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UVOD

Keramika je nejstarsi uméle vyrobeny kompozitni material a svétové prvenstvi vyroby
keramiky dosud drzi Véstonickd venuse vytvorena pied 25 tis. lety z moravské sprase. Od
pravéku az po soucasnost byly hledany a vyvijeny nové suroviny, technologické postupy a
technicka zafizeni, které by vedly ke zdokonalovani vyroby klasické keramiky. Objev
n¢kterych chemickych procest umoznil vyzkum a vyvoj novych anorganickych materidlt s
fizenymi vlastnostmi, které jsou pouzivany V riznych oblastech od stavebnictvi, ptes
automobilovy prumysl az po aplikace v medicing.

Vyuziti hydrotermalnich podminek pfi syntéze mineralii probihd v zemské kiiie uz od
vzniku Zemé hluboko pted pocatkem lidské existence. Typickym produktem hydrotermalnich
procest jsou hydrotermalni Zily obsahujici napt. kiemen, uhli¢itany, baryt, fluorit, sulfidické
mineraly atd..[1] Prvenstvi cileného pouZziti pary Vv uzaviené nadob&é pii chemickych
procesech bylo starovékymi autory pfitknuto “"matce laboratorni techniky" Marii Hebrejské
(cca 1. stol. n. I.) a jejimu kerotakisu (uzaviena nadoba pojena tmelem z hliny tzv. ,,blatem
moudrosti). O fadu let pozd¢ji nadobu vyrazné vylepsil francouzsky védec Denis Papin
(1647-1712), ktery se Vv laboratofi Akademie véd Ludvika IV. pod vedenim holandského
fyzika Christiana Huygense podilel na pokusech se stlacenym vzduchem. Ve Velké Briténii,
kde pusobil diky pozvani Roberta Boyla, patentoval v r. 1679 tlakovy hrnec. Pti jeho vyvijeni
sledoval pfedev§im urychleni ptipravy jidel a prvni publikaci 0 ném vydal Papin pod nazvem
,»Novy digestor ¢ili pristroj k zmékéeni kosti“. Tlakovy hrnec naSel uplatnéni nejdfive v
laboratofi, pozdg€ji v primyslu, a v gastronomii az ve 20. stoleti. Zcela zasadni je jeho vyuziti
v mediciné pii sterilizaci nastroji a tzv. ,sterilizace vlhkym teplem* je dnes zakladni
klasickou steriliza¢ni metodou.

Vliv  hydrotermalnich podminek na krystalizaci latek studovali geologové a
mineralogové od pocatku dvacatého stoleti. Priikopniky ve zkouméni hydrotermalni vyroby
mineralt byli George W. Morey na Carnegie Institution a pozdéji Percy W. Bridgman na
Harvardské univerzité. V soucasné dobé se pouziva hydrotermalni syntéza k vyrobé rubinu,
smaragdl, alexandritd a dal$ich mineralt. S terminem hydrotermalni proces se lze velmi
Casto setkat v souvislosti s tzv. hydrotermalni karbonizaci (HTC). Byla poprvé popsana jiz v
roce 1913 Fridrichem Bergiem a spolu s dal$imi objevenymi chemickymi procesy mu za ni v
roce 1931 byla udélena Nobelova cena za chemii. Tento proces, vedouci k jednoduché a
vysoce ucinné vyrob¢ hnédého uhli a syntézniho plynu z biomasy za uvolnéni energie trva

pouze nékolik hodin (v pfirodé 50 000 az 50 miliont let) a byl pro praktické vyuziti vyvinut



M. Antoniettim v Max-Planckov¢ institutu. Web of Science obsahuje cca sto tisic publikaci
sklicovym slovem hydrothermal, ztoho je témét 3 tisice praci z keramické oblasti.
Zajimavou aplikaci je vyuziti hydrotermalnich podminek ke studiu degradacnich procest a
predikci zivotnosti materiali. U technické keramiky se jedna predev§sim o kompozity na bazi
oxidu zirkonic¢it¢ho a biokeramické aplikace, u klasickych vyrobkd o obkladové prvky a
cihlatské vyrobky.

Predlozena prace shrnuje vyzkumy z keramické oblasti, pfi nichz byly aplikovany
hydrotermalni podminky a na jejichz feSeni jsem se v priibdhu svého ptisobeni na Ustavu skla
a keramiky VSCHT Praha podilela:

v' syntéza leucitovych dentalnich surovin v hydrotermalnich podminkach,
v’ starnuti klasické keramiky a degradace ZTC (Zirconia Toughened Ceramics)

V hydrotermalnich podminkach- predikce Zivotnosti keramickych materidli vcetné

moznosti rehydroxyla¢ni datace archeologické keramiky,

v' identifikace jilové slozky v suroviné nizkopalené archeologické keramiky.

1. Syntéza leucitovych dentalnich surovin v hydrotermalnich podminkach

V soucasné dob¢ jsou keramické materidly velmi Casto pouzivany pro protetické
aplikace. Dlivodem jsou ptfedevSim jejich pozitivni vlastnosti: pomémné vysoka chemicka
odolnost a pevnost, relativné nizkd cena surovin a V pfipad¢ dentalnich aplikaci moznost
napodobeni barevnych odstind pivodniho zubu. Hlavnim nedostatkem je nizkd hodnota
lomové houZevnatosti, relativné vysoka tvrdost a pomérn€ vysokd cena celé nahrady, coz je
dano pfedevs§im naro¢nou ptipravou kompozitniho prasku a jeho naslednym zpracovanim.

Dentalni keramika je pouZzivana jak pro ptipravu faset, jednotlivych korunek a mustkd,
- 80 % vSech zubnich nadhrad. Jednim z nejpouzivanéjSich typii dentalnich keramickych
materiald jsou leucitové kompozity, které jsou tvofeny amorfni skelnou matrici s homogenné
rozptylenymi zrny leucitu [2-7]. Jeho pfednosti je vysoky koeficient teplotni roztaznosti (KTR
tetragonalniho leucitu ~ 25 X 10° K™. Vyse jeho obsahu ve skelné matrici umoziuje fidit
hodnotu koeficientu teplotni roztaznosti keramické casti dentdlni nahrady a diky tomu
dosahnout bezporuchového spajeni leucitového kompozitu s kovovou konstrukei
kovokeramickych systémt. V soucasné dobé je, vzhledem k rGznym alergiim, vyzkum
dentalni keramiky zaméfen predevsim na nahrady celokeramické. U tohoto typu je leucitovy
kompozit pouzivan zejména na povrchové vrstvy faset a korunek, jejichz vnitini ¢ast je

tvofena pievazné polykrystalickou nebo krystalickou keramikou (napif. korundem popf.



kompozity na bazi ZrO,). Hlavni krystalicka faze vySe uvedenych kompoziti - leucit
(KAISi06) se vyskytuje ve dvou polymorfnich modifikacich. Za vysokych teplot je stabilni
kubicka forma, pfi ochlazovani na teplotu 605 + 5 °C dochazi k martenzitické fazové preméné
na tetragonalni leucit [6-7].

Vysokoteplotni modifikaci Ize stabilizovat do pokojovych teplot pifidavkem
stabilizatoru (napf. CsO, RbO apod.) a ¢ast autorti pfedpoklada mozné vyuziti transformace
ke zvySeni lomové houzevnatosti obdobné jako u keramiky se stabilizovanym ZrO,. Pfi
vhodném surovinovém slozeni a teploté¢ vypalu muze leucit vykrystalizovat z taveniny, coz
byl jeden z prvnich zpusobu piipravy leucitu pro dentalni aplikace [2-3]. Dalsi moznosti je
ptiprava sklokeramiky nékolikastupiiovou fizenou krystalizaci [7]. Pfiprava dentalnich
leucitovych surovin v soucasné¢ dobé spoc¢iva v oddélené syntéze leucitu a matrice, coz vede
ke zjednoduSeni ptipravy leucitového kompozitu a piedev§im k lepSimu fizeni jeho
mikrostruktury a zlepSeni mechanickych vlastnosti. Proto je vyzkum zaméfen na nalezeni
vhodné nizkoteplotni technologie pfipravy leucitu (primyslové se vyrabi krystalizaci
z taveniny pti ccal550°C). Jednou ze sledovanych metod je napt. sol-gel, zde jsou, vSak
finan¢n€ naro¢né vstupni suroviny a vysledny produkt obsahuje nezadouci pifimési. Nadéjnou
a Vv soucasné dob¢ jiz patentovanou metodou je piiprava leucitu hydrotermalni syntézou
(HS) ptes jeho sodny analog- analcim [9-12; 15-16] popt. ptiprava pies amorfni prekurzor,
ktery musi byt nasledné kalcinovan [14-20]. Schémata obou metod jsou uvedena na Obr. 1,
ktery je doplnén o postup dvojnasobné iontové vymeény vedouci k syntéze stabilizovaného
kubického leucitu [13; 20; 22].
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Obr. 1: Schéma pripravy leucitu



Pro uvedené syntézy leucitu byly pouzity rizné suroviny a jejich kombinace, viz tab.

I. V piipadé¢ dvoustupiiové piipravy Siontovou vymeénou je prvnim krokem syntéza

meziproduktu sodného analogu leucitu — analcimu (NaAlSi,Os-H,0) [15]. Pfi vyzkumu

téchto hydrotermalnich syntéz byly sledovany nasledujici parametry: pomér SiO,/Al,O3,

pomér H,O/SiO, molarita KOH/NaOH, intenzita michani vstupnich kiemicitanovych a

hlinitanovych roztokd, teplota a ¢as hydrotermalni zatéze (Tab. | [9-21]). V prubé¢hu testovani

vhodnych podminek vznikaly nezddouci produkty, pfedevSim rizné typy zeolitl napf.

faujasit. Analcim s optimalni velikosti ¢astic cca 3 um lze pfipravit ze vstupniho gelu

dvouhodinovou reakci v autoklavu (HS) s teflonovou vlozkou pii teploté 200 °C (Obr. 2).

Tab. I: Pouzité vstupni suroviny jako zdroje Si a Al a prehled sledovanych reakcnich proménnych

Vstupni suroviny

Zdroj Si: amorfni praskovy SiO, (Polskie Odczynniki Chemiczne Gliwice, PL nebo
Lach-Ner, CZ), koloidni sol SiO, (Ludox, Aldrich), saze SiO, (HiChem, CZ),
metakaolinit (Al,03:2Si0,, kaolin Sedlec la, CZ, paleny 1h pti 700°C)

Zdroj Al: praskovy Al (5 zdroju - Lachema, CZ; Alfa Aesar GmbH & Co KG; Aipra,
Al Mnisek pod Brdy, CZ; Al - odpad vyroba Morava, CZ), Al,O; (Lachema, CZ),
Al(OH); (Lachema, CZ), metakaolinit (Al,03-2Si0,, kaolin Sedlec Ia, CZ, paleny pti
700°C 1h)

Molarita KOH; NaOH

1M az 5M roztok

Reak¢ni teplota 100°C; 125°C; 150°C; 160°C; 175°C; 200°C
Reak¢éni ¢as 15 minut az 3 dny
Pomér SiO,/Al,O3 3;3,5;4;,45;5

1. 1. Syntéza leucitu iontovou vyménou

PIné krystalicky tetragonalni leucit je ziskan 3h iontovou vyménou iontii Na* za K*

(4M roztok KCI) v hydrotermalnim prostiedi pfi teploté 200 °C (Obr. 2). Sledovani prub&hu

iontové vymeény prokazalo, Ze velikost vysledného produktu je dana vstupni velikosti

analcimu (Obr. 3) [9-12; 15-16; 20]. Pomoci SEM a vypoétem z dat XRD bylo uptesnéno, ze
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Obr. 2: Difraktogramy (vlevo) vzorkii po 2 h HS pri teplote 100°C, 125°C, 150°C, 160°C, 175°C a
200°C; difraktogramy (vpravo) ilustrujici iontovou vyménu pri 200°C v 4M KCI od vychoziho
analcimu az po vysledny leucit




se jedna o sférolity sloZzené z primarnich ¢astic, jejichz velikost je v fadu desitek nanometr
(cca 70 nm). Syntetizovany analcim, lze pouzit jak pro piipravu t- leucitu, tak pro plné nebo

aste¢né stabilizovany kubicky leucit. Stupei stabilizace lze fidit dobou iontové vymeény Cs”
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Obr. 3: Snimky SEM syntetizovaného analcimu (vlevo) a t- leucitu (vpravo a detail) [26-28]
a Na* iontdl v prostiedi 4M roztoku CsCl. Polucit (CsxNa(1-AlSi;06.xH20) obecné obsahuje

jak ionty Na, tak ionty Cs*, které tvofi fadu s proménlivym slozenim od analcimu az k
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Obr. 4: Ramanova spektra syntetizovaného a prirodniho analcimu a polucitu pri pouziti vinové délky

488 nm ; nahore difraktogramy syntetizovanych produktii kubického piné stabilizovaného leucitu (9,7
mol% Cs,0) a polucitu [26]



polucitu, ktery neobsahuje ani Na" ionty ani vodu a ma sumérni vzorec CsAlSi,Og. Pii
hodnoceni iontové vymény Na-Cs pomoci XRD je problematické ureni piechodu analcim-
polucit, ke zptesnéni kvalitativni fazové identifikace byla pouzita Ramanova spektroskopie
doplnujici informace o strukturné vazané vodé. Na Obr. 4 jsou Ramanova spektra piirodnich a
syntetizovaného vzorku, S patrnymi dvéma vyraznymi piky: pfi vibraéni frekvenci v 483 - 484
cm™ pro analcim a 479 - 781 cm™ pro polucit a druhy asymetricky OH pik pfi vibragni
frekvenci 3550 - 3660 cm™.)

Koneény krok syntézy c-leucitu spoéiva v 4 h iontové vymeéné zbylych Na'iontil z
polucitu za K" ionty ze 4M roztoku KCI pii 200°C. Vyslednym produktem syntézy je fada
castecné stabilizovanych kubickych leucitl, v nichz pomér modifikaci t/c zavisi na mnozstvi
piitomnych Cs* iontd (tj. na délce iontové vymény analcim-polucit, Obr. 5) [13; 20; 22; 26-
217].
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Obr. 5: Difraktogramy leucitu s riiznym podilem kubické a tetragondlni modifikace v oblasti 25-28
°2Theta (vlevo), z jejichz ploch bylo vypocitano procentudlni zastoupeni kubické a tetragondlni
modifikace leucitu (vpravo) [13; 20; 27]

Zavislost velikosti a morfologie stabilizovanych produktl na vstupnim analcimu je
obdobna jako u nestabilizovaného tetragonalniho leucitu (Obr. 6). Pfi pouziti téchto
leucitovych prasku k pripravé kompozitu 1ze morfologii sférolitii (tvoficich aglomeraty cca
10-30 pum), kterou si zachovaji i po tepelném zpracovani sledovat na vylesténych, chemicky

leptanych nabrusech (Obr. 7) [20, 28-30].
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Obr. 7: SEM kompozitu s 20 hmotn. % t — leucitu [20; 29-30]

1. 2. Syntéza leucitu kalcinaci amorfniho prekurzoru

Druhd metoda syntézy tetragonalniho leucitu spociva v pripravé amorfniho
prekurzoru a jeho nasledné kalcinaci (uprostied Obr. 1). Optimalni pfiprava prekurzoru
probiha pfi teploté 150°C po dobu 1,5 h a pak nasleduje vypal v laboratorni peci pii riznych
vouns teplotach v rozmezi 800-1100°C.
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Obr. 8: Difraktogramy amorfniho prekurzoru P1 a ockovaného prekurzoru P2 [28]

1. 3. Kinetika krystalizace leucitu z amorfniho prekurzoru

Stupné pfemény krystalizace tetragondlniho leucitu byly vypocteny z termickych

ktivek (DTA) a rovnéz z piislusnych difraktogramu (Obr. 9).
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Obr. 9: Ukdzka difraktogramii zndzornujicich pribéh krystalizace tetragondlniho leucitu pri teploté
950°C z prekurzoru P1 a P2 (ockovany), uprostied graf zndzornujici stupen premény prekurzoru Pl
(Zluté) a P2 (Cervené) v zavislosti na teploté a dobé kalcinace [20; 28]

Pfi hodnoceni Kinetickych parametriit procesu iontové vymény (z XRD dat) byla

aplikovana rovnice Avrami-Eroféevova (1), ktera se pouziva k popisu krystalizaci zeolitd,

kiemicitant a mullitu [31-36]: « =1-exp {— k(t-t,)]" } ,

o))

kde a je stupen konverze (Avramiho exponent) v Case t, k je krystalizaéni rychlostni

konstanta, n je kineticky parametr nesouci informaci o mechanizmu studovaného procesu a

geometrii rustu krystali, t je Cas krystalizace, ty je indukéni Cas.
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Obr. 10: Krystalizacni krivky produktii kalcinace pro prekurzor P1 a P2 [28]
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K vypoctu kinetickych parametrt n a kv Tab. Il byla pouzita data reprezentujici linearni

akcelera¢ni periodu krystaliza¢nich kfivek t-leucitu (Obr. 10). Linearni zavislost, ze které

byly ur¢eny kinetické parametry pro prekurzoru P1 je na Obr. 11.

In(-In(1-a))

15 4

0,5

05

-1,5 1

-2,5

Prekursor P1

4

y =5,3978x - 13,143
R? = 0,9651

y = 3,0877x - 3,3874
R?=0,9713

y = 3,0954x - 1,2877
R? = 0,9962

950 °C

3

1000 °C
e 1020°C
1050°C

In(t-tg)

Obr. 11: Zavislost In [-In(1-a)] na In(t-ty) popisujici krystalizaci t-leucitu z prekurzoru Pl

teplotdch 850 — 1050°C [20; 29]

Tab. II: Kinetické parametry a
indukcni cas krystalizace t-leucitu

Teplota Prekurzor P1 neockovany
[°C] |t [min]] n k[hM]
950 240 4,8 0.09
1000 45 31 0.33
1020 30 31 0.66
1050 15 2.8 1.53

Prekurzor P2 ockovany
850 60 31 0.22
900 30 2.5 0.83
950 10 3.0 2.22
1000 8 2.6 4.65

Ve

pri

Se zvySovanim teploty kalcinace se doba krystalizace zkracuje a stoupa hodnota

rychlostni konstanty krystalizace K. Kineticky parametr n je v intervalu 2,5 — 3.1 (kromé

hodnoty n = 4,8). V souladu s rovnici Avrami-Eroféev pfi n ~ 3 je fidicim déjem studovaného

procesu nukleace s moznosti dvou riznych déji vzniku a rastu nuklei, resp. krystalt. Pokud

dochazi k nulovému rtstu nuklei, tj. pokud vSechna nuklea vznikaji hned na pocatku premény

a dale jiz jen rostou, dochazi k tfi-dimenzionalnimu ristu krystal (kulovy tvar). Pro vypocet

aktivacni energie studované chemické reakce E,; a ptredexponencidlniho (frekvenéniho)

faktoru A bylo pouzito grafické metody vychazejici z Arrheniovy rovnice (Obr. 12).

Oc¢kovanim prekurzoru doslo k vyraznému snizeni aktivacni energie. (Tab.l11) [20; 29].
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Tab Wl: Hodnoty predexponencidlniho
faktoru A a aktivacni energie Ea

Prekurzor

AhT

E. [kJ/mol]

P1

2.36 x 10"

385

P2

6.58 x 10%°

246

Obr. 12: Graf zavislosti Ink na 1000/T
pro prekurzor P1 a P2 [20;29]

12




tion (uV/mg)

lope Correc

S

V piipadé dat z termickych analyz lze k vypoctu E, pouzit metody, které nevyzaduji
znalost fidiciho mechanismu (Tab. 1V), tj. metody model-free (napf. Kissingerova metoda)
nebo linearni isokonverzni metody napi. Kissinger-Akahira-Sunose (KAS) metoda ¢i Flynn-
Wall-Ozawa (FWQ) metoda [37-39]. Tyto metody byly navrzeny pfedev§im pro vypocet E, z
TG nebo dTG kiivek. Zpracovanim termickych kiivek (Obr. 13) byly vypoéteny stupné
premény o jejichz zavislost na teplot¢ znazornuje prubéh krystalizace t- leucitu (13b).
Vypocet aktivacni energie pomoci metod Kissingera a Kissinger-Akahira-Sunose z dat DTA
pro ockovany prekurzor dokumentuje Obr. 14.

Tab IV: Rovnice pouzité pro vypocet aktivacni energie krystalizace leucitu [40]

Metoda Prislus$na rovnice
. 5 E,
Kissinger In(—=)=—-+Cx
B RT,
Kissinger-Akahira-S 1 F)__fa C
issinger-Akahira-Sunose n|—|=———+ Cxas
T RT,
E,
Flynn-Wall-Ozawa Ing =—-1,0516 — RT + Crwo
. E.
Matusita-Sakka Inf =——+ Cys
RT,
. B Ec
Augis-Bennett In|=+]=—==+1InkK,
T, RT,
Ec
Ozawa Inf =- + Co
RT,,
1 I -
e ey Aipra 2.5/1_A i
L e - 0,9
s bbb zelena - 10 °C/min 08 -
Oni duj 189 458 ("C) /115,074 (min) Cervena - 15 °clm|n ’
Otfeat - 1,237,399 (°C) /119843 (min)
Bajeine Type - Linear | modra - 20 °C/min 07 -
Heat - -9.18 (uV-sing) ) ¢erna - 25 °C/min 4
7 :1,191.53and 1,287.75("C)
ie::::::‘j;“;“;lz 702 (*C)179.717 (min) 20,6 i
S i 05 -
Otfset : 1,263,326 ("C) / 81.749 (min) E ’
Basaline Type . Linear
20,4 -
Feal - 5857 (V-shg) o
T st 0,3 -
Peak Maximum : 1,248.246 (*C) /60.717 (min) go
e L A, 2 -
N Ottt 1276802 052167 i 3
Ba&elne&’pe Linear wo’l -
Heat : -8.375 (UV simg)
T 1,203 67 and 1,296.08 ("C)
t: 46 3 and 50.5 (min) O m| T T T
Peak Maximum : 1,260.454 (°C) /49.1 (min)
Ot 338,587 (o 45 298 (i 1150 1200 1250 1300 1350 1400
™ Oftset 1,289.909 (*C) /50 271 (min)
Baseine Type - Linear
== Teplota [°C]
———10°C/min 15°C/min

1140 1160 1180 1200 1220 1240 1260 1280 13
Temperature (*C)

Obr. 13: DTA kifivky krystalizace leucitu z amorfniho prekurzoru 2,5M 1 (molarita vychoziho roztoku
KOH 2,5 mol/l, surovina Al Aipra), vpravo - zavislost stupné premény o, na teploté T

13



Kissingerova metoda
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Obr. 14: Vypocet aktivacni energie pomoci metod Kissingera a Kissinger-Akahira-Sunose z dat DTA
pro ockovany prekurzor [25]

Souhrn hodnot aktivac¢nich energii E; krystalizace tetragonalniho leucitu (v ptipadé
metod Kissinger-Akahira-Sunose a Flynn-Wall-Ozawa jsou uvedeny pramérné hodnoty
aktivacnich energii E,) potvrzuje pozitivni vliv o¢kovani ve formé gibsitu a bayeritu (Tab. V).

Snizeni E, dvoustupniovou krystalizaci pies meziprodukt kalsilit, ktery je povazovan za
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nezadouci pfimés syntézy [41-42] a jeho pfitomnost byla uméle vyvolana vy$si molaritou
KOH, nebylo prokéazano [24-25].

Tab. V: Hodnoty aktivacnich energii krystalizace leucitu z prekurzori [25]

Prekurzor ockovany Prekurzor neoc¢kovany prekurzor s kalsilitem

Metoda E. [kd/mol] Metoda E,[kJ/mol] | Metoda E, [kJ/mol]
Kissinger 145 Kissinger 332 Kissinger 370

SKJ?]SC; Qger-Akahira- 131 SKLi;scigger-Akahira- 357 ;(Li;s;gger-Akahira- 352
Flynn-Wall-Ozawa | 147 Flynn-Wall-Ozawa | 363 Flynn-Wall-Ozawa | 359
Matusita-Sakka 169 Matusita-Sakka 37 Matusita-Sakka 396
Augis-Bennett 157 Augis-Bennett 344 Augis-Bennett 383
Ozawa 160 Ozawa 422 Ozawa 421

Mikrostruktura produktd kalcinace prekurzorii je zcela odlisSnd od predchozich
monodisperznich prasku tvofenych sférolity, ale i zde 1ze pozorovat pravidelné uspotradani se
symetrii podobnou typickym leucitotvaraim (Obr. 15C3). S ohledem na vySe uvedenou
kinetiku krystalizace t-leucitu z prekurzoru lze konstatovat, ze tii-dimenzionalni tvar ¢astic

sveédCi o okamzitém vzniku nuklei na pocatku pfemény a jejich nasledném rustu.

Obr. 15: SEM snimky produktit kalcinace prekurzoru P1 pri teploté 1000°C a dobé 1h(A), 3h (B) a 6h
(C), vpravo prirodni krystal leucitu, pod nim typicky leucitotvar — 24 sten [25]

15



Obéma uvedenymi metodami lze ptipravit pln¢ krystalické tetragonalni leucity (popf. 1

stabilizovany) liSici vyrazné morfologii a stupném aglomerace, casova naro¢nost je obdobna,

energetickd v pfipad¢é kalcinacni cesty zahrnujici energeticky naro¢né procesy (kalcinace a

mleti) vyrazné vyssi (Tab. VI).

Tab. VI: Porovndni ¢asové narocnosti obou metod syntézy tetragondalniho leucitu vietné distribuce

velikosti castic (vpravo)

pfipravné doba
metoda 1. krok 2. krok | adokoncovaci | inicializace chemikalie
prace zafizeni
priprava roztok, NaOH
lontové susérna susama chlazeni, s Al
i + autoklav + autoklav promyvani, :
vyména 2 hod 4 hod suseni 13hed Si0,
5 hod KCl
priprava roztokd,
Kalcinace susarna 5 chlazeni, susama - 1hod KOH
amorfniho + autoklav 3pho p promyvani, pec - 2 hod Al
prekurzoru 1,5 hod suseni miyn - 0,5 hod Sio,
6 hod

1. 4. Priprava leucitové dentalni suroviny je zaloZzena na  ©
pripravenych

smiseni dvou

slozek:

oddélené

v" matriéni slozka — skelné frity pfipravené

klasickym tavenim sklafskych surovin a
naslednym mletim,

10, 20,

30

a

40

hmotn.

%

syntetizovaného leucitu (testovany byly
vSechny tfi produkty).

Obr. 16: Difraktogramy skelné matrice bez leucitu-
spodni kiivka a kompozitu (obsahujiciho 20 hmot. %
t-leucitu a 80 hmot. % matrice) - vrchni kiiivka kompozit po vypalu [43-44]

Counts

100 0%

= 1| iontova vyména

60

=

“

)

20 | - >
10

0 ,5/”<

(] 05 1 5 10

03«

S0 100

100
€[
0 | v . .
» | | DFes prekurzor - o kalcinaci
d /
L LA
“ ////
® |7
e

. i AmmA
0 A7

o s 1 5 o © 10 500
— assn
9 | // ]
0 | v , L
=4 pres prekurzor — po kalc. a mleti
L | /s
“0 //
2 TR/
20

NN
- 4
L

1000
[y}

matrix
compos

W e

te

o

|
"eremd et

|
N
A
el
lﬂ,,wf"”‘« W 1

\
|
o s\

Wy

S

L} N

‘wn.v 4
el Vony A
ool

AR

g it

e VoYt A I AR v ™
i
o

Posttion [*2Theta]

Naslednym tepelnym zpracovanim (vypalem ve vakuu pfi teploté 950-1100 °C dle

obsahu leucitu) lze ziskat kompozit s jedinou krystalickou fazi — leucitem (Obr. 16-17).

