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ABSTRACT

111 the present study. the syllthesis mechanisms of encapsulated or heteromorphic piglllel1ts
arc discussed, alit! the results obtained in the case of coral pink al1d zirconia-uanadium uellou:arc
set out. uihen sy" thesis strategies arc used, based 011 connitexing-coprccipitntion methods. The
control of nticrostructure by contplcxing-precipitction methods allows obtaining better results in
tilefirst case, ill agreelllt'1l t unth tile proposed nteclumism. However, ifcncapsutating. takes place by
a phase-transition mechanism, till' chemical design of the precursors is 110t rcletnutt, since till'
pigllle'l t is structured 011 cooling. the systelll.
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1. INTRO D UCTIO N

Heterom orphic pigments are inorga nic struc tures integrated by tw o phases: a
matrix or encapsu la ting prot ector phase and th e guest phase, wh ich is usuall y the
ch romophore. Among the pigments of thi s nature, particu larl y no teworthy is the hem atite
enca psu lated in silica, cad miu m su lphoselen ide encapsula ted in zircon, hemat ite in zircon
or coral pink and vanadium yellow in zirco n.

In thi s type of pigments, the chromop hore particle is occl uded in an encapsulat ing
matrix, w hich is sta ble therm ally and on ex posure to glazes. The occlud ed chromophore
co mpou nd an d the non-col ou red m at rix are insol ub le, w hile th e so lid solu tion
mecha nism of the former in the la tte r is no t im portant, and the size of the occlud ed
particle is su fficiently large (usua lly collo idal), so th at each of these particles is a chromatic
uni t.

Base d on the above, in the enca ps ula ted pigm ents, the part icles res ponsible for
colour are na no metric crystals occlude d du ring the matrix sintering p rocess.

The prod uction of this type of pigments is d irectly rela ted to the sin tering process
and / or crystallisa tion of the matrix, wh ich shou ld be in appropriate sy nchrony w ith the
nuc lcacion-growth process of the occl uded chro rnopho re phase, witho ut th e two
processes interfer ing.

In this sense, the control metho ds of these tw o stages are fundamen tal w ith a view
to having the chromophore particle grow in an appropria te wa y in location and size in the
same range of tem peratu res, so that it can be trap ped by the matr ix pa rticles in their
sin tering process .

I) CRYSTALLISAT IO N-SINTERING MECHANISM

V. Lambies and ]. Ma, Rincon outline a crysta llisation-sintering mechanism for the
occlusion of solid so lution crys tals Cd(S,Se ,J in a zircon network'!'. The colour of the
pigments based on solid solu tions of CdS and CdSe hexagonal crystals va ries from ye llow
to dark red depending on the quan tity of Se present in the solid solu tion. These pigments
a re easily diluted by the glazes an d are sensitive to the atmosphere an d to calcination
temperature, besides involv ing Se and CdS, wh ich are ha zardous materia ls that req u ire
ad d itiona l measures for occupationa l heal th an d safety. In 1992, the Am erican OSHA
lowered the TWA (Time Weighted Average) lim it of Cd in occupationa l en viro nments
from an average of 500 Ilm /Nm3 in 8 ho urs to 2 ,um / N m 3 although tests were able to
ind icate the non-bioa va ilability of Cd from Cd (S,Se ,J.

With a view to improving the colour stability, enca psu la ting methods in zircon were
developed . The encapsu la ting efficiency is low and the problems of therm al and chemical
s tability have not been solved completely. Th ey should be ma na ged as hazard ous
products, bo th in prod uctio n and use, since they are sensitive to chem ical attack.

The occlu ded pigmen t formation mechanism consists of the following stages :

1) Formation of the zircon guest crystals, Cd(S,Se ,J and liqu id phases .

I'. Cl- 62



CASTELLO:\ (SI'AI:\l 2002

For zircon formation, mineralisation by means of fluorides produces liqu id phases
that imp rove reacti vity th rough diffusion and it cannot be stated that it is only d ue to the
forma tion of SiF, [51.

The Cd(SxSel -x) crystals can be ob tained p reviously by coprecipitation on ad d ing a
solution of sod ium su lphoselen ide to a cad mium salt or a suspension of a mixture of an
insoluble cad m ium sa lt (carbonate, hydroxid e or oxide) and a so luble one (nitra te or
su lpha te) . These crysta ls can also be produced in situ by reaction of Se wi th CdS or of the
mixture Sand Se with CdC0

5
at temperatures between 450-600"C.

2) Zircon sintering and occlusion of Cd (S,Se,).

