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ABSTRACT

One of the decora tive effects obtained in tiles is the so-ca lled mother-of-pearl effect. In the
finished product . thi s effect involves regions having higher gloss than the rest of the piece. wh ich
also exhibit variations in light reflection according to the an gle of incidence.

A study was undertaken. using a screen-printing paste of the kind utilized in obtaining single-fired
wall t iles with the mother-of-pearl effect. to determine the nature of the fired screen-printed films.
and the influence the \Va, conte nt in the screen-printing paste and the firing cycle the piece
undergoes. have 0 11 this decorative effect.

The mother-of-pear l effect was shown to be due to the presence of scheelire crysta ls (Ca\VO,) .
formed by reacti on betwee n the \VO; and the CaO contained in the frit , It was furthermore
establ ished that the gloss of the screen print so lely depen ded on the fraction of the surface occu pied
by crysta ls and the gloss of the matr ix containing these dispersed phases,

The intensity of this decorative effect was observed to increase with the \Va , content of the
screen-printing paste and to decrease on raising firing temperature of the piece and/or dwell time at
th is tempe rature. A simple procedure was deve loped to assess the intensity of the mothe r-of-pearl
effect tra m the specu lar reflection measurement s of the screen-printed and unprinted surfaces of the
pieces obtained .
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1. INTRODUCTI ON

Multiple decorative surface effects are current ly being obtained by screen-pn nu ng app lications
in wa ll tiles, such as the so-called mot her-of-pearl effect. In the finished product, this effect involves
reg ions havin g much higher gloss than the rest of the piece. and which a lso exhibit variations in light
reflection acco rding to the angle of incidence. These variations entail visually detect ing shades in
the screen print on changing the viewing angle.

The fine layers of materia l selectively coati ng j ust part of the glazed wa ll ti le are obtai ned by
screen-printing a paste of suitable composition and viscosity on the unfired base glaze layer in the
glazing operat ion. The screen-printing paste consists of a homogeneous mix conta ining suitab le
proportions of an organic binder. sma ll part icle-size tungstic oxide and preground frit.

Although tungstic oxi de had been in use in sma ll amounts «4% in wt) in cera m ic artware to
obtain certain decorative effec ts in glazes with a high lead conte nt [1J, no study has been found in
the literature on the nature of thin glaze films with high glos s containi ng tungst ic ox ide. which are
used in preparing glazes with the so-ca lled moth er-of-pear l effect. or on the influence that the \VO)
content and firing cycle have on this decorative effect.

2. OBJECTIVES

This experimental work was undertaken. usi ng a screen-pnutmg paste of the kind util ized III

obtaining single-fired wall tiles with the mother-of-pearl effect. with the foll owing objectives :

i) Determi ning the nature of the thin glaze fi lm resulting from firing the applied screen-print.

ii) Studyi ng the influence that the percentage of tungstic oxide in the screen-printing paste and
the heat treatment, to which the pieces with this applicat ion are subjected. have on the
intensity of the decorative effect obta ined and on some glaze prope rties di rectly related to this
effect.

iii) Attem pting to obtai n a quantitative relationship betwee n the properties detenn ining the
intensity of this effect and the microstructural characteristics of the g laze surface.

iv) Intend ing to assess the intensi ty of the mother-of-pearl effect. from the measu rement of one
or more easi ly quantifiable prope rties of the glaze surface.

3. EXPE RIMENTAL

Differen t screen-print ing pastes were prepared by following a proced ure resembling the ind ustrial
one from mixes of a frit from ESMAITES C ERAMICOS TORREC ID, S.A. and tungst ic oxide. The
percentage of \VO, in these mixes was 4. 6, 8 and 12% exp ressed as kg WO/ IOO(kg WO,+k g frit).
The organic binder used was the same in all the experiments and the proportion was kept constant
in the different screen-printing pastes .

