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ABST RACT

A method was developed for the study of the composition of the kiln firing a tmosphe re
during th e industrial manufacturing process, and thi s wa s correla ted to varia tio ns in the
physico -ch emical features of white and red . porous , s ing le-fired ce ra mic til e bodies. and
the ir glazed surfaces. Resear ch was carried ou l on a laboratory sca le, and to this end an
elec tric tubu lar ki ln was designed with an au toma ted uit rogen /oxygen gas in let assembly.
Data we re gathered , and an electroceramic senso r was used to analyze oxygen pa rtia l pressure
(1'/ 1'0) a t eac h point on th e firing sc he du le. The ma ter ia ls us ed wer e charac te rised bo th
stru ctura lly and mi cros tructurall y using ca lorimetr ic ana lysis (OTA/TGl. X-ray diffract ion
(XROl. and scan ning electro n mi croscopy and microanalysis (SEM/EOX). The calorime tric
anal ysi s method wa s also used on the ce ramic bod ies afte r the ir var ious treatments . and
plot s were thus obta ined for DE ve rsus oxygen pa rtial pressure. Pll2' Lastly. th is study was
co n firmed in quality contro l testing in the product ion cycle of an indus trial porous. sing le ­
fire kiln . showing the valid ity of this method. wh ich is re lative lv unknown in the cera mic
industry. ' .
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1. INTR ODUCTION

However small. an elec tric signa l may be trans milled across any material in order for
its fea tures to he examine d . Thus -. us in g electrica l measuring techniques . ceram ic
manufacturing processes and pro ducts may be contro lle d. in duced and mod ified. This is
what is known as the use of electrical and electrochemical techniques in industry. which
has no w begun to appear as a scientific bran ch in its own right. calle d Electro cera mics. It
starts with the ass ump tion that «any ceramic material is elec trocera rnic ». There is much
rigorous publis hed evidence of its uses and potentia l. To qu ote a number of examples.
elec trical experiments allow characterisation of the materi als . showing if it is an insulat or.
semico nductor. a se mimeta l. if it behaves like a metal conductor or if it is a solid elec tro lyte
etc. Th ey can foll ow a glass crys tallisa tion curve. or a viscosity plot versus tem peratu re .
and are able to determine the glass transformation temperature . as well as also monitoring
a ce ment hydrat ion process. Likewise they may illustrate the den sification and sin tering
mech anis ms in ceramic materials. During ceramic processing in formation is gathe red. for
inst an ce. in the drying pro cesses of the gels and co-preci pitates. s li ps . suspensions etc.
Also. the sys tems are ideal for product qua li ty contro l. and lastl y they are excellen t tools
with whi ch to ana lyze corrosion mechanisms in ma teria ls (1).

Gene rally speaking. it may be sa id that any ceramic material has mixed electronic­
ionic conductivity. This sta tement is based on the elec trica l conduc tivity behaviour of
these materials as a fun cti on of th e oxygen parti al pressure.

Fig. 1 shows the conduc tivity of a solid zirconia elec tro lyte as a function of the oxygen
parti al pressure at constant temperature. Basically. the figure shows three areas: one is the
electro lytic dom ain. where co nductivity is totally ion ic. and there are tw o elec tron ic
do ma ins. where elec tron co nduc tion prevail s at extremely low oxygen pressures. i.e, in
reducing atmos ph eres. and at high oxygen pressure levels. the process is carr ied out by
elec tronic dro ps. One resu lt of this phen omen on may be of great impor tance to industry ­
most materials behave in a si milar manner. man ufacturing products in parti cular. sin ce
these are genera lly multi -stage pro ducts wit h given levels of impurities.
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Figure 1. Electrical conductivity versus oxygen part ial pressure of s tabilised zirco n ia.

· 186 ·



CASTELL6N (SPAIN )
....
~. QUAL I~96

Both th ese features are a so urce of ionic and/o r elec tronic defects in th e product. and
th us an auto-assessme nt of oxygen partial pressure in the ceramic prod uct is possibl e at
co ns ta nt temperature during the manufacturing process. Th is process is ca rr ied ou t
beforehand in the laboratory and the conduc tivity curve is plotted as a function of the
product's oxygen part ial pressure. Then an «in situ » configuration is se t up consisting of
tw o electro des (although a th ree-electrode grou ping may be used to mak e a pseu do
voltamogram, i.e. in tensity versus voltage, and observe the ox ida tion-reduction mechanisms
that arise in the course of the manufacture of ceramic materia ls). Determi ning th e relevant
domains not only tells us the nature of the product's state of conductivity (at manufacturing
temperatures most materi als become fairly conduc ting), but can also show us the working
atmosphere at an y given time. Su mming up , it turns the product being manufactured in to
an au tose nso r which can monitor the surrounding atmos phe re .