Dilatometrickd méteni prokazala, ze kompozity pripravené ze syntetizovanych leuciti jsou

vhodné jak pro kovokeramické systémy (napf.

kompozit s 20 hmotn. % t-leucitu ma KTR
v intervalu 20-450 °C 16,3.10° C™), tak pti pouiti

nizStho obsahu leucitu (nebo stabilizovaného) i pro

systémy celokeramické [43-44].

0%

—/

10% 20% 30% 40%

& Gl

Obr. 17: Leucitové kompozity [23; 43-44]
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2. Identifikace jilové slozky v nizkopalené archeologické keramice

Jednou ze zakladnich archeologickych otazek, které pomahaji fesit dal§i védni obory
zejména chemie s geologii, je puvod keramickych nalezi (lokalni vyroba nebo import) a
jejich teplota vypalu. V piipadé nizkopalené keramiky (teploty vypalu do 1000°C) je prvnim
krokem uréeni typu ostfiva stfepové hmoty a nasledné porovnani identifikovanych hornin s
geologickymi mapami. Hydrotermalni zatizeni matrix stfepové hmoty lze vyuzit ke “zpétné”
identifikaci plastické slozky resp. k “odhaleni” jilovych mineralti v surovinové smési. Nékdy
jsou jilové mineraly detekovany piimo v archeologickych nalezech a je otazkou, zda se jedna
o primarni zdroj (ze suroviny) nebo sekundarni (rehydroxylovany metajil) popf. o
kontaminaci z okoli. Pfesna interpretace provedenych analyz (XRD, TMA, IC) pied a po
hydrotermélnim zatiZeni spocivd ve znalosti chovdni uvazovanych jilovych slozek pfti
tepelném zatizeni resp. procesech dehydroxylace/rehydroxylace jilovych mineralt. Proces
starnuti nizkopalené jilové keramiky spojeny s rehydroxylaci nestabilnich zbytki po jilovych
mineralech lze urychlit simulaci v laboratornim autoklavu [45-55]. Jemnozrnna ¢ast stiepové
hmoty obsahuje metajily, které pii hydrotermalnim zatizeni rehydroxyluji do podobné
struktury jako pfed vypalem. Prvnim krokem pii vyzkumu tohoto procesu bylo vytvoteni
modelovych vzorki a jejich nasledné tepelné (kalcinace) a hydrotermalni zatizeni (simulujici

starnuti ve stfepové hmot¢).

2. 1. Kaolinit

V ptipadé metakaolinu (ziskaného kalcinaci kaoliinu Sedlec Imperial v rozmezi 600 —
950°C, po dobu 2h) dochazi k pii hydrotermalnim zatizeni HTZ (pfi “tvrdych” podminkéach,
tj. 230°C po dobu 100h) k obnové OH vazeb kaolinitu (Al,03.2Si0,.2H,0) [55].

—K
—K600 °C (2 by /
——K600 °C (2 by + HT (100 h at 230 °C)

//
L 100 23] - B L
4
n] TR
N 3
5
A a0 | 2
——
0 |
T T T T ] ,
5 7 9 11 13 15 10 |
Position (°2Theta) ! e !

01 05 5 510 50 1000
Tl

Obr. 18: Difraktogramy vstupniho “syrového” kaolinu K (vietne jeho snimku SEM a rozdéleni
velikosti castic), metakaolinu kalcinovaného na 600°C po dobu 2 hodin a hydrotermalné
zatizeného metakaolinu po dobu 100h pri 230°C (pik reflexe 001kaolinitu je pri cca 12,3°)
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Mnozstvi rehydroxylovaného kaolinitu lze identifikovat pomoci XRD (Obr. 18) a
stupefi jeho strukturniho uspofadani pomoci IC spekter (Obr. 19). (Charakteristické pasy
piislusejici OH skupindm leZi v oblastech 950-900 cm™ a 3700-3600 cm™. Pas pii cca 937
cm* odpovidd vnéjsim OH skupindm a pas pfi cca 915 cm™ vnitfnim. Vysoce strukturné
usporadany kaolinit vykazuje pasy valenc¢nich vibraci pii cca 3654, 3668 a 3691 cm™ pro
vn&jsi OH skupiny apas pti 3620 cm™ pro vnitini OH skupiny [47]. V piipadé nizsiho
strukturniho uspofadani kaolinitu vykazuji pasy pii 3668, 3654, 935 cm™ nizsi intenzitu a
Vv ptipad¢ velmi nizkého strukturniho uspotadani jsou pasy pii 3668 a 3654 cm™ nahrazeny

jednim pasem pii cca 3651 cm™ [48]).
1

004 K
0g | —Ks00CCh
~ g | —K600°C Q1)+ HT (100 hat 230 °C)
e
5 061
g 05 -
g 0.4
< 03 T 3800 ](\IOU 3400 3200 ;)‘00
02 1 /
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0

4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm'!)

Obr. 19:1C spektra vstupniho kaolinu K, metakaolinu kalcinovaného na 600°C po dobu 2 hodin a
hydrotermalné zatizeného metakaolinu po dobu 100h pii 230°Cvpravo OH skupiny v kaolinitu [49]
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Obr. 20: Termické kiivky vstupniho kaolinu K a produktu po kalcinaci a HTZ véetné snimku SEM
produktu HTZ (vlevo), vyrrezy DSC kiivek (vpravo nahore) zachycujici dehydroxylaci kaolinitu
v kaolinu K a ve vzorcich kaolinu po 1 az 4 cyklech kalcinace (600 °C, 2h) s naslednym HZ (10h pri
teploté 230 °C) velky graf uvddi vypocitany obsah kaolinitu a odectenou hodnotu Tp (vrchol
endotermniho piku) ve vzorku kaolinu pred a po I az 4 cyklech [55-56],
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Na zéklad¢ posunu vrcholu piku Tp na termickych kiivkach (DTA, DSC) lze rozliSit primérni
kaolinit od rehydroxylovaného sekundarniho kaolinitu (Obr. 20 vlevo, Tp primarniho
kaolinitu je cca 542 °C). S rostoucim poétem cykli dochazi k posunu teplotniho intervalu
procesu dehydroxylace a minima endotermniho piku (Tp) k nizsi teplot¢ a ke snizovani
symetrie piku. V opakovan¢ vytvofeném metakaolinitu klesd pocet aktivnich center
umoziujici obnovu vazeb uvolnénych hydroxylovych skupin a to se odrazi i v poklesu
aktivacni energie (Tab. VII, napt. 100 % E, pro prvni dehydroxylaci klesne na 88 % pro
druhou dehydroxylaci a 66 % pro tieti dehydroxylaci) [42,46-47].

Tab. VII: Hodnoty aktivacni energie vypocitané z dTG pikii [kJ.mol™] po HZ [46,55]

metoda dehydroxylace rehydroxylace
kaolin | kalcinace 600 °C 2 h 450°C96 h
10hHZ 100 h HZ 10 hHZ Avrami-Eroféevova
rovnice
1 cyklus 2 cykly 1 cyklus 1 cyklus
Kissinger 162 163 138 166 151 E,=919
KAS 170 156 116 166 148 n=1
FWO 172 161 122 170 153 A=3,01.10%s?

2. 2. Montmorillonit

Dal$imi jilovymi mineraly vyskytujicimi se v keramické suroviné jsou tiivrstvé mineraly
illit a montmorillonit. Vyjadifeni sloZzeni montmorillonitu neni jednotné uvadi se (Ca,Na)o 2s-
06(Al,MQ),Si4010(OH)2.nH,0  nebo  (Alx.yMgy)SisO10(OH,).(M*ynH,0), kde prvni &ast
odpovida slozeni vrstvy a druha ¢ast vyménitelnym kationtim s hydrataénimi obaly (tvofeny
molekulovou vodou) [57]. Struktura montmorillonitu je tvofena dvéma tetraedrickymi
vrstvami [SiO4]* a jednou oktaedrickou vrstvou a protoZe vazba mezi trojvrstvim neni piilis
pevna, muze do struktury montmorillonitu adsorbovat voda, ktera zplisobuje expanzi
strukturni miizky [58]. Proces dehydratace je pak doprovazen postupnym zhroucenim jeho
struktury v souvislosti s unikem této mezivrstevni vody a ptipadnou vyménou piitomnych
kationtl (dle typu smektitu) [59-60]. Na difraktogramech se kolaps struktury montmorillonitu
projevi u piku odpovidajicimu reflexi 001 poklesem intensity (u Ca-montmorillonitu pfi
teploté cca 110 °C, u Na-montmorillonitu jiz pfi teploté¢ 70 °C [59]) a posunem k vySSim
hodnotam °2Theta (u Ca-montmorillonitu z cca 5-6° 2Theta (17 A) na pozici 9° 2Theta (10
A) v ptipadé produktu kalcinace pii teploté 400 °C [59-60]), Obr. 21 [61]. Pfi termickych
analyzach probiha proces uvolnéni mezivrstevni vody v teplotnim intervalu 120-200 a 200-
350 °C dle typu montmorillonitu [60]. RozliSeni dvou piktl je vyrazné€jsi ve srovnani s illitem.

Nasledna dehydroxylace montmorillonitu probiha s dvojefektem dle typu v intervalu cca 600-
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800 °C (Ca-typ) nebo pii cca 400-800 °C (Na-typ). Prvni hlavni efekt v teplotnim intervalu
cca 400-600 °C odpovida dehydroxylaci v trans-vakantnich vrstvach montmorillonitu a slaby
efekt cca 600-800°C odpovida cis-vakantnim vrstvam [61].
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Obr. 21: Difraktogramy tureckého bentonitu Bl pied a po kalcinaci (800°C/2h) a HZT po dobu 100h
pri 230°C (vlevo) a termické kiivky stejnych vzorki (vpravo) [61]

2. 3. Aplikace vyse uvedeného postupu byla provedena na iadé archeologickych nalezi,
zde jsou uvedeny piiklady vyjime¢né svou unikatnosti a rovnéZ prikaznosti:

v' identifikace jilového mineralu v surovinach bilé dlazby z Bfevnovského klastera a
romanské dlazby z kostela v Chabrech,

v' identifikace primarniho a sekundarniho jilového mineralu v mondidolu ze Zdib,

v' identifikace plastické suroviny a podminek vypalu (sekundarni ptepal, nékolika

nasobny vypal) v keramickych nalezech z Roztok u Prahy.

Identifikace suroviny bilé dlaZdice 7 keramické mozaiky Bievnovského klastera [52]

Cast mozaikové dlazby byla siln& porusena a vyzadovala rozsahly F.—
restauratorsky zakrok, nebyla ziejma pii¢ina degradace a zndm -gp

surovinovy zdroj. Vzorky bilych degradovanych dlazdic vykazovaly

po HTZ piitomnost kaolinitu (Obr. 22). Nasledny proces
dehydroxylace u HTZ vzorku byl zdokumentovan jak TA, tak i IC _ 3
(isou dobte znatelné OH vazby kaolinitu v obou intervalech). Na [ == |

zéaklad€ chemického 1 mineralogického sloZeni predpokladané suroviny
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Obr. 22: Grafy dokumentujici pritomnost kaolinitu v suroviné pro vyrobu bilych dlaZdic, vlevo
difraktogram vzorku pred a po HT, uprostied kiivky DTA, vpravo IC spektra stejnych vzorki
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byl vytipovan zdroj plastické slozky z okoli Plzn¢ (dnes$ni loziska), které m¢l Brevnovsky

klaster v té dobé& ve sprave [55].

Identifikace jilového minerdlu v suroviné romdnské reliéfni mozaiky z Chaber [62]

Vzorky reliéfni dlazdice byly podrobeny HT zatizeni, ¢ast byla
kalcinovana a nasledné rovnéz podrobena HTZ. V obou HTZ
vzorcich byl identifikovan montmorillonit (Obr. 23). Kiivky TA
prokazaly prubéh typicky pro dehydroxylaci montmorillonitu a
IR spektra vzorki po HT vykazovaly narist OH vazeb

typickych pro montmorillonit. [55; 62]

—ChB46

——Ch 846+ HT (100 hat 230 °C) 31 —Cn8de + FT (100 hat 230 °C)
——CB46 - 600 5C (2 1)+ HT (100 hat 230 5C) 2 {  Chad6- 600 °C (21) + HT (100 hat 130°C)
1
0
g =)
3
4
5
-0
2 4 S positidh (*2Thetd) 12 1 m Tt?nopmm (GUCO) > o

—Ch 846

—Ch846

Absorbance (a.u.)
<
3

2

0.60 {—Ch8ds - HT (100 hat 230 °C)

0.50 ——(Ch846 - 600 °C (2 h) + HT (100 hat 230 “C)
0.40

020 o -

010 /

000 A

4000 3500 3000 2500 2000 1500
Wavenumbers (cm )

1000 560

Intensity

Obr. 23: Grafy dokumentujici pritomnost montmorillonitu v suroviné pro vyrobu chaberskych
dlazdic, vlevo difraktogram, uprostied kiivky DTA, vpravo IC spektra

Identifikace primdrniho a sekundarniho jilového minerdlu v mondidolu ze Zdib [51]

Vzorky ze stiedu a okraje pifedmétu byly

podrobeny HT zatizeni. V okrajové c&asti byl
pritomen kaolinit a montmorillonit pfed i po

HTZ, ve sttedu byly identifikovany pouze po

4

HTZ (Obr. 24). U identifikovanych (IR spektra) OH vazeb cemter border

nelze rozlisit pfislusnost ke kaolinitu a montmorilonitu. Byl prokdzan nerovhomérny vypal,

ktery pravdépodobné probihal, az ptfi pouzivani predmétu v tésné blizkosti ohnisté jako

ohnistniho podstavce (ptfikladani, popt. ohfev potravin).
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Obr. 24: Grafy dokumentujici pritomnost kaolinitu @ montmorillonitu v okrajovych castech pred i po
HTZ, ve stiedu pouze po HTZ, vievo difraktogram, uprostied kiivky DTA, vpravo IC spektra [51]
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Identifikace plastické  suroviny a  podminek vypalu (nerovnomérny,
nékolikandsobny, sekunddrni) v ndlezech 7 Roztok u Prahy [54]

U archeologickych nalezi nadoby a 2
1 :

suroviny ze 7. st. z multikulturniho nalezisté

(3 pt. n. 1. - 13 st. n. 1) byly provedeny
analyzy k identifikaci produkti pfirodni i

laboratorn¢ vyvolané rehydroxylace.

Analyza TA (Obr. 25) prokazala piitomnost kaolinitu pouze u dna nadoby (pik dehydroxylace

byl ve stejné poloze jako u nalezené suroviny). Po kalcinaci a HTZ doslo k posunu polohy
piku doleva. U vzorku z okraje byly po HTZ identifikovany OH skupiny kaolinitu ve stejné
poloze jako u dna po HTZ.

4 1.00 -
H Ro 8714 nm
5] 0.90 e Ro 8714 bottom
L 080 4 R0 8714 rim + HT (100 hat 230 °C)
i Ro 8714 bottom + HT (100 h at 230 °C)
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5 £ 0,60 - £
; g 0.50
4 8
E 4 § 0.40 4
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T Ro8714bottom 7 e S\ 030 3W0 360 30 3200
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o Lo Ro 8714 bottom - 600 °C (2 h) + HT (100 h at 230 °C) 0.00 o
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Temperature (°C) Wavenumbers (cm!)

Obr. 25: Grafy dokumentujici pritomnost kaolinitu v suroviné a ve dné nddoby, vievo IC spektra
stejnych vzorkii

Predpoklad sekundarné prepalené nadoby pii pozaru byl potvrzen HTZ vzorki, kdy
byly pomoci IC a TA identifikovany stejné jilové mineraly jako u ostatnich vzorkd
obdobnych nalezi. Bylo v§ak nutné pouzit delsi dobu HTZ (200h pii 230°C), protoze vzorky
obsahovaly nizsi podil aktivnich center, které neumoznily plnou rehydroxylaci nestabilnich
zbytkt po jilovych mineralech. Del§i doba HTZ (100h, 200h, 300h, Obr. 26) byla pouzita i pfi
identifikaci jilovych mineralt v opakované pouzivanych praznicich pro prazeni ¢i suseni
obili. V obou vzorcich byly po HTZ na difraktogramech identifikovany piky odpovidajici
illitu. Pfitomnost adsorbované a hydroxylové vazané vody byla prokazana ve vSech vzorcich
po hydrotermalnim zatizeni pomoci IC spekter a MS kiivek. Ve vzorku 1 byl po HTZ (200 a
300 hodin) identifikovan XRD a TA garronit (zeolit (Na;CasAl;2Siz064.27(H20), ktery lze
syntetizovat pfi vhodném poméru kalcitu, kaolinitu, kifemene a vody v hydrotermalnich
podminkach, napt. 6 tydnt pii teploté 250 °C [63]), tim byl prokazan i nizky obsah kaolinitu

Vv suroving.
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Obr. 26: Vyrezy difraktogramii vzorkit praznic po HTZ po dobu 200 a 300 hodin pri 230 °C
(vlevo), MS krivky zachycuji uvolnéni H,O ve vzorcich strepové hmoty praznice 1 a 2 (inv. ¢. 16873)
Z Roztok u Prahy pred a po hydrotermdlnim zatizenim 100 az 300 hodin pri 230 °C [55]

3. Starnuti klasické keramiky a degradace ZTA v hydrotermalnich
podminkach - predikce Zivotnosti keramickych materiali

3. 1. Starnuti porovité keramiky vyrobené z jilovych surovin [46]

Starnuti porovitého keramického stfepu vytvoreného
z ptirodnich surovin se projevuje zvétSovanim jeho objemu tj.
nevratnou vlhkostni roztaznosti a probihd i za normélnich
atmosférickych podminek vlivem vlhkosti vzduchu. Pfi¢inou
tohoto nevratného procesu je postupnd rehydratace a

rehydroxylace nestabilnich nekrystalickych fazi stfepu- metajilt,

které vzniknou pii vypalu stiepu na teploty v intervalu 500-1000

°C dehydroxylaci jilovych minerald. Obr. 27: Pohled na havarii

Snizit negativni U€inky zvétSovani objemu porovitého stfepu béhem jeho starnuti je
mozné pouze vhodnou zmeénou vychoziho surovinového a mineralogického slozeni a
podminek vypalu. Pfikladem jsou havarie stropnich konstrukci s deskami HURDIS z poc¢atku
devadesatych let minulého stoleti (Obr.27-28). Piestoze bylo zhotoveno mnoho desitek tisic
stavebnich objektd s témito deskami (koncem minulého stoleti ¢inila produkce desek
HURDIS v cihelnach v CR zhruba 5 az 6 mil. kusi roéng),
poruchy stropu vznikly pouze v poctu fadu desitek. K témto
porucham dochazi stale, av§ak v podstatné menSim méftitku.

Z experimentalnich 1 teoretickych rozbori pfi¢in téchto

Mrwe

poruch vyplynulo, Ze pifimou pfi¢inou je chybna konstrukce

skladby stropii, ktera nerespektuje odlisné fyzikaln€ mechanické  Obr. 28: Detail defektu
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vlastnosti dvou pevné spojovanych materialti, betonu a keramiky. Jejich dlouhodobé

objemové zmeény, tj. smrstovani betonu, nevratnd vlhkostni roztaznost keramiky a nestejna

teplotni dilatace obou materiali vyrazné ovlivituje bezpecnost téchto stropnich konstrukei.

Proces starnuti lze urychlit varem ve vodé (24 hodin za atm. tlaku pii teploté 100 °C dle

evropské normy EN 772-19, do systému CSN pievzata piekladem jako CSN EN 772-19), ve vodni pafe (min.

4 hodiny za atm. tlaku, doba se prodluzuje na zakladé nadmoiské vysky, resp. atm. tlaku, podle australské a

novozélandské narodni normy AS/NZS 1156.11:1997) nebo i varem v autoklavu za vyssich tlakd a
teplot (5 hodin pti 180 °C a tlaku 1 MPa podle francouzské nirodni normy NF P 13-302). K uréovani
nevratné vlhkostni roztaznosti 1ze vyuzit kromé ,,klasického* méteni vzorkt (délky min. 200
mm) i dilatometrické metody s fizenym narastem teploty. U kontrak¢éné-dilatacni termické
analyzy KDTA je mozné pouzit vzorky malych rozmér, coz je vyhodné v ptipadé
omezené¢ho mnozstvi vzorkl,, u vyrobki slozitéjSich tvar nebo u archeologickych vzorka
[46; 52]. Velikost takto stanovené roztaznosti je samoziejmé zavisla na volbé procedury a

hodnoty ziskané riiznymi postupy se nedaji 6000

srovnavat — jednd se o urcité smluvni hodnoty.

5000 —

Pokud je smluvni hodnota vlhkostni roztaznosti /'

IS
o
S
o

ziskana varem v autoklavu, predpoklada se, ze

D
I:j\ Vlhkostni roztaznost | |

@
w
jeji velikost odpovida expanzi pro velmi 7§ 3000
1<) p P p % N ? k po autoklavovani
vroso g . SR IIN = 7 \ \
dlouhou dobu uZzivani (odhaduje se pfiblizn€ 100 £ 2000 /,« ol PFirozend vInkosini
/ roztaznost
’ r ’ v O 5
let). Smluvni hodnota nevratné vlhkostni % /EJ historického stfepu
1000 f
roztaZnosti zji$t€nd autoklavovanim je nejvetsi a Teplotni roztaznost
O T T T

hodnota zjisténa varem v pafe za atmosférického
tlaku je nejmensi. Vlastni proces KDTA se teplota ['C]

sklada z nékolika krokut (Obr. 29): Obr. 29: Dilatacni kiivky z analyzy KDTA

A. prvni ohfev vzorku, teplota se zvySuje z teploty laboratorniho prostiedi na 685 °C
rychlosti 5 °C/min, nasleduje vydrz 20 min. na maximalni hodnoté, probiha méfeni
zavislosti pomérné deformace na teploté —
je ovlivnéno teplotni roztaznosti stiepu a kontrakci vlivem dehydroxylace,

B. druhy ohrev vzorku, prispévek dehydroxylace je jiz nulovy, naméfend zavislost
pomérného pretvoreni na teploté je ovlivnéna pouze teplotni roztaznosti materialu,

C. vzorek podroben urychlenému starnuti — hydrotermalnimu zatizeni v autoklavu,

D. tfetim ohievem lze stanovit smluvni hodnotu nevratné vlhkostni roztaznosti, protoze

nameétend kiivka je ovlivnéna teplotni roztaznosti a ur¢itou hodnotou vlhkostni expanze.
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Rozdil zjistény pii méfeni zavislosti pomérné deformace v kroku A a B (resp. D a B)
je projevem nevratné vlhkostni roztaznosti. Timto zpiisobem lze urcit pfirozenou hodnotu
vlhkostni expanze vzorku urCitého staii (A-B) i jeji smluvni hodnotu dle zvoleného
standardniho postupu urychleni starnuti (C-D). V ptipad¢ dlazeb z Bfevnovského klastera
byly uvedenou metodou stanoveny hodnoty nevratné vlhkostni roztaznosti a identifikovan

stupen prob&hlé rehydroxylace (Tab. IX).

Tab VI I I HOanty I’leVI’at}’lé Vlhkostnl’ CTEGI}SSOZC) (DC'I) expﬂngiou measurement
roztaznosti ceramic body
Sample | Trreversible moisture | Standard deviation & s ¥ A | A vatio of
i ‘ 1 1 rehydroxylation (%)
expansion (um m") (umm™) : : .
BT §93<10% | 9.00410° | 5.67<10° | 0.16 | 3.42 5
B57a 289 10 :
770108 | 1184108 | 582108 | 41 [ 598 69
Bl0la 1329 122 Bil1a
B101d 768 08 BI01d 71810 | 8.39x10°¢ | 4.75:10° | 121 | 3.64 3

Ptikladem soucasného uzivani autoklavové zatéze keramickych prvki je kromé
stanoveni hodnot nevratné vlhkostni roztaznosti u stavebni keramiky napft. identifikace trhlin
Vv glazurach a predikce stability glazur pifi pouziti ve vlhkém prostfedi. Glazury jsou bézné
nasazovany na stfepové hmoty v tlakovém piedpéti (je doporucen max. rozdil v KTR cca 0,5
.10 K). Pokud stiepové vykaze piili§ vysokou hodnotu nevratné vlhkostni roztaznosti, miize
dojit pfi pouzivani keramického glazovaného prvku k degradaci v disledku téchto dvou
procesti. Obdobny degradacni proces nastava u vSech archeologickych nalezi palenych max.
do cca 1000°C a je podstatou tzv. RHX datace (Rehydroxylation Dating), ktera je zalozena na
dlouhodobém sledovani nartistu hmotnosti stiepu vlivem jeho rehydroxylace a v soucasné
dobg je tato metoda velmi diskutovana.

3. 2. Nizkoteplotni koroze ZrO; keramiky

Aplikace ZTC (Zirconia Toughened Ceramics) v riznych technickych a medicinskych
oblastech je déna jejich vynikajicimi mechanickymi vlastnostmi a biokompatibilitou. Zejména
u TZP (Tetragonal Zirconia Polycrystals) vedly vysoké hodnoty lomové houzevnatosti a
pevnosti spole¢né s velmi dobrymi otérovymi vlastnostmi k aplikacim v oblasti kloubnich a
dentalnich implantati.

Je znamou skute¢nosti, Ze ke zvySeni hodnot mechanickych vlastnosti je u kompoziti
s PSZ (partially stabilized zirkonia) vyuzivana fazova transformace ZrO, z metastabilni
tetragonalni modifikace na monoklinickou, ke které musi dojit pfi plisobeni vnéjsSiho zatiZeni
[64]. Pro vSechny typy ZTC plati, ze pokud ma dochazet ke zhouZevnaténi a zpevnéni
kompozitu musi byt ZrO, v keramické matrici udrZzen v metastabilni tetragonalni fazi pomoci

stabilizatoru (nejcastéji Y,03, MgO, CaO, Ce,03). Bylo prokazano, ze t- ZrO,, piedevsim
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VvV Y-TZP, podléhd v pfitomnosti vodnich par neobvyklé spontanni t—m transformaci v

teplotnim intervalu 70 - 400 °C. Tato transformace probihd z povrchu dovnité materidlu,

nasledna objemova expanze vede ke vzniku mikro i makrotrhlin a v disledku toho dochazi

k degradaci mechanickych vlastnosti. Tento jev se nazyva nizkoteplotni degradace (LTD)

ZrO, - kompozitu a jeho kinetika je popisovana pomoci Mehl-Avrami-Johnsononovy rovnice:

f=1-exp.(-bt)", kde f je pretransformovany podil t-faze na m-fazi, t je ¢as, b a n jsou konstanty

[65]. Pii LTD se predpoklada ptisobeni 3 zakladnich mechanismi:

1) koroze — interakce vody a ZrO, za vzniku Zr-OH vazeb,

2) destabilizace — spociva v reakci OH™ s Y,03 za vzniku Y(OH); nebo Y(O)OH a v
dusledku toho dochazi k destabilizaci t-zrn a jejich pfechodu na m-formu,

3) napétim vyvolana transformace — nukleace m-faze je vyvolana pnutim, které se vytvari
pii difuzi OH" a expanzi miizky.

Pfi testovani zmén obsahu m-ZrO; riznych mikrostrukturnich typti ZTC [66-67] v dlouhém

Casovém obdobi (vlhkost cca 40%, teplota cca 20 °C) [68-69] byla prokazana pomala

samovolna transformace nestabilizovaného (mala zrna pod kritickou velikosti transformace

v matrici s vys$si hodnotou Youngova modulu pruznosti napt. Al,Os) i stabilizovaného t-ZrO,
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Obr. 30: Difraktogramy dokumentujici LTD kompozitiit ATZ a TZP vcetné snimkii povrchii [68]
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na povrchu, napi. pro A20Z (Al,Oz+ 20% ZrO,) a A20Z2Y to bylo cca 10 obj. % za 1100
dni, pro A20Z3Y 3,5 obj. % za stejné obdobi [68]. Vzhledem k pouziti ZTC (zejména TZP)
Vv lidském téle je nezbytnd moznost predikce jejich stability v dlouhodobém casovém
horizontu. Pti hodnoceni LTD chovani riznych mikrostrukturnich typa ZTA, TZP a ATZ se
pouzivaji hydrotermalni zatéze umoznujici simulaci jejich starnuti ve vlhkém prostiedi (1h pii
134°C odpovida cca 3-4 letim in vivo [70]). Prikladem je pouziti izotermni degradace
v prostiedi vodnich par pfi teploté 80°C, 150°C a 200°C (4-40 dni) [68-69], viz Obr. 30.