These pastes were scree n-printed on unfired wall tile bodies . on which an engobe as well as a
base glaze layer had already been applied. The same frit that had been utilized in preparin g the
screen-printing paste was used as the base glaze. The pieces obtained were subjected to different
heat-treatment cycles. mod ifying maximum firing tem perature (TJ and dwell time at that temperature
(t.) , in an electric laboratory kiln (Figure 1).
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Figure J. Firing cycles used.

Specu lar g loss was measured in the fired pieces at 60 ' [2]. at the screen-printed (BJ and unprinted
surfaces (Bb) . acc ording to standard ASTM C 584-8 1 [3]. Thi s parameter wa s se lec ted on observ ing
that the glos s va lues measured in the screen-printed region (BJ increased with the WO , content in
the screen-printed paste. ana logously to the visually appraised intensity of the mot her-of-pea rl effect .
Four mea surements were performed at each of the surfaces examined. The scattering. ex presse d as
the co e fficient o f variation . was less than 10/0.

Glaze m icrostructure was examined by scanning e lectron microsco pe (SEi\l). The surface o f the
screen-printed area in each fired piece was examined with an optical microscope. determining the
fracti on o f the tota l examined area occupied by crystall ine phases (Aw) . by an image analyzer [4 115].
Fifty measurements were carried o ut on each o f the screen prints so that the values o f A" would be
representative o f the whole surface area. The scattering in the A" values found. expressed as the
coefficien t of variation. never exceeded 50/0.

In order to de termine the nature of the crystalline phases forming in fir ing the sc reen-p n nung
paste . cylindr ical test p ieces were prepared by sl ip-casting in a mould with a diameter o f I em and
I em thick. fro m an aqueou s suspens ion of a mix o f frit and tungstic oxide (12% WO ,). On dr ying.
the tes t pieces we re hea t-treated in an e lectric laboratory kil n at a heating rate o f 10 "Czmin. unt il
d iffe rent maximum temperatures we re reached . Th e crysta lline phases in the tire d test pieces were
ide nt ified by X-ray d iffraction (X RD). wh ile SEM was used to exami ne their surfa ce and inte rior
111 icros truc turc .

4. R ES UlTS

4. 1. ;\lICRO ESTRUCT R E OF T ilE SCREEN-I' IU~TEJ) FIL M

On inspecting the sur face of the screen-printed areas by SEM . in pieces prepared with varying
WO, contents (Figure 2). and fired by identica l hea t treatment. (g lassy or crystall ine ) phases were
detected of a light shade. dispersed in a darker g lassy matrix. sugg esting marked differences in
co mposit ion bet ween both phases. These dispe rsed phases were not observed at the sur face o f the
unprin ted piece (base g laze) .
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Figure 1. Effect of WO ; n mlen' I" the screen-printing paste on microstructure ofthe It' .'wltiIlR surfa ce (/~ = //(}{) 0C;

'. =3 min )
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EDX m icroanalysi s showed that the d ispersed phases main ly co ntai ned tungsten and ca lc ium.
whereas the glass y ma trix was free o f tun gsten and co ntain ed a sma ller am o unt of calci um .

In order to de ter mine the nature of these di spersed phases. X-ray d iffra cti on tests were run on test
pieces fo rmed by casting and tired at different maxi mum temperatures ( 1000. 10 50. 1100 and
1150"C) at a heating rate o f lO'Czrnin. The d iffract ogram s o bta ined on ly exh ibited the peak s
correspond ing to schee lite (Ca \\'O,). Thi s minera l has an adamanti ne g loss. high den sity (6 g/c rn ' ).
a high refrac tive index ( 1.92) and crystal lizes in the form o f tetragona l d ipy ram ids [61.

On co mpa ring the SEM m icrop hotograph s o f the screen-printed surfaces (Figure 2) o bta ined \\ ith
vary ing \\'0 , co ntents. fo llowing the same hea t-t reatment cycles. the sur face area occupied by
c rys ta ll ine ag gregate s is observed 10 increase wit h \V0 3 content. without any apprec iab le change in
the size o f the aggregates.