The presence of glassy ph ases of Li,SiO, (Na,Si0
3

in the case of using NaF as a
mineraliser instead of Lil-), produces a reordering of the newly formed sm all-size zircon
particles, wh ich grow, according to classic sintering theory, through a dissolu tion and
precipitation mechani sm, with surface transport contributing to the interparticle bond . If
in the process, one of the small newly formed Cd(S,Se,J microcrystals is trapped in the
sintering front s, its effective occlusion ta kes pl ace according to the sequence shown in Fig.
1. The authors ind icate tha t the occlusion efficiency is low since onl y the ve ry small
Cd(S,Se,J crysta ls are suscepti ble of be ing trapped by the zircon gra ins .

Liquid phase

Zircon

II) SI;\ITERING-GROWTH MECHAN IS1\\

For other such pigments as iron coral in zi rcon or iron in he matite, the previou s
mechanism does not seem possibl e, as the pigment can be obtained from the hematite
itself, on choos ing the approp ria te mineraliser. M. Llusart" proposes the reaction sequence
in Figure 2 as a gene ral m od el:
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homogenised material
encapsulates hematite

mineralised binary diffusion
reactions

(I) zrO, + SiO, - ZrSiO.
(2) Fe,03coarsening

CASTELL6K ISI'AIr\l

newly formed zircon traps
hematite

F(~fln' 2. Hematite occlusion in zircon bv tilt' d~tfllShlll motet.

1) Zirco n formation in the presen ce of hematite.

A zirconia particle with a fine hematite particle at its surface reacts w ith the silica in
a binary diffusion mechanism to yield zircon.

2) Sinteri ng of the zircon grains.

The formed grains of zircon sinter w ith other ne ighbouring grains enca psulating the
hematite particle that rema ined in its site, although it could grow d u ring the previous
process by diffusive grow th. If it grows excessive ly, encapsu lation ma y not be feasib le,
since sy nch rony is required between hematite grow th and su rround ing zircon sin tering as
indicated in Figure 2.

Ad opting thi s model, the conseque nces in synthesis are:

(a ) qua rtz or zirconia grain size in an importan t param eter.

(b ) the interaction of iron with silica or with zirconia d ep ends on the mineral isin g
agent, while hemati te coar sening also depend s on th is agent. The rnineral iser
sho uld facilita te the zircon format ion reaction and inhibit hematite growth.

(c) if there is no effective encapsu lation, the hematite remain s unprotected and
colou r is not prod uced ; this ha ppens becau se of elev a ted temperature, high
hematite grow th or inappropriate zircon dev elopment.
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The main d ifference between this model and the previou s on e is that in this model,
the p rocess of crystal formation (guest an d host ), sintering and enca psu la ting, are
processes that are con sid ered to ru n sim u ltaneous ly. In favour of th is model would be the
fact, w idely confi rmed in the lite rature, th at one cannot obtain the pigment from zircon
directly mixed w ith minera lisers and the iro n precursor : if the problem only in volved
so me zircon crys tals sin tering and enca psu la ting hem atite crysta ls, it should be possible
to ob ta in the pigment from zircon, thus su ggesting the simu ltaneit y of the crystallisa tion
sintering -enca ps u lating processes . In bo th cases, the p resence of liquid pha ses genera ted
by the mineralisers is fun damental for d eve lopi ng the diffusion p rocesses invol ved at
high enoug h rates .

III) PHASE T RANSFO RMATI O N MECHANISM

The va nad iu m yellow in zirconia is a pigment (DCMA 1-01-4) known from time
immemorial. Since the 60s it has lost ground, just as othe r ye llows suc h as pyrochlore
Nap les ye llow (Pb,Sb,O,) or vana d iu m -cassite rite ye llow a fte r the discovery of
praseodymium yellow in zircon, w hich genera tes more b rilliant, clean er yellows.

Although differen t authors have affirmed the mordant nature o f the pigment!' !
others cons ider it a vanad ium solid solu tion in the monoclinic zirconia net work!",
Che repa nov'< indicates the importan ce that th e tc tragona l-e- rno no clini c transformation of
zirconia ca n have in th e sy n thesis of the pigment; it is necessary to opera te at
temperatu res ab ove 11 70"C, the temperature at which zirconia becomes tet ragonal
zircon ia, to produce the p igm ent.