Ceram ic se nsors are materi als in whic h elec trica l cha nges may be observed as a
fu nc tion of varia tions in tem perature, oxyge n partial pressure and re lat ive humidity of
their surroundings. Th e electrica l changes are in ter pre ted as signa ls which may be an alyzed
using standard signal pro cessing techniques. As has already been mention ed, ceramic gas
se nso rs may involve stabilis ed zirco nia as an oxygen senso r, tit anium oxide doped with Nb
and Ta, perovskites base d on lanthanum, tit ani um and iron as nitrogen oxide sensors , while
zinc chromate spine ls make good humid ity sensors (2-7).

The prime moti vati on beh in d this paper is the co nstant concern in th e ceramic wa ll
and floor ti le manufacturing indust ry for enha nci ng the qualit y of the man ufactured ware.
This is beca use single- fire ceramic processing is carr ied out under certain extremely drast ic
conditions (8 ,9); ex treme ly fast manufacturing cycles (from 35 minu tes to less than an
hour, from the time when the formed tile en ters the kiln an d leaves it); relatively high
temperatures (1100 to 1160'C) and much compos itional variation for the same heat-treatment
process (glaze, scree n prints an d decoration, ce ramic body); besides increasi ngly exac ting
demands on the qualit y of the manufactured ware, if companies are to ma in tain th eir
compe tit ive ness in the market place (current producti on requiremen ts de mand that 90% or
more of til es manufactured be flaw-free).

Faul ts in ceramic tiles may be due to many factors (10,11). th e most commo n being
the foll owing; rheological problems with the glazes used , the presen ce of un melt ed par ticles
in starting fri ts , carhonate breakd own in the bod y, «black coring», pressing defects . co lour
changes etc.

At presen t, ma ny of these defects are cl osely contro lled as a resu lt of res earch was
carried out into bod y formulat ion s, compaction level. improved frit manufacturing and
in creasi ngly adva nced ana lysis techniqu es. Likewise, increased automa tion of th e single­
layer ro lle r kiln and use of clea ner forms of energy have also co nt ribu ted to hi gher
ma nufacturing output with no dro p in quality.

However , despite th is technological progress , it is cur rently difficult to measure , and
th us contro l th e firing atmosphe re at the exac t spot where the glazed tile is located in the
kiln . This is due to the fact that, altho ugh we may be able to contro l the gas flow to th e kil n
burn ers for optimum combustion. there is no d oubt tha t withi n the co mbus tion chamber a
series of che mica l tran sformati ons will take place as a resu lt of various reacti on s th at occ ur
in th e til e , alte ring kiln atmosphere and obviously havi ng some effect on th e quality of th e
resulting product. Fig. 2 sc he matically sho ws some typi cal reacti on s th at ari se , w ith
subsequen t rel eas e of gases , whi ch wi ll to a certain exten t modify th e atmosphere
surroun ding the tile being fired. Amo ng othe r faults or structural changes th at we may find
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direct ly caused by modificati on s in the atmosphe re sur roun ding the glaze d til e are changes
in the colour of glazed tiles . the ap pearance of shades . variation s in thei r refractive index.
more or less gloss . «pinholing», «black coring» in th e body. etc.

In vi ew of th is . our pap er seeks to in di cate . on the one hand . cha nges in the
charac te ris tics of the body and th e glaze directly relat ed to a modified atm os phere
surrounding the white- and red-bodied wall til es in a single-fire manufacturing process .
and on th e other hand to corre late elec tr ical measurements with the industri al ceramic
manufacturing pro cesses . thus monitori ng and cont roll ing th em . so that such defects may
be suppressed.
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Combustion of Carbonate
Glaze fusion.

Water loss organic matter breakdown
chemical
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Figure 2. Diagram showing the various reactions taking place in glazed til e
within th e kiln combustion chamber

2. EXPERIMENTAL

The experimental process followed consisted of cons tructing an ass embly th at wou ld
allow exact measurement of the varia tions in atmos phere of an' ind ustria l kiln. particularl y
with regard to oxyge n partia l pressure . and so corre late this parameter with th e physico­
chemical cha nges aris ing in glazed til es during the single-firing man u facturing process.

