat treatments , to obtain an essentially crystall ine material.
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The hea t treatments for crystallisa tion of the glass may be performed: eithe r directl y.

in th e cooling process, known as the "pe tru rgic" process, Fig. 1, or by first obtaining the
glass at room temperature and later producing crys tallisation by mean s of suitabl e heat
trea tments ("glass-ceramic process") , Fig. 2.

In th e firs t case, a primary crystall isation would be obtained, produci ng what are
kno wn as pe trurgic materi als because of their similarity with natural processes of mineral
genesis. In the second cas e, one spea ks of se condary crystallisation and glass-ceramic
materials.

Of the products obtained, generally those with the best proper ties are th e ones in
whi ch a crys tall isation of over 90% of the original glassy mass ha s been achieved, with a
crystal size of between 0 .5 and 1 urn. In orde r to achieve this , it is necessary on man y
occasions to use additives, particu larl y in pro cesses with primary crys ta llisa tions, or in
othe r words, in the petrurgic process.

Phase separa tion, whi ch mu st some times be achieved for th e product ion of glass
ceramic material s from silica te melts , arises wh en the glass contains ca tions whose co
ordination nu mber varies with tem pera ture, suc h as Ti , Zr, etc. or ca tions which contain a
charge different to that of silicon and/or anions wit h a differen t charge to th at of oxygen:
Fe' ., p", F', or cations with a high field int en sity, such as Cr' ., Li' , Mg" , etc.

T (' C)

ITrl Fus ion rr: ""

Contro lled tem perature
reducti on

Time

f igure 1 .- Pet rurgic process. Primary crystalli sation in glues: glass obtention and s ubsequent heat treatments
arc include d in a single cooli ng process 1'1
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Figure 2.- Glass -ceramic process. Secondary crystallisation of glass: app lica tion of subsequent heat cycles
different from those used in obtaining the glass 191

Th ere is a cer tain con fusion in the denomination of the different glass-ceramic materials
1101. If one takes int o account the process used in manufacturing these types of material , the
pe trurgic material s would only be th ose resulting from primary glass crysta ll isa tio ns, in
which th e heat treatments applie d are included as an integral part of the cooling process ;
how ever, in a true glass -ceramic materi al, it is the res ult of .provoking crysta llisa tion of a
previ ously obtaine d glass , by submitting it to subse quen t heat treatments, regardless of th e
origin of the raw material.

On th e othe r hand, because of the co ns tan t concern for achiev ing im prov ements in
the mechanical stre ngth of ceramic materi al, in view of its cha racteris tic brittlen ess, new
possibili ties have opened up with the study and developm ent of wha t have becom e known
as s truc tural ceramic materi als, ceramic produc ts of a passive charac ter which basicall y
fu nc tio n or se rve in applied systems requiri ng hi gh che mica l res is tance an d th erm o
mech anical strength . This is a new group of advanced ceramic materi als w hich is currently
being developed at grea t speed. Th e requirem en ts for obtaining high performan ce (especiall y
in mechanical pro perties) are as follows:

a) high toughness at high and low tempera tures.
b) long average life , res ista nce to thermal shock.
c) slow crac k growth
d] resistan ce to cree p and corrosion.

As an exa mple , Table 1 shows some of the properties of struc tural ceramic materials.
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Table I. Properties of some struc tural ceramic materia Is.

I Parameter I
GLASS") GLASS -CERAMIC ZIRCON COMP OSITES")

Vickers PbSi glass<500 Pryoflan 660 643-725 Norzon 14600

l\Iicrohardness BSi, NaCa glass =530 Quartz 930 Cubitron 17900

IHv) matt Zn =600 Ni-alumina 21000

matt Ba - 580

E IPaJ BSi and Zn/Ba 70-50 100 - Norzon 200

steel 190 Cubitron 350

rubber 15 Ni-alumina 362
quartz 80

u,ll\lpa) BSi glass 50-80 - - glass/alumina

~c BSi glass 1.2 - 0.7 2.5 1.3-5.0m Norzon 4.5
quartz 0.5 . 1 Cubitron 6.0

sapphire Ni-alurnina 4.6

( 1) PbSi lead silica te glass. Matt Zn, matt zinc glaze
[lSi borosilicate glass Matt barium glaze .
NaCa win dow glass.