Stud ies carried out by C. Monro s'" in th e system V,Zr " 0 , w ith y = 0, 0.04, 0.14, 0.28
using o rgan ic so l-ge l meth od s (z irco niu m n-propoxid e and va na d iu m (lV
oxyacetyl acetonate)), aqu eo us so l-gel (N H,VO , and zi rconiu m ace ta te) and th e
conventional ceramic method (zirconia and NH,VO) ind icate on calcining from 500 to
1300"C, w ith holds of 12 ho urs, that in the gels a crystalline seque nce takes place w ith
tem pe rature: glass ~ tetragonal zirconia ~ mono clinic zirconia, without producing
zirconiu m pyrovanadate, w hich is found in th e ceramic routes and hydrolysed alkoxid e
sa m ples. The ge l sam ples exh ibit profuse cracking associated w ith the metas tab le
tetragona l - nl onoclinic trans fo rm a tion, and displ ace m ents arc not observed in the
sign ificant d iffraction peaks, while the yellowest samples also present less surface
va nad iu m measured bv EDX. In view of these facts and d iscussio ns, the veilow vanadium
pigment in zirconia seems to be an occlu sio n of disaggregated vanad iu m oxide (V) of the
glasses that are ge nera ted during calcination . The bet ter d isposition o f the gel rout es to
produce these metastab le glas sy materials explains that they are abl e to encaps u la te more
vana d iu m than the ceramic route, in wh ich the pyrova nadat e decomposition genera tes
vanad iu m pentoxide of relati vely large particle size, which is elimina ted by volatilisa tion
or wash ing .

2. OBJ ECTIVES

The present w ork se ts out the resu lts obtained for coral pink and zirconia-vanadiu m
ye llow w he n sy nthesis stra tegies are used base d on complexing-coprecipitat ion methods.
Th e contro l of microstructure by complexing -p recip itation methods in the first case allows
obtaining be tter results in ag ree me nt with the proposed mecha nism , however in the
second case microstr uctural contro l is not as im p ortan t as contro l in the phase
tran sform ation process developed w ith thermal hy steresis.
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3. COMPLEXING-CO PRECIPITATION IN IRON ENCAPSULATI ON IN ZIRCON
(CORAL PINK)

A formulation was prepared wi th cla ss ic hal ogen mineralisation
(SiO,)(ZrO,)".,(NaF)")Na,SiFJ ,, " (KNO) ,, " (in the BOlAS composition the KNO , was
elimina ted), obtaining the materi al by non conventiona l method s of so lid chelation
im preg na tion acco rd ing to the sche me in Figure 3. Iron sulphate was di ssolv ed in 0.5 M
oxa lic acid; the precursor solid to be impregnated was ad de d (quartz or zirconia supplied
by J.J . Navarrese S.A.) and after 1 hour of impregna tion in continuo us stirring, it was
alkalin ised with ammo nia until ge lling or precipitati on of ye llow fer rous oxalate. The
resulting impregnate was d ried and the corres po ndi ng mineral iser and precursor added.
with d ry mixing in a ball mill.

BOA
~

BOAS BOllA BOIIB
~ ~ t

complex ing ofFeSO~. 7H20 ill 0.5 M oxalic acid

Quartz
~

Quartz
t

Zirco nia
t

Zirco nium acetate
t

pH I
t

J" impregnation
NH j addition to gelling/complex ing

pH I
t

pH 1,6
t

pH 6 (gel)
t

ppdo yellow of Fe(C,O. ) and complexes
Fe(C,O. b ' -. reduction to Fe(lI ) (E"=0.7 \ a pH \)

ppdo Fe(OHh is avoided

~ ~ ~
drying and addition ofquartz/zirconia and mineralisers ill

ball mill by dry method

~ ~ ~
------ CA LC I:\'AT IO N-----

(/050. 1l00. //50 of the powders prepared and pellets formed at :ZOOkg/cm ' )

F(o,:, lI rc 3. Impregllatioll -amptce.

Table I details the results obta ined with these sa mples . The leachin gs were carried
ou t on powder rnicronised in a ball mill with 60% water at 800 rpm for 20 minutes: the
decantat ion wa ters were kept. the powder produced wa s washed with 50 mL wa ter,
stirring the mixture vigorously and collecting the washing waters by decantat ion . The
mixture of microni sed wa ters and wa shing water was collected and gauged at 100 mL; on
these wa ters Fe(llI ) wa s ana lysed by colorime try with tiocyan ate, and sulp hatcs by
gravime try wi th barium.

