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ABSTRACT

The pink pigment (Cr)CaSIl SiO" /phose crustallinc structure corresponds 10 nutltntaitc, is
characterised by gellemlilzg a "cry wide mllge Ofglaze colours depewlillg 011 tlu: Iype of fritused .
The silldl/ carried 0111 willi differCllI Iypes of [nt, selected ml/(JIlg those commonlu used ill the
ceramic sec1m; ha« identified three possible phenomena that could affeci the arising colour: piglllCll I
dissollliioll, crue tnllisation from tlu: glaze of other specie" different from the piglllellt, awl
inunisciblc glas"y phase scparntion in the glaze.

1. INTRODUCTION

Accord ing to some au thors, the use of pink pigments of ch romium-calciu m-tin-s ilica
in ce ram ics go es back to the XIII cen tury II I, and was kept as an al terna tive to CdSeS to
produce pink and red d ish tones, while the g lazes were based on the svstern SiO,-l' bO.
Wh en the d evelopment of lead -free g lazes began, it was foun d th a t in' man y cases thi s
pigment d id not produce the desired colou rs 1' 1, even though the pigment w as stable up
to very high temperatures 1.1/.

The crysta lline stru cture of the pigment is known as malayaite, with theoreti cal
form ula Ca SnSiO" which is s imi la r to sphene, (whose theo re tical formul a is CaTiSiO"
with monoclin ic sym metry) 1'1. The red d ish colour stems from the inclu sion of Cr as a
d opant in the structu re 1'1.
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N u merous stud ies have been d evoted to pigment synthesis, to define the mos t
favourable production cond itions, varying pigmen t composition to ach ieve other colours
or sy nthesising it by non-conventional methods [4,0,7,' 1, However, stud ies ana lysing the
variations in the arising colours whe n the pigme nt is incorporated into glazes are
rela tive ly sca rce,

The poor colouring power of the pigmen t in certain glazes wa s in p rin ciple ass igned
to its instability on exposure to attack by the glassy ph ase form ing from the glaze du ring
firing, Blachere considers the presen ce of Zn or other biva lent cations in the glaze to
favour Cr extraction from the p igment to form the corres pond ing sp ine l, causing pigment
break-up 12], On the othe r hand, Stefani et aL ind icate tha t the substitu tion of Ca in the
pigme nt structure by Ba or Sr from the glaze is resp on sible for the loss of colour 14],

Stud ies using several types of frit, such as those of Byrne, et al. [W I, show th at in so me
cases the st ruc ture of the pigment is broken up, while in others lack of colour is not
ass ocia ted wi th the disappearance of malayaite, so that o the r ph enomen a must be
involved , In these stud ies, although the effect of heat treatment peak temperatu re on the
stability of the colour gene ra ted is par tly analysed, the influe nce of its residence time at
peak temperature or of the type of cooling is not cons idered, w hich can be of decisive
im portan ce w hen the pigment is used to decorate single-fire tiles,

In view of the above, this work analvses the effect of the interact ion between the
pink ch rom ium-calcium-tin-silica pigmen t wi th severa l frits, in orde r to identi fy the
mechanisms respo ns ible for the arising colours, w hen heat treatments with the struc ture
of the sing le-fire cycles are used,

2. EXPERIMENTAL PROCEDURE

The tests we re carr ied out with sam ples of industrial frits and pi gment, so that the
resu lts are comparable with those found in an ind ustrial plan t. The cha racte ristics of the
se lected frits, type, maturing temperatu re (Tm) and compositiona l detai ls are se t out in
Table 1.

frit type Tm Composition (mol%)
("C ) Al,O, M,O MO z-o,

FI Fast twice tire 1000 7 9 12 -
F2 Porous single fire ] 11 0 5 4 23 -

F3 Traditional twice fire 940 8 13 10 -
F4 Fast twice fire 980 5 5 18 -
F5 Porous single fire 1090 4 5 24 -
F6 Porous single tire 1]00 4 4 24 4