(21 Norzan nickel /zirconia commercial abrasives. Cubitron copper /zirconia
III Depends heavily on the composition.

Thus, when hardening ceramic material, we can follow two possibl e ro utes : we may
obtain compos ite materials or develop materials ofa glass -ceramic nature. Composite ceramic
materi als are multiphase compa tible materi als , i.e. th ere exists th e possibility of processing
a mat eria l which is made up of a matrix which is the main material or phase and incorporating
into it a second phase or various phas es which. che mically, thermally and mechanically do
not self-destruct or degrade, in other words, th at are compatible.

From a mech anical point of view, ceramic materials are prep ared with a view to
op timising the mechanical resistance of the ceramic matrix . In accordance with Griffith's
equa tio n, th ere are two alte rna tives for improving the mechanical strength of a ceramic
matrix: by ,") incor porating a second phase with high K

IC
or 112) having a microstructure with

a small gra in size. Th ese alte rna tives can be suitably des igne d by usi ng appropria te ceramic
processing and it is no w quite usua l to employ con tinuous fibres with K IF values nf up to 15
Mp a-rn as second phases. None the less, it is als o possibl e to use secon d phases with high
Young 's moduli as is the case with a composite materia l of a britt le matrix su ch as cubic
zirconia and using a second phase with a high modulus, suc h as alumina. It may be shown
experimentally that there is an im portant st rengthen ing of the zirconi a matrix at all test ing
temperatures when the proportion of alumina does not exceed 10% by weight. Th e same
occurs with co mpos ite materi als of tetra gonal zirconia, where the positive influence of the
alumina may be see n in the breaking value [Fig, 3). Composite materials of tetragonal zirconia
with alumina perce ntages of between 10 and 20% by we ight are known as super-tough
mat erial s. Su ch h igh KIC and 0 ,. values are d ue to the specia l charac ter is tics of th eir
microstructure , and the cons tra int of the zirconia matrix by th e presence of fin e grai ns of
alumina.
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Sintering Temperature 1650 cC

_ Te st temperature 2 5 'C
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Ftgnre 3. Grap hic representation cf the val ues of Young's modulus, or' for a cubic zirconia, w ith the infl uence
nf th e alumi na add ition. Al~Ol .

It sho uld also be indicated that another charac ter istic of the influence tha t alumina
has in the zirco nia matrix. is the fact that the strengthening process also fu nctions for crac k
deflection mech anisms. as sho wn in Fig. 4 .

,
•l i D - '2- - - - - -

o CI I 0 .2
I

O.:J 0'" 0 '

Volu me fra ction

Figure 4. Influence of the length-diameter ratio of the dispersed particle on the strengthening of the matrix,
proposed by Evans and Canno n.

At the sa me time. hardness is the term given to a material's res ista nce to the forma tion
of sur face tracks by an in denter un der standard cond itions. Depending on th e application
of thi s load there are three typ es of hardness: scratching. indentati on and abras ion.

For example. a glass on the Mohs sca le has a scratch ha rdness of between 5 and 6 . but
this sca le of hardness is not the most suitable method of measuring the hardness of ma terials.
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The most suitable method, especially for glass, is that of microhatdness (H,,}, which is th e
, t. nee offered by a ma terial to the inden tation produced when a concentra ted load IS

resis,,- I I I . . d tiapplied to a sma ll sur face area . If a high load is ap p i.el to a g ass using a po in te up . a
ce rtain elas tic deformation occurs as we ll as plas tic flow. This flow seems to be due to
Newtonian beh aviour at high sh ear stresses, bu t there is a reducti on in viscosity as load
increases (this effect occurs because plastic deformation may be achi eved), Th ere is therefore
a relutionship between mi crohardness and viscosit y, su ch th at hardness increases with
vis cosity. Wh en loading ceases, the glass undergoes partial elasti c reco very, which vari es
inversel y with the magnitude of the applied load. Interesting resu lts ha ve been obtained
with glass:

I-Iv increases when viscosity increases
I-I\' fall s accord ing to modifi er c on te n t, a ccording to th e seque nce:
CaO>MgO>flaO>PbO .
I-Iv is grea ter for tempered glass than for annea led glass .
I-I\' is higher for glass with slow cooling than for those obtaine d by qu en ching.