In order to carry out thi s task . it was found necessary to design an assembly in an
electric tubular kiln allo wing automatic regu lation of kiln inlet gas. whose oxygen percentage
composit ion was known. using a «Fuzzy Logic» contro l sys tem based on temperature an d
gas sensors. Thus it was possible to work out the relati onship between the composit ion of
the kiln atmo sp here and some parameters of tlie glazed til es.

2.1. Mat erials and methods.

The samples se lec ted for th e test were 5 x 5 cm' white and red -fir ing pressed wall til e
bodi es. of the composition generally used in ind ustria l manufacture. In a number of cases
the company's own commercial engobe coa ting was used. referen ced Cl

The foll owing ins tru mentation was used for materials cha rac terisa tion:

Ph ilips scanning electron microscope (SEMJ, mod el XL20 . w ith an ene rgy­
dispersive X-ray analysis system (EDAXJ, model DX4i.
Siemens 05000 X-ray diffractometer. operating with a copper cath od e and a
nickel filter. Th e range of ana lysis was in all cases betw een 2° and 70°. a t
s teps of 20, Identification of crys tall ine phases was carried out automatically
using the JCPDS files.
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Differential thermal analysis (DTA) and th ermogravimetric analysis (TG) with
Perkin Elmer instruments. mod els DTA 7 and TG 7. The treatment wa s
ca rried out from 50"C to 1100·C . with a heating rat e of 5"C/min in a nitrogen
atmosphere in some cases . and in air atmo sphere in others .
Hunte rlab COLORQUEST co lorimeter
TESTO 350 (ISO 9001) gas an alyzer. duly ca librated .
Carbolite tubular e lec tric kiln. maximum temp erature 1500' C with a tank­
type cha mber built from sil icoalumino us material .
In dus tr ia l single-firing kiln.

2.2. Description of the experi me nta l measuring asse mbly.
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Figure 3. Schemati c of the se tup used to co nduct the labora tory-scale experiments.

Fig. 3 sho ws a genera l sche me of th e assembly used to cond uc t th e labora tory-sca le
experiments .

The equipme nt consists of tw o gas tanks . one contain ing n itrogen [1], re fere nced C­
45 . and another with industrial oxygen [2J. Both have a purit y of99.999 % . Th is mi xture of
gases forming th e kiln gas inl et com posit ion was regula ted with a se rvovalve [3J. The exit
flow rate measured with a pressure gauge varied in the case of N, between 1-10 bar and in
the case of 0 , between 0.5-1 bar. Opening was co ntro lle d by an e lec trica l signal from the
co m puter [4J using an acquisition card (Keith ley. DAS-81AO], foll owing a preset cycle. In
the tubular kiln [5], wi th a tank-type chamber to keep the in ternal atm osp her e saturated . a
heat-t reatment cycle was progra mmed with a heating rat e of 10·C /m i n. fro m ambien t
temperature to 112 5·C. wit h a dwell time of 5 min at th is maximum tem pera ture. foll owed
by free cooling.

Two types of senso r were fitt ed: one to read temperature [6], co nsisting of a Pt-Rd
alloy, and another for oxygen [7]. Both were connec ted to the com puter via the signal
acqu is ition card mentioned above. The oxygen sensor cons isted of a tube of s tab ilised
zirconi a (so lid electrolyte) closed at one end, and th is was put into the kiln at the point
wher e ox yge n partial pr essure was to be monitored. For th e ionic co nd uc tio n process to be
possible , Pt e lec tro des had to be placed on the sensor's interior and exterior surfaces . In
our case, the elec tro des were placed with a process involving the painting and dryi ng of
co nd ucti ng past es. The as sembly provid ed an electric voltage betwe en terminals w hich
wa s a func tion of th e oxygen partia l p ressure and tem perature inside the kiln. Th is
re lationship is called Nerns t's equa tion :
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where R is th e gas cons tant, F th e Faraday constant, T the temperature , P02' the oxygen
parti al pressure in th e referen ce gas (usually the atmos phe re outs ide th e kiln), and P02th e
oxygen partial pressure inside the kiln. Given the values for oxygen parti al pressure normally
fou nd for industrial ceramic kilns (10-21% 0 2), th e sensor will emit a signal in th e interval
betw een (0-100 mY) to more than 1% of accuracy. The biggest drawback with th ese types
of devices is th at th ey canno t be used at temperatures below 7000e, since ioni c conduc tio n
pro cesses are only comple tely activated above th is temperature.

