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1. INTRODUCTION

In ceramic tile ma nufacturing it wo uld be de sirable for all the lots of a given model
to have exactly the same colour'" 121 . However, the variations in the characteristics of the
mat erial s and ope rating conditions used make th is hard to achieve.

On putting a model into production, one of the prime objectives is precisely that of
matching the reference colours. Although there may be different rea sons for shades
(minor colour differences) to arise, colour is often adjusted by modifying the screen
prin ting inks.

The follow ing steps are usually invol ved in ink preparation" (Fig. 1):

• Proportioning the different constitue nts in the amounts specified in the formulas.

• Mixing the solids with the vehicle to obtain a hom ogeneou s sus pe nsion.

• Ink refining. This is to reduce particl e and aggregate size to enhance ink
behaviour.
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After preparing the ink by the previous steps, it is necessary to verify whether the
in k exhibi ts the expected beh avi our and cha rac te ris tics under ac tual operating
cond itions, oth er wise adjus tme nts need to be mad e,

Vehicle add itio ns can eas ily be performed , since the veh icle blends readily
wi th th e ink. However, so lids additions, usu all y w ith a view to correc ting co lo ur,
require repeating the wh ole preparation process to ob tain su itab le so lids di sper sion.
In both cases, the results a re always checked pri or to putting th e model into
produ cti on .

Besides the addi tiona l work that such cor rections involve, it must also be taken into
account tha t they affect the ink preparation rate, owing to the downtime involved in the
checks. Thi s is detrimental to process flexibility and requi res anti cipating ink need s with
su fficien t time in advance .

In sp ite of the importance of the number of corrections made before obtaining the
targeted ink, such adjust me nts are usually performed empirically, requiring an number
of trial s.

On the other hand, ink ad jus tments while the models are being developed are also
made by entirely empirical methods, which increases the work required to obtain the
soug ht-afte r ink.

The presen t study dem onstrates the efficiency of ra tiona l colour matching method s
in preparing and adjustin g screen-p rinting inks, and se ts out some practical con sequences
stemming from the use of such methods.

1.1. COLOUR MATCH ING THEORIES

The attributes of an object's appearance are related to the way in which the object
modifies the light that strikes it'", The four main pro cesses ari sing wh en light strikes a
non-metallic object (Fig. 2), are as follow s:

(4J. MESTRE. S. Compuestos lid sistema Fe10J-Cr10J' estl ld il1 cinctico y coterimetrico. Castello: Univcrsi ta t jaumc l, 1997. (Doctora l
d issertat ion ).
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• Specular reflection at the object's first surface (associated with gloss ).

• Scatte r in the material, related to diffuse reflection.

• Absorption in the material (main cause of colour).

• Regula r tr ansmissio n th rou gh the ob ject if the material is more or less
transpa rent.

Incidenl lig u

Surface

Spec ular retlecti on

Difuse retlection

Pig ment particles

riKu,r 2. Interaction of light witII pisme llted objects .

Th e Kubelka -Munk the o ry"! simp lifies the above processes and estab lishes
tha t ma terial s pa r tiall y ab sorb th e lig ht th at th ey rece ive whi le th e rest is sc a ttere d .
The proportion of a bso rbed lig h t depe nd s on the ma teri al ' s co e ffic ie n t o f
a bso rp tio n (K), w he rea s di spersed light depend s on th e ma ter ia l' s scat te r facto r (5) .
Moreo ver, th e ba ckgrou nd on to wh ich the sam p le unde r ob servat ion is set (if it is
transparent or tr ans lucen t) and the th ick ness of the sa mp le a lso affec t parameters
K and S.

[5) . SIIAII, u .s .; GA!\;OIIl, R S. Akdida e isualaci61l rid color en text ilt's . Valencia : 1 ~1 rIVA, 1993.
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If the background effect can be obviated, the equa tions derived by Kubelka and
Munk yield the following relation between reflected light and the coefficien ts of
absorp tion (K) and scatte r (S):

Or inver sely:

K
- =
S

(I - R/
2 R

(2)

As fo r a given pigm en t, the quotient K / S has a linear relationship w ith pigm ent
concentration (which does not hold for reflectance), using the qu otient enormously
facilitates resolving colou r matching problem s.