Z porovnani jednotlivych typt ZTC materiala [62] z hlediska dlouhodobého starnuti
bylo zfejmé, Ze u materiald ZTA (pfiprava praska koprecipitaci, vytvareni CIP s naslednym
slinovanim za fizeného vzniku riznych mikrostrukturnich typt) zavisela rychlost degradace
na podminkach prostfedi (teplota a vlhkost) a pfedevs§im na mikrostrukturnim typu resp.
zpusobu ptipravy kompozitnich prekurzori a nasledném zpracovani. Z mnozstvi
ptetransformovaného podilu m-fize u kompozith se stejnou mikrostrukturou a rlznym
obsahem Y,03 bylo ziejmé, ze stupen degradace stoupa s obsahem Y,03; Kompozity s niz§im
obsahem stabilizatoru podléhaly starnuti vyrazné pomaleji (byl tim potvrzen piedpoklad, ze
proces LTD zahrnuje vznik nové fazeY(OH)s nebo Y (O)OH) [68-69].

V pribéhu dvaceti let byly ZTC (zejména TZP) materialy podrobeny fad¢ testl, byly
sledovany vlivy obsahu stabilizatoru, zptsobu jeho distribuce, podminek starnuti a mnoha
dalsich faktorti [70-74]. Na zakladé testi, které nékdy neposkytovaly zcela kompatibilni
vysledky, bylo konstatovdno, ze degradace téchto kompoziti ve vlhkém prostfedi zavisi
ptedevsim na obsahu a distribuci stabilizatoru v konecné mikrostruktuie a je proto nezbytné
peclivé fidit vyrobu kompozitli i jejich prekurzori. Technologie vyroby pfedev§im pro
medicinské ucely musi byt pod neustalou kontrolou (resp. musi stale probihat testovani

keramickych ZTC nahrad pomoci HTZ).
Zavér

PiedloZena prace uvadi soubor vyzkumnych témat, ktera byla feSena pii pouZiti
hydrotermalnich podminek. Zpoc¢atku se tato témata jevila jako nesouvisejici a byla feSena
oddélené¢ nebo nasledné. Napiiklad po ukonceni vyzkumu Zirconia Toughened Ceramic
(ZTC) bylo zapocato s vyvojem hydrotermalni syntézy leucitu. Hodnoceni archeologickych
nalezli bylo zcela samostatnou oblasti. Dalsi faze pfinesla prolnuti oddélenych vyzkumnych
smérl. V soucasné dobé se zabyvame moznosti piipravy celokeramickych fazet nanaSenim
syntetizovanych leucitovych prekurzorii na Tetragonal Zirconia Polycrystal (TZP) kompozity.
Otviraji se rovnéz nové vyzkumné smeéry, napt. sledovani napétovych stavii v leucitové
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vrstve, protoze je nutné eliminovat jeji odprysknuti od podkladu. Budou pii tom vyuzity
znalosti ziskané pifi hodnoceni glazur a systéml glazura-stfep souCasnych vyrobkia i
archeologického materidlu. Hydrotermalni zat¢z (HTZ) povede k zjistovani nizkoteplotni
degradace (LTD) TZP slozky. V ptipad¢ klasické keramiky (soucasné nebo archeologické) by
HTZ vedla podle volby zatéze a testovaného vzorku ke stanoveni nevratné vlhkostni
roztaznosti ¢i dlouhodobé stability glazur. V piedlozené praci byly rovnéz uvedeny ptiklady
archeologickych vzorkid, které prokdzaly moznost pouziti hydrotermalniho zatizeni
k identifikaci jilovych minerali v surovinach nizkopalené keramiky. Tato informace muze byt
dale pouzita k nalezeni pravdépodobného surovinového zdroje, v idedlnim piipadé odbérem
predpokladané suroviny nebo na zékladé¢ geologickych map. Obé€ moznosti vedouci
k hodnoceni provenience nalezt se dnes v archeometrii bézné pouzivaji, a proto je informace
o ptitomnosti urcitého jilového mineralu velmi cenéna. Hodnoceni historického materidlu na
naSem pracovisti vede k Siroké spolupréci s pracovisti zabyvajicimi se narodnim kulturnim
dédictvim a to piedevs§im s Archeologickym tistavem AV CR, Praha, v. v. i. [75-78], Nérodni

galerii v Praze [79], Narodnim muzeem [81-82] a Muzeem hlavniho mésta Prahy [83].
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INTRODUCTION

A number of properties of potassium and cesium
aluminoslilicates suitable for utilization in technica
practice have been discovered during the last fifteen
years. It was above all the possibility of immobilising
radioactive cesium 131Cs because its fixing into the
tructure of borosilicate glass involves big difficulties,
particularly due to extractability of cesium out of the
materials. Tests have been carried out with alumino-
silicates, phosphates, titanates, and various zeolites;
however, the best results were obtained with pollucite
(CsAISI,0p). Its high melting temperature (above
1900°C), relatively low density (3.3 g/cm3) and
arelatively low thermal expansion coefficient ensure
agood resistance to thermal shocks. A low creep at
1400 — 1500°C and chemical inertness allow materials
suitable for high-temperature parts of combustion
engines, gas turbines and the like to be prepared.

However, dental prosthetics appears to be the most
significant field of application. The way was found how
to improve the properties of dental porcelain, in
particular its fused adhesion to metals and fracture
toughness. The innovation is based on the properties of
leucite (KALSI,Og) Whose presence in porcelain allows
its thermal expansion to be adjusted to that of metals, so
that the suppression of changes occurring during the
cooling down of the product lead to enhanced fracture
toughness of the porcelain.

Utilization in dental prosthetics

Use of porcelain in dental prosthetics was already
known in the 18th century [1]. In principle, athin layer
of the porcelain mix (quartz, feldspar, kaolin) was
applied in paste form onto the roughened surface of a
metallic skeleton and then fired at a suitable
temperature, usually 900 —-980°C, at which sintering
took place, and on cooling down the ceramic material

achieved an aesthetically satisfactory appearance, i.e.
translucence, colour shade and also satisfactory
strength. This technological process has therefore been
known for a long time, but the principles of weldability
with metal and the causes of brittleness of the product
have been understood only not far ago. This fact can be
regarded as the main reason why nowadays
polyacrylates reinforced with a metallic structure are
increasingly used in dental prosthetics in spite of a
number of more advantageous properties of porcelain
(hardness, colour fastness, biological tolerance,
resistance to the oral environment, and also durability).
The problem of reliable weldability between ceramics
and metals has been satisfactorily examined by Hahn
and Teuchert [2] who showed that the primary
requirement is to reduce the difference in thermal
expansion coefficients of the ceramic material and the
metal. In place of the mix used in the manufacture of
conventional feldspar porcelain they have chosen a
composition corresponding to the region of primary
crystallization of leucite in the system K,0-Al,05-SiO,
and demonstrated that leucite crystallized during the
cooling of the product raises the thermal expansion
coefficient of porcelain to avalue close to the expansion
of metal (13 — 15 x 10° K-1). At the same time they
found that admixtures of lithium, rubidium and cesium
promote crystallization, which is suppressed by sodium
admixtures. On this basis, which represented a leap
forward in the development of dental porcelain, it was
eventually possible to prepare leucite porcelain which
isreadily fusible with many metals. Thisis borne out by
a number of patents [3 — 5], and also by the launching
of industrial production of the raw material mix for
stomatological laboratories.

Further development of leucite porcelain was
influenced by several significant studies. Morena [6]
found that glasses containing dispersed crystals of
leucite exhibit higher fracture toughness than the same
glasses free from leucite crystals. Mackert [7] and also
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Denry [8] discovered that in the vicinity of leucite
crystals in porcelain there were microcracks whose
origin they ascribed to the difference between thermal
expansion of leucite and that of the glass matrix. On the
basis of these findings, Rasmussen [9] assumed that the
mechanism of increased fracture toughness of leucite
porcelain could be similar to that of ZTA composites
(Zirconium Toughened Alumina) [10]. It has been
proved that their high fracture toughness is due to
martensitic transformation of metastable tetragonal
ZrO, to its monoclinic form. Rasmussen supported his
hypothesis by the plausible convincing evidence for the
fact that the transformation of metastable cubic leucite
in porcelain may be initiated by stressin a mechanically
loaded material. This hypothesis had subsequently
turned the research to another direction, namely at
seeking a material exhibiting not only fusibility with
metals, but at the same time aso a high fracture
toughness. It has been proved that leucite porcelain
containing 6.2vol.% of leucite in its vitreous matrix
achieves a fracture toughness higher by up to 60% than
the classical feldspar porcelain [11].

A completely new field of study aimed at finding
new structural materials has thus been opened for the
materials science. To understand the behaviour of
leucite, it was first necessary to study in depth its
structure and its behaviour in the course of phase
transformations.

Crystal structure
and phase transformations of leucite

The structure of leucite represents a continuous
three-dimensional skeleton formed by (Si,Al)O,
tetrahedra, each of which shares all its oxygens with its
neighbours [12, 13]. The tetrahedra are arranged into
four-, six- and eight-member rings, where the six-
member ones form a sequence of parallel layers, passed
through by open channels in the perpendicular
direction. Potassium cations are placed in the channels.
The structure of leucite is stable above the temperature
of 893 K. It is cubic, characterized the spatial group
Ia3d, and the elementary cell contains 48 tetrahedra and
16 potassium cations.

On cooling down the cubic structureis transformed
into a tetragonal one. This conversion is rapid,
reversible and continuous (transformation of the 2nd
order). The change in the volume and size of the
elementary cell in terms of temperature is shown by
figures 1a and b.

The cubic structure of leucite has the significant
property of being extremely tolerant with respect to
changein composition. K+ cations are readily replaceable
for Rb* or Cs*, but also aluminium cations in the tetra-
hedral can be easity substituted with those of boron or
iron [14]. By the substitution of alkali cations the stabi-
lity of the cubic modification is shifted towards lower
temperatures and the size of the elementary cell grows.

The conversion of cubic leucite into the tetragonal
modification involves deformation of the six-member
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Figure 1. Temperature dependence of a) volume of the elemen-
tary cell, b) dimensions of the elementary cell.

tetrahedron layers, as established by Palmer [13] on the
basis of neutron diffraction.

The transformation is martensitic, that is
anisotropic and athermal, proceeds at the speed of
sound in solids and exhibits temperature hystereses. It
proceeds diffusion-free, by the slipping or twinning
mechanism, during which processes the atoms
retain their neighbours and move over a distance that is
smaller than their original mutual one. In the case of
leucite the martensitic transformation is facilitated
by slippage of the six-member tetrahedron ring planes.
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Figure 2. Temperature dependence of the structure of channels and of the placing of potassium ions.
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Figure 3. Two mechanisms of martensitic transformation:
twinning and slipping.

On the basis of a similarity between martensitic
transformation of leucite with that of ZrO, it may be
assumed that the application of leucite represents a
promising and so far non-utilized way of preparing new
structural materials. A prerequisite for thisis of course

a better understanding of the mechanisms of promoting
fracture toughness, about which very little is so far
known in contrast to the ZTA materials.

The actual aims of research

The problem of fusion joining of porcelain with
metals can be regarded as a satisfactorily resolved one.
However, attainment of a satisfactory fracture
toughness of leucite porcelain has so far remained an
open issue, both from the standpoint of dependence of
fracture toughness on the microstructure of the material,
aswell as from that of viable technology.

A great problem is represented by the fact that
nucleation and growth of leucite crystals from melt, on
which the present technology of leucite porcelain
manufacture is based, are extraordinarily slow
processes requiring very long holding periods on firing
[15]. The same problem arises in connection with the
firing of precursors prepared by the sol-gel method [16]
or by decomposition of zeolites of suitable composition
[17]. It is aso difficult to control these processes so as
to produce a homogeneous dispersion of leucite crystals
in the vitreous matrix, i.e. a microstructure that with
ZTA materials has been found optimal in terms of
fracture toughness. As shown by Holland [18],
nucleation of leucite in glass takes place at the surface
only, and it may be assumed that this might also be the
case of the other precursors mentioned.
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A viable way of resolving the problems might be
offered by hydrothermal synthesis of leucite.

It was this method that has been proved successful
in the preparation of pollucite [19, 20, 21] at a
temperature of 220°C and with a holding period of the
order of tens of minutes. Control of nucleation [22] and
crystal growth under hydrothermal conditions was
studied in detail in connection with the synthesis of
zeolites [23, 24]. It may be assumed that this method
could allow also leucite with a particle size of the order
of tens nanometres to be synthesized, and subsequently
used in preparing, with a suitable matrix, a composite
material whose fracture toughness (again due to
similarity with ZTA materials) should attain values
exceeding several times those of exhibiting by
contemporary leucite porcelain.
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1. Uvod

Keramické materialy jsou v soucasné dob€ velmi
Casto pouzivany pro protetické aplikace. Divodem jsou
jejich vyhodné vlastnosti, mezi které patfi vysoka chemic-
ka odolnost, bioinertnost, moznost upravy koeficientu
teplotni roztaznosti umoziujici spajitelnost s kovovou
vyztuzi, mechanicka pevnost a moznost napodobeni barev-
ného odstinu ptivodniho zubu. Hlavnimi nedostatky jsou
vysoka kiehkost, resp. nizka hodnota lomové houzevnatos-
ti, relativné vysoka tvrdost, kterd mtize vést k obrusovani
protilehlych zubt, a pomérné vysoka cena celé dentalni
nahrady, ur€ena narocnou a zdlouhavou pfipravou.

Dentalni keramika, Casto nepfesné oznaCovana jako
zubni porcelén, je pouzivdna pro pifipravu jednotlivych
korunek a mustku i celych zubnich nahrad. Nejrozsitenéjsi
jsou kovokeramické systémy, které tvoii 70-80 % zubnich
nahrad. Castym keramickym dentdlnim materialem téchto

856

Referat

systémt jsou leucitové kompozity, které jsou tvore-
ny skelnou matrici s homogenné rozptylenymi krystalicky-
mi zrny leucitu (KAISi,Og).

2. Strucny historicky prehled

Pouzivani keramiky pro zubni nahrady je
z historického hlediska pomé&mé nova zéleZitost, i kdyz
touha po trvalém a esteticky vhodném materialu nahrazuji-
cim lidské zuby je odvéka. Jiz v dobé Etruski (od cca 700
let pt. n. 1.) existovaly riizné zubni techniky, které zustaly
prakticky bez povSimnuti az do 18. stoleti. Jako nahradni
materialy pouzivané pravé do této doby slouzily lidské
a zviteci zuby upravované do pozadovanych tvart, slono-
vina, pozdé&ji i opracované mineraly a porcelan.

Prvni porcelanova korunka byla zhotovena zahy po
objeveni zptsobu vyroby tvrdého evropského porcelanu
roku 1709. Ptiblizn€ o sto let pozdé¢ji se zubni keramika
z diivodu dosazeni del$i Zivotnosti zacala zpeviiovat kovo-
vou vyztuzi. V roce 1885 pfipravil Logan prvni zndmou
keramickou korunku nanesenou na platinovou podpéru'.
Kovokeramické systémy zarucovaly do té doby nebyvalou
vSestrannost z hlediska esteti¢nosti i mechanickych vlast-
nosti a zptsobily vyrazny pokrok v zubni protetice. Piipra-
va kovokeramickych systémil vSak pfinesla zavaZny pro-
blém, kterym je odpryskavani keramiky od kovové kon-
strukce. Omezeni této nevyhody piinesla prace Wein-
steina®*, ktery v 60. letech minulého stoleti pfipravil zubni
keramiku smisenim jemné rozmletého skla a sklokeramic-
ké frity rizného sloZeni, které umoziiovalo ménit koefi-
cient teplotni roztaznosti (KTR) v Sirokém rozmezi. Timto
zpisobem se podafilo pfipravit Zivcovou keramiku s do té
doby nebyvale vysokou hodnotou KTR az 17-10° K.
Pfipraveny dentdlni material obsahoval skelnou fazi
a krystaly tetragondlniho leucitu, ktery se v pfirod¢ vysky-
tuje jako mineral bazickych vylevnych hornin bohatych na
draslik a hlinik a patfi do skupiny feldspatoidt, podtiidy
tektosilikati a t¥idy silikatd. V roce 1980 Hahn a Teuchert’
hloub&ji studovali rekrystalizaéni mechanismus leucitu
v sklo-keramickém systému K,0 — Al,O3 — SiO, a diskuto-
vali princip bezporuchového napalovani keramiky na kov.
Prokazali, ze pro ziskani pozadované hodnoty koeficientu
teplotni roztaznosti Zivcové keramiky je nutnd praveé pfi-
tomnost tetragonalniho leucitu, ktery ma hodnotu KTR
priblizng 26-10°K™". Postupné zdokonalovani kovokera-
mickych systémii ovladlo vyvoj zubni protetiky az do sou-
casnosti.

Dalsi oblasti vyzkumu a vyvoje dentalnich aplikaci
jsou dnes predevsim systémy celokeramické. Vykazuji
vyborné estetické vlastnosti a k jejich rozvoji doslo zejmé-
na diky pouziti nové vyvinutych syntetickych keramickych
surovin a vyvoji novych technologii pfiprav, predevsim
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v oblasti vytvéafeni a vypalu. Jednim z prvnich materiald
pouzitych jako keramicky konstrukéni material byl ko-
rund, a-Al,O4 (cit.é). V 80. letech 20. stoleti pak ptichazeji
s celokeramickymi systémy firmy Cerestore (Coors Bio-
medical, Lakewood, Colorado, USA) a Dicor (Dentsply/
York Division, York, Pennsylvania, USA).

Konec 20. a pocatek 21. stoleti pfinesly strmy naruist
zajmu materidlovych chemikil a zubaiii o tento rychle se
rozvijejici obor. VétSina vyzkumnych tyml se primarné
zam&fuje na materialni a mechanické aspekty. Duraz je
kladen na zdokonalovani mechanickych vlastnosti zubni
keramiky a na jeji nové zplsoby piipravy. Vznikaji stale
nové dentalni keramické materidly, coz sebou piinasi nut-
nost zavedeni jejich systematické klasifikace podle dalsich
parametru, které nebyly dfive specifikovany.

3. Klasifikace dentalni keramiky
V soucasné dobé se pouZzivaji ndhrady kovokeramic-
ké i celokeramické. Pro klasifikaci dentalni keramiky se

pouzivaji dva zakladni zpaisoby’ . Castéji pouzivana kla-
sifikace zohlednuje podil krystalické faze ve skupinach

Tabulka I

Klasifikace dentélni keramiky z hlediska podilu krystalické faze

Referat

skelné (ziveové) dentdlni keramiky (1), castecné krystalic-
ké dentalni keramiky (2) a polykrystalické dentalni kera-
miky (3), viz tab. L.

Alternativni klasifikace zohlednuje, zda se jedna
o kompozitni material nebo o jednofdzovy systém. Kom-
pozitni material se sklada alespoil ze dvou fazi, pfi-
¢emzZ prvni fazi tvofi nejcastéji skelnd matrice, druhou pak
krystaly leucitu, Al,O3, ZrO, aj. Jednofazovy systém se
naopak sklada pouze z jedné faze, a to bud’ skelné (napft.
ziveova keramika), nebo krystalické (napt. Al,Os, ZrO,).
Oba zputisoby klasifikace se Casto prolinaji a v literatute lze
nalézt i dalSi zpusoby Kklasifikace, napf. podle druhu
a mnozstvi krystalické faze.

Na zhotoveni korunky, resp. mustkl se pouziva kom-
binace riznych typt dentalni keramiky. Vrstveni jednotli-
vych druhti dentalni keramiky je odlisné pro kovokeramic-
ké a pro celokeramické systémy. V prvém pfipad€, viz
obr. 1, se na kovovou konstrukci nejprve nanasi opakni
vrstva s vysokym podilem krystalické faze, ktera zakryva
tmavou slitinu kovu. Nasleduje vrstva dentinova a nako-
nec vrstva nahrazujici sklovinu, kterd vykazuje nejlepsi
optické vlastnosti a dodava keramickému zubu piirozeny
vzhled. Jednotlivé typy vrstev musi byt Casto nanaseny

Zakladni slozka Dalsi piipadné slozky

Ptiklad komer¢niho materialu

Pouziti

Skelna (Zivcova) dentalni keramika
Zivcové sklo Barvici oxidy
Kaliva
Sklo-frita

Stredné krystalicka dentalni keramika

Vitadur Alpha, (Vita)

fasety na keramiku, inlay,
onlay

Ziveové sklo Leucit (~17-25 hm.%) Omega 900 (Vita) fasety pro kovové podpéry,
Barvici oxidy Ceramco I, II, IIT (Dentsply) inlay, onlay
Kaliva IPS d.Sign (Ivoclar)
Sklo-frita

Vysoce krystalicka dentalni keramika
Leucit (~33-55 hm.%)
Barvici oxidy

Kaliva

ALO; (~ 55 hm.%)
AL O3 (~ 70 0bj.%)

Ziveové sklo
Ziveové sklo
Lanthanové sklo

LABS (alumino-
boro-kiemicité sklo)

ALO; (~ 50 0bj.%)
710, (~ 20 0bj.%)

Upravena vysoce krystalicka dentalni keramika

Zivcové sklo Lithiumdisikat (~ 70 obj.%)

Polykrystalicka dentalni keramika
na bazi Al,O3

na bazi ZrO,

< 0,5 hm.% pfimési
<3-5hm.% Y,0;

Empress I (Ivoclar)
Finesse All-Ceramic
(Dentsply)

Vitadur-N (Vita)
In-Ceram alumina (Vita)

In-Ceram Zirconia (Vita)

Empress 2 (Ivoclar)

Procera (Nobel Biocare)

Procera (Nobel Biocare)

jednotlivé korunky, inlay,
onlay, fasety

jednotlivé korunky

jednotlivé korunky, mustky ve
frontalnim useku

jednotlivé korunky, mistky

jednotlivé korunky, mistky ve
frontalnim useku

jednotlivé korunky

jednotlivé korunky, mistky
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vrstva skloviny

vrstva zuboviny (dentin)
~1.5mm

opakni vrstva
~0.2mm

zakladni kostra
~0.3mm

Obr. 1. Schéma nanosu keramickych vrstev na zubni kon-
strukei

vicekrat, aby bylo dosaZeno optimélniho tvaru a odstinu
dané zubni ndhrady. Zubni nahradu je nutné po naneseni
kazdé vrstvy vypalit ve vakuové peci. U celokeramickych
systému tvofi nosnou ¢ast keramicka konstrukce, na kte-
rou se nanasi alesponi jedna dal$i vrstva s vyssi propust-
nosti svétla.

3.1. Skelna (zivcova) dentdlni keramika

Nejlépe napodobuje optické vlastnosti skloviny
a zuboviny, a proto se nejCastéji pouziva jako fasetovaci
material na povrchové vrstvy zubni nahrady”'°. Sklo je
tvofeno trojrozmérnou siti atomt a je charakteristické
amorfni strukturou s vysokou propustnosti svétla. Tato
skla jsou pomérné odolna proti krystalizaci béhem vypalu
a chlazeni, vykazuji Siroké rozmezi teplot pro vypal a jsou
biokompatibilni. Nézev Zivcové sklo je odvozen od mi-
nerald — zivel, jejichz zakladnimi slozkami jsou SiO,
a ALO; Zivcova keramika dale obsahuje alkalické a jiné
oxidy, které snizuji teplotu vypalu, ¢i zvySuji koeficient
teplotni roztaznosti.

3.2. Casteéné krystalicka dentalni keramika

Je tvorena alespon dvéma fazemi, pricemz jednu tvori
amorfni skelnd matrice a druhou tvofi faze krystalické7.
Jeji pritomnost vede k zlepSeni mechanickych vlastnosti
a ovliviiuje optické vlastnosti, zejména propustnost svétla
a barvu. V tomto pfipadé mizeme hovofit o ¢astecné krys-
talické keramice jako o kompozitnim materialu.

Prvni uspésné pouzitou krystalickou fazi v dentalni
keramice byl leucit, ktery umoznil spéjeni keramiky s ko-
vovou slitinou®*. Rozdilné hodnoty KTR do té doby pou-
Zivané Zivcové dentalni keramiky (KTR ~ 810 °K™)
a kovovych konstrukei (KTR 12-10°-14-10°K™") zpuiso-
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bovaly odpryskavani keramiky od kovu. Pfidani 17-25
hm.% leucitu umoznilo zvysit KTR dentalni keramiky na
hodnotu blizkou hodnot&é kovové konstrukce, a tak bylo
mozné napalovat keramiku na kov bez odpryskavani. Leu-
cit pfinasi pro aplikaci v dentalni protetice kromé vysoké
hodnoty koeficientu teplotni roztaznosti dal§i dvé vyhody’.
Za prvé je to jeho index lomu velmi blizky indexu lomu
ziveovych skel, coz je dilezité z hlediska docileni optimal-
nich optickych vlastnosti dentdlni keramiky. Za druhé se
leucit oproti zivcovému sklu podstatné snaze lepta, coz
umoziuje vznik velmi dobrych mikro-mechanickych va-
zeb mezi keramikou a tmelem.

3.3. Polykrystalicka keramika

Neobsahuje na rozdil od skelné a ¢aste¢né krystalické
dentalni keramiky amorfni skelnou fazi. Obvykle je mno-
hem pevngjsi a ve srovnani se sklokeramikou je podstatné
(napft. zubni korunku). Polykrystalicka keramika zazname-
nala vyrazny Gspéch s prichodem pocitacovych programd,
které zvysily pfesnost rozmért pozadovaného tvaru nahra-
dy. Velkou vyhodou polykrystalické keramiky je presné
urceni jejitho smrsténi po vypalu, coz je dilezité pro dodr-
zeni spravného tvaru dané néhrady. Polykrystalicka kera-
mika je ve srovnani napf. se sklokeramikou opaknim ma-
teridlem s velmi malou propustnosti svétla. To limituje jeji
pouziti z hlediska estetiky a musi byt tudiz kombinovéana
s dalsimi typy dentalni keramiky. Polykrystalickd kerami-
ka se proto nejcastéji pouziva jako podkladovy material
pro celokeramické zubni nahrady.

4. Leucitova keramika

Leucitova keramika je dvoufdzovy material skladajici
se z amorfni faze, kterou tvoii skelna matrice, a krystalic-
ké faze — leucitu. Zakladni kostru leucitu i matrice tvofi
hlinité a kfemicité slozky doplnéné o dalsi dilezité slozky
a pfimési, kterymi jsou K,O, Na,O, Li,O, B,0;, CaO,
ZI'OQ aj.

V nésledujici tab. IT je uvedeno zakladni surovinové
slozeni zubni keramiky doplnéné o sloZeni klasického
7iveového porcelanu'"'%.

Je zfejmé, Ze surovinové slozeni je velmi podobné,
avSak procentualni zastoupeni jednotlivych surovin se
vyrazné lisi. Nizky obsah kaolinu u zubni keramiky zptso-
buje malé smrsténi zubni nahrady po vypalu, coz je dilezi-
té z hlediska dosazeni pozadovaného rozméru zubni nahra-
dy. Naproti tomu vysoky podil Zivcl v zubni keramice
zajiStuje vhodné optické vlastnosti s vysokou propustnosti
svétla.

Chemické slozeni nékterych komercéné dostupnych
keramickych dentalnich materiald uvadi tab. III. VSechny
tyto dentdlni materidly obsahuji minerdl leucit, kromé
materidlu Vitadur Alpha, ktery je bezleucitovy'?.