There are tw o methods for measuring microhardness : Vickers microhardness (11,.1 ,
which is th e most widely used one in ceramic materials , and Knoop microhardness (1-1 .) .

There can be no douht that a basic requisite for charac terisation of these types of
materi al has been the parall el development of characterisation techniqu es. In thi s res pect,
e lec tron microscop y, with its sca nning (SEM) and tran smission (TEM) variants, has proved
to be a powerful technique, because of its high power of resolut ion . Furthermore, wi th th e
incorporation of ene rgy dispersive X-ray analysis (EDX), it has become possible to charac terise
these materials qui ckly and acc ura tely. This is therefore a technique of great interest. and
rapid incorporati on int o the ceramic industry is antic ipa ted because of the possibilities
mention ed (13,14) .

As a res u lt of the above, the company ESMALTES, S.A., together wit h the Materials
Scienc e resea rch gro up from the Department of Organic an d Inorganic Chem istry of the
Univurs itat [aurn e I, deci ded to attem pt to develop compos ite glass-cera mic ma terials , whi ch
wou ld improve the tecbnological performance of glazes commonly used in the floor and
wa ll tile manufacturing Industry.The objectives of th is s tudy were as follow s:

1) To devel op an d c ha rac te r ise glazes of a glass-cerami c nature , producing
crys tallisa tio ns within the glass matrix . by using previ ously selected frits , with th e additio n
of nuclea ting agents in th e formulati on. Th ese were then heat-trea ted in an industrial kiln
used for glazed !loor tile manufacture. Development was carried out for both red- and white
firi ng bodi es.

2) To ob tain glass- cera mic composites from these glazes, of a high tou ghness by means
of an « -AI,O " coru ndum addi tion with cer tain preset charac teristics.

3) Th e final objec tive of the work was to achi eve decorati on of th e hodv by scree n
printing and gran ulates. whi ch would main tain the mechanical properties achieved in the
base glaze .
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REFERENCE %NUCLEANT

AR1. BR1. CR1. DR1. ER1. 0.5
AB1. BBl. CB1, DB1. EBl

AR2. BR2. CR2, DR2. ER2 1.0
AB2, BB2.CB2 , DB2. EB2

CR3, DR3. ER3 2.0
CB3, DB3. EB3
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Table Ill. Weight percentage of the added nucleating agenl.

wh ere A. B. C.D and E are different nucleating agents: R and B corres po nd to th e glaze
developed on a red or white body respectively: and 1 . 2 and 3 are the percentages of the
ad ded nucleant.

.3.4, FOWHATION OF COMPOSITES

Th e possibi lity was conside red of im proving eve n more the mechanica l properties of
the glaze obta ined by means of the formatio n of sup er-tough composi tes within the devitri fied
mater ial , on the basis of the improved res ults ohtained in the formulations shown in Table
III. The methodology used was the in trodu ction of "<alumina withou t exceeding 10 % by
the weight as indicated in the introduction , based on the literature surveyed.

4.RES LTS AND DISCUSSION

4,1, STARTING GLAZE

Firstly. the glaze previously selected as the starting glaze was characterised (Table III).
For this pu rp ose X-ray di ffraction analysis was used (henceforth referre d to as XRIJ) of the
powdered glaze before firin g (Fig. 6) in whi ch the presen ce of crys tallogra phic ph ases of
bad deleyue, ZrO,[l[. qua rtz SiO,[J[, and corundum a -Al,O,(4) was observed. wh ere the ma jor
crys talline phase was baddeleyite, which exhibited a low degree of crystal devel opment.
given the number of counts obtain ed .