Thus, on establi shing thi s linear relationship, the assumption can be made that the
relation between the coefficients of absorption and scatte r of pigm ent mixtures (K/ S)"
can be es tima ted by applying the linear mixtu res law, that is:

(K) = Cl ( ~) +c,(k)+...+( K) (3)
S ", <> , " S .

whe re Co represents the proportion of each pigment used in the mixture, (k / s), represents
the relation between the indi vidual coefficients of each pigm ent, and (K /S)b represents
the behaviour of the non-pigmented ba se.

The above eq uation holds for each wa vele ng th. Therefore, if the reflectan ce curve of
the individual pigmen ts is determined, the relat ion (k / s), can be compu ted a t each
wavelength for each pigm ent, and the mi xture' s reflectance can then be calcu lated by
means of the above equa tion.

It is some times necessary to compare the colour ma tching result by employi ng
specific chromatic coord ina tes, which can readil y be done from the resu ltin g reflectan ce
curve, using su itab le transformation equations.

2. OBJECTIVES

The objectives of the study were as follows:

• Definition of a scree n-p rinting ink reprod uction and adj us tme nt technique based
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on an objective, quantifiab le method that allowed carrying out these tasks more
efficiently.

• Proposal of a rational methodology for screen -printing ink preparation,
allowing better management of the materials used, as well as improving
th e fle xibility and prod uctivity of the screen-printing ink preparation
stage .

3. METHODOLOGY

Each pigment's colour was characterised on making up the inks with the respective
pigment and frit concentrations specified in each case. The inks were all prepared at a
solids content of 55% (kg solid /IOOkg total we ight).

The resu lting inks were applied to unfired glazed tiles by means of a printing screen
with a mesh coun t of 77 and 100% ink release.

The tes t specimens we re fired in an electr ic labora to ry kiln at a peak temperature
of 1100 "C fo r 3 minutes, usin g a heat-t reatment schedule with a heatin g rate of 25
"C/ min.

The colo rimetric att ributes of the fired test spec imens were determined in a d iffuse
reflectan ce spectrophotometer.

The study was conducted us ing the CIELab colorimetric scale, whose parameters
are defined as follows:

L* indicates the position on the wh ite axis (L* = 100), black (L* = 0).

a* indicates the position on the red axis (a" > 0), green (a" < 0).

b* indicates the position on the yellow axis (b" > 0), blue (b* < 0).

In thi s system, the difference in colour between two specimens is given by the
modulus of the vector that joins the points of the two specimens' colour space. The
modulus is desi gnated tiE*.

Generally speaking, colours that differ by less than 0.5 units in tiE* are not
perceivable by the average human observe r, though for colours very close to white, the
dis tinguishi ng th reshold appears to be slightly lower.

4. CU RRENT COLORIMETRIC SPACE

Before determining a su itable working method , it was conside red convenient to
identi fy the color ime tr ic space region in which the curre nt screen-p rin ting inks lay.

On cons ide ring to tal pigm ent consumption in recen t months, it was found that a
group of 17 pigments made up 94% of total pigm en t consumption.
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figure 3. Situation of tlte tested illk coordinates ill thf.' colour :'I'acc'.

The exclus ive usc of these pigm en ts would involve a drop of around 40% in the total
number of pigmen ts used.

Th e colour spa ce region in which the most common inks lay was defined by this
group of pigmen ts. Logica lly, there might be so me minor colours that cou ld not be
rep roduced by blend ing p igments from this group, however, ow ing to scarce use, thi s d id
not wa rrant changing the app roach.

With a view to g raphically illu stra ting the colorimetric space used, Fig. 3 depicts the
x and y coo rd ina tes of the 17 selected pigments. The se coord inates were chosen because
they p resent the colori metric space w ith in w hich the colours that can be perceived by the
human eye arc delimited (da rk area) .

It can be obse rved that the colour field exhi bited by the tiles (centre points in the
graph of Fig. 3) is re lat ively sma ll, if this is com pared with the entire visibl e colour space.