P. Gl - on
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SAM PLE lO50°C 1I00°C 1150°C 11 OO°CI Pellet
C ERA M IC

Calcine colour oranze oranue oranze
Glaze colour orange orange orange

L*a*b* 551n!?3 54/'17/22 57/2211 8
XRD Z(9S0)H(60) Z( 1070)H(70 ) Z(l OS O)H(80)

me Fe/K!! I 1 4
mu SO."'I !! 420 41 6 470

BOlA
Calcine colour oranze orange lizht oranzc orange
Glaze colour orange orange orange orange

L*a*b* 59/261'5 52/31/24 60/24/24 6211 9/19
XRD Z(l04S)H(64) Z(966 )H(69 ) Z( 1039)H(S9) Z(66 9)1l(36)

C(29) \ 1( 153 )

rnu Fe/K!! 13 20 13 600
mu SO.--/!! 21 20 24 300

BOlAS
Calcine colo ur brown brow n brown dark brown

Glaze colour pink pink' pink colour less
XRD Z(83 1)H(S2) Z(990)H(59) Z(92S )H(66) Z(673)1l(38)

M(176 )

mu Fe/K!! 4 6 9 350
mu SO. -'/!! 19 21 24 200

BOllA
Calcine colour oranze oranue orange brown
Glaze colour orange orange orange very light

L*a*b* 57!?8/?5 57/25122 57/22/22 orange

XRD Z(983)H(76) Z(l 039) H(62) Z( 1212)H(S8) Z(458) H(29)
\1(20 ) \1( 18 1)

me Fe/K!! 6 8 34 350
mg SO,-'/g 22 23 ? ' 160--'

BOIIB
Ca lcine colo ur grey urev Qrev urev

Glaze colour colourless colourless colourless colourless
XRD Z(861 )H(56) Z(860) H(461 Z(958)H(54 ) Z(363)M(233)

mu Fe/K!! '17 40 - 600
111!! SO.-h 42 40 - 128

TABLE J. ImprcSll l1 t ioll re:::II It " .

The samples were calcined in an alurninosilicate cru cible with manually pressed
powd er, sealed with quartz .

The d ata in Table III shows:

r GI- b,
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(a) The optimum impregnation is that of zirconia (BO llA sample) wi th L*a*b*=57
28-25 at 1050"C. However, th e impregnation of qu artz (BOlA) also p roduces
good results, L*a*b*=59-26-25 at 1050"C and 52-31-24 at 11 00"C in the level of the
va lues ob tained by mean s of the ceramic method.

(b) In opposition to the result obtained with the coprecipitates stud ied by Llusar et
a11J1, where the Si-Fe premixes in the coprecip itate yielde d orange colours and
Zr-Fe premixes d id not p roduce colour, in this case both p revious impregnation s
prod uce colou r.

(c) The zirconium acetate gels do not yield colour, confirming the results d etected in
gels with a high organic d egree (gelatins, citra tes and alkoxide s) stud ied by
Llusar et al.!",

(d ) The pellets d o not develop colou r, the relatively better results being found with
BOlA. Pressin g inhibits zircon reac tivit y, w ith a significant d ecrease in the
in tensity of its peaks and a considerab le increa se in those of zircon ia being
observed in all the samples.

(e) The analytic levels are very low and relative ly sim ilar: Fe" p rese nts values in the
ran ge 10-40 mg Fe / kg colour (in pelle ts this increases to 350-600), while the 50/
oscillates in the ran ge 20-40 mg 50/ / g colour (in pe lle ts it rises to 150-300). For
the iron these values are higher than the ceram ic treatmen t of the sa mple,
however su lphate leaching in the impregn ated samples is very low compa red to
the ceramics. The samples formed into pelle ts present strong leacha tes in iron
and in su lpha tes.

4. COMPLEXING-COPRECIPITATION IN ENCAPSULATING VANADIUM
PENTOXIDE IN ZIRCONIA

This pigment has usu ally been investigated by further struc tural characterisa tion of
the powders, leavin g aside its pi gmenting and microstructural charac teristics on being
d ispersed in glazes""I. In heteromorphic pigm ent powders, the free colouring ph ases
almost always appear (hematite, cad mium sul phoselenide, va nad ium pe ntoxide, etc.) and
the refore, although the techniques for elim inating inactive free species by washing or
melting are adjus ted, these powder colour ing ph ases alwa ys remain and di stort the
observations and measur em ents performed on them. Th at is to say, an intense red or
ye llow powder does not ensure that the be haviour in the glazes will also be intense; they
ma y often not even be able to colour the glazes.