Oxidy alkalickych kovi jako jsou Na,O, K,O, Li,O
se k leucitové keramice ptidavaji z diivodu snizeni teploty
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Zakladni surovinové slozeni zubni keramiky a klasického Zivcového porcelanu

Material Zubni keramika [hm. %] Klasicky zivcovy porcelan [hm. %]
Kaolin 1-10 > 40

Zivec 70-90 20-35

Kiemen 1-18 <40

Pigmenty 1-3 -

Tabulka IIT

Chemické slozeni vybranych komeréné dostupnych dentalnich materialti v hm.%

Slozky Ceramco II Finese All-Ceramic 1PS d.Sign Vitadur Alpha
SiO, 62,1 62,2 58,2 68,1
ALO; 13,9 9,6 13,1 15,1
K,0 12,4 12,1 10,9 10,0
Na,O 34 5,0 4,4 3,3

CaO 3,1 3,1 3,0 2,6

Zr0O, - - 2.4 0,6
MgO - 2,4 - -

taveni zékladnich vstupnich surovin, kterymi jsou pre-
vazné zivee (KAISi;Os, NaAlSi;Og, NaKAISi;Og). Oxid
ZrO, plsobi jako nuklea¢ni ¢inidlo, tj. urychluje krystali-
zaci leucitu z taveniny. Oxidy CaO, MgO, ale i P,Os,
B,0s, Li;0 a SrO snizuji viskozitu taveniny a tim snizuji
napalovaci teplotu celého kompozitu, tj. teplotu vypalu
potiebnou na piipravu kompozitu"’. Oxid B,O; je tavivem
a jeho pfitomnost vede ke zvySeni chemické odolnosti
materialu. Dulezitou skupinou jsou barviva jak anorganic-
k4, tak organicka. Organicka barviva pfi vypalovani shofi
beze zbytku a pfidavaji se pro rozliSeni jednotlivych vrstev
keramické hmoty. Anorganicka barviva zpusobuji zbarve-
ni keramické nahrady po jejim vypalu. Tyto slozky jsou po
vypalu barevné stalé a maji za tikol napodobit odstin pii-
rodniho zubu.

5. Zptsoby pripravy leucitové keramiky

Leucitovd keramika se dnes vyrabi vysokoteplotné
prevazné inkongruentni krystalizaci, pii které slozeni leu-
citovych krystalii neodpovida stechiometrickému poméru
slozek v tavenin€. Vyroba probiha z zivci a surovin boha-
tych na K,0, Na,O, Al,O; a SiO,, a to fizenou nukleaci
a krystalizaci leucitu®. Vysledny sklo-keramicky material
nese vlastnosti jak skelnych, tak keramickych materiald.

Konvencni zpusoby pfipravy leucitové keramiky za-
hrnuji n&kolik obecnych kroka*". Vychozi suroviny jsou
michany ve vhodném poméru v kulovém mlynu po dobu
1 az 3 hodin. K vychozi smési se pfidaji nukleacni ¢inidla,
napt. P,Os, Pt v kombinaci s MgO, ZnO, TiO,. Tavenim
vychozich surovin za vysokych teplot (nad 1300 °C) vzni-
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k4 tavenina, ktera je poté prudce ochlazena vodou. Vytvo-
fena frita se opét zahieje na teplotu 900 az 1100 °C po
dobu néekolika hodin, kdy dochazi k tvorbé a rtistu potieb-
ného mnozstvi krystalti leucitu. Po ukonéeni rtstu krystalti
je frita opét ochlazena vodou, rozdrcena a rozemleta na
jemny prasek. Proces prvniho ochlazeni a znovu zahati
mize byt preskocen a tavenina mize byt rovnou ochlazena
na krystalizaéni teplotu leucitu a poté chlazena jiz s urci-
tym obsahem tohoto mineralu. Je zfejmé, Ze vySe popsany
proces je pomérné zdlouhavy, energeticky naro¢ny a ne
vzdy je mozné kontrolovat nuklea¢ni mechanismus. Vzni-
ka tak leucit s riznou velikosti ¢astic, ¢imZ jsou ovlivnény
i mechanické vlastnosti vysledného kompozitu. Produktem
krystalizace navic neni pouze Cisty leucit, ale material
obsahujici pomérné velké mnozstvi amorfni faze. Tato
leucitova frita s vysokym KTR a vysokou teplotou vypalu
je pro potieby pouziti v kovokeramice dale michana se
skelnou fritou s nizkym KTR a nizkou teplotu vypalu
v pozadovaném poméru tak, aby vysledna dentalni kera-
mika vykazovala potfebné vlastnosti.

Od roku 1962, kdy Weinstein patentoval pfipravu
leucitové keramiky, se mnoho védct a védeckych tymu
pokusilo pfipravit leucit, resp. leucitovou keramiku jinymi
zplsoby. Mnoho praci a patentli zabyvajicich se vysoko-
teplotni piipravou leucitové keramiky'® " vystiidala snaha
pfipravit leucit novymi ,,nizkoteplotnimi* metodami jako
je sol-gel, koprecipitace, hydrotermalni syntéza, aj. Sou-
bézné s tim se vyzkum zaméfil i na zplisoby zlepSeni me-
chanickych a optickych vlastnosti leucitové keramiky?*' .

V roce 1994 piipravil Sheu a spol. tetragonalni leucit
koprecipitaéni metodou®. Leucitové krystaly byly identifi-
kovéany v produktu az pfi teploté vypalu vyssi nez 1200 °C,
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pfiemZz zirovel byl v produktu pfitomen Kkalsilit
(KAISiOy) a amorfni skelna faze®. Nad teplotou 1300 °C
jiz kalsilit v produktu nebyl pfitomen.

Ve stejném roce byla pouzita metoda sol-gel Liuem
a sp01.27, a to k pripravé leucitu z Cistych jedno- a vicefa-
zovych gell a ze skla bez a s ockovanim pii relativné niz-
ké teploté 900 °C. Touto metodou se vSak nepodafilo pii-
pravit Cisty leucit, vysledny produkt obsahoval velké
mnozstvi amorfni faze. V roce 2003 Yang a spol.”® piipra-
vil taktéz metodou sol-gel vysoce Cisty leucitovy prasek,
ktery vznikal z vysuseného gelu nad teplotou 900 °C. Me-
toda sol-gel byla pouZita i v roce 2006 Zhangem a spol.”’.
Jako modifikéator ke sniZeni teploty syntézy pouzili CaF,.
Vysledky ukazaly, ze pfitomnost 1,5 hm.% CaF, muze
snizit teplotu syntézy z 1100 °C na 850 °C.

Roku 1997 Erbe a spol.*® ptipravil leucit kongruentni
krystalizaci, pfi které leucitové krystaly vznikaji
z taveniny o stejném sloZeni. K pfipravé pouzil pouze Cisté
slozky, jako jsou oxidy kovi, nepouzil zZaddné mineraly.
Vyhodou této metody byla predevs§im relativné nizka tep-
lota zpracovani (960 °C) a vznik jemnych leucitovych zrn
rovnomérné rozptylenych v amorfni matrici o stejném
chemickém slozeni. VétSina syntetizovanych vzorkd vsak
obsahovala jako necistotu mineral kalsilit.

V roce 2003 Novotna a spol.*'*? poprvé syntetizovali
Cisty tetragonalni leucit hydrotermalni metodou, a to ve
dvou krocich pres meziprodukt analcim
(NaAlSi,O¢ - 2 H,0). Teplota syntézy se pohybovala do
tohoto tektosilikatu. Vysledny leucitovy prasek byl homo-
genni s Uzkym rozdélenim velikosti ¢astic cca 3 um, které
byly tvofeny jednotlivymi leucitovymi krystaly o velikosti
desitek az stovek nanometrd v zavislosti na podminkach
syntézy analcimu. O rok pozdé&ji (2004), Novotna a spol.”
syntetizovali tetragonalni leucit z hydrotermalné ptiprave-
ného amorfniho prekurzoru kalcinaci pifi teploté 1000 °C.

6. Zavér

Dentalni keramika je nejpouzivanéj§im materialem
pro zhotovovani zubnich ndhrad. V soucasné dobé¢ prevla-
da vyroba kovokeramickych systémtl, u nichZ je keramic-
ka cast napalovana na kovovou konstrukci. Diky nové
vyvinutym technologiim dochazi rovnéz k velkému na-
rustu aplikaci celokeramickych nahrad, které mohou byt
tvofeny ruznymi typy keramickych materialli s riiznym
obsahem skelné faze. Tyto systémy jsou velmi estetické,
avSak diky technicky néarocné piiprav€ finanéné méné
dostupné. Jak u celokeramickych, tak u kovokeramickych
systému je vyznamnou c¢asti téchto nahrad leucitova kera-
mika. Velkou vyhodou technologie zalozené na odd¢lené
syntéze leucitu a nasledném smiseni s matri¢ni slozkou je
moznost fidit nejen kone¢nou mikrostrukturu kompozitu,
ale také hodnotu koeficientu teplotni roztaznosti a tim
roz§ifit moznosti pouziti téchto materiald. Primyslova
syntéza samotné krystalické slozky — leucitu je casové
a energeticky naroc¢na, a proto se v poslednich letech hle-
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daji nové cesty jeji pripravy, které by vedly ke snizeni
nakladi na vyrobu dentdlnich nahrad. Jednou
z perspektivnich cest je hydrotermalni syntéza, jejiz vyho-
dou je nizka teplota a konecny produkt ve formé uniform-
nich ¢astic, které 1ze snadno smisit a nésledné slinout pfi
relativné nizkych teplotach (cca 1000 °C) ve stavajicim
vybaveni dentalnich laboratofi. Lze ocekavat, Zze tento
zpusob pripravy pfinese rovnéz zlepSeni mechanickych
vlastnosti keramické slozky resp. snizeni jeji kiehkosti,
coz je obecné zasadni problém keramickych materialti.
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Dental ceramics are the most frequently used materi-
als for dental prostheses. They are usually prepared from
metal — ceramic systems where the ceramic part is fused to
the metal construction. At present, newly developed tech-
nologies brought about an increasing use of all-ceramic
replacements which are composed of different types of
ceramic materials with varying glass content. Leucite ce-
ramic is an important crystalline component of most all-
ceramic and in particular metal-ceramic replacements.
Industrial synthesis of leucite is time-consuming and so
new synthetic ways are currently sought. One of the pro-
mising ways is the preparation by hydrothermal synthesis
having the advantage of a low preparation temperature and
the product consisting of uniform particles, which can be
mixed and subsequently sintered at relatively low tempera-
tures (~1000 °C) in equipment of dental laboratories. Im-
proved mechanical properties of dental ceramics, in partic-
ular its fragility, can be expected.
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Analcime (NaAlSi,Os -H,O) powders having controlled particle size distribution were designed [1, 2] as a potential precur-
sor for the fabrication of leucite (KAISi,Oy) dental ceramics retaining high fracture toughness and the thermal expansion coef-
ficient adjusted those of metals. The purpose of this study is to investigate the synthesis of analcime and the effect of princi-
pal factors influencing its crystallisation. Analcime powders were prepared by hydrothermal synthesis in a Teflon-lined stain-
less steel autoclave. The role of the composition of the reaction mixture (raw materials, OH concentration, and water con-
tent), reaction temperature and time were studied. Prepared analcime was in form of homogenous powders with the uniform

particle size at intervals 1-5 um depending on process parameters.

INTRODUCTION

Analcime is a zeolite (and feldspathoid) having a
complex aluminosilicate framework that is common to
all leucite-type feldspathoids. The framework is based
on corner sharing (Al,Si)O, tetrahedra, arranged in four-
fold, sixfold and eightfold rings. The sixfold rings are
arranged axially, forming structural channels parallel to
111 [1]. Such a channel arrangement shows many pos-
sibilities for structural modification, including frame-
work distortion, channel collapse, and ionic mobility.
Due to the similarities in structure, analcime can serve
as a precursor for the synthesis of leucite [2, 3]. The lat-
ter might become an essential component of composite
dental materials designed to exhibit high fracture tough-
ness.

Leucite ceramics used in stomatology is prepared
from highly viscous alkaline alumosilicate glasses con-
taining leucite as a main crystalline phase [4-7]. Nucle-
ation and leucite crystals growth from a melt are very
slow processes and consequently the thermal treatment
requires very long time. In addition using this procedure
it is very difficult to control final microstructure of a
material, especially leucite particles size and their
homogenous distribution in a glassy matrix.

Nowadays it is assumed that preparation technolo-
gy of composite materials would be more suitable for
the fabrication of leucite ceramics having controlled
microstructure realized by homogenous dispersion of
leucite particles in a glassy matrix [8]. The principal of
this new technology is based on a separate synthesis of

leucite and matrix, both with controlled particle size
distribution. Final microcomposite is obtained by sin-
tering of these two phases. This technology ensures
reproducible control of leucite ceramics' microstructure,
which is requited to improve its fracture toughness and
persistence. The fundamental step for an extensive use
of this technology consists in the reproducible synthesis
of leucite. A viable route is ion-exchange, using anal-
cime (NaAlSi,Oq ‘H,O) as a precursor. As the particle
size and shape do not change during the ion-exchange to
leucite, the synthesis of analcime represents the most
important part of the preparation.

In this paper we report on the synthesis of analcime
in hydrothermal conditions. Special attention was paid
to the investigation of the reaction parameters - reaction
temperature and time, composition of the reaction mix-
ture (raw materials, OH concentration, and water con-
tent), with the ultimate goal of efficiently controlling
the synthesis procedure, i.e. the phase composition of
the reaction product, its particle size and particle size
distribution.

EXPERIMENTAL

Starting sols were made by mixing aluminate and
silicate solutions, which had been prepared separately
by dissolving silica and aluminium raw materials in a
sodium hydroxide solution while being stirred perma-
nently. Thoroughly homogenized synthesis mixtures
were treated hydrothermally in a Teflon-lined stainless

Ceramics — Silikaty 57 (1) 9-14 (2007)
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steal autoclave (figure 1). The reaction products were
thoroughly washed in boiling distilled water; vacuum
filtered and dried in an oven at 100°C.

Phase composition was identified by X'Pert PRO
powder diffractometer using parafocusing Bragg-
Brentano geometry using CuK,, radiation (A = 1.5418 A,
U =40 kV, I =30 mA). The particle size and their dis-
tribution were observed by optical microscopy (Olym-
pus BX 51) and determined by image analyser
(LUCIA). The particle size and morphology analysis
was performed using scanning electron microscopy
(SEM, Philips XL 30 CP).

|source Si|

[ NaOH + H,0 |

TR s

homogenizing of
the reaction gel

v
i |hydrotherma| reaction‘

v

filtration

analcime

Figure 1. Scheme of the preparation procedure of analcime.

Influence of reaction temperature and time

Long reaction time as well as higher temperatures
enhances analcime crystallisation (table 1). At 200°C
only two hours were required to synthesize pure anal-
cime. On the other hand, at 150°C a reaction time of
four hours was required and at 100°C the crystallization
of analcime was not observed even after 24 hours.

Figure 2 illustrates the crystallization process at
150°C. After one-hour treatment no crystalline phase
was identified in the reaction product. The first reaction
product was zeolite P1 (Na) - sodium aluminium silicate
hydrate (NasAlsSi;0O;, -12H,0). Later in the process,
this metastable phase dissolved gradually and at the
same time analcime started to crystallize. After four
hours of the hydrothermal reaction the only substance
present in the product was analcime.

22541h, 150°C

amorphous s.
100 - "\.‘ SV
254

0
w 22542h, 150° zeolite P
< 100-\“ J[‘ /\ )\, )\M/\
3 251
© o4
900 4 3h, 150°C zeolite P analcime
T 400 A
100 A
0
1600 4 4h, 150°C analcime
400 A l \ \
O """" Trrrrrrrory Trrrrrrerres Trvrrrrerres Trrrrrrros Trrrrrrrrr
10 20 30 40 50

— 20(°)

Figure 2. XRD patterns of samples representing the crystalliza-
tion process of analcime at 150°C.

Table 1. Resulting phase compositions and particle sizes as a function of the process parameters.

Starting Reaction Reaction Phase Particle
composition temperature (°C) time (h) composition size (pm)
100 2 amorphous ~5-20
15 Nag4Als4Si9603,°4,6H,0 zeolite P ~ 11
24 Nag4Als4Si9603,°4,6H,0 zeolite P ~10
150 1 amorphous ~9
Raw mat. - SiO,, Al 2 zeolite P ~10
Si0,/ALO; - 4,8 3 zeolite P analcime ~6
H,0/Si0, - 16 4 analcime ~5
NaOH molarity - 4M 15 analcime ~5
24 analcime ~4
200 1 zeolite P analcime ~5
2 analcime ~3
15 analcime ~4
24 analcime ~4
10 Ceramics — Silikaty 5/ (1) 9-14 (2007)
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As to particle size, it was observed that it changes
with increasing temperature (figure 3). These changes
can be mainly attributed to changes of phase composi-
tions of the reaction products. On the other hand scan-
ning electron microscopy showed no significant
changes in particle size or shape at the identical phase
composition of the product.

Influence of raw materials

Raw materials used for the synthesis and corre-
sponding final phase compositions are listed in table 2.
Using colloidal SiO, sol as the silica source and Al,Os
as the aluminium source led to a deceleration of the
analcime synthesis, as zeolite P1 and residual Al,Os;,

Table 2. Review of raw materials and corresponding final phase compositions.

Starting Raw Reaction Phase Particle
composition materials time (h) composition size (um)
amorph. SiO* 2 analcime ~3-4
Al 24 analcime ~4
Colloidal SiO, sol 2 analcime zeolite P ~10-30
Al 24 analcime ~15-20
Si0,/Al,0; - 4,8 Fumed SiO, 2 analcime ~2-20
H,0/Si0, - 16 Al 24 analcime ~25-30
NaOH molarity - 4M Amorph. SiO, 2 analcime ~ 8-16
Temperature - 200°C ALO;-2Si0, 24 analcime ~5-7
Amorph. SiO, 2 analcime ALO; ~3-12
ALO; 24 analcime ALO; ~5-20
Amorph. SiO, 2 analcime ~17
Al(OH), 24 analcime ~4

-t
e
WACEV. Spot Magn ~ Det

Det p——on—of 2pm
SE F250KV 30 5000x  SE N-2h-100C

N-2h-100C

C pot Maan
6.0 kV 3.0 10000x

 f—————o 2um

pot Maan D!
0 10000x SE N-2h-150C

'l—(&lln

AccV  Spot Maan Del
250kv 3.0 10000x' SE N-2h-200C

“WAccV  Spot Maan - Del f——f
260 KV.8.0,2000x LSF “N-2h-100C
-

O/«r. V_Spot Ma’ m“»‘ n)%h
260KV 80 2000k SERN-2R200C" oy
4 -

,

Figure 3. SEM images of products prepared by 2 hours of hydrothermal synthesis at 100°C (A), 150°C (B) and 200°C (C).
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Table 3. Resulting phase compositions and particle sizes as a
function of the NaOH molarity.

respectively, were detected in the reaction product.
Compositions based on amorphous SiO, powder as the
silica source and Al or AI(HO); as the aluminium

Starting NaOH Phase Particle
composition molarity composition  size (um)  sources were found to be suitable for the synthesis of
‘ ™ amorphous ~5-15 homogeneous analcime powders.
Raw mat. - SiO,, Al :
. M analcime ~8
Si0/Al,0;5 - 4,8 : .
H,0/Si0, - 16 M analc%me ~6 Table 4. Resulting phase compositions and particle sizes as a
0 4M analcime ~4 function of the H,O/SiO; ratio.
Temp. - 200°C p —
Time - 24 h 5M  analcime faujasite-Na ~3 - - -
1me 6M faujasite-Na -1 Startmg. . HZO/Sloz Phas‘e. Partlcle
composition ratio composition size (pm)
100: 1M NaOH amorphous s. 6 amorphous ~1-10
25-WWMWw g NaAISLOHO (¢
0 zeolite P
1600 2-4M NaOH analcime 10 NaAlSi,0,.H,0 ~5-6
£ 4001 A 12 NaAlSLO H,0  ~4-5
3 o horelbe bl Raw mat. - S0, Al 14 NaAISLOJHO  ~5
1888: 5M NaOH analcime faujasite-Na Si0y/ALO; - 4,8 16 NaAlSi,0,.H,0 ~3.4
T 400+ w NaOH - 4M 18 NaAlSi,0¢.H,0 ~4
0- - el Temp. - 200°C 20 NaAlSi,0¢.H,O ~3
400- favjasite-Na | ipme . 24 1 22 NaAlSi,O.H.0  ~3-4
1004 24 NaAlSi,0¢.H,0 ~1-2
0 T T T T T 26 NaA151205H20 ~3
10 20 30 40 50 Na,,Al,S1,;05,-6H,0
— 26(°) 28 NaAlSi,0¢.H,O

Figure 4. XRD of samples illustrating the role of NaOH.
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Figure 5. SEM images of analcime (A) prepared from 4M NaOH, sample prepared from 5M NaOH containing spherlcal particles
of analcime and needle - like particles of faujasite (B), faujasite prepared from 6M NaOH (C).
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AccV  Spo
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300k 30 10000x S 1624

Acc ot Maan  Det |—————
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Figure 6. SEM images of samples prepared from reaction mixtures with H,O/SiO, =

Influence of OH concentration

The role of the initial molarity of sodium hydroxide
solution was monitored in samples listed in table 3. The
NaOH molarity significantly effects both phase compo-
sition and the particle size of the resulting product. It
has been proved that the particle size decreases with the
increasing molarity of the solution.

Figure 4 represents XRD patterns of the aforemen-
tioned samples, i.e. the amorphous substance prepared
using 1M NaOH (figure 4 - top), analcime synthesized
using 2-4M NaOH (figure 4 - second from top), the mix-
ture of analcime and faujasite-Na (Na,;Al,,S1;;0;5,-6H,0)
prepared using 5SM NaOH (figure 4 - third from top),
and the Na-faujasite resulting when 6 M NaOH is used
(figure 4 - bottom), cf. also the micrographs on figure 5.

Influence of H,O/SiO, ratio

Starting reaction conditions and resulting phase
compositions and particle sizes of prepared samples
monitoring the effect of H,O/SiO, ratio in the reaction
gel are listed in table 4. The results show that analcime
crystallizes in relatively wide range of H,O/SiO, values

Det
SE N-28H-24h

%

- i
4
lMd(l
80  2000x
. A

Det f——————{"10 ym
SE WN-6H-24h

ot Maan - Det
’Soﬂk\/ !u 2000x

f——— 10pm
SE N'\hl{'."lh

10 pm

AccV  Spot Maan  Det p——o
260KV 30 2000x SE N-28H-24h

6 (A), 16 (B) and 28 (C).

from 8 to 28 and pure analcime between 10 and 24.
Starting reaction gels having low H,0/SiO, ratio lead to
deceleration of the hydrothermal reaction. In case of the
H,0/Si0, = 8 metastable phase zeolite Pl (Na) -
NasAlSi,005, -12H,O was identified in the reaction
product analogues to the samples prepared at lower tem-
peratures and shorter times respectively. Product pre-
pared from gel with H,O/SiO, = 6 was even amorphous
(figure 6 - A). On the other hand samples prepared from
gels having high H,O/Si0, ratios (equal to 26, 28) con-
tained besides analcime also particles of faujasite-Na
(Na;4Al,S11;05-6H,0) (figure 6 - C).

The particle size of prepared analcime powders
slightly decreases with increasing H,0/SiO, ratio
(table 4).

CONCLUSION

Homogeneous analcime powders with the particle
size of approx. 2 pm were prepared under hydrothermal
conditions. As a result of the detailed investigation of
the synthesis of analcime, i.e. of the effect of process
parameters and starting compositions, it is now possible
to control the particle size, shape and structure of the

Ceramics — Silikaty 57 (1) 9-14 (2007)
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reaction product efficiently. The results show that long
reaction times as well as higher temperatures lead to
enhanced analcime crystallisation. The choice of raw
materials affects especially homogeneity and morpholo-
gy of the product. The initial molarity of sodium
hydroxide solution significantly affects both phase com-
position and the particle size. It has been proved that the
particle size decreases with increasing molarity of
NaOH solution and H,O/SiO, ratio. Low values of
H,O0/Si0; ratio in starting reaction gels lead to deceler-
ation of the hydrothermal reaction.
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PRIPRAVA A CHARAKTERIZACE ANALCIMOVYCH
PRASKU ANALYZAMI RTG A SEM
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Byl navrzen postup syntézy analcimovych praska
(NaAlSi,O5 ‘-H,0) s fizenou velikosti ¢astic, které jsou vhod-
nym prekurzorem pro pfipravu leucitové dentalni suroviny. Pti-
tomnost leucitu (KAISi,O¢) v dentalni keramice vede k vys§im
hodnotam lomové houZevnatosti a koeficientu délkové teplotni
roztaznosti oproti klasickému zivcovému dentalnimu porce-
lanu. Cilem této studie bylo vyvinout novou metodu pfipravy
alnalcimu v hydrotermalnich podminkach a provést analyzu
moznych faktord, které ovliviiuji prubéh jeho krystalizace, tj.
sloZeni reak¢éni smési (volba surovin, koncentrace OH- iontd,
vliv poméru H,0/Si0,), reakéni teplotu a ¢as. Bylo prokazano,
ze vhodné zvolenymi podminkami syntézy lze timto zptisobem
piipravit homogenni analcimové prasky s uniformni velikosti
Castic v rozmezi 1-5 pm.
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Abstract

This work is dealing with synthesis of leucite powder, which can be used for the preparation of dental glass-
ceramic composites by subsequent thermal treatment. Newly developed procedure is based on preparation of
dental raw material as a mixture of two separate compounds: the crystalline leucite powder prepared at rela-
tively low temperature and a commercial matrix powder.

Hydrothermal synthesis of tetragonal leucite particles (KAISi,0,) with the average size of about 3 yum was
developed in our laboratory. The leucite dental raw material was prepared by mixing of 20 wt.% of synthetic
tetragonal leucite with commercial matrix. Dental composites were prepared from the dental raw material by
uniaxial pressing and firing up to 960°C. Dilatometric measurements confirmed that the coefficient of thermal
expansion increased by 32% when 20 wt.% of the tetragonal leucite was added into the basic matrix. In addi-
tion, it was showed that the synthesized leucite powder was suitable for the preparation of leucite composites
with controlled coefficient of thermal expansion. High value of the thermal expansion coefficient enables ap-
plication of prepared composite in metal-ceramics restorations.

Keywords: leucite, analcime, hydrothermal synthesis, dental materials

I. Introduction compared to the ceramics without leucite crystals [1].
Today, ceramics are one of the most common mate-  1his has enabled better fusion of ceramics with met-
rials used in dentistry. Due to its esthetics, biocompati-  al reinforcement. Afterwards, it was suggested that leu-
bility, strength, optical properties etc. ceramics fulfill all  cite presented in glassy matrix could increase the hard-
the requirements of a dental restoration. Dental ceram-  ness [2,3] and fracture toughness [4] of the composite.
ics can be distinguished in accordance with many crite- ~ Rasmussen et al. [5] demonstrated stress induced phase
ria. In dependence on chemical composition and micro-  transformation from metastable cubic form of leucite to
structure (resulting in different mechanical and optical ~ tetragonal one. Further they proposed that the martens-
properties) dental ceramics can be divided into three itic transformation could be responsible for increasing
main classes: glass-ceramics (Vitadur® alpha, IPS Em-  the fracture toughness by mechanisms similar to ZTC
press®, Paradig™ C), infiltrated (VITA In-Ceram) and  (Zirconium Toughened Ceramics) [6,7]. Nowadays,
polycrystalline (Lava™) ceramics. leucite glass-ceramics are used both for metal and all
Leucite glass-ceramic composites considered as  ceramics restoration.
aluminosilicate, consisting of amorphous and crystal- Preparation procedures of leucite glass-ceramics
line parts, were introduced into the dentistry as a ma-  Wwere firstly made by a classical technology of dental

terial having hlgher coefficient of thermal expansion porcelain based on a Crystallisation from a melt. In this
way, it was difficult to control final microstructure of a

* Corresponding author: tel: +420 22044 3777, material, especially leucite particles size and their ho-
fax:+420 224313200, e-mail: martina.mrazova@vscht.cz mogenous distribution in a glassy matrix [8,9]. At pres-
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ent, preparation of composite material, in which leu-
cite and glassy matrix are synthesized separately, seems
to be promising. This technology ensures reproducible
control of leucite glass-ceramics microstructure, which
is required to improve its fracture toughness and per-
sistence.

