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INTRO D UCTI O N

The work was undertaken with the follow ing objectives:

1. Defining a methodo logy fo r verifying the su itabi lity of di fferent porcelain ti le
bodies for decora tion w ith chromopho re solu tio ns.

2. Prel imina ry assessment o f th e e ffect of th e differ ent che mica l, physical ,
mi neralogical and o ptica l proper ties d is tingu ish ing the bod ies in te rms of the
aes theti c and technical characte ristics of the fin ished prod uct.

3. Ana lysis of the experimentation da ta to dete rmi ne the ex isting co rrela tions
between the techno log ica l pa ramete rs of the bod ies and thei r behaviour on
applyi ng chrorno pho re so lu tio ns .

The dete rmina tion of id ea l form ing, dryi ng, d eco rati on and firing cond itions lay
beyond the sco pe of the objectives mentioned ; the cond itions used, d rawn from standard
ind us tria l p ract ice, were held steady th rough out the ex pe rime nts.

The study was guided by at least th ree cri te ria :

• Attention to production reality: it was attem p ted to establish the simplest and
most concrete possible study method tha t wo uld rep rod uce normal prod uction
cond itions.

• Awa reness that developing a predictive mod el can en tai l a s im plifica tio n for
ce ra mic p rocesses of the se t o f variables in vol ved , a nd that such a model, tho ugh
objective a nd based on ex perimenta tion, can therefore only have indicative value.
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• The endeavour to carry out useful wo rk for those involved in the subject, without
pu tting forwa rd a specific body formula, and leaving to one sid e the bonds that
link each manufacturer to a raw materia ls supply, highlighting ins tead the
determination of general process principles and mechanisms to guide body
preparation and identify the most appropriate interventions for so lving specific
problems.

The study was organised in terms of the following stages:

1. Definitio n of study contex t.
2. Experimental trials a l l a semi-industrial scale.
3. Alla lysis of experimen tal data.
4. General remarks.

1. DEFINITION OF STUDY CO NTEXT

Bod y behav iour was related to three basic characteri stics:

1.1. PERMEABILITY TO CHROMOPHORE SOLUTIONS'"

It is a fundamental property of the semi-finished products to be decorated, tha t
stains (colouring solutions) should penetra te sufficiently into the mass to allow rem oving
a few tenths of mm from the surface on pol ishing the finished products w ithou t
impai ring the decoration, which depends on:

• Mineralogical origin of the body (whose relationship to pe rmeability is the aim of
the exper imental study), and particle-size fineness .

• Certain technological p rocess variables (forming pressure, powder moisture
content, temperature of the pieces to be decorated, etc.), wh ich were held stea dy
throughout the expe riments.

• Character istics of the liquid med ium and diluted colouring sa lt (chemical origi n
of the chromophore ion and its complexing agent, density, medi um viscos ity an d
pH , etc.).

From an industrial point of view, it is important that absor ption of the solu tion by
the body sho uld be:

• Suffi cien tly deep to allow rem oving a 0.6 + 0.9 mm thick layer in polishing .

• Homogen eous, to avoid excessive chroma tic variation and differen ces in
decoration from arising, which would entail a proliferation of comme rcial shades.

Pen etration depth is closely related to the body, whereas homogeneity depends on

/11 'Corretazione tm comJI(l:,; ;::iml l' clIimico-mi llt'r lllogica t (% rabilifl) COli s aii cromtJ!ori ill illlpl l~ t i d;sri's pllrCl'lImlll!t, ·. TL'Si d i liccn ze di
G. Giogh i c \.1. Min gant i. lst ituto Sta tale d'arte pe r 1.1 Ce ramica "c. Bal lardini» Facn za - Cu rse d i l'er fcc donam tent o en
Tccnologfa Ccramica: ..Ccramiche Specia l!" - Afio escolar l lN6-97.
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co rrect process m anagemen t an d co rrespo nd ing in-p lant and techno logi ca l decision­
taking, especia lly in th e pressing, drying, deco ra ting and sto rin g-stabilising stages of the
decorated tiles .

Sin ce it is not poss ible to e lim ina te mino r va riations in th e density o f the g ree n se m i­
fini sh ed body, which prod uce a m inimum co lou r non -uni formity in th e body's cross
section, penetration depth is an im portan t parameter in evaluating th e su itab ility of a
body fo r poli shing without impai rin g th e chromatic q ua lit y and in tegrity of th e
decora tions (e.g . sc ree n printing ).

1.2. EFFECT OF WETTING O N M ECHANI CAL AND SURFAC E PROPERTI ES

The sp ray ing of con tro lled amounts o f water onto th e dried bodies facil itates th e
absorption of successive so lu tion applications, bu t m ight en ta il a g reate r or lesser fa ll in
th e mechanical properties and surface integrity o f th e half-fin ished products, w hi ch
affects productivity in the deco ra ting line .