F7 Traditional twice fire 870 3 4 38 -

F8 Fast twice fire 1060 5 9 10 7

F9 Porous single fire 11 20 5 2 27 -

Table 1. Characteristic»of tilt' fr its It sed il l tile study
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Th e frit-pi gm ent mixtures were appropriately proportioned by weight and wet
mill ed in a planetary mill w ith ace tone for 9 minutes . The su spension was dried under
infrared lamps and the powder was sieved on a 600 urn mesh . The sieved material was
moisten ed to 6% (kg H,D /kg dry so lid), and cylind rical test spe cimens were formed in a
laboratory press, a t a pressure of 400 kg / cm'. The test spec imens were dried in a
laboratory oven and fired in an electr ic laborator y kiln, with a typical floo r tile cycle (fas t
heating up to 500"C, heating at 25"C / min to Tm of the test frit, holding the spec ime ns at
peak tempera tu re followed by forced fan cooling, except in the quartz inversion stretch,
in which natural coo ling wa s used ). The fast cool ing experiments were ca rried out using
the same heating sche me, with a 6-min hold at Trn. allowing the specimens to cool in the
kiln wi th a fan until reaching the chosen fas t coo ling start temperature (Ter ), when th e test
specime ns were w ithd rawn from the kiln and allowe d to cool in ambient air.

The determinat ion of the spectrophotometric curves and the CIELab chromatic co
ord ina tes of the resu ltin g test specime ns were carr ied out on a Macbeth, Co lou r-ey e 7000,
spe ctrop ho tometer wi th a standard CIE C illu m ina nt and CIE 2" standa rd obse rver. (In the
CIELab system, L* is the lightness or white-b lack axis, a" is the red-green axis, and b" is
the ye llow-blue ax is).

Th e evolution of the pigment in the glazes was monit ored by identifying the
crystalline phases present in the glazes by means of X-ray diffractio n (XRD), w ith a
Phillips PW 1840 instrument using the random powder method . Fo r thi s, the test
specimens we re previously ground in a ring m ill w ith a tungsten carbide beaker.

Test spe cimen microstructure was de termined on a Phillips X50 sca nning electron
microscope. To enha nce the differences in composition, the sam p les in wh ich the
differences we re more difficu lt to apprecia te were light ly etched with di luted HF.

3. RESU LT S

3.1 CO LOUR DEVELOPMENT

As a reference of ac tual frit co lour, Table 2 details the chroma tic co-ordinates of the
frits, each fired with a 6-min hold at Tm . The chromatic co-ord inates of the colours
produced on ad d ing 5 wt% pigment to the different frit s, fired at th e respectiv e Tm with
four different hold times, are listed in Table 3.

Fl F2 F3 F4 F5 F6 F7 F8 F9

L* 85.60 92.44 87.68 9 1.32 96 .75 97 .44 93.94 96 .99 94. 19

a* -3.39 -.1 .64 -3.0 1 -2.5..J -0.79 -0.89 -288 - 1.16 -2.5 1

b* 5.82 -2.96 3.37 3.24 2.56 2.60 4.05 1.02 -0.83

Tilb1C2. Chromatic co-ordinates of tilt'fril':' fired for 6' at their Till.
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I frit L* a' b' frit L' a' b' frit L' a' b'
(min )

0 .1 46 .99 25.63 4.2& 47.55 24 .70 -9 .74 62.15 19.2l< 2.98

6
F I

-t5 .69 25.96 4.6-1
F2

4 X.63 23.2 1 -13.27
F3

62 .71 19.6-1 2 .92

I S 45.33 25.lJO -I.7n 50 .20 22.17 -1l.77 61.95 20 .28 3.06

30 45.19 25.82 4 .77 52.05 20.94 - 13.67 61.72 l O,tll 3.L!

0 .1 4X.36 24.43 3.76 66 .9X 19.00 -0 .09 67 .61 IX.53 0 .09

6
F4

49.7 1 24.70 3.79
F5

68 .83 17.65 0 .15
F6

69.02 17.61 0 .2 1

15 51.11 25.01 3 .78 69 .6-1 17.09 0 .11 70.61 16.6-1 0 .22

30 51.67 25 .08 3.79 70..1 0 16.1'15 O.IX 71.49 16.10 O.IX

0.1 76.4.1 11.52 2.00 68 .76 19 .53 0 .96 50 ..17 24.75 -9 ..16

6
F7

76.55 12.M 2.20
F8

7 1.26 IX.71 1.53
F9

5 1.82 1.' .00 -12.92

IS 76.26 13.15 2.33 72.5 1 IX. I I 1.53 53.74 :!2 .11 -12 .07

30 75.59 1-l.52 2.15 73.26 17.55 1.55 55.1l I 2 1.44 1 -12.34

Table 3. Ctironuuic co-ordinates of spech"clls u·it!, 95% I ril - 5 f,1r, pigm t'Izt, fi red for diffi.'rt·lIt resid l'IICt, times
at their T111 .