Th e informati on obtaine d from the oxygen and tem perature sens ors wa s transferred
to a computer which , using suitable analysis, showed the evolution in time of the parameter
in questi on: oxygen partial pressure inside the kiln (measuring was carried out just beside
the problem samples ). Moreover, th anks to th e voltage analog output containe d with in the
signal ac quisit ion card and a software programme designed to this en d, there was an
automati c control sys tem for the kiln gas feed. The contro l programme foll ows a «Fuzzy
Logic» typ e algorith m. in common usage.

3. RESULTS AND DISCUSSION

3.1. Structu ral and microstructural characte r isation of raw material s.

Figs. 4 an d 5 show the results obtained from the di fferential th ermal ana lys is (OTA)
and th ermogravimetric analys is (TG), carried out in a nitrogen atmosphere on sa mples of
un fired white and red til e bod ies. Th e OTA for the red-bodied sample (Fig. 4a) sho ws an
endo the rmic peak between 6800e and 7700 e, coinciding with a conside rable weigh t loss in
the TG (Fig. 4b) of 10% . possibly due to th e presence and cons eque nt th ermal breakdown
of carbonates. Losses noted below th ese temperatures were insignificant. Above these
temperatures , th e OTA registered a small exo thermic shou lder at 960°, while the TG did
not register any apprecia ble weight losses.

The OTA for th e whi te body sample (Fig. 5a) showe d exothe rmic peaks betw een 4500 e
and 6000e, and in thi s range the TG (Fig. 5b) registered 5% weigh t losses , doubt lessly
caused by combustion of organic matter. Th e OTA also regis tered en do the rmic peaks
between 7000e and 950oe , with TG losses of 10% due to carbonate decompositi on .

Mineralogical ana lys is using X-ray diffracti on (XRO) on the unfired specime ns, Fig.
6, sho ws th e presen ce of the following crystall ine ph ases: in the white body (Fig. 6a) there
were more intense di ffracti on peaks of qu artz, Si0 2(ASTM file no. 33-1161) and less int en se
peaks of nepheline, (Na,K) AlSiO, (ASTM file no . 9-0338), kaolinite , AI2S i,o, (OH), (ASTM
file no. 14-0164), and ca lc ite e aeO, (ASTM file no. 5-0586). For th e red body (Fig. 6b),
qu ar tz peaks were also obse rved to be the most in ten se. along with di ffractogram pea ks for
the illite phase -KAI2Si,AIO

IO
(OH)2(ASTM file no . 2-0056) and th e nepheline phase (ASTM

file no . 9-0338 ).
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Figure 4. Differential thermal ana lys is of th e red til e body
sa m ple (a) and th ermogravimetric ana lysis (b).

Lastly, th e red and w hit e til e bod ies were cha racterised m icrostruc tura lly and
mi croan al yti call y using elect ro ni c mi crosco py and energy-d ispers ive X-ray mi croan al ysi s
(EDX). To th is end it was necessa ry to coat the sa m ples with a layer of go ld using th e
spu ttering technique to mak e them cond ucting and avo id di scharges. Analytical cond it ions
of th e equipm en t were an acc elera tio n volt age of 20 kV and a 37 .5 mrn sam ple/de tector
working di st an ce. Fig. 7 sho ws th e SEM mi crograph of th e red body to 952 magnifications ,
with EDAX m icroanalysi s. In th e m icrograph obta ine d using th e back- scatt ered e(BSE)
det ect or w hich shows up co mpos itio ns of heavier e lemen ts in brighter sha des o f colour
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sa mple (a) and thermogravim etric an alysi s (b).
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and ligh ter elements in lighter shades, brighter particles were observed whose spot analysis
showed Ti and Fe to be present in the compos it ion. Th e greyes t particulate shows Al-Si-K­
Mg in som e particles and Ca-Mg-Si-AI in othe rs, and gra ins which co nta in only Si. This
information match es da ta obtaine d from the XRDmineralogical ana lys is, where the mineral
phases of illite . kaolinite , nep heli ne and quartz were identified.
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Figure 5. X-ray di ffractogram of th e white [a] and red bod y sa mp le (b).