1.3. D EVELOPMENT OF FIRING COLOUR (IN THE MATERIAL IN A NATURA L
OR POLISHED STATE)

The ch romatic yie ld of th e fin ished prod uct depend s to a la rge ex te n t on the
rea ctions that g ive rise to the g lassy mat rix and new crys ta ls in fir ing, and th us on the
su ita b le co m bi na tio n bet ween the body's chem ica l propert ies a nd th ose o f the
ch ro mo phore ion (e.g. cobalt alu m ina te crysta llisation by rea ction between free a lu m ina
and th e di ssolved coba lt applied in the so lu tio n) .

Since the ve rsa tility of bodies o n applying different salts is taken for g ra nted in the
objectives se t in th e ex perimen ta tion, th e most ge nera l poss ibl e cond ition ha s been
so ugh t. us ing ions withou t a specific che mica l se lective affinity towards any g iven body
constit uen ts in parti cul ar.

It was therefore co nsid ered convenient to s tart with a whi te base body, ca rry ing ou t
s imple co m positiona l va ria tions in o rder to hi ghlight th e behaviour of ea ch com po nent.

The compositions, sem i-finished and finished products have been cha rac te rise d
according to th e following scheme:

A. BODY CHA RACTERISATIO,

a l. C he m ical ana lvs is in ox ides

a2. Mineralogical an al ysi s

a3. C lay ion exchange capacity (C.E.C. Cation Exchange Ca pacity)

,,4. O rganic carbo n content

a5. Reject a t 63 II m

a6. Reject a t 45 .11 m
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B. POWDER CHARACTERISATION .

b1. Moisture content

b2. Particle-size d istribution on screen

CASTELL6 r-.: (SI'A I :-.I )

C. PRESSING CHARACTERISATIO (tiles size 320 x 320 x 9 mm).

c1. M.O.R. (mod ulus of rupture) on pressing

c2. Pressin g expa nsion

D. DRYI NG CHARACTERISATION (dry ing to 0.5 % moistu re content)

d1. M.O.R. (mod ulus of rupture) on drying

d2 . Ratio (d rying M.O.R. I pressing M.O.R.)

d3. Drying shrinkage

d4. Bulk den sity (mercu ry method ).

E. CHARACTERISATION OF SEMI-FIN ISHE D PROD UCTS O N APPLYING
WATER AND CHROMO PI-IORE SO LUTIONS

e l . Sa lt so lution ap plica tio n test o n wett ing th e hot pieces (50+55°C): so lu tion
pene trati on depth and surface dry ing time (a irbrush a pplica tion of 10 g of
wa te r - 120 seconds - a p plica tion of colo uring soluti on by double di sk
booth - measuremen t of dry ing time). Solu tions used : con ta in ing ch ro me
and iron .

e2. Wetting trial with assessme nt of red uction in mechan ical strength (ai rbrush
application of 30 g wa ter - 120 seco nds - measuremen t of M.O.R ).

F. CHA RACTERISATIO OF FIRING CO LOUR (rough and polished surface ).

f1. Colorimetric ind ices (La.b) of the coloured and non-coloured , na tu ra l and
polished , fired bod y.

L = wh iteness index

a +a red; -a gree n

b = +b yellow; -b blue

NOTE. The comparison was performed between materials with the same degree of
vitrification.

2. SEMI-INDUSTRIA L SCALE EXPERIMENTAL TR IALS

A. BODY CHARACTERISATION

Nine bodies were formulated and prepared . of which two were opac ified with
zircon ium silica te and alumina; the chemica l. mineralogical. and particle-si ze
characteristics are detailed in the following table:
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Bedv code 16023 1 6024 1 6025 J 602:6 1 6027 I MIS 16029 16030 1 603 1

COmI1O.~;tio" %
II I · K AOl. PI " ST. Ct AY I 30 " " 25 25 " )0 " .::s
1\..\ l lL - \ IO 'llT. PLASTIC ( 'I :\ Y I 10
K-\o u , 15 I 1J - ' J7. 5 17.5 17 .' IS 15 I 11
St lDlL\1 h LDSP.\R .5 .5 .< . 3 . 3 . 3 11 . J . 7
J'o r.cssn \1 Fr t nSI'AR 1.5 2.5 0 .5 D." 0.5 10
Q LA'H ZOSE s....vn 10 9.5 11.5 ] . ]. ]. II , 7
J:rSiO. •
( ' AI C1~E[) Al:0 1 •
Gree n bod" ",ineraJof!l' "
Kxouvrrr - - + . 1 - - I - 1 - ·
( t U H . -, , · - -

\ 1\, , 1,IOIIII l O" ' ''- ,
A l lJlTI , · - . - I
()MIl IO SIo I - I - · - . 0

.
- ·

Q l 'AIlTl -- . ~
. ,

1 -, , . ·
O nu,.lI.s - - - - - - 1 ·
Chem;cal unfl l '!iiI " p N'f'n bml .
SiC): 69.2 (,1<: .2 0 7,5 69 ,S 69 ,S O9,S h7.7 (1h.7 0 5.0

.\ 1;0, I 19.7 2004 ':: 1.2 IQ.J 19 •.3 1'1.3 20 .2 18.9 '::·U
TiD: 05 0.. 0.3 0.. 0.. 0.. 0.5 0':- 05
h:;O ; 0.5 05 o.~ 0.5 05 0.5 0.5 11.5 /15
Ca l ) 0.. 004 0.. 0.. 0.. 0.. 0.':: 0.. 0 ,4

~h..·O 0.3 II.] 0.2 0.3 03 0.3 0.3 0..' II..'

