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ABSTRACT

Martl'llsite stabilieation ill tempering steel yields hardening by a solid solution mechanism.
Similarly, tetragonal and cubic zirconia stabilisation with alkaline-earth (Cs, lvlg) or transition
and inner transition metal (Y, Ce, Nd) alloyillg entails hardening that is to be interpreted by a
phase-transformation mechanism. The objectioc of the present work lms to stlldy possible zirconia
stabilisation ill ceramicfloor and uml! tileglaze« alld assess the effect 011 the mechanical properties
of tile resulting product. The finding» indicate the possibility of 5iabilising cllbic zirconia ill low
m illme [ractions ill calcic gla=es . It lms also stabilised ill films obtained with gels applied onto
porcelain tile. The stability of the phase epe1l allouis dereloping yellow stain» (colours) by dopillg
the calcium-stabilised cubic phase with praseodvmium.

1. INTRODUCTION

At normal pressure zirconium oxide ZrO" exhi bits three sequentially stable
po lym orphic vari eties on modifying tem perature: at 2680°C the cubic variety Fm3m
solid ifies with a fluorite st ructure, at aro und 2370"C the cubic form becomes tetragonal
wi th a di storted fluorite structure (ins tead of 8 oxygen atoms at 2.20 A of the Zr in the
cubic variety there are two oxygen groups: 4 at 2065 and another 4 at 2455 A, integrating
elong ated and shortened ZrO, groups in a way resembli ng wha t happens with zircon),
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whi le at about 11 70"C the tetragonal variety becomes mono clinic 1'21/ c w ith Zr 7
coord inat ion"! 1:!:1 .

Th e tetragonal- monoclin ic tra ns rtion is of the martensitic type, that is, with
cha rac teri stics similar to the transition of austenite (Fe. FCC ) in austenitic steel (above
eu tecto id tem peratu re 723"C up to about 1400"C, w ith ~a rbon concentra tio ns below 2%)
on temperi ng. Martens ite transformation is ad iffusiona l and a th e rrna l, w h ich implies
high tra ns formation rates and qu ite a w ide thermal transformati on ran ge (from
transfo rmation sta rt to end)"L"'.

Ma r tens ite s ta b ilis a t ion in stee l tempe ring yie lds ha rd ening hy a so lid
so lu t io n me ch anism : mar tensi te exhi bits a tetragonal stru ctu re of iron a to ms in
w h ich th e carbon atoms d issol ve inte rs titiall y in th e octa hed ra l g a ps in the
s t ructu re . The g rea te r th e ca rbon e n try into the la tt ice, the hi gher the hardness
(m a rte ns it ic s tee l tempered w it h 0.6% C exh ibits 800 HV co m pa red to just 150 o f
the perli tic ty pe)'",

Sim ila rly, tetragonal and cu bic zirconia stab ilisa tion by alkaline-earth (Ca, Mg ) or
transition and inner transiti on metal (Y, Ce, Nd) allo ying yields ha rden ing that is to be
int erpreted in terms of a phase tran sformation mech ani sm . Meta stable tetragonal
zirconia stabilisa tion is thermod yna m ically possible owing to the con fine ment of
ellipso id a l particles o f tetragona l zircon ia in a mat rix (usua lly res id ua l cub ic z ircon ia
but also o the rs ): the su rface te nsion ene rgy that the transformat ion wou ld involve in
these facetted tet ragona l zirconia particles p lus the confinement ene rgy of an on ly
slig htly c las tic matrix with low th ermal expans ion are capab le o f com pe nsa ting the
ene rgy released in the che mica l tetragonal- monoclinic tran sformation, so th at
te tragonal zircon ia can remain met astable . The tetragonal - monocl in ic transition
in vo lves in its d evelopment a volu me rise of 3 to 5% and a hi ke in shea r s tress of about
80/ ''1. '"I f) •

This sta te of affairs in th e met astable tetragonal zircon ia syste m, when a st ress
fie ld is b rought to th e mat erial ca pable o f relaxing th e te tragonal pa rti cle con fine ment
e nergy (e.g . a bl ow, a n ind enting stress, friction, etc.), makes th e deconstra incd
te tragona l polymorph pa ss into th e stable monoclini c fo rm in the m icro-surroundings
o f the crack s tress front, w ith a resulting volume inc rease th at com p resses the crack
fro nt, bl ockin g crack p rogre ss . Th is m echanism is w h a t w e ha ve termed
transfo rm ation hardening. Th e mechanism there fore p ro vides th e mat erial wi th
hardness, ab ras ion resis ta nce, as well as resista nce to crack p rogress (fractu re
tough ness )!",