The tabl es show that the frits produce white gla zes with high lightness, and a
greenish and a ye llowish compo ne nt, except in two cases, F2 and F9, whi ch hav e a slightly
bluish tinge. However on incorporat ing the pigment, three di fferent groups can be clea rly
d istingu ished as a fun ction of resulting colour chromaticity :

I. Fl and F4 give rise to intense red d ish colours (a*>24, 3<b*<5), w hich remain qui te
stable on increasing the ho ld at Tm.

II. F3, F5, F6, F7 and F8 yield pinkish colou rs (lO<a *<21, O<b *<3), w hose behaviour
on increasing residence time is variable, though in most cases a tenden cy is
detected toward a decrease of the red component, while the yell ow one remains
stable (F7 is the most notabl e exception).

Ill. F2 and F9 produce purple colours (a*>20, b*<-9), but they reduce the red
component an d increase the blu e on e as the hold at Tm rises .

These differences indica te that the behaviour of the glaze+pigment combina tion is
subject to the effect of various phenomena that modify the final colour, and that their
inten sity also depends on residence tim e.

3.2. CH ARACTERISATIO N OF THE CRYSTALLINE PHASES

The crys talline ph ases ide n tified in each test specime n, as well as the inten sities of
the most cha rac teristic diffraction peak s of each spec ime n are detailed in Table 4. With
regard to the pigment, the study was cond uc ted using the pigment's most inten se pea k
(I"., and I;n of malayaite), not overlapped by any othe r crystalline phase peak .
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frit crystalline phase peak time at Tm (min)
(I) 0.1 6 15 30

Fl maIayaite (CaSnSiO j ) 100 269 ~92 286 1"1_ 1-

malayaite (CaSnSiO j ) 50 259 199 144 172
F2

wollastonite (CaSiO; ) 100 172 - - -

I

rnalayaite (CaSnSiO, ) 50 303 299

I

33l 335
F3

cns tobalirc (SiO, ) 100 0 34 161 l'_ 0

malayaite (CaSnSiO j ) 100 328 324 306 292
F4

hardystonite (lnCa, Si,O; ) 100 0 146 353 493

maIayaitc (CaSnSiO j ) 50 256 246 193 199
F5

petedunnite (l nCaSi,O, ) 100 790 655 524 506

malayaite (CaSnSiO, ) 50 243 11 1 222 2 13
F6

peredunnite (l nCaSi,0 6) 100 502 576 462 506

malayaite (CaSnSiO,) 100 581 480 5 15 416

F7 willc mire (I n,SiOJ 80 303 "'''' 1 '' 2381 2323- .)- -,

Znl.,SiO, 100 590 - - -

malayaite (CaSnSiO, ) 50 335 216 174 204

F8
zircon (lrSiO,) 45* 388 581 807 807

baddclcyitc (lrO, ) 100 320 62 42 0

cristobalite (Si0 :l 100 161 - - -

rnalayaite (CaSnSiO,) 50 246 253 159 146

F9 wollastonite (CaSiO)) 100 380 335 222 202

cristobalite (SiO:l 100 286 339 259 207

"Overlap ping with reflection 15 of malayaite.

Table..J . XRD re~/( l ts .

The e volution of characteris tic peak intensity of the cryst a lline phases p resent in th e
test specimens (o f malaya ite, as well as of dev it rified phases ), a llows interpreti ng th e
varia tio n o f ligh tness and the red co m ponen t observe d in the co lorim etric study. This
enab les d istin guishin g th e groups belo w (in the figures the chromatic co -o rd ina tes a* and
L*-45 have been represented on one axis to fit them to th e same range of va lues, w h ile
crysta lline phase peak intensi ty, d etected by XRD, has been plotted on the seco nd axis.
Resid ence time at Tm has been plotted on the abscissas ).

