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ABSTRACT

At present with the dei'doplll<'ll t of porcelain tile 1II0re technological ceramic products are
/1eillg obtained, altllOllgll production cycles are 1II0re extreme.

The production of the Spallish ceramic tile sector is directed toward the manufacture of
glazed porcelain till' that is cnpabtcof maintaining its technical characteristics, while enhancing its
decoratirc alld aesthetic qunlitics.

With this obiectiiv, the present u-ork has addressed the deuelopmcnt of glazes for porcelain
tile bodies, which COIl generate crfs tallisaticne ill the glassy phase, enabling. these dllrillg their
genesis to encapsulate the clrrolllophore agents, thus producing glall's tcith glass-ceramic
characteristics, trhilc these crystals act as ceramic pigments thcmsclres, all ill just olle singte-firc
process.

With this objectirc. cOlllpatibility region» of the mullite, anorthite alltl zircon sys tellls were
selected ill the stability phase diagrallls of SiO,-AI,OJ-CaO and SiO,-AI,O ,-ZrO,. A t the sallie
time, frit compositions rich ill SiO, and AI,O, were designe«, introducing different chrontophorc
agel/ ts ill tire sallie f rillillg process. which were all elements of the first transition series.

III ti lis way a pariety ofglazes with different chromatic mllges were prepared, all preselltillg
good colour hOIllOgelleity, as toel! as appropriate technical characteristics ill the glass-ceralllic
coating itself
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The study characterised tile [ormation of crustallisations ill the slaZ<' structurally and
microstructurally evidencing the encapsulation of the differellt chroll/oplwre elements ill the
arising crustalline structure.

The different colorations that developed were also parameterised througll the ClE-L'a'b' co­
ordinates.

Finally, tile quality parameters ofall thedeveloped glazes, adapted to theporcelain tilebodies,
were cualuatcd

The study lays the groundicork for a llt'WSCI/eration of selj-colouring glazes of great interest
ill thefield of ceramic design.

KEY WORDS: Pigments, glass-ceramic gla zes, porcelain tile, colour.

1. INTRODUCTION

1.2 GLASS-CERAMIC GLAZES

Cu rrently there is growi ng interest in the ceram ic p roduction sector in d eveloping
ne w materials that provide better technical performance, enabling products to be made of
greater qu ality and thus with greater ad de d value!'!

The so-called glass-ceram ic glazes meet thi s need, since they consti tu te a new
genera tion of gla zes in which crystals form in the glassy phase itself, after undergoing the
correspond ing thermal trea tments.

In this sense, it is possible to design and improve the technological performan ce!" of
these materials, by controlling the nu cleati on and crys tallisation processes of the glassy
com position " relating technical performance to the nature, number and size of the arising
crystals.

1.2. CO LOUR PRODUCTIO N ~IECHA ISM I GLAZES

Genera lly speaking, two fundament al mec hanisms are involved III colouring a
glaze:

a) Deve lopment of the colou r in the silicate network itself, as an in tegral part of the
network, as part of the fundam ental silicate network!" or not. Thi s mech anism
can be divided into two other g roups, whose behaviour differs:

-soluble ions that gen erat e colorations and form part of the fun damental
silica structure.

-colloidal suspensions distributed in the glaze s.

b) Inclu sion or mix of ind ivid ual particles of calcined p igments in the glaze
structu re.

The origin of the colour depend s on the oxidation state!" and coordi nat ion number
of the metalli c ion . In the molten sta te they attain equ ilibriu m su rround ing them selves
with a certain number of oxygens, belonging to the si lica te, while this depends on
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whet he r they are occu py ing glass former or modifier positions. The equilibri um state is
intl uenced by the composi tion of the glass (competi tion of silicon and other cat ions for the
oxygen, oxygen pressure), combustion at mosphere, cooling rate, etc., amo ngst other
factors .

The objective of the present work was to develop new glazes of a glass-ceramic
natu re that contain different chromophore agen ts in the crystalline structure of the glaze,
thu s genera ting "self-colouring" glazes for porcelain tile bodies, in just one single-fire
process (glaze and ceram ic body).