Cera mic pigments yield colours that are much stronger than the ones found in the
region indicated in the above graph, however, the decorative usc to wh ich the tiles
involved a re put tends to requ ire soft colours.

5. RESULTS

5.1. VALID ITY OF IN K COLOUR MATCH ING

One of the main issues involved in ach iev ing the ob jectives set in thi s study wa s
being able to accu ra tely model the behav iour of the ceram ic p igment mixtures and
resu lting colours, so that pigment charac te ris tics wou ld allow p red icting w ith su fficient
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accuracy the colour that mixtures of pigments would exhibit, on application by screen
printing to ceramic tiles.

Colour matching techniques can basically been d ivided in to tw o groups :
spectrophotome tric techniques and colorimetric techniques. Commo n to bo th techniques
is the fact that to reproduce a colo ur, the colour 's color imetric attributes need to be
det ermined before hand, as do certa in other characteristics (depend ing on the method
employed) of the pigments to be used in reproducing the colour. Both methods are
generally based on the Kubelka-Munk theory.

The spectrophoto metr ic techn iques, as their name ind ica tes, a re designed to
rep rod u ce the re flec ta nce curve o f th e colour to be matched. Th is is done by using
numerica l ca lcula tion method s tha t a tt em p t to minimise the di ffe rences be tween
the re flec ta nce cu rve to be rep roduced, and th e one o btai ne d by mi xing th e
pi g ments. As the match ing ca lcul a tion u sed in thi s technique d oes no t directl y
take in to accou nt the effect of the ty pe of light u sed , it pred ict s fo rm ulas whose
resu lts are vir tua lly independent of the ty p e of lighting unde r w hich th e ou tco me
w ill la te r be exa m ined (i .e, th e fo rm ulas a re no t metameric). Th us the fo r mu las
predi cted by thi s method d o not usua lly reprod uce the co lours accuratel y.

However, the co lorimetric met hod s tha t at te mpt to match th e colorimet ric
cooord ina tes of the sam p le to be re prod uced, as th ey accoun t for the light in g
used on com p u ting th ese coord ina tes, as well as th e observat io n cond itions
e m ployed, tend to y ie ld more accura te resu lt s, th ough they ma y ex h ibit g re a ter
metam erism.

STANDARD COLOUR PIGMENT

(L, a,b)std
REFECTANCE

CURVE

BLEND CALCULATION

L=(L)sld

~a-tajsto

b=(b)std ....

e MINIMUM

COST?
.. NO

SOLUT ION

Figure 4. Flow chart of fire screen-printing ink matching mIdadiustment method.
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In attempting to esta blish an accurate colour match ing procedure, considering that
the mixtu res d id not usually exhibit any great degree of metam eri sm owing to the
relatively small number of pigments involved (com pared to other branches of industry ),
it was decided to develop a colori me tric colour ma tching technique based on the
Kubelka-Munk theory.

Ind ust r ia l colour matchi ng goes beyond the pure calcu la tio n en ta iled in
rep roducing a given colour using va rious pi gm ents, as amongs t th e multiple
possib le so lu tio ns on ly a few might be economica lly of in te res t. Indeed , th is wo uld
at tim es be the prime rea son for need ing to reprod uce a colo u r fro m certa in
p igments.

Fig. 4 depicts the flow chart of the proced ure developed for matching an d
ad justing colour, which includes the possibility of formulating economically op timised
inks.

With a view to confirming the possibili ty of reproducing screen-printing ink colours
by the above theory, two industri al inks were reprod uced by combining a limited number
of pigm en ts exhibiting colorimetrically very different cha racte ristics.

5.1.1. REPRODUCTION OF A BEIG E SCR EEN PRI NT

This section se ts out the reprod uction of a beige ink used in industry, which is
ob tained from a single pigment.

The pi gments u sed in reproduci ng this ink were a red , a b lu e and a ye llow
p igment, wi th wh ich inks were prepared a t th e same concen tr ation as the refe ren ce
ink. Subsequent mixing of these inks th en yielded th e various test ed com positions.

Table 1 de tails the reference beige ink composition, as we ll as the compositions of
the screen-printing inks used to rep roduce it. The chrom atic coordinates of these inks are
also listed, and it can be observed tha t the pigments employed in reprod uction we re quite
d ifferent from the targeted colour.