2. OBJECTIVES

Th e prese nt work aimed to synthesise and characterise stabilised zirconia w ith the
alloying elements Ca. Y and Mg, in ord er to incorporate or use the se as ad d itives in g lassy
matrices developed by fusion as well as by sol-ge l processing, ana lysing the resu lts of

[I I. F.F. 1.;\ "' ( ;1-:, J. of Mat. s..-i., 17, 225-234, 2.ul-246, 255-262 (1982).
[21. I. A IIRAII AM, G. GRITZf\ F.R, J. of M .-l t. Sci. letters, 12, 995-997 (1993) .
[3 ). E.C. B"'l'\i, !-t.\"' . PAXTON, Alloyillg Etements in Steel, 2nd ed ., Ame rican Societ y for Me tals , 1906.
[·H D. ~1 InHJ.. F. Fxt.rx rr, E. GAFFET, and L. .\ 1a:erolles, J. Am. Coram . Soc. 76, 2884-88 (1993).
[5). K El\( )l\.C Xt-\, TFRF.MT. G. LANCDON, J. of M a t. Sci.• 29,5219-5231 (1994).
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tetragonal zirconia sta bilisat ion in glassy ma trices used in ceramic floo r and wall tile
manufacture at fou r levels :

(1) Analysis of tetragonal zircon ia stabilisation svsterns w ith Ca, Y and :-'lg
alloy ings and their mechanical characterisati on.

(II) Development of tou gh tetragona l zirconia films on ceramic bodies by gel
depositio n.

(Ill) Development of ceramic colours by doping stab ilised z ircon ia with
ch romo pho res.

(IV) Crys ta llisation of stabilised zirconia in glazes usu ally employed in ceramic
floor and wa ll tile man ufacture to enhance mechani cal p roperties withou t
affecting aesthetic qual ities.

3. ANALYSIS OF TETRAGONAL ZIRCONIA STABILISATION WITH CaO, Y,O,
AND MgO ALLOYINGS AND THEIR MECHANICAL CHARACTERISATION

The th ree sta b ilising systems exhibit eutectoid behav iour:

(a) Zirconi a s tabilised with yttrium, Y-ZrO, presents a cubic crystall ography that is
practically impossible to decompose, on having a ver y low eutectoid temperature arou nd
..OO"CI,I.

(b) The cubic polymorph stabilised with CaO decomposes below a temperatu re
es timated at 11 ..0°C in 1977 by V.S. Stubican'", However, subsequent studies by the same
autho rs" on an alysin g thermal destabil isation of cubic materials observed the extension of
a cubic phase metastabi lity region in the tetragonal ZrO,-CaZr,O, region of the Y:O,-zrO,.
ph ase diagram More recent studies indicate that the eutectoid tem perature lies below
11 OO"CI' I.

Cubic type calcium-stab ilised zirconia decom position develops through slow
kinetics'!", so that it is very d ifficu lt to destabilise the calcium-zirconia cubic polym orp h.

(c) Th e Mg-ZrO, presen ts eu tec to id decom positio n at 1..00"C and the
decomposition kinetics is less favourable tha n in cubic zirconia calcium-zirconia, so that
it destabilises by recalcination below this tem peratu re'!", Destabilisation takes place by a
partition mechanism producing a selection of d ifferent polymorphs (C C+T, T+M,
T+M+NlgO and MgO+M succes sive ly), which could be gen eralised to othe r
metastabilisation sys terns'"',

In accordance with these considerations, compositions were prepared III the
eu tectoid region of each system as detaile d in Table I.

(6). H G. s<" OTI, J. Mate r. Sci, 10, 1527-1535 (l Q75).
171. S.P. R AY A....D v S. S l l BIC:\ '\.. Mat er. Res. Bull . 12, ~9 (1977).
(81· \ '.5. STL'B ICX \ .\ \; D j .R. Hl LL\L\~', Ad v Ceram. 3, 25·36 (1981) .
191· P. D lRA'\, r. R ECIO. c. t,,10 URE, J. of ~lat. Sd . Let t, 11, 727-730 (992).

1101. J . ~1. M ARDER, T.E. \ lIl C HH .I.. A'lD A. H. Hn .: ER, A(!Il. Aidall ., 3 1, 387·95 (1482).
[111. c. F.eRA'-,, J. Am. Cem m. Soc, 50, 288-90 (196 7).
(12). ~ 1. L. BAI.\ IER, Ef. L" GF.),'-o C G. L E\'F!, J. Am . Cemm. 5(1(., 75. 946-52 (1992).
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XRD (powder) XRD % theor.
COMPOSITION 5OO°CI2 h (pressed a=b=c HV(GPa) Density

spec:imen) (A)
ISOO·Cl2h

rz-o,)0 ,,(MgOlo. l2 M(mI)MgO(1) C(m) M(1) 5.08 8 92
(zrO,~) ,(CaOlo , M(mI)CaCO,(d) C(ml) 5.14 4.4 85

(ZrO')092(Y,OJ)".04 M(ml) Y,0 3(d) T(mI)M(d) a- b-5.12 1,3 90
c= 5. 16

CRYSTALLINE PHASES: M(mo noclinic z-o.; T(tetragona l ZrO,), C(cubic ZrO,)
PEAK INTENSITY: mf(very strong), f(strong), m(medium ), d(weak). ASTM CELL
UNIT VALUES: cubic z-o, (a=b=c=5,09A, File ASTM 7-337), tetragonal z-o,
(a=b=S,12A, c=5.2SA, File ASTM 77-923).