a ) The quan ti ty of p igm ent remains co nstant and other crystalline phases do not
ap pear. As is to be expected in this case, the red component hard ly varies , and its
absolu te value d epen d s partly on th e tr ansparency of the g lassy p hase . This is th e
case of fr it Fl (see Figure 1). The small reduction in ligh tness ca n be ass igned to
the increase in glass hom ogeneity w ith longer heat treatment time.
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b) The quantity of pigment rem ains practically constant and other crys talline ph ases
appea r. In th is case the red component also shows no appreciable variati on in the
frits exhibiting thi s beh aviour (F3 and F4, see Figures 2 and 3), althou gh the
absolut e valu e of a" is lower in the former. This can be due to the lesser
tran sparency of the glassy phase developed by F3, which is consisten t wi th the
minor variation of lightness that this frit exhibits when it begins to devitrify
cristobalite, whi le F4 ligh tness rises as the devitrified hardystonite fraction
increases.

c) The quantity of pigment decreases and othe r crys talline phases appear. In th is
case the expec ted behaviour is a decrea se in the red component and rise in
lightness, as resid ence tim e increases, due to the combined effect o f the
di sappearing colorant and rise in opacifiers. This beh aviour is clea rly observed in
frits F5, F6 and F8, since the first two devitrify petedunni te and the third zircon
and baddeleyite (see Figure 4 to 6).

Frits F2 and F9 can also be included in thi s group, although the form er with
certain reservations because wollaston ite, which ini tially devitrifies, has already
di ssolved after a 6' hold at Tm (see Figure 7 and 8). In both cases a clear decrease
is appreciated in pigm ent quant ity as resid en ce time rises, with an ens u ing
decrease of the red compo nent. The rise in lightness can be assigned to the
presence of crystalline phases, bu t it is also necessary to keep in mind the
immiscible glassy phase separation phenomenon, which is set ou t below to
interpret the appea rance of the blu e compo nent.

Finally, frit F7 departs from expec ted beh aviour, since the decrease in the qu antity
of pigme nt is sma ll, and is also ma sked by the important qua ntity of crysta lline
ph ases that devitrify in the glaze (Figure 9). In th is case lightness falls a litt le, and
the red component increases slightly as resid ence time rises, which can be related
to a rise in transparency of the residual glassy phase.
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The di ffraction results ha ve in no case sho wn the presen ce of mi xed MCr,O, sp inels,
which can a rise from the extraction of Cr contai ned in the pigment by th e glaze, or of
BaSnSiO, phases, indicating that these pigment break-up mechani sm s d o not appear in
these spec ific g lazes, or that the quantity of these phases lies below the detection limit.

Wh en relating the che mical composition of the different frits to pigment lack of
stability in the arising glassy phase during firing (frits F2, F5, F6, F7, F8 and F9), thi s
phen omen on see ms to be mainl y rela ted to frits rich in calciu m, since the frit s in wh ich
pigm ent decomposition is not observed have in common, from a com positiona l point of
view, a CaO molar below 8.5%. However it canno t be di scarded that pi gment stability is
a comp lex fun ction of the glaze composition, which va ries as the va rious detected
crysta lline species devitrify.

3.3. EXPERIMENTS TO VISUALISE POSSIBLE IMt-IlSCl BLE G LASSY PHA SE SEPA RATIO N

Glazes from frits F2 and F9 differ from the rest becau se of their notabl e blue
component, w hich transforms the expec ted red d ish colour into an intense purple. Th e
appea rance of blue tinges in the glasses is a clear ind ication of phase separation or at least
of some heterogen eities in the compositi on , which are reflecte d in the refractive index, o f
an app rop riate size to cause visible light sca ttering (less than 0.3 microns) and hen ce the
ap pea rance of a blue tinge (accord ing to the Ray leigh theory, dispersed light intensity is
inversely p roportional to the fourth power of its waveleng th, an d therefore preferentially
di sperses the rad iation belonging to blue and vio le t in the spectru m 1111) . As ph ase
se pa ra tion usu all y takes p lace during glaze coo ling, di fferent expe riments were carried
ou t modi fying the coo ling stre tch of the cycle used to make the test spec imens, in order to
verify whether the componen t found was due to this ph enomen on.