K:O 1.2 1.2 U 1.2 1.2 1.2 • .1 1.1 1,1l

'\ ;l ;() -u -u • .3 • .1 • .1 • .1 .D ..] 45
ZrO 0 0 0 0 (I (I 0 J .7 (I

P.F. 3.9 • .3 ·U • .0 4J) -I,n -1 .2 '.' 3A
Or ' ,lOU: ca rbon . or-m 180 IXt> ,. 150 150 150 1XO ]. , 1M,

Part. ·si:l _ramn~ of lh.eboor
Rl.'Il.'t:1at 6 3 IJm I 0.7 II.X tJ.-I 1.8 0.7 0.1 O.X 0.• n.5
R... i",..:t at -45 IJm I ..1-.5 .., :!.l' s.s J.7 1.1 J.O 2.5 2.9

B. POWD ER CHARACTER ISATION

Bod ' cede
Mrnsn.ae covn-vm

The table shows that the powders were prepared a t the most uni fo rm possible
moisture co ntent val ues, a round 5.5%,.

Powder particle-size di stribution was also quite cons isten t:

"1-- - - - ,

~f---JI ~
: :;

.-- - - - - - - - - - -j : :::

__------i l: : :~
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C. PRESSING CHARACTERISATION

CASTELLO:-J (SPA IN)

Bod,cod. 16823 164114 16025 16826 16027 164121 16829 I_ 1603\
SP PRESSI:-.iO PRESS. kg/e m' 400 400 400 400 400 400 400 400 400

GREEN M .O.R.• ku 'cm' 8. 1 8.9 6.8 7.4 7.8 7.0 7.4 7.6 6.7

PRESSIr-iO EXPA~SIO'l" . % 0.75 0.65 0.75 0.65 0.70 0.70 0.70 0.70 0.75

D-E. DRYING AND SEMI-FINISHED PRODUCT CHARACTERISATION ON
APPLYING WATER AND CHROMPHORE SOLUTIONS

I_ codo \6823 \64114 1681S 16126 \6827 1602lI 1_9 16038 16131

1Drv,_"
RESIDUAL MOI~-ruRE % 0.65 0.85 0.15 0.70 0.65 0.65 0.75 0.70 0.65
DRY M.O.R. kg /e r n' 25.4 32.7 16.0 22.5 21.0 21.0 21.3 26.5 21.4
DRY/GREEN M .nR. RATIO 3.1 3.7 2.4 3.0 2.7 3.0 2.9 3.5 3.2
DRYlr-;G SHRI~ KAC;E % 0.Q3 0.09 0.00 0.03 0.06 0.00 0.00 0.06 0.00
B UK DENSm ' BY MERe. vice 1.913 1.947 1.861 1.924 1.921 1.89 1 1.864 1.939 1.867
B U K DENSm' BY MERe .

1I !~()%.g/cc 1.901 1.930 1.858 1.911 1.909 1.879 1.850 1.925 1.855

Wmi•• ,rial J,. __ tdrbnulutl ..", bo./utl rMca (5'-55' 0
M.O.R.120" afte' applic.. kg/ern I 16.2 I 21.4 I 12.1 I 16.0 I 14.2 I 14.5 I 14.4 I 17.8 13.4

DotIbi. dis. _kg.. trial w/Ih mille" eh"""omu.,. ,o/lIdo... 20. .. _ ,.,r"".
D RYIS G TIME ( 5) I 70 I 180 I 35 I 80 I 65 I 55 I 55 I 75 I 60

F. CHARACfERISATION OF FIRING AND FIRED COLOUR (natural or polished
surface)

Each body was fired in a roller kiln at a peak vitrification temperatu re, determined
in previous tests at d ifferen t temperatures with identical samples to the ones used in the
expe rimen tation.

The coloured specimens were fired 24 h after applying the salts.

The penetrat ion depth of the stain solu tion was de ter mined by microscopy, as the
average of several points in the tile cross section.