Howeve r. o n study ing the mic roph otograph s o f the sc reen-printed surfaces o bta ined using the
same co mpo sitio n (WO,=8% ). followi ng different heat-treatment cycles (F igu re 3). the surface area
occupied by crystalline aggregates is observed to dec rease. while their size increases as max imum
tem perature and/or d well time at th is tempera ture risco

.t.2. INFL UENC E OF T HE WO, CO NT ENT IN T HE SC REE;\,-P IU;\,TI:\G Il\ST E AND
FIR ING C YC L E OF T HE PIEC E ON SO:\IE C HARAC T ER ISTICS OF T IlE
R ES UITI i\'G S URFACE.

-t.2. I. Effect of the WO, content

In order to determine the effect o f th is var iable on the visual percept io n o f the decorative effect.
o n the glos s of the scree n-p rin ted surface (B,) and on the screen-printed surfa ce fract ion occup ied
by crysta ls (A,d . lo ur screen-print ing pastes were prep ared with \\'0 , contents o f 4. 6.8 and 12 kg
WO ,/I 00(kg WO )+k g frit). which after bei ng applied were fired at a max im um temperature o f
11 OO'c. with a 3 m in dwel l at th is temperatu re.

On vi sua lly examin ing the tired piece s. the higher the \VO ) content in the screen print wa s. the
more intense the gloss o f the screen-printed surface w ith a mother-of-pearl appea rance wa s observed
to be .

In order to q uantitat ive ly det erm ine this e ffect , measurement s we re perfo rmed o f the g lo ss values
o f the screen-printed surface (B,) and o f the base g laze surface. which did not contai n WO , (Bb ) .

O n plotting the val ues o f B, versus the \VO , co ntent in the screen prin ts (F igure -l), a stra ight line
wit h a positive s lope is obta ined. \\ hose inte rcept co inc ides wit h the base g laze gloss val ue.

These findings wo uld appear to indicate that 3 11 increase in \\' 0 .; in the starting compos ition
increases the sc reen-printed surface fracti on occupied by Ca \VO, crys ta ls (A wl in the sa me
prop ort ion . enta ilin g a para llel rise in surface g loss (B,). give n the hig h g loss of th is c rysta lline phase .
., suhstantiate th is assumption. the values o f A" were determ ined lor each o f the sc reen-printed
surfaces . On plotti ng the values of A\\ versus the corresponding \VO l values of the screen-printing
paste. a direct proport ionality was sI10\ \ 11 to ex ist between the fraction of the screen-printed surface
area occ up ied by CaWO,. fonned in tiring. and the \VO, co ntent o f the start ing compo sit ion (F igure
5) . Furt he rmore. o n p lotti ng the va lues o f B, ver sus A". the gloss o f tile screen print (B,) also
increases proport iona lly wit h A" . as expected (F igu re 6).
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Fiffll re 3. Influence of max imum fi ring temperature (TJ and dwell lime al this temperature (tJ on microstr uc ture of

the resulting screen-printed surface. II 'OJ content = 8%
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Figure 5. Relationship between the surf acv fraction occupied by cry stalline phases (:1JI ) and the WO ] content ill the
SCIt'f! II print.

·U.2. Influen ce of the heat ing cyc le

One sa le sc reen-printing paste was used in this se ries of experiments with a Wt), content of 8
kg \VO,II OO(kg frit+kg \Va ,). After glazi ng and screen printing the pieces . they underwent varying
heat-treatmen t cycles (Figure I) modifying maximum firing temperat ure (TJ and dwell time at th is
tem peratu re (t.) .