Table I. Characterist ics of zirconia stabilised with MSO. CaQ. and Y:! Oj alloyillXs.

Samples were prepared by mixing the raw materials used in acetone medium in a
planetary mill. The followi ng raw ma terials were employed: industrial quality zrO, of
mean size 8.8 mm and MgO supplied by j .j. NAVARRO, reage nt grade CaCO, by
PANREAC and reage nt grade Y,O, by ALDRICH.

The blends we re heat treated at SOO"C/ 2h (the calcium blen d a lso underwent heat
treatment at 900"C), subseque ntly screening at 40 urn to form specime ns by uni axial
pressin g (200 bars). The resulting specime ns we re fired at lS00"C/2h in a NANNETI
electric kiln ramping at WOC / min. Table I de ta ils the XRD data on the powder and
pressed specimen. The sample containing calcium was also heat-trea ted at 900"C/2h
with a view to breaking down carbonates so that they would not inte rfere wi th specimen
forming. XRD of the sampled fired at this temperatu re indicated the prese nce of
mo noclinic zirconia with very intense peaks and CaZrO, with weak peaks. Fig. 1 shows
the d iffractograms of the samples heat treated at lS00"C/2h. It can be observed, as Table
I also indicated that the sample con taining calcium exhibited the cub ic polymorph as
sole ph ase in the pressed specimen. In the case of the sample with magnesium,
mon oclinic zirconia also appeared, and in the case of ytt rium the tetragon al polymorph
stabilised.

M
c

Figure 1. D{(fmctoSYlIl1 I:'o oj the samples heat-treated at 1500"( /211 . ( [ /4 /1 i[ l ,Ol)' TUcfmgo"aJ 2'02)' A1(monocJiIl ;c ZrO:).
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Bul k d ensi ty of th e sin tered sam p les was measured by th e Archimedes wa te r
im mersion method. Tabl e I presents the % d ensification ve rs us theore tical densi ty of
the sa m ples obta ined by the add iti ve meth od, w hich cons iders total dopan t ent ry in
the co rres pond ing latti ce (C or T). Th e d ata reveal th e worst densificati on in th e case
of th e sample wi th calciu m . Fig . 2 p resents SEM micrographs obta ined w ith a LEICA
LE0 440i instrument of the p ressed specimens, w h ich were carefu lly polish ed w ith
silicon carbide pape r and di amond pa ste. Th e mi crographs revealed apparent porosity
in all sa mples. Th e sa mple w ith calcium exh ibited a greater pro fu sion of pores than
tho se w ith magnes ium and yttr iu m, on the o the r hand interparticle sintering was
g rea te r in the sample with magnesium. In the sa m p le with calciu m a certa in
inte rgranular porosity was found, w h ile in th e sample w ith ytt riu m, grains sized
below 0,1 urn co u ld clearly be observed, which had aggrega ted keepi ng clear gra in
bou nda r ies. Dens itv m easurements th erefore matched the microstructura l
observa tions rela ting to poros ity.

Table I also reports the Vickers microhardness va lues found with a MATSUZAWA
micro-indenter, load ing at 400 g for 25 s. The findings indicate good beh aviour of the
sample with magnesium, worse behaviour in the case of calcium an d low mic rohardness
w ith yttriu m . These data in turn m atched the SEM mic rost ru ctural ou tcomes: the
d ensified mi crost ru cture of magnesium was strong; th e lesser densificat ion w ith
intergranu lar microcracks and greater porosity lowered strength in the samp le w ith
calciu m; and finall y, low sin tering of the clearly visible grains in the case of the samp le
w ith ytt riu m yielded ve ry low streng th.
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Lastly, Table I details the lat tice parameter measurements of the respective zirconia
elementary cell, measured by the POWCAL software for fitting interp lanar spacings with
an internal standard (a-AI,0 3) and LSQC least squa re fit of the foregoing data with the
ASTM cell!'". The data ag reed with dem onstrated fact of dopant so lid so lu tion in the
zircon ia lattice: the entry of Ca- (Pauling ~adius 0.99 A) repl acing ZI""(O.80 A) enlarged
the crystalline cell, whereas Mg" (0.65 A) made it slightly smaller; the latti ce also
decreased (c axis) in the case of Y'- (0.93 A).This drop was due to the presence of oxygen
vaca ncies in the latt ice, required to kee p electro neu tra lity and basis for the ion conducting
propert ies of stabilised zirconia.