[

,\:

I
Figure 6. XRJ> analys is of the starting glaze (PO) before application and heal tr eatment in the industria l kiln .
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III ZrO
2

(21 SiO
2

('I SiO
2

(' 1 a -AI °2 ,

baddeley ite, ASTM File No. 24 .1165.
quartz. ASTM File No. 33-1 161
coesite , ASTM File No. 14 -0654
corundum. ASTM File No. 4 2-14 68
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The res ults obtained from the glaze app lied on red-bodied tiles (PRO) and white-bodied
til es (PHO] are summarised in Table IV:

Table IV: Values obtained from the anal ysis performed in the slarting glaze.

Referen ce xarr» Vickers Mohs Hardness Whiten ess Index'"
(no. of counts] Microhardness, Hv

(kgf/mm-)

PRO 97 4 58 4 11.723

PHO 69 510 6 12 .906

( 11 Number of counts of the maximum intensity peak of the diffractogram corresponding
to the zircon crys talline phase.

(21 Whiteness index measured on a MgO sta ndard of I, = 8.3318 (ASTM 1925]

Th e an alytical results obtaine d by XRD show the presence of ZrSiO. as th e major
phase and also small an orthitic-type crystallisations CaAI

2Si,o
••(· 1 in th e glaze applied on

the redware tile. whereas in the same glaze on the whiteware tile. zircon ZrSiO. appeared
as th e major crystalli ne phase with small crys tallisations of corundum a -AI,O, (' I and sp inel
MgAI,o. (61.

The crystalline phases arising during firing were zircon. anorth ite and spine l. Th e
rest were introduced as raw materials in the glaze formulation . It should be pointed out th at
th e degree of crystallisation which appears is very low.

Fig. 7 shows the diffractograms corresponding to the fired glazes.
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Figure 7. XRIl of fir ed sta r ting glaze PRO (red bod y) and PHO (w hile bod y).

III ZrSiO
4

141CaAl Si 0
2 2 8

,51 a-AI 0
2 l

161MgAl 0
2 4

zircon. ASTM File No. 6-0266.
anorthite. ASTM File No. 20-0020 .
corundum. ASTM File No. 42-1468
spine l, ASTM File No. 21-1152.

It should also be noted that although the arising zirconium silicate recorded by the
diffractogram was greater in the glaze on the red body, whi ch yielded enhanced whiten ess
of the mat erial, lower mechanica l st rength values were found th an tho se of the glaze on th e
white body. This was possibly caused by the firin g cycle , since it var ied in both typ es of
body; the temperature reached in the red body bein g lower.

Figure Ra] SEM micrograph of the st art ing glaze (PRO).
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SE. 255

Figure 8 b) EIJX surface mapping
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Fig. 8 a) shows small crystals « 1 urn) on an am orp hou s matrix , an d the surfa ce
map ping (or surface element distribution analysis] shows the presen ce of areas of alumini um .
si licone and zirconium conce n trations, as being the mos t important elements. The presence
of crystallisations which may be seen both in th e image obtained using secondary electrons
("SE " in the micrograph on the left). and in the image obtained using back-scatt ered electrons
("IlSE " in the micrograp h on the righ t], wh ere more are detected, while the heavi est elements
show up brightest. Iloth the zirconium and the silico n appear conce ntrated in the micrograph ,
which s hows the formation of crystals wh ich may be ass igne d to the zircon ZrSiO. as
confirme d by XJ{O. It sh ould be noted that in these points no concen tra tion of the other
eleme n ts appea r.
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Figure 9 a) SEM micrograph of the starling glaze (PHO).
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Figure 9 b) Surface mapping usin g EDX
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In the micrograph (Fig. 9 a), there appear crystallisations of a similar size and number
to the corresponding ones in the red body (PRO). The mapping is shown in Fig. 9 b which
also shows concentrations of zirconium and silico n on the hrigh test crystals. in acc orda nce
with the XRD results where zircon ZrSiO, appears. Th ere also appear conce ntrations of
magnesi um . which. as can be see n in the XRIJ. forms part of spine l MgAI,O, crystals . Points
may also be see n where th ere is a concentra tion of alu mini um. and which may be iden tified
as crys tals of cor und um. a-alumina in the XRD.

4.2 . RESULTS OBTAIN ED IN THE DEVITRIFICATION PROCESS

Given the results. an attempt was made to increase the mechanical strength of the
material by trying to produce devitrifications in the glaze and increase the number of zircon
ZrSi O, crystallisations.