To show that hydrothermally synthesized leucite
powder is a suitable material for the preparation of leu-
cite dental ceramics, following research was undertak-
en. Especially, this work was aimed at the preparation
of dental glass-ceramic composites with controlled both
the composition and the value of (its) thermal expan-
sion coefficient by the addition of tetragonal leucite par-
ticles into a commercial leucite-free matrix.

I1. Experimental

Hydrothermal synthesis of tetragonal leucite powder
was carried out in two step-process: i) synthesis of anal-
cime by hydrothermal treatment of an aluminosilicate
solution and ii) transferring of analcime to leucite by
subsequent ion-exchange reaction. Starting sols were
obtained by mixing aluminate and silicate solutions,
which were prepared separately by dissolving amour-
phous SiO, (Lach Ner s.r.0., Czech Republic) and alu-
minium powder (Lachema, Czech Republic) in 4M so-
dium hydroxide solution (NaOH, Penta Chrudim Czech
Republic). After two hours of hydrothermal treatment,
analcime was identified as a product of the reaction. Te-
tragonal leucite was synthesized from analcime by ion-
exchange of Na* ions for K™ ions in 4M solution of KCI
[10,11]. The reactions were carried out in teflon-lined
stainless steal autoclaves in an oven at 200°C. The prod-
ucts of the syntheses were washed in boiling distilled
water, vacuum filtered and dried in an oven at 100°C.

Commercial leucite-free matrix, Vitadur® alpha, was
used for preparation of the dental raw material consist-
ed of 20 wt.% of the hydrothermally prepared tetrago-
nal leucite and 80 wt.% of the matrix. The raw materi-
als were mixed together for 2 hours by the addition of
about 5 wt.% of a commercial deflocculant (Modeling
fluid VITA). A cylindrical stainless steel mold and hy-
draulic press (30 MPa pressure) were used to form the
porcelain discs (30 mm in diameter and 5.5 mm thick).
The discs were then fired in electric furnace (Clasic,
Revnice, Czech Republic) at 960°C for 7 min follow-
ing the commercial heating/cooling schedule. Pure ma-
trix was prepared as a reference sample under the same
conditions as the composites.

Philips X Pert PRO 6-0 powder diffractometer was
used for X-ray powder diffraction analysis. The re-
sults for each specimen were analyzed using comput-
er X Pert High Score program. Average particle size
was determined by optical (Jenapol, Zeiss, Germany)
and electron (LEO VP 1450 instrument, Carl Zeiss AG,
Oberkochen, Germany) microscope and laser meth-
od (FRITSCH Particle Sizer Analysette 22). The dila-
tometer (Adamel Lhomargy, Division d'Instruments
s.a.) was used to measure the coefficient of thermal ex-
pansion (CTE) of samples. The specimens were heated
with a constant heating rate 5 °C/min up to 700°C.

IT1. Results and Discussion

Powdered synthetic analcime and tetragonal leucite
were identified using X-ray diffraction analysis. It was
confirmed that the peak positions and intensities of hy-
drothermally synthesized products well corresponded
to XRD databased cards of analcime and tetragonal leu-
cite, Fig. 1.

analcime
40000 -

L oo

Counts

t-leucite
10000

2500 —

Position, 2 Theta [°]

Figure 1. XRD patterns of synthetic analcime and tetragonal leucite
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Figure 2. SEM images of hydrothermally synthesized an

SEM studies showed that the particle size does not
change within the ion exchange process from analcime
to tetragonal leucite. The final teteragonal leucite grains
are rounded polycrystalline particles having the aver-
age particle size of about 3 um, Fig. 2. Rietveld refine-
ment confirmed that these coarse particles consist of
much smaller crystallites. The calculated size of crys-
tallites was in the range 30—70 nm. XRD patterns of the
pure matrix and composite consisting of 20 wt.% of te-
tragonal leucite and 80 wt.% of matrix, heat treated at
960°C, are presented in Fig. 3. It was proved that tetrag-
onal leucite did not appear during the heating process
in pure matrix. This demonstrated that the only crys-
talline phase in our composite originated from the hy-
drothermally synthesized leucite powder. Based on the
previous results, it is possible to control the amount of
tetragonal leucite easily using different ratio of leucite
and matrix.

The dilatometric measurements confirmed the pos-
sibility to increase the coefficient of thermal expansion
of the composite, which is important for metal-ceram-
ics restorations. By the addition of 20 wt.% of tetrago-
nal leucite CTE increased by 32 %, Fig. 4. In this way,
it is possible to control the CTE of the composite using
different ratio of leucite and the matrix.

3600 -

Counts

1600 -
composite

400
matrix

T T T
20 30

Position, 2 Theta [°]

50

Figure 3. XRD patterns of pure matrix Vitadur® alpha and
the composite consists of 20 wt. % of t-leucite and 80 wt. %
of matrix after the heat treatment

alcime (a) and tetragonal leucite (b), at magnification 2500x

IV. Conclusions

Presented work is dealing with the preparation of leu-
cite glass-ceramic composites using leucite powder syn-
thesized at low temperature. It was proved that the hydro-
thermally synthesized tetragonal leucite is suitable dental
component for preparation of leucite dental composites.
Different ratio of tetragonal leucite and matrix powders
enables controlling of the CTE of the final composite. Di-
latometric measurements showed that the coefficient of
thermal expansion increased by 32 % when 20 wt.% of
tetragonal leucite was added into matrix.
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Abstract. Leucite (KAISi,Og) is the main crystalline phase in feldspathic dental materials used for
ceramic-fused-to-metal restorations. It occurs in two modifications, low temperature — tetragonal
and at temperatures above 600 °C high temperature — cubic modification. Tetragonal leucite
dispersed in a glassy matrix increases the thermal expansion coefficient a of the ceramics to a value
that of metals (13-15.10° K™') and so enables its fusion to a metal substrate. However the difference
in o of the matrix (6-8.10° K') and t- leucite (20-25.10° K™') induces stress leading to the
development of flaws in the dental porcelain. Submicron leucite crystals stabilized in cubic
modification can reduce the number of crack deflections in porcelain and increase the flexural
strange. The aim of this work was to develop a low-temperature preparation technology of
submicron leucite powders with varying ratio of tetragonal and cubic modification. The results
show that analcime synthesized in hydrothermal conditions is the suitable precursor for the
preparation of leucite with controlled fraction of the c-modification. Homogenous t-leucite having
particle size from 2 - 5 um was prepared by 4h ion-exchange in 4M KCIl. Partially stabilized c-
leucite was obtained by dual ion-exchange; 4h in 4M CsCl led to 48 % of c-modification in the final
product.

Introduction

Leucite ceramic is well known as a material commonly used for dental prosthetic restorations. Due
to its excellent properties — aesthetical and chemical, it can serve as a material with longtime
persistence. Tough, there is one big disadvantage of use of leucite, which enables fusion of ceramics
with metal reinforcement. High thermal expansion mismatch between the leucite particles and the
glass matrix generates stress during cooling to room temperature that causes microcracking in and
around the leucite crystals. The formation of microcracks has considerable effect on mechanical
properties of leucite ceramics. This negative effect could be restrained by two methods: 1) reduction
of the tetragonal leucite grain size dispersed in the matrix [1]; 2) stabilization of cubic leucite.
Preparation procedures of leucite ceramics were up to now proceeded from a classical technology of
dental porcelain based on a crystallisation from a melt. Nucleation and leucite crystals growth from
a melt are very slow processes and consequently the thermal treatment requires very long time. In
addition, using this procedure, it is very difficult to control final microstructure of a material,
especially leucite particles size and their homogenous distribution in a glassy matrix [2, 3]. At
present, preparation of composite material, in which leucite and glassy matrix are synthesised
separately, seems to be promising. This technology ensures reproducible control of leucite ceramics
microstructure, which is requited to improve its fracture toughness and persistence.

The aim of this work was to develop suitable and reproducible technology of preparation of K,Cs-
leucite with varying ratio of tetragonal and cubic modification. The sodium analogue of leucite -
analcime (NaAlSi,06-H,0) [4, 5] was synthesized first and used as a precursor for the preparation
of the tetragonal and also partially stabilized cubic leucite.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the
written permission of the publisher: Trans Tech Publications Ltd, Switzerland, www.ttp.net. (ID: 147.33.141.21-18/09/07,12:20:31)
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Materials and Methods

The preparation process of analcime, directly synthesized from inexpensive and widely available
starting materials, has been introduced before [5]. Especially, starting sols were prepared by mixing
aluminate and silicate solution, which were prepared separately by dissolving amourphous Si0O; and
aluminium powder in sodium hydroxide solution. Subsequently, pollucite having varying ratio of
Cs' ions and Na' ions was prepared by ion-exchange of analcim in 4M solution of CsCl. K,Cs-
leucite was obtained by ion exchange of remaining Na' ions for K" ions from 4M solution of KCl
[6]. Tetragonal leucite was synthesized directly from analcime by ion-exchange of Na" ions for K"
ions in 4M solution of KCl, fig. 1 [5]. All reactions were carried out in Teflon-lined stainless steal
autoclave at 200 °C. The products of the syntheses were washed in boiling distilled water, vacuum
filtered and dried in an oven at 100 °C.

H analcime

-

filtration filtration

drying drying
K-leucite i 2. Ion-exchange

Ion-exchange
200 °C, 4 hours

1. Ton-exchange
200 °C, 2-48 hours

tetragonal 200 °C, 4 hours

filtration
drying

A 4

K,Cs-leucite
cubic : tetragonal

Fig. 1: Scheme of the leucite synthesis with varying proportion of the cubic modification

Analcime, pollucite and leucite powders were placed in the holder of X'Pert PRO 6-0 powder
diffractometer with parafocusing Bragg-Brentano geometry using CuK, radiation (A =1.5418 A,
U=40kV, =30mA). Data were scanned with an ultrafast detector X'Celerator over the angular
range 5-60° (20) with a step size of 0.02° (20) and a counting time of 0.3 s step”. Data evaluation
was performed in the software package HighScore Plus.

An ARL 9400 XP sequential WD-XRF spectrometer was used to perform XRF analysis. The
analysed powders were pressed into pellets about Smm thick and diameter of 40 mm without any
binding agent and covered with 4 um supporting polypropylene (PP) film. All peak intensity data
were collected by software WinXRF in vacuum. The obtained data were evaluated by standardless
software Uniquant 4.

Particle size their distribution and morphology were measured using scanning electron microscopy
(SEM, Philips XL 30 CP).

Results and discussion

Preparation of K,Cs-leucite. Analcime having average particle size 4.8 um and a ratio of
S10,:0.32A1,05.0.32Na,0 was used as a precursor of hydrothermal synthesis for the preparation of
tetragonal and cubic leucite. For the stabilization of cubic modification was used 4M solution of
CsCl to produce pollucite by the first ion exchange. It was possible to control the amount of Cs"
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ions and Na" ions within the lattice of pollucite using different reaction times. As the reaction time
increases (fig. 2) the amount of Na" ions decrease and the amount of Cs” ions increase rapidly
within early 10 hours. After that the ion exchange slows down. The ratio of Si:Al is unchanged.

6 —
5 e
T 4
7] ¢ Na/Cs
g 37 & .
(&) m Si/Al
® *
z 2+ *
Epmm | ] -
1r *
0
0 10 20 30 40 50

time [hours]

Fig. 2: Relationship between the Na/Cs, Si/Al ratio and the reaction time.

Leucite powders (CsxK(1x)AlS1,06) were obtained from pollucite by second ion exchange of
remaining Na* ions for K* ions from 4M solution of KCI. The reaction time of the 2™ ion exchange
was 4 hours. It was confirmed the final phase composition of leucite powders (ratio of cubic and
tetragonal phase) depends on the amount of Cs' ions within the lattice of pollucite. With the
increasing reaction time of the 1* ion exchange increase the percentage of cubic leucite formed
during the 2™ ion exchange, as determined from Rietveld phase analysis of the diffraction patterns,
see fig. 3. Only 10 hours of low temperature three step processes were needed to produce powders
containing cubic and tetragonal leucite in the ratio of approx. 1:1.
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Fig. 3: Fraction of cubic and tetragonal leucite (A) calculated from XRD area under the peaks in the range of 24 — 28 20
(B).

Fully stabilized cubic Cs - leucite was produced from hydrothermally synthesized pollucite powder
containing 11.68 mol % Cs,O after 48 hours treatment. When no Cs' ions were added, only
tetragonal leucite was observed, fig. 4. Traces of no other phases have been found by XRD within
the detection limit of the diffractometer.
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Fig. 4: XRD patterns of cubic and tetragonal leucite at a room temperature.
Conclusion

From the experimental results, it is evident that the hydrothermal reactions are very fast, completed
within hours at a relatively low temperature (200 °C). Analcime synthesized in hydrothermal
conditions is the suitable precursor for the preparation of leucite with controlled fraction of the c-
modification. Homogenous t-leucite having particle size of 2 -5 um was prepared by 4h ion-
exchange in 4M KCIl. Partially stabilized c-leucite was obtained by dual ion-exchange; 4h in 4M
CsCl led to 48 % of c-modification in the final product. The prepared leucite precursors represent a
promising material for dentistry. The use of submicron powders with controlled fraction of the
cubic modification enables their employment in a variety of dental applications.
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Abstract

Development of a new preparation technology of leucite (KAISi,Og) dental ceramics is one of the most pursued goals in a present
research of dental materials. Preparation procedure of leucite from an amorphous precursor was proposed in our previous work. The
aim of this study was to investigate the synthesis of the precursor and to determine its optimal conditions. Leucite precursors were pre-
pared by hydrothermal synthesis in a Teflon-lined stainless steel autoclave. The role of principal factors influencing its synthesis (com-
position of a reaction mixture, reaction temperature and time) was described. Crystallization properties of prepared precursors to form
leucite were characterized by differential thermal analysis (DTA) and by X-ray powder diffraction (XRD) analysis of the calcinated sam-
ples. The research showed that leucite crystallizes only from precursors prepared at a specific interval of conditions. The optimal con-
ditions for the precursor synthesis were determined as follows: at 150 °C, 2-6 h, at 200 °C, 1-2 h of the hydrothermal treatment;
amorphous SiO, powder as the silica source and Al powder as the aluminum source; silica/alumina ratio equal to 3 or 3.5 and 3 M

KOH solution.
© 2007 Elsevier B.V. All rights reserved.

PACS: 81.20.Ka; 81.40.—z; 81.05.Je; 81.70.Tx; 61.10.Nz

Keywords: Crystallization; Ceramics; X-ray diffraction

1. Introduction

Leucite is an important component of dental ceramics as
it possess high coefficient of thermal expansion which
enables the leucite dental ceramics to be compatible with
most metals used in prosthodontics. In addition, it is
assumed [1] that leucite, thanks to its phase-transition
behavior, also improves fracture toughness and persistence
of a final dental product.

Leucite ceramics used in stomatology is prepared from
highly viscous alkaline alumosilicates, from which leucite
crystallized as a main crystalline phase [2-5]. Nucleation
and leucite crystals growth from a melt are very slow pro-
cesses and consequently the thermal treatment requires

* Corresponding author. Tel.: +420 266009380; fax: +420 266009331.
E-mail address: martina.kohoutkova@seznam.cz (M. Kohoutkovad).

0022-3093/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.jnoncrysol.2007.07.075

very long time. In addition, it is very difficult to control
final microstructure of a material using this procedure,
especially leucite particles size and their homogenous distri-
bution in a glassy matrix.

Nowadays, the technology of separated preparation of
leucite crystals and glassy matrix seems to be more suitable
(compared to high temperature process) for the fabrication
of leucite ceramics having controlled microstructure real-
ized by homogenous dispersion of leucite particles in a
glassy matrix [6]. Final microcomposite is obtained by
sintering of these two phases. This technology ensures
reproducible control of leucite ceramics’ microstructure,
which is requited to improve its fracture toughness and per-
sistence. The fundamental step for an extensive use of this
technology consists in the reproducible synthesis of leucite.
Preparation procedure of leucite from an amorphous pre-
cursor was proposed [7].
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In this paper, we report on the synthesis of a precursor [Source of Al | [kon+mo0 | [ Sourceofsi |
suitable for leucite preparation by its crystallization during
the subsequent processing. The precursor was synthesized
from a gel containing aluminum, amorphous silica and \ o ~. ./

potassium hydroxide solution in hydrothermal conditions.

As the properties of the precursor are critical for subsequent
leucite crystallization, the role of principal factors influenc- — —

ing its synthesis was studied. Crystallization properties of
prepared precursors to form leucite were characterized by

differential thermal analysis (DTA) and by X-ray powder ‘ Hydrothermal synthesis |
diffraction (XRD) analysis of the calcinated samples. |
2. Experimental dry;ng

.........

2.1. Synthesis of a precursor and its characterization

Starting sols were made by mixing aluminate and sili- ) )

. . Fig. 1. Scheme of the preparation procedure of the precursor.
cate solutions, which had been prepared separately by
Table 1
Starting conditions of the synthesis and phase compositions of samples after hydrothermal synthesis and subsequent high temperature treatment as a
function of reaction temperature and time

Starting composition Temperature of the Time of the Phase composition after Phase composition after
synthesis synthesis hydrothermal synthesis calcination (4 h at 1000 °C)
Raw materials: SiO,, Al; H,O/SiO, = 16; 100 °C 4h Amorphous Amorphous
Si0,/AlL,0; =4; KOH - 3 M 24 h Amorphous Amorphous
72h Amorphous KAISi,O4
150 °C 30 min Amorphous Amorphous
1h Amorphous KAISi,Og¢
4h Amorphous KAISi,Og¢
7h Amorphous KAISi,O4
8h K2A12514012 . tzo AmOrphOuS
24h K,AlLSi4045 - xH,O Amorphous
200 °C 30 min Amorphous KAISi,Og¢
2h Amorphous KAISi,O4
3h K2A12Si4012 . tzO AmOrphOuS
4h K,AlLSi4045 - xH,O Amorphous
24 h K2A125i4012 . tzo Amorphous

0
2257 200 °C

0 I I I I I
10 20 30 40 50 60
Position [°2Theta]

Fig. 2. XRD patterns of samples after 4 h of the hydrothermal synthesis at 100 °C, 150 °C and 200 °C.
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dissolving silica and aluminum raw materials in a potas-
sium hydroxide solution while being stirred permanently.
Thoroughly homogenized synthesis mixtures were treated
hydrothermally in a Teflon-lined stainless steal autoclave.
Reaction temperature (100 °C, 150 °C and 200 °C), time
(from 1 h to 72 h), source materials (amorphous SiO, pow-
der, colloidal SiO, sol and fumed SiO, as the silica sources
and Al powder, metakaolinite (Al,O5 - 2Si0,, calcinated
kaolin at 700 °C 1 h), AI(HO)3 and Al,Oj3 as the aluminum
sources), silica/alumina ratio (from 3 to 4) and OH™ con-
centration (from 1 M to 5 M KOH solution) were modified
to provide optimal conditions for the synthesis of the pre-
cursor, which would lead to subsequent leucite crystalliza-
tion on heating. The reaction products were thoroughly
washed in boiling distilled water; vacuum filtered and dried
in an oven at 100 °C, Fig. 1.

2.2. Methods of characterization

Phase composition of synthesized products was identi-
fied by X’Pert PRO powder diffractometer by means of
parafocusing Bragg-Brentano geometry using Cu Ko radi-
ation (A =1.5418 A, U=40kV, I =30 mA). Data evalua-
tions were performed in the software package X’Pert High
Score Plus.

The morphology and particle size analysis was per-
formed using optical microscopy (Olympus BX 51) and
scanning electron microscopy (SEM, Philips XL 30 CP).

The behavior of prepared precursors at high tempera-
tures and their ability to form leucite were studied during
both continuous temperature increase (using differential
thermal analysis) and the exposition at 1000 °C for 4 h
(by X-ray powder diffraction analysis). For differential
thermal analysis (DTA) 40 mg of a sample was used which
was heated with rate 10 °C/min. Phase composition of sam-
ples after 4 h exposition at 1000 °C was characterized by
XRD analysis at same conditions as in case of products
of the hydrothermal synthesis.

3. Results
3.1. Influence of reaction temperature and time

Starting conditions of the synthesis and phase composi-
tions of samples after hydrothermal synthesis and subse-
quent 4 h exposition at 1000 °C as a function of reaction
temperature and time are listed in Table 1. Results show
that long reaction time as well as higher temperatures
enhances crystallization of a zeolite phase, zeolite K-H
(K»Al1,Si401, - xH,0), which is probably the stable phase
in system with starting composition scheduled in the
Table 1 in temperature interval 100-200 °C.

Figs. 2-5 illustrate the influence of increasing tempera-
ture of the hydrothermal synthesis on phase composition
(Fig. 2), morphology (Fig. 3) and crystallization process

Fig. 3. SEM images of the same starting composition samples after 4 h of hydrothermal synthesis at 100 °C (A), 150 °C (B) and 200 °C (C) at

magnifications 10000x (1), 5000x (2) and 2000x (3).
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Fig. 4. DTA curves of samples of the same starting composition after 4 h
of the hydrothermal synthesis at 100 °C, 150 °C and 200 °C.

(Figs. 4 and 5) of the synthesized products. Reaction time of
4 h was chosen as products with different properties are
obtained at the temperatures 100 °C, 150 °C and 200 °C.

Fig. 2 represents diffraction patterns of Roentgen amor-
phous substances prepared at 100 °C and 150 °C and of
the zeolite K—H formed at 200 °C. The modification of the
phase composition of samples with increasing temperature
is evident also from SEM images (Fig. 3). Images A and B
belonging to samples prepared at 100 °C (A1-A3) and
150 °C (B1-B3), respectively, correspond to particles with
noncrystalline structure. While images C1-C3 represent
crystalline particles of the zeolite K—H synthesized at 200 °C.

Crystallization process of the synthesized precursors is
characterized by XRD and DTA analyses as shown in Figs.
4 and 5. Fig. 4 shows DTA curves of the synthesized sam-
ples for the temperature range between the room tempera-
ture and 1100 °C. For the first sample (prepared at 100 °C),
only one endothermic peak at 100 °C, attributed to the
evaporation of surface-bounded water, was observed. Sec-
ond sample (reaction temperature 150 °C) shows beside
endothermic peak at 100 °C also sharp exothermic peak
at approximately 1050 °C indicating leucite crystallization.
DTA of the sample synthesized at 200 °C shows broad
endothermic peak related to H,O content decrease — sur-
face-bounded at 100 °C and chemically bounded in struc-
tural channels of the zeolite K-H at approximately
220 °C. DTA cooling curves of all samples are smooth
and do not show any thermally dependent changes.

The effect of 4 h exposition at 1000 °C on phase compo-
sition of the synthesized samples is demonstrated in Fig. 5.
It is evident that only the sample synthesized at 150 °C
leads to leucite (KAISi,Og) crystallization in tetragonal
form and so represents suitable precursor for its
preparation.

3.2. Influence of raw materials

Raw materials used for the synthesis and corresponding
final phase compositions are listed in Table 2. All samples

K-4h-100C
100 °C
25
04 Vi-4h-160C
@
=4
=
o
[
0 UCAh-200C
641, 200 °C
36-
16
4_
0 S ‘ S — —
10 20 30 40 50 60
Position [°2Theta]

Fig. 5. Diffraction patterns of samples prepared by hydrothermal synthesis — 4 h at 100 °C, 150 °C and 200 °C, and after calcinations at 1000 °C.
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Table 2

745

Review of raw materials and corresponding final phase compositions after the hydrothermal synthesis and subsequent high temperature treatment

Starting reaction conditions Raw materials

Phase composition after
hydrothermal synthesis

Phase composition after 4 h
calcination at 1000 °C

Si0,/AlL,0; = 4; H,0/SiO, = 16; KOH 3 M;
temperature 200 °C; time 2 h

Fumed SiO, + Al
Amorphous
SiO, + Al,05-2S10,
Amorphous
5102 + A1203
Amorphous
SiO, + Al(OH);

Amorphous SiO; + Al
Colloidal SiO, sol + Al

Amorphous KAISi,Oq

Amorphous Amorphous

Amorphous Amorphous

Amorphous Amorphous + KAISi,O¢
Amorphous + Al,O3 Amorphous

Amorphous + Al(OH); Amorphous

prepared by 2h of hydrothermal synthesis show amor-
phous character. Using the X-ray analysis, the presence
of residual raw materials was identified in samples synthe-
sized from Al,O; or Al(OH); as the aluminum sources.
This indicates that Al,O; and Al(OH); are less reactive
compared to other aluminum sources used for the
synthesis.

3.3. Influence of SiO,/Al,03 ratio

Starting reaction conditions and resulting phase composi-
tions of prepared samples monitoring the effect of
Si0,/Al,O; ratio in the reaction gel are listed in Table 3.
Fig. 6 shows SEM images of the microstructure of the syn-
thesized products after the hydrothermal treatments. SEM
images A and B belong to amorphous substances with no
specific particle shape or size prepared from the reaction mix-
tures with SiO,/Al,O3 =3 (A1-A3) and 3.5 (B1-B3). The
synthesis from the mixture containing SiO-/Al,O; =4
(images C1-C3) lead to the product possessing better homo-
geneity and amorphous particles of 5-7 um. In the sample
having SiO,/Al,O; = 4.5 (D1-D3), besides to amorphous
particles, the presence of forming particles characteristic of
the zeolite K—H was observed. SEM images E1-E3 illustrate
homogenous sample formed by particles of zeolite K-H, syn-
thesized from reaction mixture containing SiO,/Al,O3 = 5.

Crystallization process of hydrothermally synthesized
precursors is characterized as shown in Figs. 7 and 8.
Fig. 7 demonstrates DTA curves. The samples with
Si0,/Al,03 =3 and 3.5 are characterized by only one
endothermic peak at 100 °C, attributed to the evaporation
of surface-bounded water. Besides to endothermic peak at
100 °C, precursors prepared from reaction mixtures having

Si0,/Al,03 =4 and 4.5 show also sharp exothermic peak
at approximately 1050 °C indicating leucite crystallization.
On DTA curve of the last sample, containing zeolite K-H
(SiO»/Al,05 = 5), broad endothermic peak related to H,O
content decrease, firstly surface-bounded at 100 °C and
after it chemically bounded at 200 °C.

Fig. 8 illustrates diffraction patterns of studied samples
after 4 h calcinations at 1000 °C: amorphous substance
for ratios SiO,/AlLO;=3 and 5 and leucite for

3.4. Influence of OH  concentration

The role of the initial molarity of potassium hydroxide
solution was monitored in samples listed in Table 4. Stated
results show that only precursor prepared from 3 M KOH
solution leads to leucite crystallization during subsequent
high temperature treatment and is thus suitable for its
preparation.

4. Discussion

As it follows from the results, leucite (KAISi,Og) crystal-
lizes only from amorphous precursors. However, crystalli-
zation of leucite was not observed in amorphous samples
prepared at low temperature or short reaction times. On
the other hand precursors prepared at longer reaction times
containing zeolite K—H loose their crystalline structure
during firing and XRD analysis did not prove presence of
any crystalline phase in the product (see Figs. 2-5). This
leads to hypothesis, that there are formations of nuclei dur-
ing the hydrothermal synthesis that crystallized either like

Table 3
Effect of SiO,/Al,O5 ratio on phase composition of samples after the hydrothermal synthesis and subsequent high temperature treatment
Starting reaction conditions SiO,/Al,0;  Phase composition after Phase composition after 4 h
ratio hydrothermal synthesis calcination at 1000 °C
Raw materials: SiO,, Al; H,O/SiO, = 16; KOH 3 M; 3 Amorphous Amorphous
temperature 200 °C; time 2 h 3.5 Amorphous Amorphous + KAISi,O¢
4 Amorphous KAISi»Ogq4
4.5 Amorphous KAISi,Og¢
5 K,ALLSi4045 - xH,O Amorphous
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2 pm

-
K-B5iAl-Zh

Lojim

Fig. 6. SEM images of samples prepared from reaction mixtures having SiO,/Al,0; = 3 (A), 3.5 (B), 4 (C), 4.5 (D) and 5 (E) at magnifications 10000x (1),

5000x (2) and 2000x (3).