Bodycodo 16023 16014 16025 16026 1"27 16821 16129 "'38 \6031

Fuwlc_
FIRIX G TEMPERATl}RE. 8 C 1210 1210 1210 1210 1210 1210 1200 12 10 1210
F IRI:"G CYCLE. min 58 58 58 58 58 58 58 58 58
FIRI:'IlG SURI:'IlKAGE %, 7.4 7.0 8.7 6.8 7.2 7.8 8.1 7.7 8.0
W ATER ABSO RI·nO:'IJ . % 0.0 1 0.0 1 0.00 0.03 0.0 1 0.00 0.0 1 0.00 0.0 1
M.O.R.• kg/em' 430 440 430 490 470 470 440 440 440

Double diu aP"Ucution trial with d;Jutn/ chromooltor~ ro lutiOlU. 20 Il 01'1 wrt swface
Avo . PE~ETR. DEPTH. (nun) I 1.97 1.63 2.03 1.63 1.66 I 1.63 I 1.88 1.72 1.90

The colorimetric param eters of the va riou s fired bodies in a natural and polished
state were found by ave raging several measurem en ts run at the specime n surfaces, both
non-coloured and coloured by the chrome sa lt solu tion, usin g a D65 /2° light source with
specular light.
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NON-POUSHEO BODIES POUSHED BODIES
WHITENON-l'OUSHED COLOURED WITH Cr POUSHED WHITE COLOURED WITH

BODIES SOLUllON BODIES Cr SOLUllON

BODY CODE L' a b' DE L' e b' DE L' a b' DE L' a b' DE
16023 STD 78.2 0 3 103 00 44 6 ·37 11.6 339 78 6 03 10.1 0 5 57.0 -14 173 22 4

~

16024 MOf1!~Honlle :> ns 0.3 10.3 0 4 44 0 ·3 8 108 344 783 0.3 10.2 01 552 ·1.0 16.5 239
- +-

16025 Kaolm:> 79.9 0.3 8.9 22 44 6 ·6 3 10.8 343 S03 0.6 91 2.5 558 ·33 158 233

16026 Quartz:> coarse mill 79.7 02 9.4 1.7 45.2 ·46 12.5 33.5 SOT 0.2 9 4 2.1 59 4 ·1 5 17.2 20.1
-

792 02' 1:3 - 9t16027 Quartz:> 9.5 44.7 -44 12.2 33 9 79 7 03 16 58 0 ·13 17.1 21.4

I 6028 Quartz:> fine mill 78 8 0 3 9.6 0.9 437 -47 11 .3 349 790 03 96 1.1 57.2 ·1 4 169 22.1

16029 Potassiumteoscar :> 77.3 1.0 9 9 1.3 46 3 ·37 12 6 322 78 0 1.0 97 1 0 59 1 .1.1 17.3 20.3
-+ .(]2'16030 ZirconIUm~t\lte 85.2 -03 7.7 7 4 4lI 3 -4.1 14 6 306 851 8 0 73 659 ·1.3 17.1 141

16031 AlUMina Y;~ lte 82.8 -0 1 7 8 52 47 9 -40 12.9 307 83 0 .oj- 7.9 5 4 648 -08 15,4 144

3. ANALYSIS O F EXPERIMENTAL RESULTS

3.1. Permeability to stai n sol u tions

Measu red para meters:

Pen et ration depth of the chrome sta in solution III a cross se ctio n of the fired
specimen (rnrn).

Th e value found was the av erage of several measurements run on the magnified
(30x) image of the cross section with an optical mic roscope.

Parameters cons id ered:

The characteristics that most affec ted absorp tion are se t out below.

Di scu ssio n o f results

I) Ave rage penetrat ion dep th w as 1.78 mrn, suffic ient to allow polish ing; colour
uni formi ty was not assured w hen pol ishing was ve ry deep.

2) Refe ren ce bod y (I 6023, Standa rd) exhibited high permeability, decidedly above
the average va lue and is an example of a correctly for mulated body.

3) With rega rd to the reference bod y and all the ave rage va lues, body I 602-l
enriche d w ith mont morilloni tic clay exhibited modest pe rmeability (1.63 mm.).
This result is related to the grea t plasticity of this type of clay, w h ich encourages
densification in press ing (confirmed by the very high d ry bulk density va lues
and d ry-to-green 1\1.0.R. ra tio ), lowering porosity, while having the same
mineralogical characte ristics as montmorillonite, i.e., tendency to abso rb
interlaminar wa ter causing swell ing and obs truct ing the capillaries whe re the
slain solution was to penet ra te.

-l ) Regarding the refe rence body an d all the ave rage values, body I 6025, enriche d
with kaolin, exhibi ted a decided ly high pe rmeability (2.03 mm ). This was in
principl e related to the fact th at kaolin can imped e reci procal part icle movement,
ow ing to sca rce surface in teraction w ith water, therefore limi ting compa ction in
pressin g, wh ich prod uces reduced value s for bulk density in the sem i-fin ishe d
products.
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3) Although absorption was quite fast, as the very short drying times indicate, the
bodies enriched with quartzose sand (1 6026-8) nevertheless exhibited quite a low
penetration depth, regardless of the mill reject. This suggests a chemical type of
interaction between the solu te and the quartz, whose mechanisms need to be
verified and explai ned.
From a physical point of view it can be observed that when quartz particle-size
was coarse (sho rt milling), the clay mat rix exhibited few breaks and cap illarity
was limited , so that the mass was not very permeable; how ever, with long
millin g the fineness of the clay particles, which favo urs the format ion of a mass
con taining cap illaries with small cross sections, is balanced out by the existence
of a hom ogeneously d ispersed particle network, which encourages clay matrix
discontinuity. These effects tend to reciprocally bala nce each other ou t when the
degree of millin g is changed.