In the XRIJ analysis of the unfired glazes. both in the glaze developed for the red body
an d that for the white body (Fig. 10), the same crystalli ne phases may be observed as in the
start ing glaze (PO).
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Figure 10. XRD analysis of the unfi red gla zes (PR1-O, red bod y: PII1·O, white bod y).

[ I) ZrO
2

121 SiO
2

IJI SiO
2

1'1 a-AI 0
2 J

baddeleyi te, ASTM File No. 24-1165.
quartz, ASTM File No. 33 -1161'
coesite, ASTM File No. 14 -0 654 '
coru ndum, ASTM File No. 4 2-14 68

The ana lytical data obtaine d with the new glazes develop ed after heat treating the
ceramic body (PR 1, glaze for red body ; PB1 , glaze for wh ite body) are shown in Table V.

Table V. Values obtaine d from the ana lyses performed on IIR] and PBt.

Reference X RD" I Vickers Mohs Ha rdness \\'hiten ess Index'"
(no . of counts) Microhardness, Hv

(kgf/mm 2 )

PRl 141 5 15 6 10.311

PBl 118 528 7 12 .119

[I I Number of counts of maximum in tensity peaks of the diffra ctogram, correspo nding
to the zirco n crys tall ine ph ase.'

121 Wh iteness ind ex measured 0 11 a MgO standard of I, = 8 .33 18 (ASTM 19 25).
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Figure 11. XRD dilTraclograms of fired glazes PRI (red bod y) an d POI (white bod y),

13J ZrSiO•
I'J ZrO

2
15J a-AI 0

2 3
10J MgAI 0

2 •

zircon, ASTM File No. 6-0266.
baddeleyite, ASTM File No. 24 -1165.
coru ndum. ASTM File No. 42-1468
spinel . ASTM File No. 21 -1152.

On comparison of the XRD analyses of the unfired glazes with the fired ones we can
see that the most intense peaks. corresponding to the baddeleyite crystall ine phase. which
appear in the unfired glaze diffractogra rns, almos t disappear in the diffractograms of the
fired glazes. with zircon developing after heat treatment.

In both typ es of body. the major crystallisations are those of zircon ZrSiO•. alth ough
the number of counts . and therefore the degree of crystallin ity is still greater in the case of
th e glaze applied to th e red body. It is important to note th e increase in th e Vickers
microhardness an d Mohs hardness values. A greater degree of whiteness ma y also be
observed . linked to the in creased crystallisation.

The results of the mic rostructural and microan alyti cal study are shown in Figs. 12
and 13.
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Figure 12-a) SE~I microJ;raphs using BSE of the glaze for the red bod y (11 KI).

SE. 255 I IOSE, 255 ZnUiC l 0 1

Figure r z-h) Surface mapping. using ElJX.

The micrograph shows a large number of bright crystals with sizes which vary between
1 and three J.Im. EDX microan alysis of these crys tals shows a cons tant Si-Zr ra tio . which is
also consistent with XRD outcomes. whi ch indicate the forma tion of zircon ZrSiO, . In the
mapping an alysis (Fig. 12-b) the concentration of zirconium in th ese crystals may also he
seen, thu s ma tching the XRD data and highli ghting the grea t number of these crystals.
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Figure 13· a) SE"1 m icrograph using SSE of the glaze for the whi te body (PUt).

SE. 255

CaKa , 26 TiKa . 15 •

Znl bl. 20

Figure 13·h) Surface mapping. using EDX.

In the microstructura l and m icroanalyt ical st udy of the I'Hl test spec ime n , bri ghter
crysta ls of a grea ter zirconium concen tra tio n ma y be observe d, which co uld correspond to
th e zircon crysta ll ine phases detected in th e XRD. The number of th ese crys ta ls in th e
observa tio n field is s ligh tly smaller th an in th e case o f th e PRl sa mple . There a lso a ppear
darker a reas in th e BSE mi crograph, wh ere th e a lu minium is seen to be concen tra ted . This
would co rrespond to crys ta ls of ex-alumina . coru ndu m, det ected by XRD. In th e mapping
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ana lys is there also ap pear conce ntra ted areas of magnesium , wh ich would correspond to
the crysta llisations of spinel MgAI,o., detect ed by XRD.

