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ABSTRACT

The lise of nticnnrarcs ill solid-state processillg is all aiternatioe technique iluu has developed
rapidly ill recCIII years. A large rallge of differelll processes is presented, such as sYllllle,is , powders
prcpnration . joillillg, sin tcring, dryillg and others. Metall ic oxides hut»: been widely used as
pigments ill the prepa ration ofellamelsfor ceramic coatillgs. The clmracteristics of the[inal product
slrollgly depend all it« pllljsico-cJlemical and <tructural propenies. This work shows the influence
of niicrounn v healillg and Ilybrid healillg of the oxide mix tu res 011 the filial properties of the
pigment». The radicals (Cr-Fe-Z Il) browil and (Cr-Fe-Co-N i) black were prepared, Tile main goal
is 10 undersunid Ihe bchaotour of Ihe processed ntateruil« under microwal'e radiation.
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The need of more improvement and ve rsatility in all cera mic processing stages (from
ceramic formulati on to final product testing) lead the industries to invest in partnerships
with Research Centers and Unive rsities, mobilizing their technical staff in order to
underst and the phenom en a related with manufacturing the product. It is important in
ceramic ena mel production that all bat ches have app roxima te ly the same tonality, amo ng
othe r physico-ch emical cha rac teris tics!'! Ho wever, the va ria tion o f raw-mat erial
p roperties and ceramic processing (milling equ ipme nt, milling performan ce, coa ting
techniques, firing temperature), make these requ irements di fficult, but not impossible to
accomplishr" In the last few years, the demand for colou red p roducts has led the cera mic
industry to follow this tenden cy in the production of tile wa re, san ita ryware, tableware
and decoration products, w ith the aim to differentiate them. The necessity to understand
how frits (ma jor raw material in the ename l formulation) beh ave during firing has mad e
research into its properties more developed in relati on to other materi als used to form
cera mic p roducts. Thus, it is impor tant to understand very well the raw materials th at
trad itionally cont ribu te colour to cera mic ena me ls and the peculi ariti es observed during
their processing!",

Ceramic Pigme n ts: An inorgani c (ceramic) pigment is defin ed as a calcined ma terial
havin g on e or more metalli c oxides that , when added to an ena mel, provid e the ceram ic
produc t with a un iform colour by means of the formati on of a coloured glass coa ting .
Structu ra lly, a network forms the glaze in wh ich both chromo pho re elements and
modifiers come together in order to stabilize or enhance reaffirm the effectiveness of the
colorant. Brown and black pigments are almost always formed by sp ine l struc tu res . The
crystalline struc ture of the sp ine l group is ve ry complex. Oxygen ions are packed den sely,
for ming pa ra llel plan es in relation to the octahed ral faces. Divalent catio ns (Co" , Mg" ,
Fe" ) are bonded with four oxygen ions in a tetrahed ral arrangement, w hile trivalent
cations (Al" , Fe" , Cr") are linked wi th six oxygen ion s pertaining to the octahedra l
ve rtices of the stru ctu re. Each oxyge n ion is linked with one di valent and with th ree
tri valent cations . The final prod uc t, the ename l, is strongly influen ced by both size
d istribution and stability o f the raw materi al compos ing it. Thus, pigment pa rticle
size - micronized or not - wi ll directly determine the typ e of chroma tic effect after firing.

Microwaves: Material p rocessing usin g mi crowaves has been investi gated as an
alte rna tive to traditiona l calcina tio n processes!' : 'I . In th is kind of p rocess the thermal
energy is su pp lied directly to the material being processed due its interaction with the
microwav e field , resu lting in uniform material heating if th e best p rocessing cond itions
are ach ieved, i.e., the complete interaction of the microwa ve field wi th the p rocessed
material. These cond itions are determined by the studv of the material di electric
proper tiesr'" The principal ad vantages of thi s pro cess include higher heating rates as we ll
as higher productivity. The final p roperti es (physico-mechan ical) of materials processed
wi th this technique cou ld thus be improved, since temperature grad ien ts between the
surface and the cen tre of a spec ime n can be elim ina ted if the process is optimized I'. ; !. The
increasing need for more econ omic and environme ntally cor rect manufacturing methods
has taken resea rchers of technological ceramics, as in the United States, Japan, France,
England and Ge rmany, and of trad itional ceramics, as in Spai n and Italy, to sea rch for
alterna tive techniqu es like microwave processing. The use of micro waves on a laboratory
sca le has been widesp read for processing materials like po lymers, wood, metals, ceramic
and com posites . The development of processes such as drying, sin tering, weldi ng and
powder preparat ion has stimu lated research in the applicat ion of m icrowave p rocessing
for ceram ic materials and solid state Chemistry" 51
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Sam ple p reparation: The pigments stud ied (Cr-Fe-Zn (brown) and Cr-Fe-Co- Ii
(black) oxide systems) had bee n obtained from the production site of a commercial facility.
Samples were p rep ared for eac h kind of pigme nt with the raw materi al only milled (0,8~~,