This enables producing glazes with enhanced technical performance and in turn, a
ran ge of stable colours through these glazes.

2. EXPERIMENTAL

2.1. MATE RIALS AN D M ETHODS

A nu mber of compositions have been designed for the develop men t of frits with in
the primary fields of anor th ite, diop sid e and zircon crystall isation, accord ing to the
cor res pond ing phase diagra ms (Figures 1 and 2).
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The frit formulations were completed, designing two base mix tures for th is purpose,
whose differen t qua litative com pos itions are presented in Tables I and II.

Composition Potass. Ka olin Quartz CaCO, BaCO" ZnO Hyd rated
feld. Alumina

TaMe I. Qunlitatil't' composition of ila5t:' mixture A.

Composition Po la ss . Quartz CaC O" ZnO Hyd rated ZrSiO, Dolomite Colema ntte
feld. Alumina

H'/% 1-10 25-35 10-20 U-S 15-25 10-2U 25-35 1- 10

Table II. Qualitat ii't' COIll Jlll:i i t iOll of bast' mixture B.

Different chromo phore oxides were added to these base mi xtures with a view to
p roducing frits in w hich a pigmenting structure develops. The ions of the p recursor
oxide s w ith the base mixtures used , together with their refe rences are given in Table HI.
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Base mixtu re Chromophore Reference
inns

A Fe A I
A + ml ncra tisc r I Fe A2
A + min erahser 2 Fe A3
A Fe, :\' i. C r A4
A Co A5
A 2Fc, ~i. Cr, ICo A6
A I Fe, l\'i, C r, zc« A7
i\ + min crali ser 2 Fe. Ni, Cr. Co AM
A I C r A9
A IAC r A IO
A 3Cr A l l
A + a lu m ina 3Cr A I2
A + a lu m ina I C r A I]
A 5Cr A I4
A + rnincrali ser 3 C r A 15
A + mlneral iser 2 C r A 16
t\ + miner ali ser 2 y 4 C r A 17
A + mincraliser I 3Fe, IC r A IM

A + mincr aliscr I t 3 Fe.ICr A I9

A + mtn erati se r 1 5 Fe, 0.5Cr A2 0
A + mineraliser 1 Fl\ Cr, Sn A2 1
A c-, Mn A2 2
A O.5Cr. 1\111. Nd A23
A + al u m ina C r, Mn A24

A + alu mina } C r, ~In ;\25

A + al u mi na t + Cr, ~l n ,.\26

mlncrat lscr 5
A + al u m ina Cr, So A27
A + a lu mi na ~tn A2M
A + a lum ina SII, \' A29
A + a lumi na Cr; Y A30
A + a lumina u.rc-, Y A31
A + a lu mina SII, Sb, V A32
1\ V 8 33
II Fe 1\34

TaMe /11. Base mixtures used witlt ctiromopuoreions tosetha with their references.

The method ology used in developing the different glazes is su mmarised 111 the
following di agram :

Study of compositions

Proport ion ing and homogcnisat ion of raw
mate ria ls a nd chromoph ore oxides

I Mixture frittin g process I

I

I

Gla ze application to the ceramic bod y

Firing glazed tiles in an ind ustria l kiln

I

I

I Final product characterisation I
Figure 3. Flow diagram of coloured glass-ceramic gtazc dt'7. ,t'!0l'nlm l.
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The fri ts mad e, together with the oxide chrornophore ad ded to the ir composition,
were app lied as glazes to porcelain tile bodies and subjected to thermal treatmen t
equiva lent to that used in industrial po rcelain tile prod uction . The cycle is presented in
Figure 4.

T"C

120(J ~. ~
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570

40

7 7 8 5 5 ; 6 x t/min

figure 4. Firillg eyelt> to 1200"( f lJllmPl'd hi porcelain tilt: production.