4.3. RESUI,TS OBTAINED WITH THE INTROD UCTION OF NUCLEATING
AGENTS.

Th e diffra ctograrns of the unfired glazes into wh ich nucleating agents were in trodu ced
(Tabl e III), show the sa me crystalli ne phases as the diffractograms of unfi red glazes in the
previous stage, as well as the pea ks corres ponding to the ad ded n ucleat ing agen ts.

I,

2 j
4

4 4
2

4 4 I I

~ " " " se '"

Figure 14. XRD ana lys is of gla zes CR2- 0 [rod hody) and EB2-0 (wh ile hod y).

Il l Z rO
2

121 SiO
2

(3) SiO,
141 a-AI 0

2 3

haddeleyit e. ASTM File No. 24-1165 .
quartz, ASTM File No. 33-1161
coes itc, ASTM File No. 14-0654
corundum, ASTM File No. 42-1468

Th e results obtained in the glazes devel op ed on the red body after ind ustr ial firing,
with the se lec ted nu cleating agents lis ted in Table III are shown in the following tab le:
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Table VI. Influen ce of nucleating agents (Red Body).

CA STELL6:-1 (SPA IN)

Reference XRDIII Vickers Mohs Hardness Whiteness Index '"
(no. of counts) Microhardness, Hv

(kgf/mm 2
)

AR1 240 580 6 9.466
AR2 311 609 6 8.884
DR1 211 573 6 11.174
BR2 214 536 6 10.603
CR1 236 614 8 9.510
CR2 248 621 8 9.6 12
CR3 362 540 7 9.844

DR11J1 - - - -
DR21J1 - - - .
DR31J1 - - - -
ER1 158 604 7 9.333
ER2 167 506 7 9.173
ER3 144 529 7 9.558

III Number of co un ts of th e maxim um in ten s it y peak of the d iffra c togram
correspond ing to the zircon crystall ine phase.

1'1 Wh iteness index measured on a MgO standard of lb = 8.3318 (ASTM 1925).
131 Not charac te rised due to the existence of faults in th e tiles.

On the hasi s of the figures given in Table VI the ro le played by the nuclea ting agen t
may be obse rve d. The "C " nucl eant is the mos t effective as it yie lds the bes t properties .

In all the diffra ctograms (Fig. 15) zircon ZrSiO.11I appears as the major crys tall ine
phase. Sma ll crystall isations of corundum a -A1

2
0

J
12 1 ap pea r together.

: -T:.. . k:," ''--~ _

I
1

III ZrSiO•
{21 a -AI D

2 J

I

L,,"_i. <,:L.l.~.L~~~.
" ~ ~ ~ ~ ~ ft U ~ ~

Figure 15. XRD analysis of the CR2 lest sp eci men (red body).

zircon . ASTM File No. 6-0266.'
co ru ndum. ASTM File No. 42-146 8
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The results obtained in the glazes develo ped on the white body with the selec ted
nucleating age n ts listed in Tab le III are summa rised in Table VII.

Tahl e VII . Influen ce nf nn cleating agents (White Bod y)

Reference XROItI Vickers Mohs Hardness \Vhiteness Index"
(no. of counts] Microhardness, IIv

(kg17mm')

ABl 246 527 6 12.295
AB2 127 564 6 12.37!l
BBl 90 540 7 12.228
CBl 249 591 6 10.632
CB2 248 581 8 11.357
CB3 337 581 8 11.752

OB1'3) - - - -
OB2'3) - - - -
OB3'3) - - -
EBl 223 669 8 11. 592
EB2 224 734 8 11 .265
EB3 226 671 8 12.:148

It, Number o f cou n ts o f th e maximum inte n sity p eak of th e d iffrac togram
correspo nding to the zircon crys tall ine ph ase.

(2) Whiten ess index measured on a MgO standard of I
b

= 8.3 318 (ASTM 1925).
13' ot cha rac terise d due to the existence of fau lts in the til es.