Composition Colour

Ink Frit Pigm:nt L* a* b* t> E*

Beige Red Bille Yellow

Beige 9 1.9 8.1 83.2 -0.4 8.3

Red 91.9 8.1 8 1.5 4 .9 9.2

Blue 91.9 8.1 67.9 -2.5 -12.8

Yellow 91.9 8.1 88.2 -5.3 14 .5

BI 91. 9 3.5 4.5 84.9 0.3 11.0 3.2

B2 9 1.9 3.9 0 .6 3.6 83.0 0.1 8.5 0.5

B3 9 1.9 3.4 0 .7 4.0 82.9 -0.5 8.0 0.5

Table 1. Composition mId chromatic ((lordi,mft's of tilt' inks Il St'd ill rf'l'rodllci"X n bt,jgt' ink.
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Reference
Red
ink

Blue
ink

II QUALI~98

Yellow
ink

Ink B1 Ink B2 Ink B3

Figure 5. Reproduction of n beigescreen-printing ink.

In itially, the applica tion of the colour matching theory yie lded co mposi tion Bl.
The colou r of thi s ink deviat ed excessive ly fro m the ta rgeted colour <t>E* = 3.2) . On
using thi s in formation to adjust the calculat ion, inks B2 and B3 were obtained, both of
which exhibited a di fference in colour com pared to the reference ink of 0.5 units, wh ich
was consi de red to lie within the accep tance limit, thus ending the colour ma tching
operation.

5.1.2. REPRODUCTION OF A BROWN SCREEN PRINT

Just as in the forego ing section, an industrial ink obtained from a single brown
pigment was reproduced.

Reference
Red
ink

Blue
ink

Yellow
ink

Black
ink

Ink M1 Ink M2

Figure 6. Reproduction ofa brOil'" screen-printing ink.
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In thi s case, the pi gments employed for reproduc tio n were a red , a blue, a
ye llo w and a black pi gm ent. These we re used to prepare inks with a h ig h p igment
co n te n t. Su bseq uen t mi xing of these in ks y ie lded th e var io u s tes ted
co m pos it io ns,

Tabl e 2 details the brown reference ink composition, as well as the compositions of
the screen-p rinting inks used in preparing the tested blends,

Composition Colour

Ink Frit P'igrrent L* a' b' ~ E ·

Brown Red Blue Yellow Black

Brown 91.9 8.1 58.7 6.5 9 .4 -
Blue 80.0 20 .0 54.5 -1.7 - 19.1 -

Yellow 80 .0 20 .0 87.8 -9,7 29 ,2 -
Black 81l.0 20.0 36.8 1.6 -1.7 -

Red 70 .0 30.0 67 .8 15.3 18.6 -
MI 74.3 17.1 4 .6 4 .0 59 .1 5.7 9 .4 0.9

M2 73.0 1 1.0 2.0 4 .0 58.6 6 .8 9 .2 0.4

Ttlble 2. Composit inn and chromatic coordinates uf the inks IIst'd in rt1,roduchlg a Im)1(I1I ink.

A p p ly ing th e colour match ing theory y ie lded inks M1 and M2 (Tabl e 2). It
ca n be observed th at ink M1 exhibited a co lour close to th e ta rgeted o ne ,
al thou gh th e result was no t co ns id e re d va lid as /lE * was g rea te r tha n 0.5 .
Co m pu ta tio n o f a new composition, taking into accou n t th e foregoing re su lt ,
produ ced ink M2. Thi s sa tis fac to rily reproduced the reference co lou r, in s p ite of
th e ch aract eri sti cs of th e pi gments used being q u ite d ifferent from those o f th e
refe re nce pi gm ent.

Th e res u lts ind icat e th at the colou r mat ching method a llows pred icting th e
co m pos it io n of a screen-p rin ting ink formul ated fro m va rio us inks of known
co lou r. Howe ver, it was shown experimentall y th at co lou r reproduction based on
th ese ca lc u la tio ns was not who lly accu ra te , a nd required makin g so me
ad jus tme n ts . Never theless, the number of ad jus tme nts was much smaller than
usu ally required .