6) With regard to the two white bodies (I 6030-1), the bod y contai ning alumina
white (I 6031) exhibited a more marked permeability, which was not due to its
different specific weight (approx. 4 g f cc for alumina and 4.5+4.6 g f cc for
zirconium silicate) and thu s to the differing volume taken up the particles, but to
the fact that to hold a certain che mical equi librium in the clay, the increase in
alumina has been compensated by red ucing the kaolinite content in favour of
compleme ntary non-clayey minerals (albite).

7) The organic carbon proportion in the di fferent clay bod ies fluct uated wi thin a
very narrow ran ge; this was becau se of the selected raw materials used, a use
alread y consolidated in Europe. It is therefore diff icult to gauge the importance
of th is parameter with regard to permeability, but there is no doubt that in clays
with a high proporti on of organic matter (relative ly Widespread in othe r
geographic area s), the hydrophobic beha viour of such organic matter can
hamper abso rp tion of wa ter solutions.

: :~ ~: ooa~
16028 Quartz > ftne~
16029 PotaSsllJlTl laldspar>

16030 lJ<con'llm "'h ~e

I 6031 AlI.ImM wMe

3.2. WElTING EFFECTS

Mea sured parameters:

Modulus of rupture of the green semi -finished products (size 320x320x9 rnrn,
approx. weight 1700 g) surface we tting at 50+55°C by airbrush application of 30 g
water, measured 120 s afte r application.

- Examina tion of eventua l deteriora tion in surface qu ality as a result of wetting.
None of the inspected bod ies showed any significant surface degradation afte r
wetting.
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Param ete rs consi de re d:

The pa ram eters tha t play a part in impa iring mechanical p roperties after we tt ing are
de tailed in the following table:

Wet MORo! Olhers Org. c %Rej. %Rej. D...,.

BODY CODE "OR. MORE Illite % Montm." Kaol % Quartz % Albite'% K·Fek1. % % ""'" 63um ' s,.m !i«
I 6023 Slafloafl:! 162 0 &1 s 0 26 20 38 5 2 180 07 4.5 1901

21 4
-

065 7
-

2 26 20 38
-

5 2 166 08 s.t 1 93016024 ',lCC"tmcolof'"r.~ ;:.