3. CHARACTERISATION TECHNIQUES

All th e star ting ma terials were ana lysed and the res u lt ing prod uc ts were
characterised. The structural cha rac terisation was carr ied out by X-ray diffraction (XRD),
wi th a Siemens D5000 di ffrac tometer, filled with a cop per cathode. Measurem ents were
performed at a voltage of 40kV and 20mA , in the range 21l from 15 to 70".

Microstruc tural and ana lytica l cha rac terisa tion were do ne by scanning electron
microscopy (SEM) with a Leica, mod el READS 440 inst rumen t, fitted with an energy­
d ispe rsive X-ray analysis spec tro me ter (EDX).

The mechan ical p roperties of the glazes were determined by Vickers m icroh ardness
measureme n ts, with a MATSUZAWA, mo del MHT-1, microh ardness tester lip to 1 kg
force . Mo hs hardness measuremen ts were also perform ed (according to standa rd UNE 67­
101).

Fina lly, the developed colours we re ana lysed an d the colour param eterised throu gh
the ClE-L*a*b* ch roma tic co-ordi nates by means of a MINOLTA CM-508i,
spectrophotometer, with SpectraMagic so ftware for Windows.

4. RESULTS AND DISCUSSION

4.1. STRUCTURAL CHARACTERISATION

XRD ana lys is of the fired glazed p ieces shows the development of the a no rth ite
phase as major phase in all the sa mples (Tab le IV).
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ReleT(.'lIcf! Phase del·(·/tJP(·t/
,\ 1 a no r thi te
A2 a no r thi te
.\3 a no r t hi te
A4 a nnr thite
AS ann r t hit e
A 6 ano r thite
A7 anorthite
AX a nn r t hit e
A 9 an u...thite

AlII anor thite. Zn,\11O...AI2O)
All annrthitc, ZnAI2O...AI2())

A I2 an orthit e, ZnAI 2O...AI2O J

A U a northite
A I4 a no r thit e, ZnAI2OJ.A!:0J
A I5 a nor th ite
AI(. a nor t h ite
,\ 17 anorthite
A IS a north ite
AI9 a no r t hite
A2 0 anorthite
A2 1 a no r t h ite
A22 unurthit e
AD a nurthhc
A2~ anurthite
1\25 a no r t h ite
1\26 a northite
A2 7 a no r t h ite
..\28 a nu r t hi te
,\29 a no rt h ite

"-'0 a nu r t hite
A3 1 a no rthi te
,.\32 a no r t hi te
11.13 anor thite. Ca( l\ I~A l)(S iAlhOb' ZrS iO..
1134 an orthite. Ca(!\IeA IUSiAIl,Ob. ZrSi0 0l

Table IV, Plw:,cs d('w!opcd ill the .r;:lazcd pieces together unth their references.

As Tab le IV indicat es, so me sa mples develo p gahni te crys talline phases
ZnAl,O,.A l,O, in the glazes whose frits were enr iched with alumina, whi le the sa mples
coa ted w ith glaze compositions containing frits enr iched with zirconium show the
presence of zircon, togethe r wi th the d iops ide phase. As an example some diffractograms
are sho wn in Figure 5, in which the crys talline ph ases present are indi cated.

,

,I r

d

I I
"I" ,

1133II

"

Figure 5. XRD 1l1l11/ysis of SI1111Ph'S A2(J, A14 tmd 833. 11: anorthi te phase; 0: sa/Ill i te pha::.c ZIlA {,O~ .A ll0.l; d: diopside
ptmsc: z: zircon phase.
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4.2. :-lICROSTRUCTURAL AND ANA LYTICAL CHA RACfERISATION

All the sa mples produced were microstructurally characterised by SEM and EDX.
The images were obtained with a backscattering electron detector, in which the sample
cons tituents can be di stingu ished by the atomic weights of the eleme nts through light
colours (grea ter atomic we ight) and da rk colours (lighter elements, with sma ller atomic
we ight). The glazed sa mples sho wn in the X-ra y diffractogr ams were chosen as
representat ive exa mples, includ ing the sample with refe rence A7. Figure 6 shows the SEM
microg raph of sample A7.