It was observed III the fired pieces that the lower the maximum firing temperature of the piece
and /or dwell time at this temperat ure were. the mo re inte nse the mot her-of-pearl effect was.
However. the piece fired at IOOO"C for 3 min exhibited a rough surface with numerous pinho les.
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Figure 6. Relationship between screen-printed surface gloss (/1) and the surface fraction occ upied by crystals fA If,).

Base glaze gloss: fl".

Figure 7 shows a plot of the gloss values (B.l and the values of the surface area fraction occupied
by Ca WO. crystalline aggregates (Awl. measured at the screen-printed surface. versus dwe ll time
at maxim um tempera tures of 1000, 1050 and I IOO·C.
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Figure 7. Influence of T, and I, on screen-printed surface Kloss {jJJ and the fra ction occupied by crystals (A If')' WO J

co ntent :: 8%

Exce pt for the piece fired at 1000'C for 3 min, the values of B, and Aware observed to decrease,
following the same trend, as maximum firing temperature and/or dwe ll time at this temperature
increase. These results agai n indicate a close relat ionship between A" and B,oThe fact that the value
of B, corresponding to the piece fired at 1000T for 3 min is unusually I O\~ is due to excess ive
roughness of the glaze surface.

The dec rease in the values of Aw with the increase in maximum firing temperature (T,) and/or
dwe ll time at this maximum temperature (t,), is due to growth of Ca WO. crystals and/or crystalline
agg regates in this phase (Sec tion 4.1l, which tend to lower the ir surface area.
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Figure S. lnflue nce of maximum fi ring temperature (/~J and dwell lime at this temperature (lJ Ofl base glaze glass
(jJ,J .

·U. RELATIONSHIP BETWEEN SC REEN-I' R INTE U SU RFACE G LOSS ( II,) AN D T H E
AR EA FRACTION OCCUPI ED BY Ca W O . (Aw)

In orde r to attempt to establ ish this re lationship. g loss in the screen-printed area (II.) was ass umed
to be the sum of two co ntribut ions: one owing to the presence of Ca WO . surface crystals. wh ich
must be pro portiona l to the gloss of these crysta lline agg regates (II,,) and to the area fract ion they
occ upy (A,,) . and the other corresponding to the glassy matrix in whic h these crysta ls are dispersed.
which must also be proportional to the gloss of the glassy matrix conta ining these dispersed crysta ls
(11m ) and to the area fraction it occupies ( I-A,, ). Thu s:

As the glassy matrix has the same chem ical comp osition as the base glaze. the gloss
correspondi ng to both surfaces must be assumed to be the same (11 m =11. ). so that Equa tion ( I ) can
be rewritten:

Acc ord ing to Equation (3). the contribution to the gloss of the screen-printed surface as a result
of the presence of CaWO. cry stalline aggregates (A" II,,) can be co mputed from the easily
mea surab le val ues of II,. lib and A" . Furthermore. if the assumptions are correct. on plotting the
va lues of parame ter II,-Bb(l -A ,, ) again st the values of A". experimenta lly determined for all the
screen -printed surfaces. a straight line should be obtained of slope II" .

The va lues of 1I,-lIb(l -A .) were computed from the base glaze surface gloss va lues (Bb).
ex per ime nta lly determ ined in the pieces fired with differing heat ing cyc les (Figure 8). and those of
13, and A" (F igs . 6 and 7). On plotting the val ues of this parameter versus those corresponding to
A" (F igure 9) a stra ight line is ob tained through the orig in. con firming the ass umptions made. The
s lope of this straig ht line. corresponding to the gloss of the Ca WO. crystalline aggregates . yie lds a
va lue of 143.
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With a view to substantiating the validity of the proposed model , the values of B, ca lculated from
Equat ion (2) have been plotted in Figure 10 against the experimentally obta ined ones. There is
shown to be good ag reement between the ca lculated and the experimenta lly obtained values, bearing
in mind the error involved in determining Aw and B,.
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Fi;.:u re 9. Fit of the experimental results to Equation (3).
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Figure 10. Comparison between lire experimental results and those calculated by Equation (2).