Given the processing characteris tics, in order to incorporate cubic zirconia in the
ceramic glazes discussed below, the zirconia-calcium sys tem was chosen . In this system
stab ilised zirconia was obtained by two alternative methods:

(a) By the ceramic method described above . On fir ing powders that were
previously heat treated at 500"C at 900°C, CaZrO, was obta ined withou t yet detecting
tetragon al zirconia by XRD. At 1200"C!12 h the specimen rem ained witho u t reacting an d
at 1400°C! 6h the phase was fully stabilised (Fig. 3).

(b) By cop recipitation of a ge l ha vin g composition (ZrO,)o,(CaO)u, from reagent
grade ZrOCl,.8H,Q supplied by ALDRICH and reagent grade CaCO, supplied by
PANREAC. Zirco nium oxychloride was d issolved in wa ter (5 g !100 ml ), calcium
carbo na te was added, pa rtly neutralising the acid ity of the zirconiu m salt so lution. The
gel wa s ob tained by slowly add ing ammonia dropwise to the solu tion under cons tant
stirring at 70"C. A compac t, ho mogeneo us white gel was produced at pH=4-5. The gel,
which was oven dried at 11 0°C, was amo rphous in X-ray d iffraction , and was heat treated
at 600°C precipitating Garvie tetragona l zirconia (pa rticle size below 30 nm )I1.2I. Firing at
1200°C !2h produced ultrafine cubic zirconia (Fig. 3).

c

c
b c !

c
zc zc I ! C

a j J ILI
" ~ " ~ ~ .,

" ec "2 8

figure 3. Diffractogram':'>: (a) of ceramic sample Ca-Zr0 1 heat-treated at 140WC/6h,
fb) of the colloidal gelheat-treated at 1200"C/2h. O CI/I,;, Z, O,). ZOCaZ ,O, ).

4. DEV ELOPMENT OF TOUG H TETRAGONAL ZIRCONIA FILMS O N CERAMIC
BODIES BY GEL DEPOSITI ON

Considering the high zirconia stabilisation capacity exhibited by the coprecipitated gels,

[I ). F.F. L-\....C E, J. of Mat. Sci., 17, 225-23·,1, 240-2-16, 255-262 (982).
[2). I. A BRAIINII, G. GRITZ-,\;ER, J. of .\ 18t. Sci. lettere, 12, 995-997 (1993).

(13). POWCA L y LSQC, progmma.. de..arrouadoe por et Dpto . de Qubnica 11e In Unioereidaa de A berdeen (L' .K:).
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the possibility was studied of producing a glaze by coprecipitation of a gel having a composi tion
that would stabilise cubic or tetragonal zirconia on being deposited on a ceramic body and fired
(engobed sing le-fi re porous body, engobed red stoneware body and porcelain tile body).

The Seger formulat ion of the se lected com pos ition is given in Tabl e II.

(a) without yttriu m Z nO O,52 Y,o,O,OO B,O) 4,63
CoO O,4H 5iO, 1,52

(b) witho u t yttri um Zn OO,52 Y,O,0,04 B2O, 4,63
CoO O,4H 5iO, 1,52

Table 11. Sf'SCI' .fcmlllllatiO/ Iof tile gll1:('~ dl'o. 't'!tlf!edby ((lprt't"ipitatioll.

Th e blend of raw materials used (reagent grade ZnCI" CaCI,.6H,O, H ,BOJ from
PANR EAC, reagent grade colloida l silica from DEGUSSA and hydrated yttrium acetate from
ALDRICH), was d ilu ted in wa ter (10 g ZnCl, we re dissolved in 400 em', then adding the
rem aining compo ne nts, first the acid reaction and then the base reaction constituents). The
slow addition of concentra ted ammo nia under constant stirr ing at 70"C first yielde d (pH=3
4) a sus pe nsion w ith an acceptable viscos ity for deposition by dippin g on the cera mic bodies.
Half of th is suspension was kept and the othe r half was gelled by successive ammonia
addition s (p H=4-5). The resu lting ge l was ove n d ried at 11O"C and heat-treated at 600"C / 2h.

In designing the glaze compos ition, two sta bilise rs we re added in sa mple (b) (Y and
Cal. w h ile in sa m p le (a) just calci u m wa s incorporated. The glaze film coatings we re
obta ine d on the di ffe rent ceramic bod ies by two procedures according to the Sakka
rneth odologv!'":

(a ) DIPPING (Dip-Coating ) in the suspension w ith optimised vis cosity.