Average microan alysis carried out on the sa mple at low magnifica tions (45x , 305x
an d (j1 2x ) shows the presen ce of the following eleme nts . wh ich co uld affect th e fir ing
atmosphere:
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Carb on : between 0.65 and 3.28% by weight , expressed as CO, assignable to
organic matter within the sample.
Calcium: between 7.31 and 9.10% by weight, expressed as CaO , assignabl e to
carbona tes.
Tita nium: around 1% by weight, expresse d as TiO, assignable to titanium oxide
particles.
Iron : between 10 and 27% by weigh t, expressed as Fe, 0 " assignable toh emati te
Sodium: between 0.6 an d 1.5% by weight, ex pressed as Nap
Potassium: aro un d 5% by weight , expressed as K,O.

--~-.:ii()'-5 ,oo· -·-UiO . '7.00 '8.00 '---'9,00- 10 .00 11.00 1Z.00 t 3 .()(

CPS : 2600 Cnts : ' 84 K.V : 0 .65

Figure 7. SEM micrograph ot the red body sample and EUAX microanatysis.

Moreover, the presence of Si as a major element whose percentage valu es as SiO, lay
between 38 and 48 % by weight, as well as Al as AI, 0 " which ranged from 15 to 21 °1<, by
weight.

....b
FoKa

C MnK

It is useful to bear th ese analytica l results in mind when ana lys ing the values obtai ned
for the firing atmosphere, since thi s atmos phere will be modified by them . Thus th ey sho w
the presen ce of carbon in the sample due to a low content of orga nic matter within the
sa mple, whi ch will involve variation of the atmos phere during the heat treatment cycle by
release of C, CO or CO, to crea te an atmosphere which is slightly reducing . Th e same
pheno menon wi ll occur with the presenc e of carbonates and sulpha tes , since th ese will
give off CO, and SO,. Also, Fe and Ti part icles were obse rved, probably in th e form of
hematite, Fe,O, and TiO" and which in the course of the process give off 0 , molecules due
to local rearrangem ents or reductions .

Fig. 8 shows the SEM microgra ph of an unfired sample of the white tile body. Its
morphology exhibits larger particles ('20 urn) . whose spot analysi s sh ows only Si content,
ass igna ble to th e quart z crystalline phase, SiO, analyze d with XRD. Surrounding this is a
finer particulate (around 1mm), whose spot ana lys is shows the presence of Si-AI-Ca-K,
comprising the kaolinite an d nepheline ph ases. also recorded by XRD.

Average microanalysis carried out on the sample at low magnifications gave th e
following res ults:

Carbon: presen t in 1.5-3 .5% by weight , expresse d as CO" assignable to organic
ma tte r within th e sa mple.
Calcium: present in 9-10% by weight , expressed as CaO , assigna ble pr incipally
to carbo na tes .
Titanium: presen t in around 1% by weight, expressed as TiO, assignable to titanium
oxide .
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[ron : pr esent in 2-2.5 % by weight , ex pressed as Fez0 3 . assignable to hemat ite
pa rticles.
Sodium: pr esent in around 1 'X, by weight , expressed as Na,O.
Potassium: pr esent in around 2.5 % by weigh t , expressed as K,O .

9 .00 10.00
KeV : 0 .1 2

FeKa

6.0 0 7.00 8 .00
Cnts : 187

3 .00 4 .00 5 .00
CPS: 2110

2 .00

AI

M
NaK

1.00
FS : 12574

Moreover , the pr esen ce was observed of Si as th e maj or e le ment whose per centage
values as SiOz lay bet ween 38 and 48% by weigh t, as well as Al as Alz0 3 , which ra nged
from 15 to 21 % by weigh t.

SiKa

Fig. 8 . SEM micrograph of the unfired white tile body sam ple and EDAX micro an alysi s.

As in the case of the va lues obta in ed from micro analysi s carried out on the red til e
body, here ther e is a lso evide nce of phases which wi ll modify th e kiln atmo sphere during
heat treatment , due to the presence of organic matter, carbonates and su lphates, as mention ed
earlie r, although some of the ir con tents cha nge d (less iron and magn esium , for exam ple , in
th e last case ).

3.2 Gas measurements in an industrial kiln during a standard porous, single­
fire production process.

The 0 , per centage in the firing cycle in terva ls was determined for a single-firing
industrial kiln , with a gas analyzer. The results are shown on the schema tic in Fig. 9.
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LENGTH (m;t
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Figur e 9. Meas urements obtained in an industrial kiln duri ng n standa rd porous. single-firing product ion process.
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Figure 11, Measurements obtained of oxygen partial pressure on the red and white tile bodies,

The effec tiveness of the fir ing atmos phere correc tio n was veri fied. using th e gas
ana lys is data of on e day 's sing le fire producti on , when changes were noti ced and co rrected
in th e colours of fired glazed til e. determin ing the percentages of 0 " so.,, NO, and CO for
eac h kiln module area : the preh eati ng, outgassing and firing area, - TIH) resul ts obta ined
dur ing the appearance of these faults and. after these had been correc ted using gas regulati on .
are sho wn in Fig. 10. They show the direct influen ce exerted by kiln a tmos phe re on the
ph ysi co-chemical variables of the til es.