I 602S Kaok'r.e > 12. 0 76 5 0 zs 20 38 5 2 84 O' 2.6 1858

I 6026 OJall ,. coarsemil 160 07 1 ! 0 26 23 37 • 2 150 1.8 88
~~~

I 6027 Q..a1Z:> " 2 0 68 8 0 }- 23 37 • 2 150 O} 3 7 1.909

I6028 OlJ¥tZ ,. 'oe m~l " 5 0 69 8- - 0 23 37 • 2 150 0 1 1.1 1879

I I~ Pot<lS$ll,lT1 teldspar> '" 0.68 9 0 29
- 20 18 - 23 1 IBO 08 30 185C

--+ --+-
I 6030 ZlrCOrll"m 1'o ~lte 17 8 067 9 0 25 t7 37 • 8 168 O. 2.5 1 925

16031 AIl,lml"lawl')lle 114 0.63 8 0 23 17 <0 , 8 168 05 29 1.855
-

Average 15.6 0.68 8.0 0.2 26.2 20.3 35.6 ,. 3.2 157 0.69 3.76 1.891

"" 21.4 076 9 2 zs 23+- <0 23 8 168 18 88 1930

"'" 12.' 063 , 0 23 17 18 • 1 84 0.1 1.1 1.85C

STDdev 759 000 10 O' 3.< s ... 39 7 952 0 23 JT7 o.eot

Di scussion of results

1) Nearly all the bod ies lost about 30% of the ir mechani cal s trength after wetting.

2) In the case of bod y I 6024, the effect of the toughness of a 2'}!, montm ori lloni te
p roportion prese nt among st the compone nts, produced ve ry h igh strength
va lues for the se mi-fi nished p roducts.

3.3. DEVELOPM ENT OF COLOUR IN FIRING

Measured parameters:

Colorimetric indices L, a, b of the fired specimens and their change compared to
the reference, corresponding to non-polished sta ndard composition I 6023.

Colorimetric indi ces L, a, b of the fired and po lished specimens (average
polish ing dep th 0.6 mrn ) a nd the ir cha nge co m pared to the re ference,
corresponding to no n-polished sta nda rd composition I 6023.

Para meters considered:

The following table details the colorimetric ind ices of the fired, non-pol ished
bod ies, non-coloured and coloured with the chrome salt, together with thei r chemical
com positions (~E represents the cha ng e com pa red to referen ce bod y 16023, ~E ' rep rese nts
the cha nge relati ve to the non-coloured bo dy being stud ied):

NON-POUSHED BODIES

- WHITE BODIES CHROME COLOURED BODiES
BODY CODE L' a' b' DE L' a* b* DE DE' ~O2 A120~ TiO 2 Fe,O, ceo MgO K, O Na, O ZrO,

IS023SID -- -r-rr-' ••.,
19.70 5

T -
762 0.3 10.3 0 0 -14.6 ·3.7 11.6 339 339 692 0 5 D. 0.3 1 2 4.3

16024 Moolmor ~lc:nte ,. n9 0.3 10 3 D. ... .0 ·3 8 10.6 34 4 34 1 66 21--20.. 0 4 0 5 D. 0.3 , 2 ' 3
l-- --'-

34 3 '36"0 21T 03 I--
I 6025 Kaohl":> 79 9 0 3 6 9 22 446 -6.3 ' 0 6 67 5 D. D. 0 2 t4 <3
- -- -" 4S.2--+--::t.6 n sr350 696.... 193 0 4+- 0 5

~

I6026 (),Jartz :>coarse mIl 79 7 02 1.7 125 D. 0.3 12 4.1

16027 Ouartz >
- - - - - -

- 69 6 19-r-0" 0 5 0 4 0 3 12
-

792 02.....9 5 1.3 44.7 " .' 12 2 33 9 34 9 ~- -
:137 ,17 11 3~ -69 6 193 OAt 05 040 3 , 1.2I 6028 Ouar.z:> hnemill 76 6 0.3 9~ 41

+-- .£7'-2F 0.5 o:sj: 0~3 • 1
--

I 6029 Potassiumfeldspar :> 773 46 3~32.2 ~ 2.3= -- 1.L9.9 1.3
I 6030 Zirconium while 65 2 ·0.3 7~'~ " 6t 30.6 37.7 66 7 169 0~.5 0" 0.3 1.1 ' .1 3 7

-+c- -
4.S+--16031 "lumlN wme 626 -01 7 6 5 2 479 -4 01 12 9 30.7 ' 35.5 65--0+-244 0 5 0 5 0 '~1.0
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Discu ssion of results

1) All the bod ies we re white, as the L ind ex values ind icate .

CASTELLO" (SPAlj\;)

2 As is well known, the whitenin g effect of microni sed zirconium silicate is, at the
same addi tion to the composit ion (6 % dry weight), supe rior to that of alumina
(zirconium white exhibits L = 85.2 versus L = 82.8 of alumina white).

3) As observed in the variations of liE ' com pared to the non-coloured value, which
were very high for the bod ies with a high kaolin content, whitened with
zirconium silicate and alumina, the colouring effect was heigh tened by the whi te
bod ies. Similarly, a red uction can be observed of the colouring effect wit h the
substitu tion of sod ium feldspar by potassium feldspar (liE '=33.9 for the standa rd
bod y, liE·=31.5 for the body containing potassium feldspar).

4) Comparing the a' and b' ind ices in the d ifferen t coloured bod ies, it can be
obse rved that the green colou r of the body with a high kao lin proportion was
pa rticula rly noticeable (see va lue a' )' wh ile zirconium rather tended to yellow
(see value b' ).

The following table sets ou t the colorimetric ind ices of the polished fired bod ies
versus those of the non-polished bod ies (liE" represents the variation relative to the
polished non-coloured body being stud ied):

NON-POUSHEDBODIES POUSHED BODIES CHROMECOLOURED BODIES
BODY CODE L' a' b' DE L' a' b' DE DE' L' a' b' DE DE"

16023 ism 78.2: 0.3 10.3 0.0 786
1 0 3i

10.1 0.5 0.5 57.0 ·1.4 17.3, 22.4 22.9
I

I6024iMonlmonllonrte > n,9 0.3 10.3 0.4 78.3: 0.3 10.2 0.1 0.4 55.2. ·1.0 16.5 23.9 24.0

I6025 .Kaolin> 79.9 0.3 8.9 2.2 80.3, 0.6 9.1 2.5 0.5 558, ·3 3 15.8 23.3 25.7

I6026 1Quartz >coarsemill. 79.71 0.2 9.4, 1.7 80.1 0.2 9.4 2.1 0.4 594
1 ·1.5 17.2 20.1 22.1

16027 iQuartz > 79.2, 0.2 9.5! 1.3 79.7 0.3 9.6 1.6 0.5 58.0 ·1.3 17.1 21.4 23.0

I 6028 IQuartz> linemill. 78.8; 0.3 9.6 0.9 79.0 03 , 9.6 1.1 0.3 57.2. -1.4 16.9 22.1 23.1

1 6029 · Pa~s~um lekOpa r > n,3 1.0 9.9 1.3 78.0 1.0 9.7 1.0 0.7 59.1 1 .1.1 ' 17.3 20.3120.4