K-H zeolite under hydrothermal condition or like leucite
during the firing above 1000 °C.

Crystallization of leucite was observed from precursors
prepared from reaction mixtures using amorphous SiO,
powder or metakaolinite as the silica sources and powdered
Al or metakaolinite as the aluminum sources. However, the
product prepared from reaction mixture containing meta-
kaolinite showed substantial percentage of amorphous
phase even after 4 h of heat treatment at 1000 °C. There
was no crystallization of leucite or any other crystalline
phases observed in other samples. The explanation could

be in different compound of reaction gels and hydrother-
mally prepared precursors.

The effect of SiO,/Al,Oj5 ratio in starting reaction mix-
ture on the properties of the products of hydrothermal syn-
theses was monitored in interval SiO,/Al,O; = 3-5. The
results show that increasing SiO,/Al,Oj ratio in the start-
ing reaction mixture enhances crystallization of zeolite
K-H. The modification of SiO,/Al,O5 ratio also signifi-
cantly changes the microstructure of the synthesized pre-
cursors (see Fig. 6). As shown in Fig. 8 longer exposition
leads to leucite crystallization even in sample with
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Fig. 7. DTA curves of samples prepared by 2 h hydrothermal synthesis from reaction mixtures containing SiO,/Al,O3 = 3; 3.5; 4; 4.5 and 5.
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Fig. 8. Diffraction patterns of calcination (1000 °C) samples prepared by hydrothermal synthesis (2 h) from reaction mixtures with SiO,/Al,05 ratios of 3;
3.5;4; 4.5 and 5.
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Table 4

Resulting phase composition of samples after the hydrothermal synthesis and subsequent calcinations as a function of KOH molarity in the (cleny predelal

Roman) starting reaction mixture

Starting reaction conditions KOH Phase composition after Phase composition after 4 h
molarity hydrothermal synthesis calcination at 1000 °C
Raw materials: SiO,, Al; SiO,/Al,O3 = 4; H,0/SiO, = 16; 1M Amorphous Amorphous
temperature 200 °C; time 2 h 2M Amorphous Amorphous
3IM Amorphous KAISi»Og4
4M K,ALSi404, - xH,O Amorphous
5M K,>AlLSi404, - xH,O Amorphous

Si0,/Al,03 = 3.5. XRD results of other samples are in
accordance with DTA results as shown in Fig. 7, with
Si0,/Al,0; = 3 the sample remained amorphous, for ratio
Si0,/Al,03 =4 and 4.5 the spectrum of tetragonal leucite
(KAISi,O), and for SiO,/Al,O3 = 5 spectrum of an amor-
phous substance was identified.

The solution of KOH from 1 M to 5M was used to
assess influence of OH™ ions concentration on the proper-
ties of hydrothermal synthesis products. It was determined,
that increasing molarity of KOH solution increases the
affinity of reaction gel to the formation of K-H zeolite.
Crystallization of leucite was proved only from precursors
prepared from 3 M KOH.

5. Conclusions

Precursors for leucite dental ceramics were prepared by
hydrothermal synthesis in a Teflon-lined stainless steal
autoclave. Thermal analysis proved that leucite crystallizes
only from amorphous precursors prepared at a specific
interval of conditions. Detailed investigation of the precur-
sor synthesis, i.e. of the effect of process parameters and
starting compositions, made possible to control the process
of the synthesis. The optimal conditions for the precursor
synthesis were determined as follows:

e reaction temperature and time of hydrothermal treat-
ment: 2-6 h at 150 °C or 1-2 h at 200 °C,

e composition of the entering reaction mixture: amor-
phous SiO, powder as the silica source and Al powder
as the aluminum source, silica/alumina ratio equal to 3
or 3.5 and 3 M KOH solution.
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Abstract

Leucite is the dominating crystalline phase in most feldspathic dental porcelains used for ceramic-fused-to-metal restorations. The
stable form of leucite at room temperature is a tetragonal one, which undergoes a phase transition to cubic form at 625°C. This
transformation is associated with 1.2% volume contraction that leads to the formation of microcracks in and around the crystals. The
high amount of tetragonal leucite crystals may be the reason of developing large flaws within the glass matrix that would lead to a
decrease of mechanical properties. Potentially, cesium-stabilized cubic leucite could be added to leucite porcelains to increase crystalline
content without increasing flaw size and frequency.

The aim of this work was to develop a suitable and reproducible technology for the preparation of cubic leucite. Previously, the
hydrothermal synthesis of tetragonal leucite was described. This method was modified for the preparation of cubic leucite. It was found
that the final products consist of both tetragonal and cubic leucite up to 9.52mol% of Cs,O. Above this value fully stabilized leucite was
observed. It was proved that the products of the hydrothermal syntheses are formed by spherolites having particle size of approximately

2 um that consist of particles tens of nm in size.
© 2007 Elsevier Ltd. All rights reserved.

Keywords: A. Ceramics; B. Chemical synthesis; C. X-ray diffraction; D. Phase transitions

1. Introduction

Leucite has become a very important part of composite
dental ceramics in recent few years. The presence of leucite
in a porcelain matrix increases the thermal expansion of
final composite material, making possible its fusion to a
metal reinforcement. In addition, leucite is used as a major
crystalline phase in a new generation of dental porcelains
for all-ceramics restorations. Thermal and mechanical
properties of these materials are affected by the amount,
average crystal size and structure of the crystalline phase.

Leucite undergoes a crystallographic transformation
from tetragonal to cubic form at 625°C. For dental
porcelains this transformation occurs in the range of
400-600 °C [1,2]. The tetragonal (low-temperature) leucite
possesses a high coefficient of thermal expansion
(27.2x 107°°C over range from 25 to 650°C) whereas

*Corresponding author. Tel.: +42022044 3777; fax: + 42022431 3200.
E-mail address: alexandra.klouzkova@vscht.cz (A. Klouzkova).

0022-3697/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/.jpcs.2007.03.055

cubic form exhibits lower value (15.9x 107°°C). The
coefficient of thermal expansion of feldspathic matrix is
about 8.4 x 107¢°C [3]. Leucite was initially introduced
into dental porcelains to raise the composite coefficient of
thermal expansion. In addition in the last few years it was
found that the presence of leucite, owing to its martensitic
tetragonal—cubic transition behavior, also improves frac-
ture toughness and persistence of a final dental product.
A high amount of tetragonal leucite crystals may be the
source of microcracking within the matrix that would lead
to decrease of especially fracture toughness. Potentially,
cesium stabilized cubic leucite could be added to leucite
porcelains to increase the crystallic content without
increasing flaw size and frequency [3,4]. The demand for
leucite ceramics having high-fracture toughness requires a
new suitable technology of the preparation of composite
material in which leucite and matrix are synthesized
separately seems to be promising. Both these phases are
subsequently homogenized and sintered in a dentist
laboratory after application on framework (metal or
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Fig. 1. Scheme of the preparation procedure of Cs—leucite by ion-exchange of analcime.

ceramic). This technology ensures reproducible control of
leucite ceramics microstructure, which is required to
improve its fracture toughness and persistence.

The aim of this research was to develop a suitable
technology leading to the preparation of partially stabilized
cubic leucite powders with controlled particle size distribution.

2. Experimental

The method of preparation of Cs—leucite consisted of
three steps. The first step comprised synthesis of analcime
(NaAlISi»Og¢ - H>0O), that was prepared from a gel contain-
ing aluminum powder (Al, Lachema, Czech Republic),
amorphous silica powder (SiO,, Polskie Odczynniki
Chemiczne Gliwice, PL) and 4M solution of sodium
hydroxide (NaOH, Lachema, Czech Republic). Analcime
was subsequently used for dual ion exchange under
hydrothermal conditions. In the second step, pollucite
(CsyNa(_,)AlSi,O6. H,O) was prepared by partial ion
exchange of Na ¥ ions from analcime for Cs™ ions from
4 M solution of CsCl. The final step involves ion exchange
of remaining Na ™ ions for K™ ions from 4 M solution of
KCIl. #-Leucite was prepared by single ion exchange of
analcime (Na™ ions for K" ions, 4M solution of KCI)
[5,6]. All syntheses were carried out in autoclaves at a
temperature of 200 °C. After the hydrothermal treatment,
the content of the autoclave was washed with boiling
distilled water, vacuum filtered and dried in an oven at
100°C (Fig. 1).

A Philips X‘Pert PRO 6-0 powder diffractometer was
used for X-ray powder diffraction analysis. The results for
each specimen were analyzed using computer X‘Pert High
Score program. Chemical composition of powders and the
degree of ion exchanges were determined by XRF analysis
using ARL 9400 XP sequential WD-XRF spectrometer.
Particle size and their distribution were observed by optical
(Jenapol, Zeiss, Germany) and scanning electron micro-
scope (SEM, Philips XL 30 CP, The Netherlands).

3. Results and discussion
3.1. Preparation of cubic leucite by dual ion exchange

The synthesis of precursor analcime is a very important
part of preparation of Cs—leucite. It was proved that the

12
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¥ 8t
=
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5! 3 ]
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5t ¢ 3 um analcime
® 14.5 pm analcime
0 . . L
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Fig. 2. Mol% Cs,O versus time is plotted into the graph for 3 and 14.5 pm
analcime.

Table 1
Reaction times of the products of single synthesis

Sample  Cs,O (mol%)  Reaction time (h)
Analcime  Pollucite  c¢-Leucite  z-Leucite
A — 2 — — 4
B 3.84 2 5 4 —
C 5.22 2 8 4 —
D 9.52 2 72 4 —

particle size of analcime is the main control factor for
subsequent ion exchanges of pollucite and cubic leucite,
respectively. By the observance of optimal reaction
conditions [5], i.e. reaction time of synthesis—2 h, reaction
temperature—200 °C and 4 M solution of NaOH, homo-
genous powders with uniform particle size at intervals
2-3 um were obtained.

X-ray fluorescence analysis was used to estimate the
degree of ion exchange in the pollucite powder. It was
found that the degree of ion exchange of Na " ions for Cs "
ions depends both on the reaction time and on the particle
size of analcime. The amount of Cs,O increased with the
duration of the ion-exchange treatment and decreased with
increasing particle size of analcime. The results of XRF
analyses are graphically displayed in Fig. 2.

Reaction times of individual ion exchanges to Cs—leucite
are listed in Table 1. X-ray diffraction patterns of
tetragonal leucite, partially stabilized Cs—leucite and fully
stabilized leucite are shown in Fig. 3. It is very important to
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Fig. 3. XRD diffractograms of the products: A—t¢-leucite, B—leucite stabilized with 3.84 mol% Cs,0O, C—Ileucite stabilized with 5.22mol% Cs,O, D—

leucite stabilized with 9.52mol% Cs,O.

Table 2

Chemical composition of powders by XRF [wt%]

Sample NaZO A1203 SIOZ Kzo CSzO
A 1.00 27.72 50.69 20.68 0.00
B 1.07 25.10 45.64 14.62 13.25
C 1.10 24.22 44.17 12.74 17.49
D 1.09 22.06 40.16 7.36 29.03
Table 3

Quantitative phase analysis and crystallite-size determination of products
by Rietveld method.

Sample t-Leucite (wt%) c-Leucite (Wt%) dy (nm) d. (nm)
A 100 0 50 —
B 54 46 77 33
C 38 62 46 31
D 0 100 — 39

notice peaks from 25 to 28 °20. X-ray diffraction patterns
for non-stabilized #-leucite A showed two peaks on position
25.86 and 27.31° 20 and for fully stabilized leucite D one
peak on position 26.22 ° 20 in this range. It is evident from
B and C X-ray patterns that leucite powders stabilized by
the addition of 3.84 and 5.22 mol% Cs,O comprised both
two tetragonal and one cubic peaks with different relative
intensity. It is also evident that the amount of stabilized
leucite increased with the amount of Cs,O contained in the
pollucite lattice. Additionally, no detectable amount of
pollucite was found in any of the preset powders.
Chemical compositions of the final products (z-leucite
and Cs—leucite) are shown in Table 2. Table 3 gives results
of quantitative phase analysis and crystallite determination

of products by the Rietveld method. Fig. 4 shows SEM
images of analcime powder (I), used for preparation of
pollucite (IT) and fully stabilized cubic leucite (III, D).
Scanning electron microscopy of the grains shows homo-
genous powders with uniform particle size ~2pm and
shape. SEM images revealed that these particles are
spherolites that are compounded of much smaller particles.
This result was confirmed by X-ray profile analysis, by
which a particle size in the range 30-70 nm was identified.

4. Conclusion

The research was focused on the partial and full
stabilization of Cs—leucite powders. It was shown that
hydrothermal synthesis of analcime followed by dual ion
exchange to Cs—leucite is a suitable method for the
controlled preparation of partially stabilized cubic leucite.
Leucite powders have been synthesized from relatively
inexpensive precursors at a relatively low temperature
(200 °C). Optimal conditions for the preparation of
pollucite (CsxNa(;_,)AlSi,O6 - HO) with controlled Cs,O
fraction were examined. XRD analyses showed that the
powdered products are crystalline pollucite or crystalline
leucite with no traces of other phases.

The degree of the stabilized leucite was evaluated by the
Cs,0 ratio in pollucite. It was determined that the addition
of 3.8mol% Cs,O is required for stabilization of 46% of
cubic leucite. Fully stabilized cubic form of leucite was
obtained by the addition of 9.5mol% Cs,0.

The main advantage of the hydrothermally prepared
leucite powders is fine grain size. It was proved by
evaluation from XRD data and microscopical analysis
that the products of the hydrothermal synthesis—alcime,
t-leucite, pollucite and Cs—leucite consist of spherolites
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Fig. 4. SEM images of analcime (I), pollucite (II) and c-leucite (III).

having particle size of 2 um. These spherolites consist of
much smaller particles (crystallites) in the range 30—70 nm.

The prepared leucite precursors are very promising
dental raw materials, because the use of submicron
powders leading to better homogeneity of the final
composite microstructure. One of the major advantages
of the technology consists in the achievement of a high
proportion of homogenous dispersion of stabilized leucite
grains in the matrix leading to the significant increase of
fracture toughness in the leucite dental porcelain.
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Natural and synthetic samples of analcime and pollucite (both zeolites belonging to the analcime group)
were studied by means of micro-Raman spectrometry, X-ray fluorescence analysis (XFA) and X-ray
diffraction (XRD). On knowing the chemical and structural characteristics of each solid-solution member,
the observed shift in the spectral position of the Raman active modes can be explained and used for phase

determination. As shown, the distinction between members of the analcime-pollucite solid-solution series
using Raman spectroscopy is significantly more conclusive than the corresponding XRD findings. Also,
information about the structurally bound water inside the zeolite structure can be gained using Raman
spectroscopy as long as a suitable exciting wavelength is selected. Copyright © 2008 John Wiley & Sons,

Ltd.

KEYWORDS: analcime; pollucite; Raman spectroscopy; X-ray diffraction

INTRODUCTION

Analcime [Na(AlSi;Og)-H,O] and pollucite [simplified:
(Cs1_+Nay)(AlSi,Og)-xH,0] are zeolites with leucite-type
framework and four-membered rings of SiO; and AlO,
tetrahedra.!?> Cubic polymorphs of analcime and pollucite
belong the same space group Ia3d, although tetragonal,
orthorhombic, monoclinic and even triclinic modifications
have also been described.>=® There exists a complete solid
solution series between analcime and a water-free Cs end-
member of pollucite. Figure 1 depicts the crystal structure of
the members of the analcime—pollucite series. With increased
pollucite content (%Poll), the sodium site (N) becomes more
and more unoccupied and caesium occupies the site of struc-
turally bonded water (W) because the N-site is too small
for Cs.2” While these exchange reactions take place, it is
important to note that the atomic positions of the alumi-
nosilicate lattice remain the same for each phase along the
solid-solution line.

X-ray diffraction (XRD) is a standard application tool
for fast qualitative phase determination and structure
refinement of zeolite structures. Present-day X-ray databases
comprise thousands of crystal structures, making structure
determination of a priori unknown structures possible. Owing

*Correspondence to: V. Presser, Institute for Geosciences,
University Ttibingen, Wilhelmstrasse 56, 72074 Tiibingen,
Germany. E-mail: volker.presser@uni-tuebingen.de

Copyright © 2008 John Wiley & Sons, Ltd.

to the pronounced structural similarity between analcime
and pollucite, these two phases are difficult to distinguish.

Raman spectroscopy complements qualitative phase
determination, as vibrational spectroscopy yields the unique
possibility to additionally access information about struc-
turally bonded water. The latter can also be obtained via
infrared spectroscopy (IR), which is frequently used for
quantitative analysis of water.

In this paper, we focus on the advantage of a combination
of Raman spectroscopy and XRD for the examination of
synthetic and natural members of the analcime—pollucite
series.

EXPERIMENTAL

Sample preparation

Synthetic samples were prepared via hydrothermal synthe-
sis, yielding a powder with spherical particles (& ~2 um; cf
Ref. 8).

Hydrothermal syntheses of analcime and pollucite were
carried out in autoclaves at a temperature of 200°C. Anal-
cime was prepared from a gel containing aluminium powder
(Lachema, Czech Republic), amorphous silica powder (Pol-
skie Odczynniki Chemiczne Gliwice, Poland) and a 4 M
solution of sodium hydroxide (Lachema, Czech Repub-
lic). After a 2 h hydrothermal treatment, the content of the
autoclave was washed with boiling distilled water, vacuum
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Figure 1. Crystal structure of the cubic members of the
analcime—pollucite solid-solution series (after Refs 1 and 3).

filtered and dried in an oven at 100°C.° Pollucite was pre-
pared by partial ion exchange of Na* ions from analcime for
Cs™ ions from a 4 M solution of CsCL.!% All synthetic samples
were cleaned in acetone using an ultrasonic bath in order to
remove superficial contaminations.

The natural samples of pollucite were clear, transparent
crystals from Paprok (Afghanistan) and Antsirabe (Madagas-
car), while the natural analcime came from the Cyclopean
Isles (Italy). Only for Raman spectroscopy, single crystals
were used. For XRD, all natural phases were thoroughly
ground and all studies were performed on randomly dis-
tributed powders.

All samples were measured at room temperature and
ambient pressure. Dehydration was performed under air
atmosphere at 300 and 500 °C.

Analytical methods

Raman spectra were obtained using a confocal Raman
microprobe (HORIBA Jobin Yvon GmbH, Bensheim, Ger-
many) with a grating of 1800 lines/mm. Both an internal
He—Ne laser (632.8 nm) and an external Ar™ laser (514.5 and
488.0 nm) were used to excite Raman scattering and corre-
sponding notch filters were applied to filter the scattered
radiation. The laser beam was focused onto the sample by
a 100x microscope objective (NA = 0.90), and a lateral res-
olution of <2 um was obtained with a power of 2 mW at
the sample surface. To ensure accurate calibration, diamond
and silicon were used as reference materials. Depending on
the used wavelength, the spectral resolution varied between
0.9cm™! (632.8nm) and 1.7 cm™' (488.0 nm). As an inter-
nal standard, plasma lines of the He—Ne or the argon-ion
laser were used. Peak-fitting was performed using OriginPro
7.5 (OriginLab Corporation, Northampton, USA) applying

Copyright © 2008 John Wiley & Sons, Ltd.
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a Voigt profile function in order to separate the instrument
function and the true Raman profile function. For plasma
lines, a Pearson-VII profile was chosen.

XRD studies were carried out using a Bruker D8 Advance
(Bruker AXS GmbH, Karlsruhe, Germany) diffractometer
with an area sensitive detector (GADDS) and Co K radiation
(1.78897 A, 30 mA, 30 kV). The X-ray spot on the sample was
~300 um (perpendicular incident) through the application
of monocapillary optics (IFG GmbH, Berlin, Germany) and
the samples were rotated during measurement. Rietveld
refinement was performed with Bruker AXS software
TOPAS 3.

For X-ray fluorescence analysis (XFA) studies, a Bruker
AXS 5S4 Pioneer instrument (Bruker AXS GmbH, Karlsruhe,
Germany) was used. As operation parameters, rhodium was
chosen as anode material and the instrument operated at
4 kW power output.

RESULTS AND DISCUSSION
XFA and XRD

In this study, only water-containing pollucite was examined.
The content of pollucite endmember (%Poll = (100 x
Cs)/(Cs+ Na)) varied between 32 and 48% (synthetic
samples) and between 79 and 85% (natural samples) as
determined via XFA.

XRD patterns of any member of the analcime-pollucite
series differ only slightly in relative intensities owing to
the strong structural similarities. These small deviations in
relative normalized intensities are shown in Table 1. Only
carefully conducted XRD studies using an area sensitive
detector (showing Debye rings) are suitable to indicate that
the differing relative intensities are not due to preferential

Table 1. Relative normalized intensities (/(go4) = 100%) of the
calculated (hkl) reflections of analcime (PDF 41-1478) and
end-member pollucite (PDF 47-0471)

I (%)

h k ! Analcime Pollucite
2 1 1 60 6
0 2 2 11 2
3 2 1 5 44
0 0 4 100 100
3 3 2 40 44
4 2 2 6 1
4 3 1 12 4
5 2 1 11 6
0 4 4 8 22
6 1 1 9 12
0 6 4 10 1
6 5 1 20 12
0 0 8 8

7 4 1 6 1

J. Raman Spectrosc. 2008; 39: 587-592
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orientation. Natural and synthetic analcime showed a cell
parameter of 13.73 and 13.75 A, respectively. The literature
values for body centred cubic analcime range from 13.72 to
13.73 A.112 Thus, the large value of 13.75 A for the synthetic
analcime sample might be due to oversaturation by water.

The a spacing of natural pollucite (13.68-13.69 A)
was significantly smaller than for the synthetic phases
(13.71-13.73 A). A higher Cs content generally correlates
with a smaller water content and therefore with a smaller
unit cell volume. This was found to be true for the pollucite
samples, with values of 13.68 A (85%Poll), 13.69 A (83%Poll),
13.71 A (54%Poll) and 13.73 A (32%Poll) found for the lattice
constant. The observed variation of the a values lies within
the range of reported deviations (13.66-13.74 A).>613

The correlation between the cubic lattice constant and
the amount of pollucite end-member %Poll is shown in
Fig. 2. Using parabolic regression, Na-free pollucite would
yield a lattice constant of 13.66 A, which lies fully in the
range of reported values. Natural analcime, however, does
not lie along the regression function, which might be due
to an abnormally increased cell spacing of hydrothermally
synthesized samples.

A carefully conducted space group search corrobo-
rated the assignment to Ia3d. Optical microscopy confirmed
that the natural samples were cubic because complete
extinction was observed under crossed polarization con-
dition.

Raman spectroscopy

Raman spectroscopy offers both the possibility for phase
determination and information about water within the
zeolite structure.!*15 Fig. 3 shows the spectra (obtained
using 488 nm) of analcime (Fig. 3(a)) and pollucite (Fig. 3(b)).
The main features of these spectra are: (1)a strong

Micro-Raman spectroscopy and XRD on analcime and pollucite

13.76
B Synthetic
13.75 =< _ analcime
13.74 — sl
13.73 - { +~ R
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< 1371 . pollucite
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13.70 Synthetic pollucite AN R
T S
13.69 .
13.68
13.67
13.66 -—————
0 25 50 75 100
% Poll

Figure 2. Correlation between cubic cell parameter a and the
content of pollucite endmember (%Poll) showing a direct
relationship between those two parameters.

band at 483-484 cm™! (analcime) or 479-481 cm~! (pollu-
cite) and (2) strong asymmetric OH stretching modes at
3550-3660 cm ™. In general, substitution of lighter atoms for
heavier ones will result in a downshift of v, while decreasing
the bond length will upshift v. In case of water, decreasing
the bond length decreases v.

Figure 4 depicts the correlation between the lattice mode
at ~480 cm™! as a function of %Poll, which follows the same
trend as the correlation between 2 and %Poll (Fig. 2).

The downshift of the band position with a smaller lattice
parameter is due to a higher Cs content which substitutes for
the lighter element oxygen while the sodium site becomes
unoccupied. Natural analcime shows a lower value for the
wavenumber shift (v ~ —0.6 cm™) than hydrothermally

Table 2. Raman band positions of synthetic and natural analcime and pollucite (*: normalized to peak at ~480 cm™")

Band position (cm™)

Pollucite Analcime Integral
; relative
Natural Synthetic Natural Synthetic intensity
Afghanistan Madagascar Sample C25 Sample P39 Italy SamplePA27  (%)* Proposed mode assignment
298 298 299 299 300 300 2-3
391 391 390 390 391 389 9-11
479 480 483 481 483 484 100 O-(ALSi)-O bending Vibrations
675 675 674 675 676 673 1-2 of alumino-
786 786 789 789 791 790 1 silicate
1034 1035 1032 1032 1035 1030 6-10  (ALSi)-O stretching tetrahedra
1109 1111 1101 1100 1111 1102 40-41 (51,Al)-O stretching
1626 1625 1629 1628 1628 1633 - H-O-H bending
- - - - - 3300 - O-H stretching Molecular
3589 3586 3552 3560 3557 3550 - O-H stretching water
3658 3660 3611 3619 3612 3611 - O-H stretching

Copyright © 2008 John Wiley & Sons, Ltd.
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Figure 3. Raman spectra of synthetic and natural (a) analcime and (b) pollucite using 488 nm as the exciting wavelength. For

discussion see text.

synthesized analcime, possibly due to small structural dif-
ferences.

The chemically induced shift of 4 cm™! can be seen as a
proxy for phase discrimination, as the spectral resolution of
present day Raman spectrometers lies below 2 cm ™. Table 2
lists the spectral positions of the individual bands along with
proposed mode assignment.

Natural pollucite samples show a characteristic upshift of
the OH modes. Two sporadically found bands at ~2900 cm ™!
were caused by organic contamination and were removed
via ultrasonic cleaning.

Many studies conducted on either pollucite/analcime,
or zeolites in general, using Raman spectroscopy limit the
spectral range from <100 to 1500-2000 cm™" (¢f Refs 16,17),
as they focussed on differences in Raman active modes of the
aluminosilicate network. Although IR spectroscopy is more
sensitive for examining the presence of protons in crystal
structures (detection limit up to ppb), Raman spectroscopy

Copyright © 2008 John Wiley & Sons, Ltd.
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Figure 4. Correlation between the Raman shift of the lattice
vibration around 480 cm~" and the content of pollucite
end-member (%Poll) showing a direct relationship between
those two parameters as in Fig. 2.
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(a) Effect of choice of wavelength (synthetic pollucite)

—— 488.0 nm
-------- 632.8 nm

Raman intensity

LA

500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm™)

(b) Effect of dehydration (natural pollucite)

as received
-------- 12 h at 500°C

OH stretching affected
by dehydration
/—/%

Raman intensity

m

250 500 750 1000 1250 3450 3600 3750

Wavenumber (cm™)

Figure 5. (a) Raman spectra of synthetic pollucite using blue
(488 nm, solid) and red (632.8 nm, dashed) laser light and as
exciting wavelength. (b) Raman spectra of natural pollucite
before (solid) and after (dashed) heating at 500 °C (12 h).

also yields information about molecular water with two
strong bands in the spectral range of 3100-3700 cm™'. The
asymmetry can be ascribed to variations in the O-H bond
length.