~ .-------------,

e

,.
,~,

. . .
J\-

c. ~ . . .
'--

Fig ure 6. }v1icrogral'h of sample A7 x 2500 111l1S'lificathms lind EDAX microtll1aly:; is.

As the micrograph shows, two crys ta l morpholog ies appea r. Some crys ta ls are o f
an acicu la r type, which accord ing to the correspond ing spot ana lys is (spot 2 and 3) on
eac h crys tal would be long to the anorth ite phase recorded via the XRD diffractograms
(Tab le V).

A7 AbOJ sto, CaO rio, CrzOJ FczOJ CoO NiO ZnO
spot 1 13.15 20.59 3.96 0.63 31.44 2.83 4.52 2.78 20.08
spot 2 14.10 50.38 27.57 1.80 - - 1.37 0.92 3.86
spot 3 24.26 52.44 16.3 I 1.22 - 1.33 0.86 - 3.58

Table V. Semi-quantitative pnllles of spot chemical illlalyses of sample A.

Ano ther type of crys ta ls, mu ch less abundan t, which appea r in the image as more
brillian t agglomerates and whose spot ana lysis (spot 1 in Table V) ev idences ZnO and
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Cr,O, enri ch ment, are possibly ga hni te crysta ls, not recorded by XRD oW1l1g to their
m inor presence.

Figu re 7 sho ws the micrograph of sa m p le A14.
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Fi.':lIre 7. Micrograph of ::;amplc A U r 2500 UJllglllji"ClltioJl:' nnd EVAX microl1l1aly:,is.

Also in this case, seve ral types of crystallisa tions can be observed, whose se m i­
quanti ta tive spot chemical ana lysis d ata are set out in Table VI.

A14 AIzOJ Si02 CaO K20 Cr20J ZoO
spot I 7.45 17.44 3.75 - 43.01 28.36
spot 2 10.49 83.72 4.39 0.63 - 0.77
snot 3 22.59 65.84 8.35 1.52 - 1.70

Table VI. Scmi-cuent itatire milles of spot chemical I1l1alyst's of samp'e A14 .

More brill iant , rounded gra ins appear, whose spot ana lys is is given in Table VI as
spot 1. By their ZnO content they cou ld be ass igne d to gahnite crysta ls, ind icated in Tab le
IV. The d arkest crys ta llisa tions (spot 2 and 3 in Table VI) by thei r make-up, evidence the
presence of anor thite pha se (Table VI).
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Figure 8 shows the m icrograph of sa mple A20, together with the corresponding
microana lysis.

.'

.
Ju G. " . " .. --

, .

Figure 8. Micrograph t~f sa"'pit' A2D.r 2500 mas"'fica tiolls and EDAX micro/lllalysis.

Just as with sa mple A7 (Figure 6), the same crystallisa tion morpho log ies appear,
wit h acicular crystals assigned by microana lysis (spot 2 and 3 Table VII) to the anorthite
phase.

A20 AI203 Si02 K20 CaO Ti02 Cr20 J Fc20J ZnO
spot I 13.50 4 1.35 0.75 10.94 2.53 9.62 7.39 13.91
spot 2 17.79 53.34 0.63 15.01 3.38 - 4.86 5.25
spot 3 33.34 45.78 0.45 15.09 1.02 - 1.27 2.97

Tabla VIJ. Semi-ounntitatite m llle:- of SPlit chemical Qllalyses of sample A2D.

The most brill iant, rounded crystals wo uld be ass igned by microan alysis (spo t 1 in
Table VII) to the gahnite phase (Table IV), which were not recorded by XRD ow ing to their
sca rce concentra tion .

Figure 9 sho ws the micrograph of sa mple B33. Co mpa red to the forego ing samples,
the d egree of crystallinity reached is mu ch larger.
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'---' --,
Figure 9. A'licrogral'h of sample 833 x SOO() magllificatiOllSand EDAX microanalysis.