The present work has an alysed the develop me nt of the pigment in monoporosa
glazes in terms of three parameters: (I) the vanad iu m precursor used, (1I) use of sol-ge l
methods and (Ill ) use of va nad iu m complexing age nts as vanada tes (Tb,O, and In,OJ

·U . EFFECT OF TH E VANADIUM PREC URSOR USED

The composition 0.2V,O,.ZrO, was synthesised, using th ree different vanad iu m
precursors, V,o, supp lied by Merck, 99.9% rich, NH,VO

J
and vasa, by PANREAC

(analys is grade).
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V,O , melts at 690"C and presen ts a eutectic at thi s tempera ture with 20 mol% ZrO,
in the v.o-z-o, phase di agram . In the s tud ied composition V,O , represen ts 29 mol% of
the mi xture, Accord ing to the phase diagram, above 690"C liq-u id pha se and zirconium
pyrova na da te ZrV ,O, coe xist up to 760"C, a t which p yrovanad ate decomposes, leaving a
liqu id conta in ing arou nd -10 mol% V,O, in equ ilibrium with zirconia.

Am moniu m metavanad ate decomposes in to V,O, and ammonia aro und 200"C and
the va na dy l su lphate decomposes in to vanadium pentoxid e above 600"C. The zirconia
presents a well-known polymorp hism indi cated by the multi-eq uati on :

1000-1120"C

Monoclinic

3,56 g / mL

IC=7

Te trag onal

6,10 g / mL

930-650"C IC=8

+9%volume

2370"C melt ing 2680"C

/C=8

[Eq. 1J

Th e hepta-coordi na te monoclin ic crysta lline form is the stable form at ambient
temperat ure; at tempera tures arou nd 1000"C it begins to transit to the tet ragonal fo rm,
which like the monoclini c, a re di sto rted fluorite-type form s with coord ina tion number 8
in the te tragonal polymorph; the transition does no t conclude below 1120"C and at 2370"C
it transits to the cubic form w ith a fluorite s tructure. On cooling stro ng hysteresis takes
p lace in the tetr ago nal -monocl in ic transformation , as it does not begi n above 930"C an d
does not end before 650"C. This type of transi tion, w hic h develop s in a non- thermal and
no n-ad iffusional wav, is similar to the rnartensitic transform ation tha t can be observed on
temperin g steels, in ' wh ich austen ite (C in FCC iron ) metastab ilises in martensit e (C in
BCC iron d istorted in the c d irec tio n ), wi thout prod uc ing ferr ite (C in BCC iron ) and
cementite (FeC). For th is reaso n, the tetragonal -monoclinic transformat ion, w hic h raises
the toughness of the stabilised materia l, is also known as the rnartensitic transfor m ation
of zirconia. In th is tra nsformation , the monoclinic polymorph, which is less compact than
the tet ragonal one, on crysta llising prod uces strong sh rinkage in the material, which
cracks and breaks, this be ing the reason tha t zirconia cannot be used as a stru ctu ra l
refractory.

It is ev ident that the formati on of the vanad ium -zirconia pigment is affec ted by the
form in which vanad iu m (p recu rso rs) ente r the reaction as well as the curious and
unforeseeable hysteresis in the te tragonal-mon oclini c transfo rm at ion of zirconia. With a
view to analysing both effec ts, samples were prepared with the th ree precursors
men tioned and calcined at lI00"C /2hou rs (transforma tion to incomplete tetragonal ) and
at 120ll"C /2hours (com p le ted transfo rma tion ). The vanadium precursors and monoclin ic
zirco nia su pp lied by J.J. Na varre se (me an particle size of 3 .um) were mixed in a pl anetary
ball mill w ith acetone. The calci ned powders were micronised in water and repea tedl y
washed with hot 0.3M H NO , to el im inate the non-retained vanad iu m .

Tab le II gives the results of the crys ta lline phases detected by XRD as well as the
resu lts of the colorimetr ic C1EL*a*b * evalua tion of the samples g lazed at 3';';, w ith a
conventional monoporosa glaz e.

The res ults list ed in Table II indi cate that the best yellow-o ran ge colou ring obtained
w ith the powders in the monoporosa glaze present CIEL*a*b* va lue s a round 80 / 9 / -10 on

P GI- 6<J
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calcining the sa mples at 1200"C. With the va na dy l sulphate, w hich produces va na di um
pentoxide onl y afte r decom posing around 700"C, the level of previous color a tion w as not
p rod uce d in any of the repetitions performed . However, with the metavanadate and the
va nad ium pentoxid e ob taining the colo ra tions is not ens ured: on numerous occasions the
sa mples at 1200"C did not reach the 80 /9 / 40 colorat ions, the colo u r thus exh ibiting low
reproducibility.