O-H mode detection and dehydratation

We found that not every exciting wavelength was equally
suitable for observing H,O or OH vibrations. Figure 5(a)
depicts two spectra of the same synthetic pollucite powder
using 632.8, and 488 nm as exciting wavelength (both spectra
were normalized to the fourfold ring stretch ‘breathing
motion’ at 484 cm™!). The spectrum with 514.5 nm was found
to lie in between. It is evident that all framework-related
modes (i.e. modes at lower vibrational wavenumbers) stay
almost the same both in position and intensity. Only water-
related modes (at 1622 and 3100—-3700 cm~!) are weaker with
increased wavelength owing to the frequency dependence of
the intensity of scattered light (I ~ v*).1® We therefore suggest
that for Raman studies conducted on water-bearing materials

Copyright © 2008 John Wiley & Sons, Ltd.
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like zeolites, only small wavelengths such as 488 nm or less
should be used.

Thermal treatment of the analcime and pollucite samples
showed no significant dehydration taking place below 300 °C
and 48 h. For this, four Gaussian peaks were fitted in
the range of O-H stretching bands (3100-3700 cm™!) to
describe the asymmetric peak shape. Their relative integral
intensities did not change significantly, and the ratio between
the strong mode at ~480 cm™! and the OH band stayed
almost unaffected (both deviations were below 5%). Higher
temperatures, however, lead to a significant dehydration of
the zeolites and the OH modes were no longer detectable after
exposure at 500 °C for 12 h. Figure 5(b) depicts the Raman
spectra of as-received and thermally treated material.

CONCLUSIONS

On studying members of the analcime-pollucite solid-
solution series, we found a correlation between chemical
and structural characteristics, i.e. between the unit cell
spacing a and the content of pollucite end-member in the
crystal: the higher the pollucite component, the smaller
the 4, due to the extraction of water and the vacancy of
this atomic site. The chemical substitution of caesium for
sodium causes a downshift of the strongest lattice vibration
around 480 cm™!. By knowing this correlation, members
along the solid-solution series can be differentiated via
Raman spectroscopy much more accurately than using XRD.
The latter only shows minor differences in relative intensities
of individual reflections and yields information about the
unit cell dimension but not about structurally bound water.
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Abstract. X-ray powder diffraction analysis was used to determine quantitatively the amount
of cubic and tetragonal forms of hydrothermally prepared Cs ion-exchanged leucite. The X-
ray powder patterns exhibit severe overlap of reflections, since both forms have very similar
unit cell parameters. Therefore Rietveld analysis occurred to be the best method to achieve
this aim. Furthermore the concentrations of Cs'- ions present in both forms were elucidated
from the refinement of mixed sites occupations and from the precise determination of the
unit cell parameters. It was proved that the hydrothermally synthesised Cs - leucite is
formed by spherolites having particle size of 2 um and consisting of crystallites in tens of nm
scale as the result of X-ray line broadening analysis.

Introduction

Leucite (KAISi,0g) is the dominating crystalline phase in most feldspathic dental porcelains
used for ceramic-fused-to-metal restorations [1]. It was found that 15 — 30 % leucite in-
creased the thermal expansion coefficient of the base glass from 10.7 X 10-6 /°C to the 13-
15 x 10-6 /°C range for porcelain bonding and also approximately two times the flexural
strength of feldspathic porcelain [2, 3]. The mineral leucite can be incorporated into the den-
tal porcelain either from the incongruent melting of feldspar or it can be added as a synthetic
powder.

Leucite crystallises at high temperatures in the cubic form, with entries in ICSD [4] having
space groups /a-3 (n.206) or /a-3d (n.230). On cooling below approximately 625°C, there is
a phase transition to a tetragonal form, which has space group /4;/a (n.88). Conversion of
cubic leucite into the tetragonal modification involves deformation of the sixfold rings, i.e.
the channels distortion is accompanied by slight movements of the K" ions. The transforma-
tion is martensitic, that means anisotropic, athermal, with speed of sound diffusion in solids
and exhibits temperature hysteresis [5]. It proceeds by a slipping and twinning mechanism,
during which the atoms retain their neighbours and move over a distance that is smaller than
their original mutual one. Martensitic temperature M; is not constant, for example in the case
of hydrothermally prepared leucite it is 550 °C [6]. For dental porcelains this transformation
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occurs between 400 — 600 °C. High amount of tetragonal leucite crystals may be the reason
for developing large flaws within the glass matrix that would lead to a decrease of the me-
chanical properties. Potentially, Cs stabilized cubic leucite could be added to leucite porce-
lains to increase the crystalline content without increasing flaw size and frequency [2, 3].
However, it is first necessary to develop a suitable and reproducible technology of leucite
preparation and partially stabilize its high temperature cubic modification. This can be
achieved by the ion - exchange (K', Cs") of analcime (NaAlSi,Og -H,0) as a precursor pre-
pared by hydrothermal synthesis [7].

The aim of this study is the quantitative determination of the amount of cubic modification of
Cs - leucite, the estimation of the Cs' - ions concentration present in both forms and the
evaluation of crystallite size by profile analysis. Particle size and morphology analyses were
completed by scanning electron microscopy (SEM).

Experimental

Synthesis of partially stabilized cubic leucite.

Preparation of leucite powders proceeded in two steps, both in hydrothermal conditions:
1) synthesis of analcime (NaAlSi,Os -H,O) [7], and 2) preparation of Cs - leucite performed
by ion exchange of analcime.

Analcime was synthesised in hydrothermal conditions at 200°C for 2h in a Teflon lined
stainless steal autoclave. Starting sols were prepared from fine-ground amorphous silica
powder (SiO,, Polskie Odczynniki Chemiczne Gliwice, PL), sodium hydroxide solution
(NaOH, Lachema, CZ) and aluminium powder (Al, Lachema, CZ). After this hydrothermal
treatment, the content of the autoclave was washed with boiling distilled water, vacuum
filtered and dried in an oven at 100°C.

Tetragonal K-leucite was prepared by ion exchange of analcime (Na' ions for K" ions) from
4M solution of KCl in autoclave at 200 °C for 4 hours [8].

Cs - leucites were prepared by dual ion exchange of analcime. The synthesis was performed
in hydrothermal conditions at 200 °C. First ion exchange proceeded in 4M CsCl for 4h. For
second ion exchange a 4M KClI solution was used. The reaction time was modified to obtain
the desired amount of cubic form in the final product. After the hydrothermal treatment, the
content of the autoclave was washed, vacuum filtered and dried at 100 °C.

X-ray fluorescence, powder diffraction and scanning electron microscopy analyses

An ARL 9400 XP sequential WD-XRF spectrometer was used to perform the XRF meas-
urements. The powders to be analyzed were pressed into pellets about 5 mm thick and di-
ameter of 40 mm without any binding agent and covered with 4 mm supporting polypropyl-
ene film. The time of measurement was about 15 min. The data were evaluated with the
standardless software Uniquant 4.

Powder XRD data were collected at room temperature with an X’Pert PRO 6-0 powder
diffractometer using CuK,, radiation (A = 1.5418 A, U = 40 kV, I = 30 mA) in parafocusing
Bragg-Brentano geometry. Data were scanned with an ultrafast X’Celerator detector over the
angular range 15 - 90°(20) with a step size of 0.0167°(26) and a counting time of 100s step™.
Texture free samples were prepared by back-load technique thanks to the spherical particle
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morphology (Fig. 2). Data evaluation, including Rietveld refinement, was performed with the
software package HighScore Plus [9].

The morphology and particle size analysis of the synthesised samples were determined using
SEM (Philips XL 30 CP). The images were scanned at different magnifications (20 000x,
10 000x and 2500x) to demonstrate the homogeneity and particle size distribution in the
whole sample and to show the morphology of the single grains.

Rietveld analysis

All structural parameters were refined with the Rietveld refinement procedure. The starting
models for tetragonal (t - leucite) and cubic leucite (c - leucite) were taken from ICSD:

T - leucite (ICSD n.9826): Space group /4,/a (n.88) with cell edges — a = 13.090 A and
c¢=13.750 A. All atoms occupy the general positions 16 f — K* and Cs" at (0.3660, 0.3645,
0.1147) with 0.5 occupancy for both atoms; All, Sil at (0.0579, 0.3964, 0.1666), Al2, Si2 at
(0.1676, 0.6115, 0.1283), Al3, Si3 at (0.3924, 0.6418, 0.0860) with respective occupancies
0.32 and 0.68, and the framework oxygens O1 at (0.1318, 0.3131, 0.1100), O2 at (0.0921,
0.5107, 0.1303), O3 at (0.1453, 0.6798, 0.2275), O4 at (0.1333, 0.6841, 0.0354), O5 at
(0.2900, 0.5772, 0.1205) and, finally, O6 at (0.4826, 0.6174, 0.1667).

C - leucite (ICSD n.78709): Space group /a-3 (n.206) with a = 13.574 A . K" and Cs" occupy
the special position 16¢ (x,x,x; with x = 0.12508) both with 0.5 initial occupancy. All other
atoms occupy general positions (48¢) — Si at (0.1248, 0.6621, 0.5878), Al at (0.1248, 0.6621,
0.5878), Ol at (0.4670, 0.3836, 0.1452) and O2 at (0.1317, 0.7194, 0.1024).

The refinement procedure was divided into three steps:

1) All atomic positions, occupancies and atomic displacement parameters were kept fixed.
Background was modelled by linear interpolation between background intensity points and
Pearson VII function was used to describe individual line profiles. Scale factors, unit cell
parameters, U and W line profile parameters for both phases and zero shift were refined.

2) K* and Cs* ions were constrained to share the same site coordinates, the same atomic
displacement parameter and complementary occupancies. Their coordinates and occupancies
were refined and the atomic displacement parameter was kept fixed. All corresponding Al
and Si atoms in the framework were constrained to share the same site coordinates with one
common atomic displacement parameter for all Al, Si atoms and complementary occupan-
cies. Their coordinates were refined, but occupancies and atomic displacement parameter
were kept fixed. The O atoms in the framework were not refined.

3) For size/strain analysis the Si standard (with no micro strain and no size broadening) was
measured, refined and saved as size-strain standard in the HighScore Plus software. In this
way the instrumental broadening parameters were available for further use in size/strain
refinements of prepared leucite samples. Two methods supposing either only size broadening
or size and strain broadening were applied. Both gave similar results for crystallite size, and
negligible microstrain (0.2 - 0.5 %) for the second approach. Therefore line broadening in
our samples is mainly due to the small size of the leucite crystallites (between 30 — 40 nm for
¢ - leucite and 50 — 70 nm for t — leucite).
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Results and discussion

Partially stabilised cubic leucites were prepared by dual ion exchange of the synthesised
analcime. The reaction time of the second ion exchange was modified to obtain the desired
amount of cubic form in the final product: sample B - Sh, C - 8h and D - 72h. Sample
A representing tetragonal K — leucite was prepared by single ion exchange of analcime.
Chemical and phase composition of the products prepared by tuning the above mentioned
synthesis procedure are shown in Table 1.

Figure 1 shows the X-ray powder diffraction patterns for tetragonal K - leucite (A), for par-
tially stabilised mixtures of t - and ¢ - leucite (3.84 mol % Cs,O - B and 5.22 mol% Cs,0 —
C) and for fully stabilised c-leucite (9.52 mol% Cs,O - D).

Table. 1 Chemical and phase composition of the products by XRF and XRD [weight %]
Sample | Na,O Al,O4 SiO, K,0 Cs,0 t-leuc. | c-leuc. | Ry, [%]

A | 1.0(6) |27.70) | 50.63) | 20.622) | 0.00 100 0 5.26
B 1.1(6) | 25.12) | 45.603) | 14.6(1) | 1322) | 54 ) | 46(1) | 7.15
Cc [ 116 [24200) ] 4423 [ 127() | 1750) | 38(1) | 62(1) | 4.63
D | 1.1(1) ]23.002) | 4023) | 6.1 (1) | 25.42) 0 100 7.31
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Figure 1. X-ray powder diffraction patterns of the products of ion-exchange from analcime: A t- leu-
cite (100 %), B t - leucite (54 %) and ¢ — leucite (46 %), C t- leucite (38 %) and c- leucite(62 %) , D
c- leucite (100 %).

Prepared samples were in form of homogenous powders with uniform particle size ~ 2 um
and shape (Fig. 2). SEM images revealed that these particles are spherolites composed by
much smaller particles. As confirmed by X-ray line profile analysis, the particle size is in the
interval 30 — 70 nm.
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Table 2 includes the unit cell parameters and the occupancy values of four selected samples
marked A, B, C, D and the corresponding data taken from ICDD [10] for t-K-leucite (PDF
card 38-1423), t-Cs-leucite (PDF card 85-1628), high-temperature c-K-leucite (PDF card 76-
2298) and c-pollucite (PDF card 88-0055).

Table. 2 Lattice parameters and occupancies for (K',Cs") mixed sites.

Sample a[A] c[A] a.[A] t- Kooe | t- CSpee | ©- Koo | €= CSoee
A-K-leue. | 13.062(1) | 13.744(1) - 1 0 : :
B-Cs-leuc. | 13.196(2) | 13.7493) | 13.4772) | 0.77(3) | 0.233) | 0.773) | 0.233)
C-Cs-leuc. | 13.218(1) | 13.751(3) | 13.496(2) | 0.733) | 0.273) | 0.753) | 0.25(3)

D-Cs-leuc. - - 13.570(1) - - 0.56(3) | 0.44(3)
t-K-leuc. 13.06 13.75 - 1 0 - -
t-Cs-leuc. 13.65 13.72 - 0 1 -

c-K-leuc. - - 13.46 - - 1 0
c-polluc. - - 13.66 - - 0 1

The respective radii of K" and Cs" are 1.33 and 1.65 A. From the ICDD data it is seen that
the a, parameter of t - leucite is very sensitive to K, Cs" ion exchange, while ¢, remains al-
most unchanged. Also, the a. parameter of ¢ - leucite shows significant but smaller change
than a, of t - leucite. The degree of ion exchange estimated from the variations of the unit cell
parameters using the ideal Vegard’s law and obtained as occupancy factors for the measured
samples A, B, C, D are in good agreement and agree with the XRF analysis. The unit cell
parameters and the occupancies of the K, Cs site clearly demonstrate the partial K*, Cs" ion
exchange and the fact that K, Cs" ion exchange can partially or fully stabilize high-
temperature ¢ - leucite at room temperature.

V. Spot Magn Dot !

Ao
20kV 30 10000x St c68

Figure 2. SEM images of D -Cs -leucite product (magnification of 20 000x, 10 000x, 2500x)

Concluding remarks

XRPD analysis showed that partially stabilized Cs - leucite powders prepared by dual ion
exchange of analcime correspond to crystalline Cs - leucite in both tetragonal and cubic
forms.
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XRF analysis was used to estimate the degree of ion - exchanges (K*, Cs") in the samples —
it cannot explain ion - exchanges (K', Cs") in separate phases. The method is fast and
reliable in the stage of tuning the synthesis procedure.

SEM was used to study the grain morphology and size distribution. The final products are
spherolites about 2 wm large consisting of particles of tens nm scale. This was supported by
XRPD giving 50 nm as average crystallite size.

Finally, Rietveld quantitative analysis was used to determine the phase content of t - leucite
and c - leucite, as well as the degree of (K', Cs") exchanged in t - leucite and ¢ -leucite by
refining the occupancies and measuring the unit cell parameters and their comparison with
the literature data.
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Abstract

Dental leucite composite consisting of two
separately synthesized components; tetragonal
leucite and glassy matrix was prepared. Newly
developed procedure is based on the preparation of
crystalline tetragonal leucite powder by relatively
low temperature synthesis in hydrothermal
condition. Matrix powder was prepared by classical
melting process and subsequent milling of the
quenched glass. The dental composites were
prepared by mixing of 10 wt. % and 20 wt.% of
synthesized tetragonal leucite with glass powder
followed by pressing and firing. The dilatometric
measurements proved that the coefficient of
thermal expansion for the composite increased up
to 30 % in comparison with the basic matrix.

Keywords: Leucite ceramics, hydrothermal,
dilatation, coefficient of thermal expansion.

Introduction

Leucite (KAISi,O4), respectively leucite
ceramics has became the aim of many scientific
studies, in recent few years - especially in the field
of dental prosthetics. The reason for its extension
was the fact that the leucite crystals presented in
dental ceramics increased the coefficient of thermal
expansion and so allowed the fusing of ceramics
with metal reinforcement. This assignment enabled
to produce metal-ceramic dental prostheses having
satisfactory mechanical properties. Nowadays,
metal-ceramic systems are the most extensive
dental restorations in dental prosthetics and occupy
70 - 80% from the total number of all dentures. In
addition, leucite ceramics with a higher content of
leucite crystals > 40 wt. % is used for all-ceramic
systems.

“Laboratory of Inorganic Materials, Joint Workplace of
Institute of Inorganic Chemistry ASCR, v.v.i and Insti-
tute of Chemical Technology Prague, Czech Republic

As it was mentioned, the coefficient of thermal
expansion is one of the most important properties,
especially for metal-ceramics systems. The
mismatch in CTE of metal framework and of
ceramics material after the firing process causes the
formation of tension, which can lead to the scaling
of these materials from each other.

It was reported by Ong et al.' that the addition
of 15 — 25 % of t-leucite in to the glassy matrix
increased the CTE of resulting composite materials
from 17 to 29 %. Yang et al’ published a
significantly lower increase in the CTE of
composite materials containing 5 - 25 % of t-leucite.
The highest addition of leucite (25%) in to the
glassy matrix caused the CTE increase of 14.5 %.
Moreover, it was found that the increasing amount
of leucite crystals in composite materials increased
the CTE values linearly.

The CTE values of some selected commercial
dental materials are provided in the following
Table 1. Leucite ceramics suitable for metal-
ceramic restorations is represented by folowing
systems; IPS Classic, IPS d.Sign, Empress I and
Ceramco II containing up to 25 wt. % of leucite
crystals. Two systems OPC and Vitadur-N are used
for all-ceramics restorations and contain a higher
amount of the crystalline phase. Firstly mentioned
system OPC contains ~ 41 wt. % of t-leucite.
System Vitadur-N represents leucite-free ceramics
with ~ 55 wt. % of Al,O;. For the comparison it
should be noted™™* that the CTE of commercially
available Ni-Cr alloys and alloys of rare metals for
metal-ceramics systems ranged from 12.0 to 15.7 x
10°K™.

The aim of this work was to prepare a leucite
dental composite and to measure its coefficient of
thermal expansion due to its possible use for metal
or all ceramics restorations.

Table 1: Values of CTE of some selected commercial dental materials.

IPS Classic® IPSd.Sign® Empress|’ Ceramco |17 opPc* Vitadur-N*
CTE x 101 | 12:6%0.5 12.0£0.5 14.4 13.4+0.1 19.2+0.6 7.1+0.1
[20-600°C] [20-600°C] [25-500°C] [25-500°C] [25-500°C] | [25-500°C]
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Experimental

Leucite free glass frit F2* having the following
composition wt%; 60.9% SiO,, 9.4% Al,0s, 11.8%
K,O, 8.6% Na,0O, 2.3% CaO, B,O; 6.6%, BaO
0.1% was prepared. The mix of raw materials was
melted in a Pt crucible placed in a laboratory
furnace heated to 1500°C for 2 hours. After being
melted, the specimens were quenched and crushed
to pass through the sieve with a mesh size of
1.5 mm. Crushed samples were grinded in the
planetary mill to obtain average particle size of 27
um.

Leucite powders having particle size of about 4
pm were prepared by hydrothermal method in two
steps. The first step comprises synthesis of
analcime (NaAlSi,O¢*H,0) followed by ion
exchange of analcime to tetragonal leucite’.

Frit F2 and leucite powder containing 5 wt% of
water were homogenized and pressed into the bars
using the pressure 50 - 60 MPa. These bars ( 12. 7
mm in diameter) were sintered in laboratory
vacuum furnace (Clasic, Czech Republic) according
to the temperature calculated from the commercial
software Sci Glass. The heating rate was 30°C/min
and the sintering temperature was held for 1-2
minutes, Tab 1.

Table 1 Firing schedule.

Initial temperature (IT) [°C] 500

Drying time on IT [min] 10

Vacuum [mbar] 1-10

Heating rate [°C/min] 30

Maximum temperature [°C] 800 —1150
Vacuum off temperature [°C] = max. temperature

The surface of the bars was further grinded,
polished and etched in 3% HF for 10 s to increase
the contrast between amorphous and crystalline
phases.

The microstructure of the specimens was
characterized using optical (Olympus BX 51P) and
electron (Hitachi S-4700) microscopy.

XRD measurements were performed on the
X’Pert PRO powder diffractometer by means of
parafocusing Bragg—Brentano geometry using Cu

Ka radiation (k= 1.5418 A, U=40kV,1=30 mA).

Data evaluations were performed in the software
package X Pert High Score Plus.

The thermal expansion coefficient values (CTE)
were obtained from thermomechanical analysis of
the samples. The blocks of samples 5x5x3 mm
were heated (the heating rate of 5 K min™) in the
TMA CX04 equipment (R.M.I. Pardubice, Czech
Republic). From the thermal expansion curves
using the slope intercept method the values of CTE
were determined.

203)

Results and Discussion

Figure 1 represents the diffraction pattern of the
amorphous matrix and of the composite powders
containing 10 and 20 wt. % of t-leucite .

Counts

|—— matrix
|— matrix + 10 wt.% of leucite
matrix + 20 wt.% of leucite

4000

2000

Paosition [*2Theta]

Fig. 1: XRD diffraction patterns of the matrix and of the
composite powders containing 10 and 20 wt.% of leucite.

The composite powders containing 0 - 20 wt.%
of leucite were pressed in to the bars and sintered in
a vacuum furnace. The sintering process was
observed using an optical microscope. It was found;
the higher amount of crystalline phase the higher
the temperature required for sintering of the
composite material, Tab 2.

Table 2 Firing temperature of the prepared samples.

sample Amount of t-leucite | Firingtemperature
P [wt. %] [°C]
F2 0 750
F2_10t 10 800
F2_20t 20 870

Figure 2 shows SEM images of the composite
material containing 20 wt. % of leucite crystals
dispersed in the matrix F2. On the upper picture the
etched areas of leucite grains in the dark areas
corresponding to the matrix phase are presented. It
can be concluded, it was prepared a relatively well-
homogeneously dispersed composite material at the
temperature of 800°C. The lower image showes the
etched surfaces of the spherical particles of t-leucite
composed of single crystallite grains.

The following Figure 3 shows the thermo-
mechanical measurement of the composite
containing 20 wt. % of t-leucite. The value of CTE
of the amorphous matrix F2 was 10.08 10°K™" and
of the composite F2 20t was 14.01 10°K™" in the
temperature range 50 - 450°C. The addition of
20 % of t-leucite caused the increase of CTE of
30 %.
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Fig. 3 Thermomechanical measurement of the composite
F2_20t.
Conclusions

Dental leucite composite consisting of two
separately synthesized components; tetragonal
leucite and glassy matrix was prepared. Leucite
powder was synthesized at relatively low
temperature in hydrothermal condition. Matrix
powder was prepared by classical melting process
and subsequent milling of the quenched glass. The
dental composites were obtained by mixing of 10
wt. % and 20 wt. % of synthesized tetragonal
leucite with glass powder followed by pressing and

3(3)

firing. It can be concluded, a relatively well-
homogeneously dispersed composite material was
prepared at the temperature of 800°C. The
dilatometric measurements proved that the
coefficient of thermal expansion for the composites
increased up to 30. % in comparison with the basic
matrix. Prepared composite material having the
value of CTE 14.01 10° K in the temperature
range 50 - 450°C is the suitable material for metal
or all ceramics restorations.
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The aim of this work is to provide an overview of dental porcelains fused to metal used for dental restorations. The paper
shortly adverts to a historical development of leucite ceramics as well as to a description of leucite itself. A ternary-phase
equilibrium diagram of the K,0-A1,0;-SiO, system with its area of the primary crystallisation of leucite is briefly discussed.
The methods of preparing industrially produced leucite powder as well as new, ‘low temperature’ methods are presented.
The fusing temperature of leucite porcelain with regards to its resultant properties is also discussed.

INTRODUCTION

Porcelains are widely used in dentistry these days
as natural-looking tooth restorations thanks to their
numerous advantages such as colour, strength, aesthetic,
opacity, translucency, durability etc. On the other hand
the biggest disadvantage of dental porcelains is its
brittleness. Another major drawback is the potential to
cause abrasive wear on the opposing dentition. Today,
there are two principal types of ceramic restorations —
all-ceramic and metal-ceramic. Newer, all-ceramic sys-
tems generally comprise a ceramic body instead of the
traditional metal, with at least one additional porcelain
layer. All-ceramic systems are made from a ceramic
with substantial crystal content (> 50 vol.%) from which
their higher strength and toughness are derived. These
systems, which have generated greater and greater
interest in the past two decades, can provide more natural
translucency and therefore improve the aesthetics.
Nevertheless, metal-based restoration is still common;
there, several layers of porcelain powder in aqueous
slurry are sequentially fused to a metal framework to
simulate natural teeth [1, 2], see Figure 1. These layers
have three different levels of translucency. The first,
opaque layer is used to mask the dark metal substrate.
The intermediate layer, the so-called dentine, is the
principal bulk construction of the artificial tooth structure
and is also used to provide translucency of the porcelain.
The upper, most translucent layer is called the enamel
or incisal porcelain. Each layer must subsequently be
fused in an electric or vacuum furnace at about 1000°C
to obtain the optimal properties. It is evident that these
dental porcelains must blend many frits or components,
which are variously combined to achieve the desired
properties, such as colour, strength, translucency, shock
resistance and the coefficient of thermal expansion a.

Metal ceramics

First attempts of firing ceramics on metal alloys
are dating back to the eighteenth century. In 1886 Land
firstly introduce the fused feldspathic porcelain crowns
on platinum foil. Though, because of many problems, the
attempts remained unsuccessful for many decades [3].
Before the 1960s, the only materials available for metal-
ceramic restorations were conventional dental porcelains
with a maturing temperature of 1000-1300°C which
were fused to platinum alloys of iridium or ruthenium
[2]. Their use involved serious procurement problems
and difficult fabrication techniques, finally yielding a
product which was liable to a high degree of failure. As
a consequence, the role of dental ceramic materials was
limited mainly to an aesthetic one in the anterior teeth.
Another significant limitation of these dental porcelains

Dentine material
~1.5 mm

Opaque material
~0.2 mm

Framework
~0.3 mm

Figure 1. Metal framework and ceramic layers on an anterior
crown.
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was their low coefficient of thermal expansion, which
was only about 8 x 10 K, and therefore bonding it to a
metal framework was extremely difficult.

In 1962, Weinstein obtained porcelain by mixing
glass and glass-ceramic frits of different compositions
and different coefficients of thermal expansion. Using
this method, Weinstein prepared dental porcelain with o
of up to 17 x 10 K™!, which was a significantly higher
value than had been hitherto presented. Due to this in-
vention it was possible to fuse such prepared porcelain
to a metal frame without bigger difficulties. Weinstein
successfully demonstrated how to bond porcelain to
a metal during the firing and therefore he may be con-
sidered as an inventor of metaloceramic. Later, it was
ascertained that Weinstein's porcelain consisted of a
glassy matrix and tetragonal leucite particles. In 1964
O’Briand et al. firstly mentioned leucite as a component
of dental porcelain. Sixteen years later, in 1980 Hahn and
Teuchert satisfactorily examined the problem of reliable
weldability between ceramics and metals [4]. They deeply
studied recrystallization mechanism of leucite mineral in
the glass ceramic system K,0—Al,0,—SiO, and showed
its importance for metal ceramic restorations. Tetragonal
leucite was recognised as a critical component in glass-

Figure 2. The single leucite crystal (left) and the crystal struc-
ture of tetragonal leucite (right); spheres — K* ions, tetrahedra
—[Si0,]*, [AlO,]™.

ceramics for obtaining the correct thermal expansion
matching. Additionally, its presence in dental porcelain
was acknowledged as advantageous, because it could
impart higher strength, greater durability as well as the
desired translucency to the final porcelain.