For thi s reason, and as will be set out below on di scussing the results, in the
referen ce ink reproduction process a se ries of formulas are obtained that progressively
approach the sought-after colour. Th is adjustme nt p rocess is cons idered to have ended
when success ive adjus tments allow no further improvem ent of results, or w hen a
sufficiently low value of /l E* (:5 0.5) is obtained .

5.2. REDUCTION OF TH E NUMBER OF PIGMENTS USE D

As set out in Section 4, most of the inks used can be obtained by combining
pigm ents form a grou p of 17 pigm ents. This entailed an important drop in the number of
pigments, com pared to the number used previou sly.

As it is possible to obtain d ifferent colours by combining pigm ents, it was
conside red conven ient to select the mi nimum number of pigm ents required to yield the
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current colour region (Fig. 3). The selection could furthermore be performed so as to also
obtain the most economical set of pigments.

Bringing down the number of pigments also provides further advantages by
simplifying ink form ulation and mater ials man agem ent.

The colour ma tching methodology described above was used to lower the number
of pigm en ts, and it was de term ined which pigm ent blends cou ld reproduce other
pigme nts at a lower cost tha n the initial one. If this constrain t were not applied, the
reduct ion in the num ber of pigments wo uld have been greater, altho ug h average pigmen t
price wo uld have been higher.

The calculat ions were per for med by assigning to each pigmen t a relative cost,
determined as the relat ion between its price and the pri ce of the most expensive pigmen t.
The most expe nsive pigment thus had a relativ e cost of one, while the cost of the other
pigments was less tha n unity.

Pigment Reference Relative

cos t

Yellow PAM I 0. 180

Blue PAZI 1.000

PAZ2 0.226

Beige PilE I 0. 188

PBE2 0.226

PB E3 0. 198

PB E4 0.200

Grey PGRI 0.2289

PGR2 0.499

Brown PMA2 0.2 14

PM A I 0.259

Black PNE I 0.609

Red PRO! 0.305

PR 02 0.453

PR 0 3 0.233

Green PVE I 0.32 1

PV E2 0.662

Table 3. Relatite pigment cost.

Fig. 7 depicts the colorime tric region in which the 17 pigm ents invo lved in the study
were located . In principle, using the pigments situated at the bounds of this domain
allows obtaining all the colours corresponding to the pigm ents located in the inner area.
However, these lat te r pigments are usu ally cheaper, so that it is convenien t to apply the
econom ic optimisation proposed above.

Taking into account relative pigment costs, it was found that some could profitably
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be replaced. Thus, pigment PROl , with a relati ve cost of 0.305, could be replaced by
mixing pigm ents PR02, PBE3 and PR03 at a relative cost of approximatel y 0.25.

Pigment PBE2, costing 0.226, could be replaced by mixing pigments PAMI , PAZ2,
PGRI and PR03 at a slightly lower cost (about 0.21).

Pigment PGR2, costing OA99, could be replaced by mixing pigments I' El , PR02,
PAZ2 and PGRI at a relative cost of about 0.26.

Th us, the number of elementa ry pigmen ts could be cut back to 14.

It can be observed tha t the red uction in the number of pigm ents has not been
excess ively great, indicating tha t the current ink formulat ion sys tem has, afte r a g rea t
number of trials in industrial practi ce, been able to identify a set of pigments qui te close
to the optimum group found . The fact however that the prop osed colour matching
method has allowed defining an optimum system so rapidly underscores the method's
efficiency.

20

15

o

15105

•
•

•
• 5••

-10-15

-10

·15

Figure 2. Colour sptln' region in which till' tested inks wl'relocated.

5.3. INK PREPARATION METHOD

The resul ts obtained in the foregoin g sections, indicated the validi ty of the colour
ma tching techniques for the screen-printing inks used in cera mic tile ma nufacturing. This
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has enabled modifying the preparation method of the se inks, both in production and in
the design laboratory.

The industrial ink preparation procedure would therefore consist of the following
stages (Fig. 8):

I
• •........

figure 8. Schema tic of tile proposed preparatioll ml'tJllldology.