Table VIII sets out the spot che m ical ana lys is d ata on each type of crys tal appearing
in sa m ple 1333.

833 AIz0 3 Si02 Ml!O K20 CaO \'20S Zr02
spu t I 11.68 41.00 3.09 0.63 11.55 2.5 1 29.54
spu t 2 7.59 50.81 13.45 - 23 .58 - 4.4 7
snnt 3 23.21 48.56 3.6 1 - 19.59 1.76 3.26

Table VIII. Sem i-nuan titatiue PO/ li es of spot chemica/ a1/alyst's of sample B33.

As can be observed in Table VIII, zirco n ium and silicon are conce nt ra ted in spot 1,
evidencing the formation of crysta ls assigna ble to zircon . The presence of va na d ium oxide
coul d be exp lained by the possible formation of zircon crystals with vanad iu m ions
trapped inside the st ructure. Several spo t analyses were also run on the brilliant crysta ls
in which, in all the cases, the presen ce of zi rcon ium and vanadium was detected. Spot 2
h ighli ghts the developmen t of phases th at can be assigne d to diopside by the ir content.
Finally in spot 3 an area of glassy conce ntra tion appears, in which crystals are detected
that would belong to the anorthi te phase by th eir make-up.

4.3. MECHANICAL PRO PERTIES MEASUREMENTS

Hardness is not a simp ly defi ned property and is genera lly associated wi th bond
streng th va lues of the oxides making up the g lass network"! Hardness is d efined as the
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resistan ce that a bod y presents to pen etration by anothe r. On the basis of thi s ge ne ral
definition, severa l typ es of hardness can be distinguished. In the present work scra tch
hardness and resistan ce to indentation have been measured . In the form er the hardness of
the sam ple is compared with the sta nda rd hardness of the Mohs scale. In the latter, a load
is app lied to a single poin t on a glaze. The measurement exp ressed by the Vickers method
(d iamo nd tip ) represents the relation load / contac t su rface of an es tima ted degree of
reticular cohesion (rigid ity) of the glassy structure and is related to its composition,
temperature and type of cooling.

The results obtained through this method and for each referen ce sa m ple are indica­
ted in Figure 10.
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Figure 10. Values[cund with the Vickers microhardness and MtJhs hardnes s tests.

As a referen ce, the ceramic glazes used in ceramic floor and wall tile manufacture
usually ha ve Moh s hardness ranging from 4 to 7. The values reached in the glazes
developed all exceed these va lues, which es tablish good scratch hardness character istics.
The va lues achi eved wi th Vickers microhardness also es ta blish good toughness
cha racterist ics of these materi als.

H . COLOUR MEASUREMENT AN D PARAMETERISATION

All the colours developed in the glazes have been ana lysed using th e CIE-L*a*b*
system"]. In this system the ch romat ic diagrams are represented by three rectan gular axes
with a linear scale (Figure 11 ).

whire
L*=IOO

D -a*
+ h *

+a*
grey

-h*

L*= 0

em
Figure 11.Chromatic co-ordinates ill the CIE-L*(1* 11* system.
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The abscissa is known as the red-green axis (red +g reen), the ordi na te as the ye llow­
blue ax is (yellow-blue) an d the ve rtica l axis represents brightness L* (va lue of greater or
lesser bright ness), which can range from a to 100.

Table IX lists the colour measurements of all the developed gla zes.

REFE RE:"CE
CHROMATIC CO -OROII'ATES

COLOUR

L* a* bO

AI 66.34 0.24 28.71 green

A2 62.97 2.84 3355 green

A3 64 .02 1.04 32 .31 green
A4 34.8 2 7. 11 10.08 brown
A5 27.07 12.95 -22.36 blue
A6 30.39 0.79 351 black
A7 29.87 -1. 1 -0.4 5 b lack
A8 30.32 0.54 3. 11 b lack
A9 60.82 0.25 17.59 green