3 .3 . Influence of oxygen partial pressure on colo r imetr ic properties .

The heat-treatment experiments were carr ied out in a tubular electric kil n. whose
arrangemen t is shown in Fig. 3. using different porous. s ingle-fire . red and white tile bodies.
with an d wi th out engobe, va rying th e oxygen pressure and rel at in g it s influence to
co lorimetric measurements,

Plots of % 0 , versus firing temperatu re were obtained . The fired specimens were
subjec ted to colorimetric an alysis . and the Lab. parameters were found. These were used
to calcu late th e co lour vari ati on param eter (aE), whose formula is (12 ) ;~X197

~E=V(L -L * F + (a -a*F +(b-b *]2
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Fig. 11 shows the values of ilE againns t various percentages of 0 , measured at 900°C inside
the firing cha mber. just beside the ceramic bodi es. In all cases it was observed th et th e
value of ilE was cons tant for percenteges of O, above about 15% . Th ese results suggest that .
working in atmospheres with these percenteges of 0 , . there will be few cha nge s in th e
colour of suc h materi als.

Similar results were obtaine d in th e values analyzed at 1050°C.

3 .4. In fluence of oxygen p artial p r essure on structural p r ope rties .

Usi ng X-ray diffracti on . an alysis was carried out on the red an d white tile bodies .
with and without engobe , fired in the tubular electric kiln (Fig. 3). varying oxygen partial
pressure.

Th e results obtained show the foll owing:

- Th e presen ce was observed of major crystalline phases of zirco n . ZrS iO, (ASTM file
no. 6-0266) and qu art z. SiO, (ASTM file no. 33-11 61). in the engobes of both th e
red and white bod ies. No modificati on was observe d of the number of crystalli ne
phases in th e var ious 0 , percentages ana lyze d.

- However, in the engo be on th e white body, the main zirco n peak was more intense
when the 0 , percentages in th e combus tion cha mber atmosphe re went from about
5 to 15% . This pe ak did not become any mor e in tense at hi gh er measured
percentages of 0 " but it did move slightly towards higher 20 values (Fig. 12a).
This could indicate a certa in structural distortion in the zirc on ow ing to a more
oxidis ing atmosphere.

- In XRD an alysis on the red body, the most in tense crystall ine phases found were
th ose of quartz and anorthite , CaAl,Si,0 8 (ASTM file no. 41-1486). Worth pointing
out is the development of a phase of pse udowollastonite a-CaSi0

3
(ASTM file no .

31-03 00). in the specime n fir ed at an oxygen pressure of ab out 15°;', in the
combustion cha mber. This had not been obse rve d in the samples fired at lower
oxygen percentages (Fig. 12b).

- In XRD ana lys is on the white body. the most in ten se crys tall ine phases were those
of quart z an d anorthite. No apparent structural cha nge caus ed by atmospheric
variatio n inside the combustion chamber was observed.
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4. CONCLUSIONS

Th e experime ntal results obtaine d all ow drawing the foll owi ng concl usions:

1- The influence has been established of the nature of the atm osphere in the combustion
chamber of an indu strial kiln on colour changes in porou s, single-fired ceramic tile,

2- An experimental technique was deve loped, allowing the influence of the oxygen partial
press ure to be correlated to certain physico-chemical variables of poro us, single-fired
ceramic tile bodies, with and withou t engobe.

3- This paper opens up a fresh line of prospective research into the influence of oxygen
partial pressure on di fferent ceramic products and their decoration.

-t- Since sen sor technology is accessible and eco nomical, it will foreseeably be swiftly
im pl emented in the ceramic ind us try.

•

, ,
I ! ,

I j
l /

j /
-rr .•

12a

, ~

1
j

J
I

i
.~~

:n 3"'l<

a CaSi0
3

SiO,

~ Zt 21.

Si0
2,

II

Jl A .

",.. t "

:!.,

1 2b
Figure 12. XRD ana lys is of a red [12a) and whit e tile body (12b) with engo be .
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