mass resid ue in 325 mesh ) an d after micronization (0% mass residue in 325 mesh ). The
crude pigments were the n calcined conventiona lly in an in termitten t gas ki ln according
the following cycles: 1250°C during 16h for the brown pigment an d 1280' C d uring 16h for
the black one, obta ining batches of 400kg eac h. Microwave calc ination wa s carried out
us ing the me thods of sim ple heating and hybrid heating (30% microwave ). Both used 6g
of crude pigment. In the simple heati ng method the sa mples were placed in a qua rtz tu be
and heated un der mic rowaves usin g a guide wave reactor. In the hy brid heating method
a dissipative ceramic invo lvin g the quartz tu be wa s used. The tem peratu re was measured
using metallic armo ured thermocouples in both situa tions. The heating cycle for the
si mp le irra diatio n process was 150,,, during 2min for the black pigment and 150W du ring
3min for the brown pigment. The hybrid heat ing method used 200\\' during -lrn in for both
pigme nts. The final temperatu re measured in all cycles was l2000e and th ree cycles were
pe rfor me d for eac h processing.

Characterization: Crude and calcined sa mples (conventiona l, simp le microwa ve
and hybrid microwave p rocessing) were characterized using X Ray Fluorescence
Spectromet ry (XRF), Scan ning Electro n Microsco py (SEtv!) and Diffe rential Scanning
Ca lorime try (DSC) techniqu es.

RESULTS AND DISCUSS IO N

Table 1 presents the results of XRF ana lysis for pigment sa mples calc ined using the
conventional process (gas kiln).

Chemical Compe vition (./. mass)

Pi~ment Fe,O, Cr,O, ZnO :-Ii0 CoO L.I.
Black 29.0 33.0 26.0 11 .0 1.0
Brown 37.0 37.0 26.0

Using the cru de pigmen ts, samples were p repared for eac h p rocess. Each p igmen t
was calc ined in a conventional kiln and by microwave irrad iat ion, for simple and hyb rid
processes. The DSC cu rves for cru de an d ca lcined sa mples are shown in Figures 1 and 2,
for black and brow n pigments, respect ively. Thermal analysis (DSC) was used to
determi ne the efficiency of the calcina tion process for each pigment. Reaction peaks in
temperatures lower than the incongruen t poin ts (e.g., T ~ T

m
, etc.) wou ld ind icate that the

analyzed ma terial is st ill reactive, i.e., the calcinat ion process was incom plete. Thu s, the
more stab le powd ers wou ld present less reactivity, indicating the mo re efficient
calcination p rocess. For bot h pigmen ts the process of more efficient ca lcina tion is the
interm itte nt kiln (cu rves Ib and 2b, Figu res I and 2, res pec tively), an effect more ev ident
for the black pigment.
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Figurt· 1. Tlll·mw...-:rams for the black pig11Iellt (CrFt'CoNi systt'tII ) crude (Ja), proasst'd ;1/ the intermitt ent kiln (1 M. hi
simple 111 ;cr(}l~'llpe pn)({'ss (J c) ami byhyl1rid microU'Qi'C pw(('ss (Ld).

For this pigm ent, the crude sa mple presents a reaction beginning at 670°C, p robabl y
associated with the ene rgy necessary to make the pigment inert (curve la ). Both simp le
and hybrid m icrowave irra dia tion process still present reactions in this temperature
(curve Ic, sim ple microwave, and cu rve l d, hybrid microwav e). The sa m ple calcined in
intermittent kiln (curve Ib) d oes not present any reaction, d emonstrating that the materi al
has complete calcination.

For the brown pigment, the crude sample presents a reaction at 760°C (cu rve 2a),
due to the material calcinati on. All three calcina tion processes (interm ittent kiln, and
simp le and hybrid microwave irr adi at ion ) were ap pa ren tly efficient; not havin g reac tion
peaks associa ted with calcina tion processes (cu rves 2b, 2c and 2d ). H owever, the sa m ple
calcined in the intermi tte nt kiln p resents a reaction at 1140°C (curve 2b). Due to the peak
form there is probably so me ph ase change of the materi al.

DSC ·.. \

Temperaturerx:

Figure 2. Thernmgmms for tIJt? brown (C,FeZ" systmJJ crude piglllt'1l t (20), processed ill tirein termitten t kif" (2M. ElY the
simple m icroU'IJilc process flc) and by tire hybrid ", icrOil'll l'l' P'OCl'SS (2d).

Microgra phs obtained by SEM comp rise the DSC results. The cru de sa m ples o f black
and brown pigments are presented as agglomera tions of small particles, Figures 3 and 4,
respectively. On the other hand, samples calcined in the intermittent kiln a re presented as
small and well-di spersed particles with defin ed geome try, showing the conventiona l
calcina tion completely rounded particles (Figu res 5 and 6).
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Figllre 3: ;\1irn'gmplr :;;IIOWillg tile black (CrFcCoNi ::.y::.fclI/ j crude pigmellt {/1(1/ (/l lt" il led),

Figure 4: Ali(l"(lgnlph ::o lwll'illg the b,FiCII ((,.FeZIf :'.If:,tcmJ crude pigl/ll.'/lt (1/ (1/ Cl1kh ll' ll).