Sample V Precursor IIOO·C/2h 1200· C/2h
VO V20S Powder colour: Powder colou r:

greenish yellow-orange
L*a*b *=92/2/2 3 L*a* b*=8 4/9/32

XRD:M(t)V,O,(mdj XRD:M(mt)

MO NH, VO j Powd er colour: Powder colou r:
green ish- yellow yellow-orange
L *a*b*~87/4!28 L *a*b*~80!9/41

XRD:M(f)V,O, (mdj XR D ::'vl(mt)

SO VOSO, Powder colour: Powder colour :
greenish-yellow lemon-yellow

L*a*b*=891-!/25 L*a*b*=X9/- 1/25
XRD ::'vl(t)V3O,(mdj XRD:M (t)V,O,(md)

Table 11. Results obtailled witlt the dWaenf uanadinm pn'cursors (Iy tin' ceramic route in sail/pic 0.2\/,0,.2rO,. Peak
illt ellsity and cry..- tallillt· p!rases detected: md(I'ery il' t'llkJ, d(It'l'akJ, 1/I ( /1I ('diIl1l1 ), ffstnlllg), H~f(I 't'ry s trOl l,~) , Al(l/l<J/ftlcJillic

zircolJ ia),

4.2. USE OF TH E SO L-GEL METHODS

When zirconium oxide is produced by precipitation from colloids or sa lts and
z irconiu m co mpounds, tetragonal z irconia rnetastabilises'". Tetragonal zirco nia
crys ta llises from amo rp ho us gels with nan om etric crys tallite size and it tran sforms in to
monoclinic whe n the crystallites exceed the critica l Garvie size arou nd 30 nm. The Ga rv ie
tetragonal-m onoclinic tran sition p resents a thermal transformati on range that depends on
the modifier species present; the presen ce of va na d iu m accelerates the tran sformation!' !
while that of praseod ymium slows it down'",

To investi gat e whether th e va na d iu m zirco nia pi gment ca n be obtained in
associa tion with the Garvie t ransformati on, gels were prepared of com position
0.2V

2
0 ,.ZrO, di ssolving ammoniu m metavan ad ate in con centrated HCI (20 mL for the

NHYO, needed to prepa re 5 g of the final product ), ad ding 150 mL water per 20 mL HCI
used and disso lving the zirconium precursor used (zirconium ace ta te su pp lied by
Aldrich, 22.3% rich in ZrO,). The di ssolution thus obtaine d was ge lled by dropwise
add ition of conce ntra ted solution of ammoni a, p roducing a transparent ye llo w gel around
pH 6. The oven-d ried ge l was subjec ted to calcination at 700"C, lOOO"C and 1200"C with
holds of 2 hours. The resu ltin g powders were micronised in water and repeatedly washe d
w ith hot O.3M HNO, to eliminate non-retained va na dium .

Table III se ts out the results. It shows that only in the sam ple calcine d at 700"C is it
possibl e to d etect the presence of non-tran sformed tetragonal zirconia. In the three
calcinations the zirconiu m pyrovanadate ZrV

207 has recrystal liscd on coo ling as predicted
by the V

20
,-Zr0

2
ph ase di agram. However, thi s recrystallisati on of the py rov anadate was
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not observed in the ceramic sa mples. Under the working conditions used , it was no t
possi ble to produce the vellow orange colour obtained by the ceram ic rou tes ; th is is
indicated by the rei teration in sample prepara tion. Pyrovanadate recrystallisation is
considered the cause of this impossibili ty.

T(°C) Washed XRD CIEL*a*b*
colour
oowder

700
,

Verde
I

yI(mf)T(md ) 90 /-4/-4
ZrV20 7(d) (greenish)

1000 Verde Mtrn) 92/-4/10 I
ZrV20 7Id) (greenish-vellow] I,

1200
I

Yellow ~vl(m ) 87/-4/30 I
I ZrV:0 7(d) (lernon-vellow) I

Tobie 1/1. R(,:'Il It~ fl1 lllld ,cith gel::. O. 2VO..zrO ,. Peak il l fel1si ty and crystalliJlc phases detected: IIld(i'ery ;:peaki, d(iCt'llU,
tuttuai iun t,. f{ sfrollg>: lIl/f ;.-a,1I stnmgJ, .\I(I1I01 ltlclhl ic zirconia). T( fel m:l:ollil l : ir ctll1 ;11 J.

-+.3. CSE OF VANADIUM CO:VlI'LEXING AGENTS IN THE FORM OF VANADATES (TB~07

AND IN20 3)

Vanadium tends to form therrnallv stable orthovanada tes with differen t cat ions,
wh ich include Tb and In . With a view to establis hing the effect of the presence of these
modifier agents on the system V,O,ZrO, compositions 0.2Vp ,.0.H. I,0 ,.ZrO, Cvl=Tb.In )
were prepared . The precursory oxides TI\O, or In,O, were mixed wi th NH,VO, and
zirconia in a ball mill with acetone as a dispersing agent. The dry powder was calcined at
n oc-c /u, and 1200"C / 2h .