I 6030 IZ. oonium whrte 85.2 -0.3
7.7 1~~

-0.2' 80
1

7.3 0.3 65.9 -1 .3 17.1 14.1 21.2

I 6031 IAlum,nawhrte 82.8' -0.11
I I

-0.8' 15.417.8 5.2 83.0 -0.11 7.9, 5.4, 0.2 64.8 14.4 19.7

The polishing can be observed to produce a slight rise in the L inde x.

Besides compa ring the values of liE", the table shows that the body wit h a high
kao lin content kept its enhancement of the chromop hore effect, while the bodies
whitened with zirconium and alumina lost mu ch in this sense with regard to the othe r
polished bodi es.

4. G EN ERAL REMARKS

Summarising it can be stated that:

1. Reference body (I 6023) was sho wn on the who le to be the most balan ced
composition wit h rega rd to both mechanical cha racteristics and permeability. Thus:
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• Under ind us tria l form ing conditions (400 kg f/ ern'), it was decidcdl y tough bo th
in its green (8.1 kg i/cm) and dry (25.4 kgf/ cm-) state, as w c 11 as afte r wetting
(16.2 kgi/ cm-), thercfore keeping possibl rupture and tcnsin g of the s...mi -
finishe d p roducts d uring decoration , conv ying and storing p rio r to firin g down
to a m inimu m.

• Permeability wa s very satisfactory (av erage penetrat ion 1.97 rnm ), very c1ose to
that of the body with a h igh kaoli n content (2.03 mrn ):

• Th e same was found for surface d ry ing timc (70 s), which was more th an
acce ptabl e.

• At the ind us tr ia l m illing rejects se t (0.7% at 63/lm; 4.5% at 45 u rn) the d...g ree of
vitrificat ion at a pcak firing temperature of 1210CC w as in line w ith standa rd
va lues for the highest quality (M.O.R. 430 kgf/ em', water abso rption 0.01%),
ensuring good mechanical properties an d surface hygiene.

• Although the degr...... of whiteness was lower than that of th e bodies with a high
kaolin and quartz content, the va luc of the L ind ex w as c1ose to the av erage val u...
for the non-opacified bodies, just as th... body colo uring property (as shown by
the dE va lues of the coloured bodies com pa red to those of the non -coloured ones,
whethe r at natural or pol ished sur faces). Th ... bod ies with high kaolin (1 6025) and
qu artz (I 6026-8) proportions, altho ug h exhibiting better chromat ic p roperties
prese nted other lim itations : bo dy I 6025 was not very toug h in the green state,
while bodies I 6026-8 exhibited a lower than average penctration depth, w hich
could becorne a problem especially in the case of screen-pri nting runs on surfaces
that are to be polished.

2. Of the two opacifi...d bo dies, the zirconiu m white-contain ing body (I 6030 )
appea red to exh ibit more in teresting behaviour compared to that of the alumina ­
containing formu la tion (I 6031). Thus:

• It was much w hit ... r, as the values for the L index at the natu ra l surface (85.2 for I
6030,82.8 for I 6(31) as well as at thc po lished surface (85.1 for I 6030, 83.0 for I
6(31 ) show, whil... also colouring more easily (d E' = 37.7 ve rsu s 35.5 at the rough
surface, tiE" = 21.2 ve rsus 19.7 atthe pol ished surface).

• It exhibited more than satisfacto ry mechanical st rength in the grcen bo dy (7.6
kg f/ cm), in the d ry state (26.5 kgf / cm-), and after welling (17.8 kg f/ cm-), by far
cxceed ing th at of body I 6031 (respectively 6.7,21.4,13.4 kgf / ern - in the green, dry
and welled sta te ).

• Dry ing time was short (75 s). though higher tha n that of body I 6031 (60 s).

• At mi ll reject s resembling industrial va lues (0.4% at 63/lm ; 2.5% at 45 11 m ) the
degree of vitrification at a peak firin g tempe rature of 121O°C wa s in line with
standard va lues foun d for the highest qu ality (M.O. R. 440 kgf / cm, insigni fican t
water absorption), assuring good mechanical properties and surface hygiene.

[ II 'Cvrreiazione Iraconwo-iziouedlim it"o-m;lll'rnh'gica c c%ml'ilitil (l ll/ ...ali a{lm(~filri h, im~'a:> t i di gri'~ p[lrcdlmlllto'. Tcsi d i licenza di
C . Gillgh i c ~1. \I i n~.lnt i . lstit ut o Sta tal..' d 'orte pe r la Ce-ra rnica «G Bollardinl .. Facnza - C urso di l'c rtccciona rnlcn to en
Tc..-nlll(lg l.l Ccramica: "Ccranuc hc Special!" - Ano escolar 1996·97.
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• The onl y di sadvantage to body I 6030, compared to I 6031, was it lowe r
penetration depth (1.72 mm versu s 1.90 mrn ), which much be considered case by
case together with othe r facto rs.

NOTES

II IWith regard to the mechanism s that govern the absorption of so lutions and
deposit ion of chrom ophore ions inside the mass, the following eleme nta ry processes can
gene rally be identi fied :

• Mass transport from the surface inwards into the ma ss by capillary action.

• Surface abs orption and eventual interlaminar absorp tion of water molecules by
the clay const itue nts till surface sa tu rat ion and / or sa tu ration of the voids
between the clay plates, with greater or lesser swell ing of the plastic matrix,