A10 56.38 -3.75 17.01 green
All 55.7 0.43 12.41 green
t\ 12 52.12 1.4 1 12.61 green
A13 64 .39 2.85 17.77 green-dun
A14 56.99 -0. 58 11.92 green
AI 5 59.22 -0 .65 17.28 green
AI6 62.97 -0.84 16.15 green
A I7 64.27 3.41 17.16 gree n
A I8 48.96 17.32 25.19 leather
AI 9 45.09 13.41 20.84 leather
A20 43 10.59 18.7 leather
A2 1 47.64 15.03 23.3 Icather
A22 56.09 5.43 15.4 1 dun
A23 59.08 6.57 15.8 \ bra....11

A24 56.38 5.43 14.74 brown
A25 57.74 H.6 16.2 redd ish-brown
A26 53.62 5.11 12.7 brown
A27 64 2.26 17.44 green
A2R 85.21 0.28 9.65 pink
A29 72.99 2.27 15.94 beige
A30 79.47 - 1.38 16.3 1 green
1\3 1 85.26 5.25 10.41 light green
1\32 82.74 - 1.48 854 light green
1J33 79.68 -6. 21 -2.27 turquoise
1J34 80.3 - 1.39 27.33 vcl low

Table IX. ChromaticcQ-ordi1Jalt·s found ill the dereloped glaus.

As can be observed in samples AI , A2 and A3 a gree n colour develops, probably d ue
to the ferric oxide w hich largely depends on the glass composi tion in which it is di ssolved :
alka line g lasses can genera te a g reen colo u r, especially if zinc is p resent . The blue colour
in sa mple AS due to the coba lt ox ide tha t dev elops blue colours, may be one of the oldest
oxides used for decorati ve pu rp oses in glazes. The coba lt ion usu ally presen ts two
d ifferen t co-ord inations , 4 and 6. In the first case, the ion beh aves as a networ k former and
the resulting colour is blue; in the second case it behaves as a network modifier and
acquires a p ink coloration. The black colour fou nd with the specim ens referen ced AG, A7
and AS could be based on the possible forma tion of a nickel, iron and ch romium sp ine l,
according to the DCM Al91 cera mic pigments struc tu ral classifi ca tion . The samples that
exhibit gree n colours con tain Cr, which has very low solubil ity in glazes.
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The colour depends on the equi libr ium between the Cr" and Cr" ions presen t in the
glaze. The trivalen t form, the most abundant one, has a very sma ll, active ion; in the g lassy
network it occupies the position of a structure modifier and produces a green colour. The
brown colour that develop s in the glazes referen ced A23, A24 , A2S and A2 6 can perhaps
be attribu ted to a zinc, ch romium and magnesium spinel, in whi ch the zinc is part of the
frit components. The pink colour that develops in sa mple A28 could be ass igned to the
manganese, corund um and aluminium structure. The turquoise blue obtai ned in the
sample wi th vanad ium could be explained by the presence of the zircon van adium
structure detected by XRD and SEM as a crys talline phase in sample 1333. The sam ples
with references A1 8, A19, A20 and A21 exhibit a lea ther coloration, which could be d ue to
the possibl e formation of a brown iron-ch romiu m spine l. Figure 12 plots the chromatic co­
ord inates a" and b* of all the colours found
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Figure 12 Plot of tile chromatic CtJ-o,dillatefo found ill the CIE-J:a*1J* systcm.

5, CONCLUSIONS

The resu lts obtained enable drawing the followi ng conclusions :

1. Co loured frits have been produced capable o f developing glazes of a glass­
ceramic nature adapted for porcela in tile bod ies.

2. The crys talline ph ases detected in the glazes have been anorth ite phase as majo r
phase, beside gahnite, diopsid e an d zircon phases.

3. The presence of a ch romophore agen t has been ev idenced in all the cases,
incorpora ted next to the crys ta lline pha ses.

4. Self-colouring glass-ce ramic glazes have thu s been prod uced in the same single­
fire process adapted to porcelain tile cycles.

5. The glass-ce ramic glazes developed exhibit good mechanical resistan ce proper ties
with regard to scratch hard ness and Vickers microhardness.
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