(b) SPRAYING (Spray-d rying) of a colloidal gel calcined at 600"C/2h dispersed in water.

Fig. 4 presents the microg raphs obtai ned wi th an OLY:Vll'US optica l mi croscope of
the resul ting films on dipping and spray ing the sa mp le witho u t ytt riu m and the samp le
w ith ytt riu m on a porcela in tile body fired in a fast ind us tria l cycle of 42 min, with a
1200"C peak tem perature. The fi lms on porcelain tile ge ne ra lly exhibited better adhesion
and covering. Moreover, the sprayed-on coa ting s exhib ited be tter properties than those
applied by di pping.

Figure -I. Opticallllicrosmpb (200x ) of t"t'film~: (a) Dip"hlS 'l pit/wllt yttriu lH, (bJ Spm.llillS ll'i fJz yttrium.

(l-t]. S. 5 .\""-\. /. tl{ So{-Ct'I and Tcd mo!os y_2,~'i I ·-455(IY4.-n
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Table III reports the mechanica l measurements run on the resu ltin g films.

SAMPLE HV (K2Imm') K,dMPa.m''')
(a) Without Y-Dipping 554 1,6
(a) Without Y-Snravinz 583 1,8'

(b) Y-Dionins; 622 2,1
(b) Y-Spraving 602 >2,2

Table 111. Mectumicat properties of tile fillll':' ( (la fiIlS porceiain tilt' .

The measurem ent of the stress in tensity facto r K,c critical value, which represents a
mat eri al' s fracture toughn ess, was obtained by the techniqu e th at measures local, well 
d eveloped indentat ion cracks. Usin g the app lication of the Lawn and Full er law!'" to
radial crac k development by Roesler":' for elas tic linear so lids, a correl a tio n can be found
betw een ind ent ation fracture and th e energy involved . The Roesler treatment for a
Vickers ind entation yields the equation:

w here c is crack len gth in urn (satisfying the requirem ent th at c / a>2, in w hich a is
the di agonal mean measured for Vickers indentation ), and l' is test load in N.

Th e data in Table III show greater fracture tou ghness in the film coat ings contain ing
ytt rium . The sp rayed-on coa tings exh ibited better toughness and Vickers microhardness
prope rties than the d ip-coatings . The prope rties were d irectly related to the XRD data
found for the sa mples (Fig. 5): the samples with ytt rium stabilised cubic zirconia in a
grea ter propo rtion in the case of the sprayed coa tings, w hich was probab ly related to the
hea t treatment undergone by these samples.

Z ZlF C ,j i Z ZlZ j z z
E Zl (

' ... c:».
D II. .L .1 I. J. ,1 .A..L ... ,I ,.

C ,,,.1 I 1 .l ~'w .1 M~.

· , ~ c ..

B II ' . , .1 ._~~
A

Il. I.." .Jj .L • ~ II 65 ' ~..,.."..", • I ,

----;'i) 15 i!O es io 15 1. .., >'• .. " 2 8

F(,<"re 5. 0iffractoxram~ of tilefilm coatilIgs 01 1 porcelain tile: Ct cubic Zr0 2), Z(ZrSiO..), HFcldspar): A(BASE A),
B(it,itJlOlIf Y-OippiIlS), Ccwithout Y-Sprayi llg), O(Y-DippiI1S), E(Y-5prnyill~ ).

115 ). B.K J.,\\\ ~ , E.R. F L IH R, J. of ,\-Iat. Sci., 10,2016 (I 9iS ).
11 6) F.e. R{ )E<; IH~, Prell'. Ph.lI.... SIlL, B69,55 (1956).
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5. DEVELOPMENT OF CERAMIC COLOURS BY DOPING STABILISED ZIRCONIA
WITH CHROMOPHORES

In o rder to assess th e inte rest of ca lcium-stabilised z irco ni a in develop ing ce ra m ic
pigments, com positions d oped w ith praseodymiu m (Ca,o.,PrO.1ZrO.'O,) were prepared . Th e
samples were p rep ared by the ceramic m ethod, ammonia coprecipitat ed colloid gel, and
th e gelatin method':". Table IV de tai ls the res u lts of the crystall ine phases detected w ith
temperature in the samples.

SAM PLE Unfire d 500"C/6h 900"C/6h llOO"C/6h 1200"C/6h 1450"C/24h
Ceramic M(f) M(f) PR(d) M(f)PR(d) M(f)PR(d) M(m)C(d) CO)

gre y gre y ZC(d) ZC(m)Z P(d) ZP(d)ZC( m) yellow
arev zrev Grev

Colloidal NH4Cl(d) C(d) C(m) C(f) - C(f)
gel white Grevish veilow veilow yellow

Gelatin Amorph . C(d ) C(m) C(f)ZC(d) - C(f)
black Grcvi sh yellow yellow vellow

CRYSTALLINE P HASES: M (m onoclin ic ZrO,), C (cubic ZrO,), ZC(CaZrO,),
Z P(Pr2Zr207), PR(Pr6011 ), PEA K INTENSITY: i(s trong), m (medium ), dfweak) .