".4, E\\LUATION OF THE INTENSITY OF THE DECORATIVE EFFECT (All),
INFLUENCE OF SOME VERIABLES ON All

liking into account that the greater the difference in gloss (<'>B) between the screen print (B,) and
the base glaze (6, ) is, the greater is an observer s visual perception of a screen print with a mother­
of-pearl gloss, it was considered appropriate to use this parameter (<'>B) to assess the intensity of this
decorative effec t.

1) substa ntiate the val idity of this estimative parameter (<'>B). different observers visually
exam ined all the pieces obtained by modifying the heating cycle and the WO] content in the starting
composition, in order to rate the pieces accord ing to the intensity of the effect. Alt hough in many
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cases differences co uld not be visually established bet ween the pieces. go od agreement was found
between the visua lly es ta blished rat ing and the one ob tai ned using t.B as a measure ment parameter.

Figure II shows a p lot of the va riation of t.B versus dw ell time at max imum temperatu re (t.) , for
maxim um temperatu re values (TJ of 1000. 1050 and 11 00°e.
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Figure II . Inf luence of mat /mum fi ring temperature (1) and dwell time at this temperature (tJ on the intensity
of the deco rative effect ( ,j. /3)

A con siderable drop is ob served in the intensity of the mother-of-pearl e ffect wit h the rise in
fir ing temperature (TJ since. w ith the increase of this variable. the g loss o f the sc reen pr int decreases
(Figure 7). as a result of a red uction in sur face area of the Ca WO, crystall ine groupings. and base
g laze g los s increases (Figure 8) . A dro p in the inte ns ity o f the mother-o f-pearl effect is a lso ob served
wi th an increase in dwell time at firing temperatu re (t .), while the lowe r the fi ring te mperature is.
the gr eater is th is effect (curve slope). Th is behavio ur is a res ult o f the evolution that th e area
frac tion occ upied by c rysta ls (Awl and base gloss (B,,) undergo wit h to' Thus . at IOOO°e. an inc rease
in t, en tai ls a small drop in A w (F igure 7) and a co nsiderable rise in Bb • so that t.B decreases qu ite
marked ly wi th th is var iable . Howe ver, at 11 00 °e. a lthough Aw drops appreciab ly w ith an inc rease
in t, and. the reby so does B,. base g loss (B,,) decre ases only sligh tly w ith this variable. so that the
influence oft , on the inte nsity of the decorati ve effect (t.B= B,-Bb ) is less than at lower te mpe ratures.

Figure 12 dep icts the influen ce o f the WO, co nte nt in the scree n-print ing paste on the intensity
o f the decorative effect . It shows that "' ll increases proportio na lly with the WO , content ow ing to
a parall el rise in the surfa ce area frac t ion o f Ca WO, crys ta ls (A w ). as base g loss is no t mod ified (B,,).

5. C ONCLUS IONS

It was shown that the mother-o f-pearl gloss in thin g laze fi lms obta ined from a sc reen-printing
pas te co ntaining WO, is due to the presence of surfac e crysta ls of schee lite (CaWO, ). formed by the
reaction betw een WO , and CaO in the frit.

The scree n print g loss val ues we re shown to depend so le ly upon the va lues of the surface fraction
occupied by CaWO, crystall ine aggrega tes and the va lue o f the base glaze g los s. T his re lat ion ship
is independent of the operating variables used ( \VO .1 content. firing temperature and time).
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The gloss of the screen-printed surface and the intensity of the mother-of-pearl effect increase
with the WO, content in the screen-printing paste and decrease on lowering firing temperature and/or
dwell time at this temperature .

A simple method has been developed to assess the intensity of this decorative effect from the
specular reflection measurement values at the surface of the screen-printed and unprinted areas of
the pieces.
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Figure J2. Influence of wO j content in rile screen p rint on the intensity of the decorative effe ct.
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