On the basi s of the figures given in Tahle VII. it lIlay he seen that the best resul ts were
obta ined using nu cleant "E" .

XRD ana lysis (Fig. 16.) also shows that the major crystall ine phase in the diffractogram s
of the fired glazes is zircon ZrSiO,(l)with small crys ta llisa tions of co ru nd um a-Al,03[" and
spinel MgAl,O,(3).

-""""4 - '!<: • .a

'I--~

~j n.:

Figure 16. XRIl an alysi s of th e EB21est speci me n (white borlyl.

[,) ZrSiO zircon , ASTM File No. 6-026 6.,
'" a-Alp3 coru ndum. ASTM File No. 42 -1468
[31MgAlp , s pinel, ASTM File No. 21-1152.
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4.4. F0I1MA TION OF COMPOS ITE S

XRD ana lyses of unfired glazes with an addition of a -AI,O, (Fig. 1 7) show th e same
crys talli ne ph ases as the diffractograms of the test specimens in the previous sec tio n . with
a consi de rable increase in the degree of crys tallinity of the a-Alp , phase.

=-';"r• • • - Sc • ••

s~
4

z
4

4

!
I

• . , h-oJ'
" " as ~ .- .. " sc " se

_..-.....- ,.--.~,--------~---,

··

2 i

I

Figure 17. XRD analysis of test sp ecimens PRF-O(red bod y) and PDF-O(while hody) before heal trea tment.

I I) ZrO
a

I') SiO
a

I' ) SiO
a

I') a -AI °, ,

baddeleylte, ASTM File No. 24 -1165 .
quar tz, ASTM File No. 33-116 1
coes ite, ASTM File No. 14 -0654
corundum. ASTM File No. 42-14 68

In the tests performed on both red and white bodies after heat treatment . an increase
in the degree of crystallinity was observed, whi ch caused a cons iderable improvem ent in
the mechanical pro perties. Th e crystalline ph ases shown in XRD analys is (Fig. 18) were
zircon ZrSiO/ 1) as the major phase and corundum a .,\I,O,I2J. wit h spine l MgAl,O/ ' )appearing
as a th ird crys talli ne phase in the tests performed on the whit e body,
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Figure 18: XRD a na lj..s is or test spec ime ns PRF (red hod y) and PDF (while bodyl.

(11 ZrSiO zircon. ASTM File No. G-0266 .,
(') a-Al,O, corund um . ASTM File No. 42-1468
III MgAl,o, spinel. ASTM File No. 21-1152.

Figure 19~a) SEI\1 micrograp h of tes t specimen PBF (\Vhite hody).
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Figure 19-bJ EOX microaua lvsls of test specimen PDF (wh ite body).

The morphological and microanalytical analysis shows the presence of bright crystals.
using the BSE observation technique. Analysis of these shows a constant Si-Zr ra tio . as well
as a high concentrat ion of zirco nium when mapping is per formed . These are large in size
and great in nu mbe r. Darker areas also appear in the micrograp h . analysis of wh ich indicates
a high concentra tion of alumini um. as can be observed in th e mapping ana lysis. This agre es
with the presen ce of n -Al.O, int rodu ced as coru ndum and ana lyzed using XRD.

Simi lar results were obtained for the glaze on the red bo dy.

Th e results obtaine d after firing these test speci me ns are sho wn in Table VIII.

Table VIII. Values obtai ned after forma tion of the al umi na cumpusltes.

Reference XRO'II Vicke rs Moh s Ha rdness Whiteness Index!"
[no . of counts) Microhardness, Hv

[kgflmm')

PRF 286 691 9 9 .71 6

PBF 307 78 4 9 11.493

III N um ber o f cou n ts o f tb e max im um in ten sity peak o f the di ffra c togra m
corresponding to th e zircon crystalline phase.

1'1 Whiten ess in dex measured on a MgO standard of Ib = 11.3:1111 [ASTM 1925).
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5. APPLICATION OF THE PROD UCTS OBTAINED IN CERAMIC DESIGN.