The ceramic sa mples were
prepared by the method set out in
Sections 3 and 4. The gelatin sample
was prepared by the sam e procedure
and precursors as the coprecipitated
colloidal gel in Section 4, however, on
homogenising the suspension at 70"C,
gelatin was added (6 g /100 ml reagent
grade gelatin supplied by PAt'\lREAC).
This was then homogenised and kept
in a cooling chamber at 4"C for 6 hours .
The resulting gel wa s a homogenous
creamy colour.

e

e

e

e

e e z z

''''

r
,

rei

XRD indicated better reactivity
in the gels tha n in the ceramic route , in
w hich the praseodymium and
calciu m zirconates were stabilised. At
1450" C cubic zirconia stabilisation had
become general in all the samples.

Fig . 6 presents the XRD
evol ution of the gelatin sample up
to 11OO"e.

,~

'"

r

sc ' 0 30 20

The samples were glazed at
5% in a borosilicic tran sparent glaze
compositio n to eva lu a te the ir

20 (deg)

Figure 6. Evolution of crststalline p!IiN'~ i ll tht' ";l1m ple
(l' i th gelatill::;: TOme cry .;, talli ll ity GI1 r<'ie zirconia),

Cicubic Z r02) , Z(CaZrO).

[171· G . \ 10 ,\ R6<'-, J. C \ RD.\ . P. ESCRIB.-\'\,O, J. B. \ O[ ,\ ES, E. CORIX1'\CIL LO, J Ala!. Cuem. 5(1 ), 8 5 -90 (995).
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pigmenting properties. Table V details the CIE L*a*b* measurernents'" !of the gel samples
at 1100"C (at which they already produced a yellow colour and fu lly developed cubic
z irconia ), together with the va lues of a commercial praseodymium yellow for
comparati ve purposes.

SAMPLE L* a* b*
Co mmercial 9 1 -6.7 41.4

praseodymium
Yell ow

Ca·O.2Pro. IZrO.,0 2 72 6.0 23.0
Co lloidal gel

Ca·O.lPro.. IZrO.70 1 76 4.0 24.0
Gelatin

Table \~ ClE L*a*h*coordinates.

The data in Table V reveal that the resulting yellow colour was considerab ly inferior to
the comme rcial praseod ymium in zircon (b* value), darker (L value ) and with a reddish hue
(positive a*value), compared to the greenish hue of the commercial zircon (negative a*value).

With a view to establ ishing the stability of the cubic phase in the glaze, the ge lati n
sample was applied as a glaze at 20% in the above glaze composition. XRD of the g lazed
sample is shown in Fig, 7. It can be observed that the cubic zirconia peaks were kept
thou gh the monoclinic zirconia peaks were also qu ite marked.

70

M T

40

26 (deg)
30 20

Figure 7. XRD of the specimen gla:l!dat 20% wit1l prast'Ottymium dcped stabilised zirconia.

6. CRYSTALLISATI ON OF STABILISED ZIR CO NIA IN CERAM IC FLOOR AN D
WALL TI LE GLAZES

The ulti mate aim of th is study, after investiga ting the characteristics of stabilised
zircon ia, stabilisation method involved and stab ilitv, was the crvstallisa tion of stabilised
zirconia in typical glazes used in ceramic floo r and "tile manufacture, in order to enhance
glaze properties wi tho ut impa iring aesthetic qualities.

Thi s wa s done bv add itions to commercial glazes, usi ng the following differen t
approaches. "

1V.1 . Addition of monoclinic zirconia and neodymium oxide with an alternative opacifier
to zircon (wo lfram or ana tase ) to calcium-rich matrices that yield stabilisa tion on
fi ri n~ the glaze.

As di scu ssed above, calcic bases wo uld be candidates for stabilising tet ragona l or
cubic zirconia. A ceramic base was used for cerami c floor tile, whose Sege r formulation is
given in Table VI.

118). e lE. Recommendation- (111 uniiorm colour spaces, colour diffl.-rellc£, equotione. pS)ldl(lllll'trics colour terms, Su pplem en t X" 2 of CIE
Publications N" 15 (El · 1.3l) 1971; 1978. Par is, Bure au Cen tral de la ClE .
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Table VII indicates low fract ion stabilisation of cubic zirconia (40 counts under
operating conditions ), in the samples with an addi tion of wolfram and mo nocli nic
zirconia together with calcium wo lfrarnate and zircon (which dro pped dramatically on
raising the zirconia addition). This decrease is to be under stood as a result of occlusion in
the matrix. The random oriented powder method employed did not allow assess ing the
volume frac tions of the various crystalline ph ases.