Analyzing the m icro graphs for the convent iona l calcine d pigm ents, it is observed
that some particles have the appearance of small crys tals , suggesting they underwen t
surface crys ta llization; however, reaction peaks were not ob served in the assoc iated
thermograms (Figures 1 and 2), which cou ld indica te the tem pe rat ures of crystalline
struc tu re formation. Th e p robabl e crysta lliza tion of these powders cou ld only be p roven
by X ray diffraction techniques.

F("lIn' 5: MicrograF" ::;hOil'illg tire black (( rFce o.Vi :'.l/..:, tt'!ld pigment processed ill the illtcrlllitte1lt kiln.
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Figure 6: Micrograph ShOlCiJlg tJlt~ brmcll (CrFeZ'l system) pigmell! processed in the intermittent kiln.

The mi cro graphs relati ve to bo th sim ple and hybrid mi cro w ave irradiati on
processes, for the black and brown pigments (Figures 7, 8, 9 and 10), sho w agglomerations
with different proportions between non uniform particles and par ticles w ith definite
geometry (rou nded p articles, indicating complete powder calcina tio n) . This fact
demonstrates that the mi crow ave p rocessing was not effective, because there are calcine d
particl es mixed with non -calcined ones. However, it must be observed th at the cycles used
for calcina tion in each process were very different; a period of 16h was used for the
intermittent kiln (conventional process) and 12min (maximum) for the micro w ave p rocess
(simp le and hyb rid ), ap parently an insu fficien t amount of tim e to calcine the pigments
stu d ied.

Figure 7: Micrograph slwwillg tile black (CrFeCo,....'j system) pigment processed ['.II simple micrmmi'l' irradiation.

Figure 8: Alicrograpll ::; IIOU,jllg the brown (CrFcZIl system) pigmcIlt processed by simple microiomv irradiation.
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Figlirt' 9: ;\f;cwgral'h ~Jlll iC il1g the Mild (C,Ft'CoJ\i'j .,:.y.;,lcm' pig111t'llf processed by hybrid miCm,l'lHY irradiation.

Figure 10: Micrograph .,:. !toi.cill g the broa'/z(( ,Felli :"o.II50tem) pigml'nt processed by hybrid ",icrtl;:CilZ'l' irmdintion.

CONCLUS IONS

The cera m ic pigment preparati on under micro w ave irr adiat ion, for both sim p le and
hybrid (30% micro wave) process ing, revea led itse lf as a p rom ising techniq ue fo r fast
calcination, p roviding the materials pro cessed w ith specific p roper ties as a fu nction of the
inte raction of these materials with the ge nerated e lectromagne tic field in the microwav e
reactor. However, it demonstrated low efficiency since the pigments processed h ad not
been completely calcined. Process optimizatio n depends on the s tudy of the interaction
between microwave radia tion and th e materia l bei ng processed in te rms of its
temperatu re and density, among other p ropert ies. It was ve rified tha t the samples
calcined in the conventional mode, using an intermitten t kiln, presented the best
properties in rela tion to the stability o f the p igments. However, it m ust be emphasized
that this process took 16h relative to the to ta l time of 6min-12min for the microwave
irrad iati on process.



iB QUAU~2002

REFERENCES

CASTEL LOJ\: (SPAIJ\:j

[I ) STASIEI\ IUK, R. D.; PETR!:"..[I, J. L. Formulacion, Medida y Ajus te del Color en Esma ltes Cera mi cos. Associacao
Brasilei ra de Ceramica, n" 590, 1991.

[21.\lARA~TE JUNIOR. A. Rev cstimcntos Ccrami cos: Ma ssa s Cerdmicas. Associacao Brasileira de Cerarni ca. Sao Pa u lo.
Ag os to, 1993.

[3] NAVARRO, J. E. E.; .\l EDALL, F. N.; Fuentes, A.; Porcar; V. B. Controles de Fabricacion : Pavimentos v Revestim ien tos
Ce ramicos. Associ acion de Invcstigacion de las Industrias Ceramicas, Valenci a, Espan a, 1999. -

[4] TAIRA, H .; KAYA.\lA, T.; SAWAN O, K.; .r\lSH ITAN I, T. Mo nolithc Refractories and Mic rowave Drying. Second \-Vorl d
Cong ress on M icTO\'I.rJVe and Radio Frequency Processing. Orlando, USA, 2000.

[5] RO:vtER, H . Microwave Heating of Glass. Second \Vorld Congress on Micro wave and Rad io Frequency Processing,
Orlando, USA, 2000 .

[6] l\.·1 ETAXAS, A. c.;MER EDITH, R. ].lndustr ial Microw ave Heating . Peter Peregrinus, London, 1983.

[7] NYFORS, E.; VAI~IKAI~E~, P. lnd ustrial Microwave Sensors. Artech House, London, 1989.

[8J VAIDHYA N ATHA N, ~l.; GA;\iGULl, M.; RAO, K.J. J. MATER. Chem ., 6 (3), 391-4, 1996.

Pos - 70