Since frits F2 and F9 are very sim ilar from a che mica l composition and colorimetric
behaviou r point of view, the tests were cond ucted w ith frit F2, both by itself and with a 1
wt% pigment ad d ition . The results of the experiments w ith fast cooling are detailed in
Table 5.
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To< J F2 I F2 - 1% niarnc nt
(Oc) I LO ,0 bO I LO , 0 bO

1110 79.17 -3.39 ~ .32 60.55 19 .75 l. Si

JIlOO 1'0.56 -3.71\ 2.~6 59.6& zo.os 2.33

950 80.25 -3.10 0.75 61.01 20 _5~ -5.4 1

900 85 .66 -:!.53 -3.n 6...L! 1 19.4 7 -9.S7

l!.50 85A:: -3 .9:' -5.2-1 64 .93 18.81 -11.14

ROO 86.1 1 ....U :: -ll" ti7.-l! 17.4 7 -1 1.27

600 86 .05 I 4 .-1-1 -H I 67.60 17.37 - l U ,S

Table5. Chromatic Clh m i ll lafe:::. of the tt'st spt'nmell~ fast cooled from Ta .

The results show that a critical range exis ts between 800 and 1000"C, in which
lightness rises (Figure 10), whi le the red component alters to a smaller ex tent (Figure 11 ),
and the blue tinge of the glaze appea rs (Figure 12). Thi s effect is apparently more intense
in the glaze with pigment, due to selective absorp tion by the pigmen t in the central area
of the visible spectru m, which reinforces the visua l appreciation of the blue component,
as the spec tropho tometric cu rves sho w (Figu re 13).

To verify the assump tion, the micros tru cture was determined of F2 test spec ime ns
with a 1 wt';;, pigment addi tion, mad e wi th the standard heating cycle, with a 6' hold at
Tm, and th ree types of cooling from th is temperatu re: fast cooling, standard cooling and
slow cooling (v = SUC / min). The chroma tic co-ord ina tes of these test specimens (see Table
6) indicate that on reducing the coo ling rate, lightness increases, the red componen t
decreases and b* goes from a lightly positi ve value to a clearly negative one, moving later
to almost neu tral. This behaviour is consistent with the appearance of glassy ph ase
sepa ration during cooling.
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-B- 11 100C

--+- 1000°C

--tr- 950°C

--B- 900oC

~850oC

.......800°C

-+-600°C

650 700 750

cooling L* a* b*

Fast 60.55 19.75 1.57

Standard 68.63 16.30 -12.58

Slow 81.46 11.l7 -0.14

Table 6. Chromatic co-ordinatce a! the speciJllt'll:> wilh F2 + 1% p(<;;m t?1I1, ht'!lt at 6' (J T m nnd

slIbjectt'd to differl'll l cooling.

The mi crostructure of th e tes t specimens, observed by SEM, shows th at the gla ze
subjected to fast coo ling is very homogeneous and shows no microst ructure (Figure 14).
However, the glaze subjected to stand ard coo ling presents a sligh t heterogeneit y in the
composition, w itho ut exh ibiting the typical interfaces of well developed phase separation
(Figure 15), bu t with adequa te size to gene ra te rad ia tion scatter in the blue ran ge. Finally
in the glaze subjected to slow coo ling, phase separation is fully developed (Figure 16).
These resu lts are consistent with the phenom enon proposed as the cause of the blue
compone n t in the purple hue th at these glazes exh ibit. The coo ling phase is therefore
critical to the colour produce d by th is pigment in this type of frit, and must be carefu lly
contro lled to kee p shades from appe aring in the finishe d product.
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F('{lIrc 11. Aticrostructlire (~fa <pccintcn offrit F2 + 1~:;, piglllt'llt produced with[ast COtl/illS

F(~ I/rc 15. Microstructure o/a speci lllt'll t{ (ril F2 - I',:;. piglllellt produced with stl1l ldl1rd ( olll i IiS .

Figure 16. Microstructllre (~f a s}'ccimclI t{ {rif 1-'2 - 1r .~-, pigll/t'llt produced zeitlt slow ( (l llli/ig.

1'.L.l -2X I



CA STELL6 :-.J (SPA I :-.J )

4. CONCLUSIONS

The interaction of the pink pigm ent (Cr)CaSnSiO, wi th the glazes has demonstra ted
that several phenomena exist, as a result of which op timum colour development is not
ach ieved in the fina l glaze. Besides the total or part ial d isso lu tion of the pigmen t in the
glassy phase, which is the mechanism ind icated most freque ntly in the literature, the
presence of other crys ta lline phases and even the appearance of microheterogeneities in
the com pos ition during cooling, which are phase separa tion precursors, also have an
important effect. Therefore, this pigm ent's conditions of use must be strictly controlled, if
reprod ucib le results are to be obtained, both with regard to the glaze composition to
which it is added and to the heat trea tments it undergoes.
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