In the samples containing anatase (110 ,) and neodymium, a low cubic zirconia fraction
also stabilised jointly with zircon and esphene (Ca11SiO,) in the 8% ana tase additions .

K,O 0.05
:\'a~O 0.01 ZrD, 0.07
~l g0 0.05 AI:O. I 0.15
CaO 0.67 SiO, 0.88
ZnO 0..22

~I ECII A:'\ICAL Cll ARACT ER ISTl CS
The glazed base in a fast floor tile cycle dcvitrified zircon (307 counts under usual diffraction

conditions: 0.05°.20 s and time constant 0.02 s). Mohs 5. PEl IV. HV 520 ka .mm-. K[c IA
:l-IPa.m'c, ) -

Table VI. Seger formula of the calcic fl oor tile bl1.;,e and mechanical characteristic».

SAMPLE HV MOHS K,c(MP XRD(counts) APP EAR4.!\C E

a 'm"')
(A I)

Addition of 5%
WO, and

monoclinic z-o,
(8.7 urn)

10 589 6 1.6 ± 0.2 Z(l320) S(5646)C( 49) Glos sy
15 88.7 6 >2.2 Z(365 ) S( I649 )C(5Z) Matt

(po lished
area)

20 52.2 8 >2.2 Z(281) S(267)C(43) Matt
(polished

area)
(A Z)

Ad d ition of 4 %
TiO.! a nd ~dl0J

0.5 605 5 1.7 ± 0.2 Z(29 2) Glossy
I 594 5 1.6 ± 0.2 Z(380 )M(l64 ) Glos sy
2 576 7 1.6 ± 0.2 Z(238)C(40) ~l att ing

(A3)
Addition of 8%
TiO, a nd xa,o,

0.5 605 5 >2.2 Z( 107) CaTiS iO,(l1 3) Glossv
I 594 5 >2.2 Z( 158) CaTiS iO,(l57) Glossv
2 573 6 1.5 ± 0.2 Z(l 12) Mattin g

CaTiSiO,(l 21)C(41)

CRYSTALU 01E PHASES: Z(Zircon ), M(monoclinic ZrO,),
C(cub ic ZrO,). S(Ca WO, Scheel ite).

Table VII. Stabilisation of clillie zirconia [IY reaction <citl1 the calcic bll:'l'.

The presence of stabilised zirconia raised the mater ial's mechanical performan ce
(HV, Mohs and K,cl. Higher reagent add itions d id not lead to stabilisati on of a greate r
stabilised zirconia mass fraction, and raising mechanic al performance led to gloss loss.
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Figure 8. SEAl ",i(Yograpll of ::ample (AJ)1 /~,Nd~OJ'

CASTELLO.\J (SPAll\")

Fig. 8 shows the SEM micrograph of sa mple (A3)1% obtained with a back-scattering
detector at 20,000 KV: a network of dark dev itrified crystals wit h some contrasting need le
like crys tals and irregular particulates can be observed. On applyin g the mapping technique
(Fig. 9) the low contrasting crystals were show n to be sphe ne, the need le-like ones zircon and
the particl es cubic zirconia. The devitrified fraction in the sa mple was very high, and did not
correspond to the low cou nt levels registered by XRD, which did not pe rmit reliabl e
assessment when the crystals were hidden in the glassy mass that acted as a screen to the X
rays. Th us, visualisation of the devitrified network in Fig. 7 need ed to be run with a detecto r
of back-scattered electrons coming from the sa mple's deepest layers. The image obtained
wit h a seco ndary electron detector did not allow see ing further tha n the particulates and
some su rface aciculars, provid ing a tota lly distorted image of the sample.
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IV.2. Direct addition of stabilised zirconia to a glaze.

iii QUALI 98

The stabilised zirconia in Section 3 was used as an additive to the calcic base. Tab le
VIII reports the data .

% Ca-ZrO, XRD Mohs HV(Kglmm' )
addition

2 Zircon (180) 5 573
5 .. (360) 5 569
7 .. (420) 5 561
10 .. (400) 5 607

Table V111. Re::; lIlt5 of the calcium-stabilised zirconia addition by tile ceramic metnod f1 400"CJ.

The data indicate rheological problems w ith the zircon ia stabi lised at low
temperatures by coprecipitation. The res ults obta ined for cubic zircon ia by the ceramic
method at 1400"C moderately ra ised the material's mecha nica l properties, al though no
tetragonal zirconia stabilisation was detected in the glassy matrix.