Table IV d et ails the diffraction and co lorimetrv results . Th e data indicat e
crystallisation of TbVO, at the two tempera tures and production of the yellow-orange
colour on calcining at 1200"C. With indium the resu lts ind icate serious di fficulties in
obtaining the colour; it acte d as a process inhibi tor in the d ifferen t rep etition s pe rformed .
Ind ium va nada te was only detected in the samples calcine d at 1200°C.

Sample M I IOO°C/2h 1200°C/2h
Precursor

xu Tb)O, Powder colour:
I

Powder colour:
light brown yellow-orang e

L'"a*b* =87!1/27 L*a'b ' =81 9'40
XRD :\l(m )TbVO,(d) XRD :\I(m )TbVO, (d)

M2 In:O) Powder co lour : Powder co lour:
brown yellow

L*a *b* ::.9 7/~ / 12 L'a'b'=~64 ;35

I XRD:M(m ) XRD:~1(m llnVO,( d l

T;1[Jje IV RC:' IIIt::. found ,cith slllllple:, O. 2V:O ..O.LVl.'O,.ZrO .. Pm k illtells i ty ami cry:'tt1lli!lc phl1st'5 detected: IIId( ~'t'ry

<l.'t'Ilk J. d(~ceakJ, nd 111t'rli1l111 J.F stro/lSJ, mfr,'ery sf rlll lS ), A'U11Ioli ocl iJric : inw l iI1 J.
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4.4. MICROSTRUCTURA LSTUDYAND l'vIAGNETIC CHARACTERISATION

CASTELL6~ (SPAIN)

The foregoing stud ies indicate the existe nce of three types of coloration 111 the
st ud ied system V,o,-ZrO,.

(I ) gree nish ye llow coloration w ith zirconia diffraction peaks of rela tive ly low
intensity, w ith CIEL*a*b* values around 90 / 1 / 25 in th e pi eces glazed at 5% in
Illon oporosa . They are the sa mples calcined at low temperature.

(I I) lemon ye llow coloration with development of peaks of variable zirconia, wi th
CIEL*a*b* va lues around 95/ 0/30 in the pieces glazed at 5% in monoporosa. These are
samples calcined at 1l00"C with not complete ly transformed zirconia but it also appears
wit h samples calcined a t 1200"C.

(III) ye llow-o range colora tion in which the zirconia phase prese nts more intense
peaks th an in the prev ious colorat ion s, w ith CIEL*a*b* va lues a round 80 /9 ( 40 in
monoporosa. This represents the colora tion of interes t as a ceram ic pigm en t. The
calcination at tem pe ra tures tha t gua rantee the transformat ion of the zirconia is not a
su fficient cond ition, albeit a necessary one, to obtain these colora tions .

The SEM-EDX stud ies carried ou t wi th the di fferent sam ples indi cate a clear
microstructu ral d ifferen tiation between the three colours, as Figure 4 sho ws . In the sample
of sca rce colour ing interest, the greenish ye llow one, micrograph 4.a exhibits relat ively
sma ll particles, of abo ut 2-4 urn, round ed and mo nolithic. The lemon ye llow sample
shows, together with a fraction of the order of 30% of these sma ll par ticles, the p resen ce
of crysta lline aggregates of mo no clin ic prisms, which also tend to adop t a prism -shape
form, with ave rage heigh ts of 8 11m an d 5 pm widths (Fig. 4.b). Finally, sa mple II ye llow
orange exhibits a particulate in which prism-shaped crys tals are aggrega ted wi th sizes
around 10 11m (Fig. 4.c). Reiterate d ana lysis of the samples in d ifferent vanadi um fields by
mea ns of Ene rgy -Dispersive X-Ray An alysis (EDX) indicates the presence of a similar
quan tity of surface vanad ium in all the samples (around 1.5%), a ltho ug h in the samples
in wh ich vanad iu m was retain ed , complexing it as terbiu m or indi um vanadates,
p roportions of 8 110 were reached, given the presen ce of particles of these vana d ates,
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FigIlYl' -1 . Electron micrograph:'of tilt' Il'd:,ht'it 5cl11lJ'h'::.: (a' h.,.{' i ll f t l l:,ity grt'l' lI i :,1: ,lIdloi:p: \ '0 at 1100"( /21,_(b) lemon
.WlIOi:P: 50 at 1200 'C/211 , fe' .Ut'1ltliC{lrIHlge; .\ JO at 1100"C/2 /,.