resu lting in rest riction of the cross section of the capillary tubes and increased
resistance to liquid transpor t.

• Possible interaction of an electros tatic and / or chem ical type of the so lute's
cationic or anionic part with unsaturated bonds present at the crys ta l grain
boundary.

• Precipitation of ch romophore metal salts by oversatu ration of the so lu tion as a
result of the evapo ration of the aqueous solvent.

• Undesired precipita tion of sca rcely soluble salts and metal hyd rogens tha t have
formed as a result of excha nge reactions from solutes in speci fic pH condi tions
(e.g. precipi tation of iron hyd roxides in a basic environme nt, if mod erately so).

LIQUID MASS TRANSPO RT

With regard to capillary action!", the Poiseuille equation can again be considered,
which describes laminar flow of a fluid in a granular bed as a result of a pressure
grad ient:

wh ere : t>H = pressure gradient (ern liqu id column)

K, = Kozen y constant (5 for sphe rical particles)

II dyn am ic viscosity of the liqu id (poise)

r density of the liqui d (g / ern ' )

v, = flow rate (ern / s)

12). PI RKY' S CHEMICAL E 'JC I, H Il$ ' f h :-"0 6t) OK (lVIII Enrno v). PERRY; O ULlO!\,; , K lI':"'PATRIC"' . 1%3, ~kGraw-H iII . (l 5-3Y+-W ).
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fl,

5

s
F

d =

II QUAU~98

true de nsi ty of the sol id pa rticles (g / crn')

particle speci fic su rface area (cm' / g)

acce leration by grav ity = 980 cm / s'

porosity of the medium (d ime ns ionless)

granu lar bed depth (em)

tak ing into acco unt the absorp tion potential due to cap illary forces:

p = Ko
"'P'g

wh ere: P

x

o

r

p

s

=

=

=

=

=

absorption potential (ern liqu id column)

packing factor (= 12.9 for rhom boh ed ral packing; = .l.8 for
cubic packing)

liqui d su rface tension (dyne / em)

so lid pa rti cle mean radius at whose int e rstices lie th e
capilla ries (ern)

liqu id d en sity (g / cm')

accele ration by gravity = 980 cm / s'

allows deriving a valid eq ua tion un der steady-sta te conditions:

P - P - d p.o·,.2v = k - d • J:_'--..C"'\--,--_
f d !-.l

where: k = proport ionality factor that depends on packing and particle
shape:

abso rption po tential at the su rface and at depth d.

It can therefore be observe d that :

• v, increases with the square of r: particles with finer size fract ions obstruct
permeabi lity

• v, decreases with Il= more viscous liquid s slow do wn the p rocess

• v, increases with 1', - 1'.,: the larger the differen ce be tween absorption potentia l at
the su rface (I' = (X 0) / (r p g )) and ins ide the bod y, the more the p rocess is
facilitat ed . Thi s cond ition often ar ises, if it is cons ide red th at the densification
produced by pressin g the powder is greater at the su rface than inside the
compact owi ng to an ene rgy fraction that di sperses by friction inside the mass
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(XS > Xd), and that the powder with the fines t size fraction tends to be dragged
to the surface by the air exiting the materi al during compaction (r, < rd ) .

SURFACE AD SORPTION AND INTERLAMINAR ABSORPTION

The surface adsorption and interlami nar absorption mechanisms by the clay
min era ls are well-known from the literature and treatmen t of the subject lies outside the
scope of th is study. However, it deserves to be noted tha t:

• Ad sorption is facilitat ed by surface reactiv ity, and therefore by its ionic activity
and defect concentration, more striking in the case of silicates with a high degree
of silicon and aluminium ion substitu tion in the crystal latt ice (illite type
struc tures), and by the material's speci fic su rface area, hence as a result of its
particle-size fineness.

• Inte rlaminar absorption is a peculi arity o f clay mineral s wi th a T-O-T
(tet rahedra l-octahed ral-tetrahed ral) structu re, and is also favoured in th is case by
a high degree of si licon and aluminium ion substitu tion in the latti ce (e.g.
montmori llon ite).

SOLUTE INTERACTIONS WITH COMPLEMENTARY MI NERALS

Und er ce rtain cond itions interactions of an electrostati c and I or chemical type
cannot be excluded by the cat ion ic or an ionic part of the so lute with un sa turated bonds
or particularly reactive gro ups (-OH, -0- Na +, etc.) present at the gra in boundary in silica
crystals. In parti cular, it has been shown that in common glasses, in which there is no
orde red silica latt ice, there may be up to 4.6 silane group =Si-OH per nm -, as well as non­
associated ones (accordi ng to pH) or wi th the hydrogen atom repl aced by a metal cation,
which constitute linking sites for other ions prese nt in the environment!",

13). 'La ~llrlf.' rfkil· dcl rctro: bn~i -cientificue" t'r In ricerca indust riate' , Pi\~:\l CHARI Il' lt Rivista della Staz. Spe rodel Vctro n. 4 • 19Y7.
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