IV.3. Addition of sta bilised zirconia together with opacifiers that mod ifv the glassy
matrix's confining p roperties.

Zirco nia -stab ilised with calcium at 1400"C by the ceramic method was used in
every case. Table IX presents the addition of high conce ntrations of stab ilised zircon ia
with the monocl in ic zirconia, alumina or quartz contribution.

SAMPLE HV MOBS K ,cfMPa'm' '') XRD Aooea rance
(8 1) - 7 1.8 ± 0.1 Z(720) Semigloss

15% Ca -Z£O, M(4 1)C(4 5)
(8 1.1)1 5% Ca - 569 9 >2.2 Z(1493) Matt

z-o; (poli shed M(63)C(38)
10% m-Z£O, (5.8 area)

11m)
(8 1.2) 15% Ca - 622 9 >2.2 Z(3\ 0)A(9 7) Matt

z-o, (poli shed M(81)C(60)
10% AI,O, area)

(8 1.3) 15% Ca- - 5 1.7 ± 0.2 Z(32 8)M(45) Gloss
z-o, C(45)

10%SiO,
(82) - 7 1.8 ± 0.1 Z(497) Matt

20% Ca-Z£O, M(45)C(57)
(8 2.1) 15% Ca- 690 8 >2.2 Z(494) Matt

z-o, (polished M(71)C(44 )
10% m-Z£O, (5 .8 area)

11m)
(8 2.2) 15% Ca- 666 8 >2.2 Z(325)M(9 1) Matt

z-o, (poli shed A(85)C(52 )
10%AI,0, area)

(82.3) 15% Ca- - 7 1.7 ± 0.2 Z(367):-"I(44 ) Sem igloss
z-o, C(51)

10%S iO,

CRYSTALLINE PHASES : Z(Z ircon), M(monoclini c ZrO,), C(cubic z-o.;
A(CaAI,Si,O, Anorthite).

Table IX . High stabilised zirconia additions.
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Th e addition of high concentrations of stabilised zirconia produced partition into
monoclinic zirconia as already observed in Section 4. The stabilised zirconia fra ction was
small {3-5%), and did not rise w ith 10% ad d itions of monoclinic zirconia and alumina
(wh ich raised mechanical performance bu t ca used gloss loss), o r quartz (w h ich
mainta ined mechanical performance and aes thetic properties): in thi s sens e the Bl and
B2.3 add itio ns are to be highlighted w ith high toughness va lues (1.7 MPa·m"'), Mohs 7
and se m igloss ap pearance. Alumina devitrified ano rthite, wh ich acted as an opacifie r,
ra ising mechan ical properties.

Figure 10. SEM micrograph of ;:.ampil' 82.

Figu re 10 shows the micrograph of sa mp le B2 obta ined with a back-scattered
electron detector. Together w ith the needle-like zircon particles, z ircon ia clu sters of
g rea te r contras t can be observed.

6. CONCLUSIONS

The following inferences were drawn from the results obtaine d in the s tudy:

(a) lt was possibl e to obtain calcium-stabilised zirconia under standa rd opera ting
cond itions in a frit and ceramic glaze p roducing facility (l400"C) . Moreover,
thi s material can be processed under the ty pica l opera ting cond itio ns em ployed
in ce ramic floor and wall tile manufacture when gels are used (l000-1200"C).

(b) The ap plication of g lazes with a su itable formulation (in trod uction of calciu m
and yttriu m) by coprecipitated gels allowed obta in ing film s w ith s tabilised
cubic zirconia in low volume proportions {3-6%), w hic h were grea te r in the case
of the sam ples w ith yttrium, and raised the fracture toughness of the resulting
films.

(c) Calciu m ox ide-sta bilised zircon ia can be doped w ith praseodymium to
p roduce a ye llow ceramic colou r that is stable in transparent ceramic glazes,
w ith an acceptable colour yield . Stabilised zirconia kept good structu ra l
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stabili ty in the glaze although it was partly disso lved by the devitrifying glaze
in the form of monoclinic zirconia.

(d) Cubic zirconia can be stabilised in the ceramic matrices rich in calciu m oxide
commonly used in ceramic tile manufacture in low volume frac tions (5%) by
add ing agents suc h as neodymium ox ide, anatase or wolfram oxide. Th"e
resul tin g materials exhibited noticeably improved mechanical properties. In the
case of ana tase es phe ne devitri fied as did sche elite in wolfram oxide, wh ich
both acted as a lte rnative opacifie rs to zircon.

(e) The direct add ition of stabilised zirconia calc ic glazes only stabilised cubic
zircon ia at h igh add itions (15%) and in low volume fractions . The add ition of
mod ifiers d id not rai se cubic zirconia devi trification, but allowed opt imising
mecha nical properties in terms of aesthet ic proper ties .
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