For sc reen-printing decoration , th e development of a crystall ine- type frit with a
hardness similar to that of the starting glaze was set as an objective. in order not to lose in
decoration th e improved mech ani cal properti es that had been obtained in the starting glaze.
It was thus decided to attempt to develop a frit with a tenden cy to an orthitic devitrification
[CaAl,Sip.).

In ord er to develop this frit , an exhaus tive study was carr ied out of th e quaternary
phase diagram: SiO,-Alp,.CaO-MgO [Fig. 20). from which a compos ition was chosen within
the an orthite primary field , as close as possible to th at of cord ieri te, though always with in
the logical constraint stemming from the temperature cycles used in industrial fr it kilns
[maximum temperature of 1500°C) .

Figure 20. Ph ase di agram SiO..AI,O..CaO· l\Ig0

Tabl e IX sh ows the qu alitative compos ition of th e frit to be developed .

Table IX. Qualita tive composi tion of the form ulated frit.

OXIDE Alp , CaO MgO SiO,

% by weight 10-40 10-40 10-40 40·60

In th e frit app lied as a glaze to a ceramic body, an d after heat treatmen t performed in
the industrial kiln . SEM/EDX microscopy [Fig. 21) sh owed the presen ce of a large qu antity
of anorthitic-type CaAI,Sip .lllcrystallisatlons, the XRDdiffractogram for which is depicted
in Fig. 22.

It has als o been possible, after performing a morphological s tudy using elec tro n
microscopy and energy di spersive microan alysis [SEM/EDX1. to determine the presen ce of
othe r crystals. which . once ana lyzed by means of specific ana lys is. demonstrated th e
existence of Ca. Si , Al and Mg (Fig. 23). ind icati ve of the presen ce of crys tallisa tions of a
cordieritic nature [larger-si zed crystals but few in number in eac h field of obse rva tio n ).
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Figure 21.· SEM micrograph and EDX microanal ysis of th e fr il used for screen-p ri n ting.

;

1:,I',ii, ~G~~:"~U.,"A,J
~ ~~ ft ~ 6 ~ ~ ~

Figu re 22.· XRD diffractogr am of th e frit used for screen -print ing.

III CaAl ,Sip•. an orthite. ASTM File 0.12-0301.

,,,

.\l

").: , -.-,~-"~,
t - \J.(rQ ~ l:"~ i " ( .J , ? , .1 ~ r: Ill. I I \; _.

t" , . J ' , I O. I U ,("~l

Figu re 23. EDX m icroanalysis of a crysta l of cord ier itic composi tion.
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The cha rac teris tics of the frit used for screen-printing decorati on are sho wn in Tabl e
x.

Table X. Results of the ana lyses performed on the fril used for scree n-printing, app lied to a glaze d tile.

XRD Vickers Microhardness , Mohs Hardness
(no. of co unts]!" (Hv kgf/mm')

114 652 6 - 7

0) Number of coun ts of the max imum inten sity peak of th e diffractogram correspo nding
to the ano rthite crys talline phase.

For the granulate, a glaze was sought with technical characteristics as similar as possible
to th ose of th e starting glaze . Thi s was then used to prepare an agglomera te. in th e form of
granules (pell ets) with a size of between 606 and 454 11m.

6. CONCLUSIONS

- During the devitrification process , the level of crystallisation of zircon ZrSiO. was
in creased, thus attaining im provements in both the Vickers micro har dn ess and Moh s
hardness values.

- Th e degree of whit en ess increases as a grea ter number of zircon crys tall isa tions
arise, as occurs in the first three steps.

- Th e addition of nucleating agents gives rise to an increase in the degree of crystallin ity
and bett er mechanical properties in the materi a!. Th e best resu lts were ach ieve d with the
"E" nu cleant for the white body and th e "C" n ucleant for the red body.

- On adding the a- alu mina to achieve th e formation of composites , there was a slight
decrease in the degree of whit en ess of the fired glaze, but thi s drop was compensa ted for by
a grea ter increase in mechanical properties.

- The glass- ceramic characteris tics of all the components of the fina l product (base
glaze, screen-print and granula te) have been sho wn, which make up an fully glass- ceramic
product.

- Th e high technologica l performan ce of the glazes obtained justifies classifying th em
as high-t ou ghness materi als.
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