Finally, Table V sets out the lattice measurem ents of the monoclinic zirconia unit cell
in three rep rese n ta tive samples of the three identified types of coloration. It is obse rved
that although in all the cases shrinkage of the crystalline ne twork of zirconia monocli nic
can be detected, which can be interpreted by entra nce in sol id solution of a certa in
vana d iu m p roportion (IV) in th e network!' >' . Th e fact of al w ays ta king pl ace,
independently of the developing colour exclu des this vanadium in solid so lu tion as being
responsible for the colora tion. The magneti c characterisa tion of the samples ca rried out in
an AGF~1 magneto-susceptometer of variable field gradient and 10 ue rnu se nsiti vity,
indicates th at diamagnetic substances are involved (magnetic mass susceptibi lity -D."5
ucmu / g) except in the mod ified sam ples of vanad ates where the presence of the terbium
va nada tes makes the sa mples paramagnetic (magnetic mass susceptib ility -0...5 jlem u / g )
by the presence of the paramagnet ic ion Tb ' ·([XeHf<). The d iamagnetic character of the
samples would elimi na te V..+ in solid so lution as a significant agen t in the generation of
the observed coloration . Now in accorda nce with the previous microst ru ctural res u lts,
colo ur is manifested in associa tion with a "cap turing" or enca psu lating mechanism of the
liquid, rich in V,O" in equ ilib rium w ith the tetragonal zirco nia crys tal s a t high
tempera tures by these sa me crys tals , in acco rdance wi th the stages ind icated in Figure 5:
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zr0 2 Yellow- Lemon- Greenish
Orange yellow yellow

(MO 1200"C) IM I IIOO"C) iVO l IOO"C)
a(A) 5.3 14 5.3 14(4) 5.313(3) 5.3 11(2)
brA) 5.213 5.208(4) 5.205(3) 5.209(1)
erA) 5.147 5.146(3) 5.147(2) I 5. 144(1)
~ 99.22 99.22 99.22 99.22

v (AO) 140.70 140.6 140.5 140.5

Table V. Lattice parameters l~f d((fercllt samples 0.4 \I:O,ZrO:"

[jpo
o UOo

Mixture of monoclinic zirconia
and vanadium precursor

ealcinalion

Tetragona zircon ia
crystals embedded in
liquid rich in V :O~ .

Th e li qui d c rys tall is es in the
trans fo rmation cracks co lour ing the
inclusion complex

Figure 5. Modt'! ofyelloH' zivconin-tsnntdium pigme1l t[arntaticn.

(a) Forma tion of tet ragona l zirconia.

Once the zircon iu m pyrovan ad ate has decomposed, on increasing the tempera ture,
the mon oclinic zirconia becomes tet ragonal, w hich remains in equilib riu m w ith a liquid
rich in V,O..- ,

(b) Tetragonal-mono clinic tran sformation and liquid inclusion by cap illarity.

On coo ling the tet ragonal crys ta ls become monoclin ic, cracking as a result of the
stresses produced by shrinkage. The liquid is absorbed by cap illarity inside the
particula te.

(c) Crysta llisa tion of the occlu ded phases and formati on of inclusion com plexes .

The phases crys tallise inside the particl es gene ra ting additional stresses th at can
break up th e pa rticul ate and set the van adium pe ntoxide free; it is also possible for ZrV,O,

P.(;1- 7-1,
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to rccrystall ise and for the eu tectic reac tion to occur at 690"C. Depending on the
conditions, the occluded colouring phases can stay in enca psu lating pa rticulates, tru e
V,O, inclusi on complexes in zirconia as in Fig. 4.c (yellow-orange colo ra tion), or they can
be de-encapsulated when the inclusion complexes dis integra te, as show n in Fig. 4.a
(colour loss), or so par tially (yellow colourings of Fig. 4.b).

5. CONCLUSIONS

In the case of the encapsulated or heteromorphic p igments, int en sely coloured
powders canno t ensure colou r generat ion in the glazes. In the heteromorphic p igments
based on a synchronism mechanism in the crys tall isa tion and / or sintering of the phases
inv o lve d , complex ing an d precu rsor design a re techniques tha t can im p rove
encapsula ting efficiency when this takes place in the hea ting ph ase. In contrast, if the
en capsul ation develops by a ph ase transition mechanism, the che mical p recursor design
is not relevant, since the pigm ent is structu red in the cooling of the system.
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