1. Preparation of conce ntra ted pigment and base suspens ions. Th ese jus t contain
a veh icle and a pigm ent, or a veh icle and a frit. Both types of sus pens ion a re
made up accord ing to the steps se t out in the int roduction (p ro portion ing 
mixin g - disper sing ). Afte r making up the sus pe ns ions, the colou r ob taine d
need s to be acc u rately determined , s ince th is informati on w ill subsequently be
used in preparing the in ks. The prepared sus pens ions arc stored in tan ks till
used.

2. Ca lcu lat ion of th e ink co mp os it io n, proportionin g and m ixing of the
suspens io ns th at form th e co mpositio n. In this case, the in k constituents
a re p ropo rti oned in a liquid sta te, so tha t th e process ca n be readily
a u to m ated , wh ile keeping high acc u ra cy. Blendin g is a lmos t
in s tantan eou s.

3. Colour ad justment. If the ink prepared on the ba sis of the calculations does not
exact ly y ield the ta rgeted colour, the formula need s slight adjus tment. The
tech nique used in thi s study allows obtaining the desired colour by one or two
adjus tmen ts, which is cons idered acceptable. Obtaining a targeted colour in the
firs t formulation wo uld mean having the whole decorat ing and firing process
running under exactly the same conditions as those that were in place whe n the
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origina l pigment suspensions were cha racte rised, which wo uld be highly
unlikely.

Wit h this approach, pigment suspension p re paration can be performed
cont inuously, without the typical condit ioning factors of the prod uction process.
This allows plann ing the p repara tion of each p igment suspension in larger
batches than the p resen t o nes, with mo re efficien t dispersio n equipment
operation . Moreover, such planni ng b rings down the number of d ispersion
eq uipmen t cleaning operations. These take place whenever the ink is cha nged,
which means that there is less materials waste, and less waste fro m the clea ning
ope ration itself.

On putting a model in to production, it is only necessa ry to mix the required
proportions of the respective pigment and base sus pensions, without again
hav ing to refin e the in k after each adjust ment. Furthermo re, using the calculation
tech nique set out above for matchi ng colour red uces the numbe r of adj ustments .

The colour ma tching met hod also makes it possi ble to wholly reclaim screen
pri nting ink rests, since knowing their colorime tric characteristics allo ws them to be
eas ily reu sed in formulat ing new inks. This also entai ls savi ngs in the materials used in
the inks, while the product ion process assimilates a waste prod uct whose disposal would
otherwise have involved certain costs.

The colour matching method could be also used in the design steps: when the
colour to be reproduced is selected, its colorimetric attri butes (L*, a", b") can be
determined , and the elementary pigments mixt ure that will yield this colour can be
calculated by this colour ma tching method .

In th is sense, it wo uld be particula rly interesting for the company to prepare a
colo ur pa lette that wo uld basically involve the colours used in most of the designs. This
wo uld drastically cut down the work required for developing colours and allow the
company departments involved to focus on design.

6. CO CLUS IO 5

The present study allowed drawing the following conclusions:

The colorimet ric region occupied by the most commonly used inks 111 tile
ma nufacture was dete rmined . The region involved was shown to be quite small.

A calculat ion me thod was put forwa rd for prod ucing screen-printing ink colo urs on
the basis of the Kube lka-Munk theory. The method takes into account pigmen t cos t in
order to obtain the eco nomically optimum blend.

A deta iled ana lysis of the ink form ulas used permitted directly reducing the
number of pigm en ts by 40%, which greatly simplifies materials man agem ent and ink
formulation.

Application of the colour-ma tching technique set out in the study allowed
reducing the number of pigm ents used even further, as well as lowering average
pigm ent cost.
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A new ink preparation sys tem was prop osed, which besides other advantages
yields more efficien t use of ink preparat ion equipment, reduction in arising waste, and
cons iderable simplificat ion and accelera tion of ink make-up in production .

The sys tem also allows reus ing the typical ink residues in new ink form ulations,
lowering materials consum pt ion and waste.

The colour matchin g techniq ue involved is also cons idered to be a very powerful
tool for design developme nt laborator ies, as it allows fast and simple rep roduction of any
colour.
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