At present, dental ceramics exhibit a wide range
of coefficients of thermal expansion, from as low as about
a=8x 10° K" (e.g. aluminia) to as high as approxima-
tely o= 18 x 10° K' (e.g. some leucite-reinforced cera-
mics). It is very important for metal ceramic systems
that the coefficient of thermal expansion of the porcelain
either matches or is slightly lower than that of the metal
base (commonly 13.5-14.5 x 10 K*!, range 20-500°C),
as a result of which no cracks are produced in the
porcelain layers due to the thermal expansion mismatch
stress occurring during cooling. In this way, the ceramic
is placed in compression, when it is strongest, rather than
in tension, when it is weakest. It is also important to be
the thermal expansion coefficient of individual ceramic
layers in agreement so as to attain high strength in the
multiple layer arrangement. In addition, repeated heat
treatments are known to push dental porcelain thermal
expansion to lower values.

Leucite

Leucite (KAISi,Oy) is a potassium aluminium sili-
cate mineral formed by (Si,Al)O, tetrahedra, each of
which shares all its oxygens with its neighbours [5-7],
see Figure 2. Leucite exists as two polymorphs. The
stable form of leucite at high temperature is cubic (high
leucite), and as it cools, there is a phase transformation to
the tetragonal form (low leucite) in a temperature range
of 500-600°C. This transformation is rapid, reversible
and continuous (a transformation of the 2™ order). Figure
3 shows XRD line patterns of tetragonal [01-085-1626]
and high temperature cubic [01-085-1420] leucite.

01-085-1420
| | | | ‘ | | Ll | | | ‘ | | [ 4| |
01-085-1626
1 ‘ | .|.' . 1 |,|I|‘,H,.,I‘,I|, ] ,n! ”",I.'-“".”.' Al L L, I,
10 20 30 40 50 60

26 (°)

Figure 3. The X-ray diffraction lines of tetragonal [01-085-1626] and cubic [01-085-1420] leucite.
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Crystallisation

The glass-ceramics used in dentistry are produced
from highly viscous alkali aluminosilicate glasses [8].
Conventionally, leucite crystallises incongruently from
a precursor containing potassia, alumina, silica and other
components like alkali fluxes, nucleating agents etc. [1,
2,9, 10, 11]. The volume crystallisation of leucite was
described for example in US Patent No. 4,455,383 by
Panzera [12] or in US Patent No. 4,798,536 by Katz [13].
Leucite is usually formed by a surface crystallisation
[14, 15]. Leucite, or leucite-containing frit, is derived by
processing naturally occurring minerals such as potash
feldspar (KAISi;0y), albite feldspar (NaAlSi;Og), or ne-
pheline syenite (NaKAISi;Oy). In order to crystallise a
significant amount of leucite, a minimum of ca 12 wt.%
of potassium is required. These conventional processes
require additional alkalis (e.g. Li,0, Na,O or K,O) as
fluxing agents to reduce the liquidus temperature of the
parent mineral source. Additionally, nucleating agents
(e.g. P,Os, P1, MgO, CaO, ZrO,, ZnO, TiO, B,O; or
their combination) are generally added to initiate an in-
congruent crystallisation of leucite or to lower the ma-
turing temperatures. The porcelains may further compri-

K0.8i0; K;0.A1,0,.25i03

K;0.A1;0,.5i0; ¢

se other additives such as opacifiers, pigments (e.g.,
chromates, vanades, manganates and such) as well as
fluorescing agents (e.g. CeO,, Tb,0s, Y,0; and the like).

The properties of leucite porcelain can be adjusted
by applying well-known principles [22]. The coefficient
of thermal expansion can be increased by increasing the
leucite content, by decreasing the proportion of SiO, and
by increasing the proportion of the alkali metal oxides.
The addition of small quantities of Cs,O, where the
molar ratio of Cs,0/K,0 is less than 0.1, may increase
the expansion of the resulting porcelain. Lithia (Li,O)
may be used like potash, which can lower the fusing
ranges and increase the coefficient of thermal expansion
of porcelain. Additionally, sodium oxide tends to raise
the a more than Li,O. On the other hand, sodium (in
comparison with lithium) suppresses the crystallisation
of tetragonal leucite. The influence of other additives
was specified above.

Figures 4 and 5 contains a ternary-phase equilibrium
diagram of the K,0-Al,0,—SiO, system, from which
leucite may crystallise [17-19]. This system has several
primary fields of crystalline phases - crystobalite (1), tri-
dymite (2), quartz (3), potassium tetrasilicate (4), potas-
sium disilicate (5), potash feldspar (6), leucite (7), mulli-

- e
Orthorhdwgbic KAISI

3A1,0,.28i0,

K20

K>0.Al,0;

K:0.1A10;  AloO3
™ 2020°

Figure 4. A ternary-phase equilibrium diagram of the K,0-Al,0,-SiO, system.
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te (8) and corundum (9), see Figure 4a. These phases are
separated by heavy curves with arrows, which indicate
the direction of the falling temperature. In the leucite
field, the lowest temperature is 810 = 5°C, which rises
up to 1686 = 5°C, a congruent melting point of leucite.
Tie lines divide the K,0-Al,0,-Si0, system into trian-
gular areas. The composition of leucite for dental
applications commonly lies in the ternary subsystem
of silica—potassium disilicate—leucite (Si0,—K,0-2Si0,—
K,0-AL,044Si0,). Leucite-glass compositions mostly
lie either in compatibility triangles of silica—potasium
tetrasilicate—potash feldspar or of potassium tetrasilica-
te—potassium disilicate—potash feldspar. The first mentio-
ned triangle of Si0,—K,0-4Si0,—K,0-Al,04-6Si0, be-
comes completely crystalline at 710 = 20°C (ternary
eutectic E1) and consists of crystals of potassium tetra-
silicate, quartz and potash feldspar. The second triangle
of K,0-4S10,—K,0-2Si0,-K,0-Al,0,-6S10, becomes
crystalline at 695 + 5°C (ternary eutectic E,) and con-
sists of potassium tetrasilicate, potash feldspar and
potassium disilicate. The crystallisation paths on the
cooling of the compositions lying in these areas are
shown in Figure Sb. The initial composition for the
triangle of Si0,—K,0-4Si0,—K,0-Al,05:6Si0, lies in
the primary field of leucite and is characterised by Point
A. During cooling, the first leucite crystals appears at
1300°C. The crystallisation path continues by Line AB,
which is an extension of the line K,0-Al,0,4Si0, — A.
As soon as Point B reaches the boundary curve, potash
feldspar appears as the second solid phase. The compo-
sition of the liquid runs along this boundary curve in
the direction of the arrow (Line BC). At Point C, all the
leucite is resorbed and the crystallisation path leaves the
boundary curve and crosses the field of potash feldspar
in the direction of K,0-Al,0,:6Si0, — C (Line CD). At
Point D, potassium tetrasilicate appears as the second

solid phase and the crystallisation path continues to the
eutectic Point E1, where feldspar, quartz and potassium
tetrasilicate are in equilibrium. The crystallisation path
for the triangle of K,0-4Si0,—K,0-2Si0,-K,0-Al,O5
-6S10, is characterised by curve PQRSE2 and is ana-
logous to path ABCDEI.

Due to the high viscosity of liquidus in this sys-
tem, it is very difficult to obtain equilibrium. During
the crystallisation of the compositions of any of the
previously discussed areas (where leucite is the primary
phase), leucite can be obtained by a rapid cooling of
the melt. Metastable leucite is then accompanied by
a desired amount of the amorphous phase and/or by
other phases like potash feldspar, quartz, and potassium
tetrasilicate. According to the ternary-phase diagram,
potash feldspar must be present as an equilibrium phase
at low temperatures (below 900°C) and leucite at high
temperatures.

The preparation of leucite or leucite porcelains

The preparation of leucite porcelain from a glass
has conventionally consisted of several steps described
approximately as follows: raw materials are blended
by ball milling and then fused to form a glass at a
temperature of about 1300°C and usually higher. After
the fusion, the material is quenched (in water) and then
reheated to an elevated temperature (of e.g. 1000°C) for
several hours to form the desired amount of leucite. After
that, the glass comprising leucite particles is quenched,
crushed and reduced to a fine powder. Alternately, the
reheating process can be skipped with the cooling process
being continued at a lower temperature for a few hours
to crystallise leucite. Each step requires several hours
to complete. As is evident from the description above,

2

b)

Figure 5. The primary fields of the crystalline phases in the K,0-Al,0,-SiO, system (a). The crystallisation paths in the SiO,—
K,0-4Si0,-K,0-Al,04-6Si0, triangle (1) and in the K,0-4Si0,-K,0-2Si0,-K,0-Al,04-6Si0, triangle (2) (b).
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Leucite porcelain fused to metals for dental restoration

crystallisation of leucite from alkali aluminoslicate
glasses is very demanding in terms of energy. Often,
crystallisation processes occur via uncontrolled
nucleation mechanisms, which leads to crystals of
different sizes and a microstructure that is not uniform.
These problems are why research has focused for the
past few decades on finding new methods of preparing
leucite, or leucite porcelains.

Since Weinstein prepared porcelain consisting of
a glassy matrix and tetragonal leucite in 1962, many
scientists have prepared leucite or leucite porcelain
by different methods, resulting in various properties.

AccV  Spot Maan  Det |———
250KV 30 10000 SE  N-AM 24h

Acc
kY 30 50008

Spot Magn  Dat 1
SE° N-AM-2AnA200C

Acc ¥ Spot Magn  Det k—‘ 10 pm
260KV 3D 2000x  SE A M- Ah-2000
. * LA

Figure 6. The SEM micrographs of tetragonal leucite prepared
by the hydrothermal method at 200°C.

Originally, research focused on the crystallisation of
leucite from a melt, which led to numerous patents [12,
13, 20, 21, 22]. Further, it was discovered that tetragonal
leucite can also improve the mechanical properties of the
final porcelain [23-26]. Nevertheless, the crystallisation
process is not quite optimal for the preparation of
leucite porcelain. Acceptable leucite porcelain requires
an optimal microstructure created by a homogeneous
dispersion of leucite ‘submicron’ particles in a glassy
matrix. To prepare material with such a structure, it
is desirable to replace the classical technology when
leucite was crystallised from a melt with a preparation
procedure for a composite material. The reason to
prepare leucite ceramic as a composite material is
therefore the tendency to simplify manufactural process
as well as to improve properties of leucite ceramic —
especially to increase the value of fracture toughness.
At present, several different experimental methods like
sol-gel, co-precipitation, hydrothermal etc. for leucite
preparation can be found in literature. In 1994, Sheu et
al. [27] prepared porous specimens containing leucite
particles employing the co-precipitation method. The
powders were sintered at 1200°C. In 1997, Erbe et al.
[9] prepared congruently crystallised tetragonal leucite
using only pure components in dispersion (i.e. using
no mineral sources such as feldspar). They found that
the coefficient of thermal expansion of some of the
leucite powders was greater than the o of leucite derived
from feldspathic minerals using conventional thermal
processing. ‘Unfortunately’, many of the samples had
a kalsilite phase as an impurity. Liu et al. [28] used
the sol-gel method to synthesise leucite at a relatively
low temperature of 900°C, although their final leucite
specimens contained a high amount of amorphous
phase. In 2006, Zhang et al. [29] prepared high-purity
leucite powders at 850°C employing the sol-gel method
and using CaF, as a modifier. In 2003, Novotna et al.
[30] firstly synthesised highly pure tetragonal leucite
using the hydrothermal method in a two-step process
at the lowest temperature ever. Homogeneous leucite
powders with a particle size of 3 um were prepared by
an ion exchange of hydrothermally synthesised analcime
at 200°C. The reaction occurred in a solution of KCI
in a teflon-lined stainless steel autoclave [31, 32], see
Figure 6. One year later (2004), Novotna et al. [33]
hydrothermally synthesised leucite from an amorphous
precursor, followed by a subsequent high temperature
treatment at 1000°C.

The fusing process

The fusing temperature of the leucite porcelains is
always limited by the melting temperature of the metal
and must occur below this value. In terms of temperature,
dental porcelains can be classified as ‘high’ and ‘low’
fusing porcelains [1]. The high-fusing porcelains fuse
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above 950°C and have been found to be more resistant
to thermal and mechanical shock as well as to erosion
by mouth fluids. Low-fusing porcelains (650°C-950°C)
are less desirable but are preferred in dentistry because
of their workability. However, the leucite crystal
phase is instable in low-fusing porcelains [34]. It has
been stated that if leucite porcelain is maintained at a
temperature of 950°C or lower, or if it is slowly cooled,
it has a tendency to devitrify or to change its coefficient
of thermal expansion. More specifically, when leucite
ceramic is fused to a metal, Na-K feldspatic crystals
start to appear after a certain period. Leucite crystals
begin to decrease and finally may even disappear, because
the leucite crystal phase is metastable. The precipitation
of feldspatic crystals is undesirable, because it lowers the
coefficient of thermal expansion and causes opacification
of the porcelain. This may be the reason why most of the
commercially manufactured leucite porcelains at present
are coated to a metal frame at a temperature of 900°C or
higher.

CONCLUSIONS

Leucite dental porcelains are currently made by ad-
mixing a glass frit (imparting a low a and low sintering
temperature and optionally providing pigments and fluo-
rescence) and a leucite-containing frit (having a high
a and high sintering temperature) in appropriate ratios.
From the discussion above, it is quite clear that the
preparation of leucite by some other method than by
the high temperature process would be more suitable in
future. In addition, it is obvious that leucite ceramics still
need to be improved to satisfy all the requirements of
dental restorations (a low-processing temperature, high
coefficient of thermal expansion, fine-grain and uniform
leucite particles in the matrix etc.). This implies firstly a
knowledge of the material and then its correct technical
application.
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1. Introduction

Leucite (KAISi,O,) is a potassium aluminum silicate
mineral formed by (Si,Al)O, tetrahedra, each of which
shares all its oxygens with its neighbours [1-3]. Leucite
exists as two polymorphs. The stable form of leucite at
high temperature is cubic (high leucite) and as it cools
there is a phase transformation to the tetragonal one
(low leucite) in the temperature range of 500 — 600°C.
This transformation is rapid, reversible and continuous
(transformation of the 2™ order).

Leucite was first introduced into the field of dentistry
to increase the coefficient of thermal expansion
(CTE) of final composite in a ceramics fused-to-metal
system [4]. Conventionally, leucite dental ceramics
are made by mixing a glass frit (having a low CTE
and optionally containing pigments and fluorescent
additives) and a leucite-containing frit (having a high
CTE) in appropriate ratios. At present, several methods
can by found for successful preparation of leucite.
Typically, leucite crystallizes by the heat treatment of

* E-mail: martina.mrazova@vscht.cz

a precursor containing potassia, alumina, silica and
other components such as alkali fluxes, nucleating
agents etfc. [5,6]. Nucleation and crystal growth of
leucite from a melt are very slow processes with
control of leucite particle size being difficult. The glass-
ceramics obtained by this method generally contain
less than about 40 vol% of tetragonal leucite with the
residual glass matrix. In 1994 Sheu et al. [7] prepared
porous specimens containing a leucite phase, to
improve its flexural strength. These specimens were
prepared using the co-precipitation method and were
sintered at 1200°C. Erbe and Sapieszko [8] used the
sol-gel method to prepare leucite at 1000°C having the
kalsilite phase as an impurity. Liu et al. [9] used the
sol-gel method to synthesize leucite at a relatively low
temperature of 900°C. Their final leucite specimens
however contained a high amount of amorphous phase.
In 2006 Zhang et al. [10] prepared high purity leucite
powders at 850°C using the sol-gel method with CaF,
as the modifier. In 2003 Novotné et al. [11] for the first
time synthesized leucite by the hydrothermal method in
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a two step process at a very low temperature 200°C.
Homogenous leucite powders with the particle size of
3 um were prepared using ion-exchange of analcime.
The reaction was preceded in a solution of KCI in
a teflon—lined stainless steal autoclave [12,13]. One
year later (2004) Novotna et al. [14] hydrothermally
synthesized leucite from an amorphous precursor
followed by subsequent high temperature treatment
at 1000°C.

In the last few decades the research was focused
on different methods of preparation of leucite based
materials followed by study of its properties. Though,
the crystallization kinetic of leucite has still not been very
well described. In 2007 Zhang et al. [15] firstly studied
leucite crystallization kinetics with kalsilite as a transition
phase using a non-isothermal DTA method. They found
that the Avrami exponent n was 4.4 for kalsilite and
4.5 for leucite respectively. The calculated activation
energy for the kalsilite crystallization was 103 kJ mol"!
and it was 125 kJ mol for the leucite crystallization via
kalsilite. However, the activation energy of crystallization
usually depends upon many criteria (starting materials,
preparation method, morphology, seeding etc.), and
therefore it may vary widely. The aim of this work was
to study crystallization kinetics of leucite formed from
hydrothermally prepared amorphous precursor by heat
treatment [14].

2. Experimental Procedures
2.1. Synthesis

Hydrothermal synthesis of amorphous precursors
is described below [16]. Starting sols were made by
mixing aluminate and silicate solutions, which had been
prepared separately by dissolving amorphous SiO,
(Lach Ner s.r.0., Czech Republic) and aluminum powder
(Lachema, Czech Republic) in a potassium hydroxide
(Penta Chrudim, Czech Republic) solution while being
stirred constantly. Thoroughly homogenized synthesis
mixtures were treated hydrothermally in a Teflon-lined
stainless steal autoclave. Reaction temperature was
150°C and the time was 1.5 hours for both precursors.
The molarity of KOH solution was 3 mol L' for precursor
1 (P1) resp. 2.5 mol L' for precursor 2 (P2). The
reaction products were thoroughly washed in boiling
distilled water; vacuum filtered and dried in an oven
at 100°C. Subsequently, the precursors were fired in
electric furnace (Clasic, Revnice, Czech Republic) from
5 minutes to 72 hours at temperatures of 850°C, 900°C,
950°C, 1000°C and 1050°C.

2.2. Characterization
Phase composition of synthesized products was

identified by a X'Pert PRO powder diffractometer by
means of parafocusing Bragg—Brentano geometry using
Cu Ka radiation (k = 1.5418 A, U = 40 kV, | = 30 mA).
Data evaluations were performed in the software
package X'Pert High Score Plus. The crystallinities of
the samples were calculated by comparing the sum
of intensities of the XRD reflection peaks in the range
24 — 35° 20 with that of the sample having the largest
sum of the intensities in the previously mentioned range.
The kinetics curves were obtained using the software
Origin. The morphology and the particle size analyses
were performed using scanning electron microscopy
(SEM, HITACHI S4700).

3. Results and Discussion

X-Ray diffraction patterns of precursors are described on
Fig. 1. Asitis shown, precursor 1 is fully amorphous while
precursor 2 contained certain amounts of crystalline
phases. These crystalline phases were determined as a
various modifications of AI(OH),, possibly due to the low
molarity of KOH solution The main phase was bayerite
(a-Al(OH),) followed by gibbsite (y-Al(OH),) and dickite
(ALSI,O,(OH),).

Counts

| f 1
: ; “V\ ‘ h
e ”,/ //“""\\ A "'V"v-w‘,.-\!u—-‘u A gl
w / .
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. Position [°2Theta]
Figure 1. X-Ray diffraction patterns of leucite precursors.

After the calcination of the precursors, leucite
crystallization was calculated from XRD patterns
of the samples obtained at different crystallization
temperatures and times. The degree of crystallinity
was evaluated by the ratio of sum of the XRD areas
(20 = 24 — 35°) of the samples under consideration
to that of most crystalline sample obtained during the
studies [17-21]. Fig. 2 demonstrates the crystallization
process for temperatures 950°C and 1000°C for both
precursors. Characteristic peaks of leucite startto appear
at different period in dependence on both temperature
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Position [*2Theta]

Position [2Theta)
Figure 2. XRD patterns of the products prepared from P1 (a, ¢) and P2 (b, d) at different reaction temperatures and time.

and time. The influence of the seeded samples is also  The experimental data for both precursors were fitted to
evident from Fig. 2. The seeded precursors make the the Avrami-Eroféev expression (1):

crystallization temperature and time of tetragonal leucite
significantly lower. For the unseeded precursor P1 and  a =1 — exp[-k(t-t,)"] (1)
a temperature 850°C, leucite did not appear even after
3 days while using the seeded precursor P2, leucite
occurs already after 1 hour.

where ais the crystallinity attime ¢, ¢, is the induction time,
k is the reaction constant and n is the Avrami exponent.
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Figure 3. Crystallization kinetics curves of non-seeded and seeded precursor.

Table 1. Avrami-Eroféev parameters and induction times for leucite synthesized from P1 and P2.

precursor 1 precursor 2
Temperature [°C]
t, [min] n k [h'] R? t, [min] n k [h"] R?
850 - - - 60 3.1 0.22 0.9991
900 - 30 2.1 0.73 0.9910
950 240 5.4 0.09 0.9651 10 3.0 2.22 0.9657
1000 45 3.1 0.33 0.9713 8 2.6 4.65 0.9356
1020 30 3.1 0.66 0.9962
1050 15 28 1.53 0.9594

2
18 F y=-29.637x+24.91
1t R’ =0.995
05 -
0+
£ 05t

4+
<15 | y=-46.3209x + 35.396

2L R’ =0.9966
+ prekursor 2
25 = prakursor 1
-3 L L I
0,7 0,75 08 0,85 09
1000/T

Figure 4. Plots of Ink against 1000/T.

The crystallization kinetics curves were simulated
using the software Origin, Fig. 3. The curves exhibit a
typical sigmoidal shape (S-shaped) characteristic of a
process indicating different rates of crystallization at
different times. The curves of the crystallization can be
divided into three periods; induction period, transition
period and crystal growth [22]. Table 1 gives the
parameters of the crystallization process which where
obtained from the Avrami-Eroféev expression. Induction
time ¢, of the studied process was determined as a time at
which the X-ray diffraction reflections started to appear.

The parameters n, k and R were calculated in the linear
range of conversion by Sharp-Hancock method.

Using the Avrami-Eroféev model n has values
between 2.6 and 3.1 (average value of n = 2.9). The
exception is for values n = 5.4 (precursor 1, temperature
950°C) and n = 2.1 (precursor 2, temperature
900°C) which are significantly higher. According to
Avrami-Eroféev the values of n ~ 3 are connected
with three-dimensional growth of nuclei [23]. The
activation energy (E,) of the crystallization of leucite
was calculated from a plot of Ink obtained from the
Avrami-Eroféev equation (2) against 1000/T (Fig. 4).

k= Aexp(-E/RT) )

where k is the reaction constant, A is a frequency
factor, R is the gas constant and T is the absolute
temperature. The activation energy calculated from the
slope was 385 kJ mol' (precursor 1) and 246 kJ mol"
(precursor 2), respectively.

Fig. 5 shows SEM images of both precursors
(P1-percursor 1, P2-precursor 2) used for the syntheses.
Itis evident, there is no obvious difference in morphology
for these gels. The gels mainly consist of aggregates
with three-dimensional submicron particles having
diameters of 30 - 100 nm.
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Figure 6. SEM micrographs showing calcinated powders from precursore P1; A—1h, B—3 h and C - 6 h at the temperature 1000°C.
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SEM images of calcinated samples from precursor 1
are given in Fig. 6. The temperature of calcination was
1000°C and time 1 h (A), 3 h (B) and 6 h (C). SEM
photographs of sample A show both the gel particles and
the leucite. This observation is in agreement with XRD
seenin Fig. 3. Images B and C show hard agglomerates
of calcinated samples, where leucite particles were
observed. It was found, these particles have a tendency
to increase its particle size with increasing calcinations
period. From the disrupted surface of a calcinated
sample C-3, interestingly it was found that the particles
possess a structure, similar to a pseudo-trapezohedron,
which is typical for leucite.

4. Conclusion

Results on the crystallization kinetics for seeded and
non-seeded precursors along with characterization
of the products were reported here. The experimental
data were fitted to the Avrami-Eroféev expression.
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The aim of this study was to prepare leucite dental composites from two separately synthesized components - tetragonal
leucite and glassy matrix. The newly developed procedure is based on the preparation of crystalline tetragonal leucite
powder by relatively low temperature synthesis under hydrothermal conditions. Matrix powder was prepared by a classical
melting process and subsequent milling of the quenched glass. The dental composites were prepared by mixing of 10 wt. %,
20 wt. % and 30 wt. % of synthesized tetragonal leucite with glass powder followed by pressing and firing. The sintering
process was observed by optical microscope and the optimal firing temperature for each composite was determined. Optical
and electron microscopy was used to characterise the microstructure of the composites, especially the distribution of the
leucite particles in the matrix. Dilatometric measurements proved that the coefficient of thermal expansion of the composites

increased up to 44 % in comparison with the basic matrix.

INTRODUCTION

In the last few years leucite (KAISi,O;) and leucite
ceramics have become the aim of many scientific studies,
especially in the field of dental prosthetics. The reason
for its extension was the fact that the leucite crystals
presented in dental ceramics increased the coefficient
of thermal expansion and so allowed the ceramics to be
fused with a metal reinforcement. This feature enabled
the production of metal-ceramic dental prostheses with
satisfactory mechanical properties. Nowadays, metal-
ceramic systems are the most extensive dental restorations
in dental prosthetics and occupy 70 - 80 % of the total
number of all dentures. In addition, leucite ceramics with
a higher content of leucite crystals > 40 wt. % is used for
all-ceramic systems.

As mentioned above, the coefficient of thermal
expansion is one of the most important properties,
especially for metal-ceramic systems. The mismatch in
CTE of a metal framework and of a ceramic material
after the firing process causes the formation of tension,
which can lead to the scaling of these materials from
each other.

It was reported by Ong et al. [1] that the addition
of 15-25 % of t-leucite to the glassy matrix increased
the CTE of the resulting composite materials from

17 to 29 %. Yang et al. [2] published a significantly
lower increase in the CTE of the composite materials
containing 5 - 25 % of t-leucite. The highest addition
of leucite (25 %) to the glassy matrix composite caused
a CTE increase of 14.5 %. Moreover, it was found that
the increasing amount of leucite crystals in composite
materials increased the CTE values linearly.

The CTE values of some selected commercial
dental materials are provided in the following Table 1.
Leucite ceramics suitable for metal-ceramic restorations
are represented by the following systems: IPS Classic,
IPS d.Sign, Empress I and Ceramco II (containing up
to 25 wt. % of leucite crystals). The two systems OPC
and Vitadur-N are used for all-ceramic restorations and
contain a higher amount of crystalline phase. The afore
mentioned system OPC contains ~ 41 wt. % of t-leucite,
whereas the system Vitadur-N represents leucite-free
ceramics with ~ 55 wt. % of Al,O,. For comparison it
should be noted that the CTE of commercially available
Ni—Cr alloys and alloys of rare metals for metal-ceramic
systems ranges from 12.0 to 15.7 x 10 K™' [3-5].

The aim of this work was to prepare a leucite dental
composite from hydrothermally synthesised t-leucite and
glassy matrix and to measure its coefficient of thermal
expansion with respect to its possible use for metal or
all-ceramic restorations.
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Table 1. Values of CTE of some selected commercial dental materials.

IPS Classic [6] IPS d.Sign [6] Empress I [7] Ceramco II [7] OPC [4] Vitadur-N [4]
CTE x 105 K 12.6+£0.5 12.0£0.5 14.4 13.4+0.1 19.2+0.6 7.1+£0.1
[20-600°C] [20-600°C] [25-500°C] [25-500°C] [25-500°C] [25-500°C]
EXPERIMENTAL was grinded, polished and etched in 3 % HF for 10 s to

Dental leucite composites were produced from two
separately prepared components — tetragonal leucite
and glassy matrix. Leucite powders were prepared by
a hydrothermal method in two steps [8]. The first step
comprises the synthesis of analcime (NaAlSi,O4 H,0)
from aluminate and silicate solutions, which had been
prepared separately by dissolving silica and aluminium
raw materials in a 4M sodium hydroxide solution while
being stirred permanently. In the second step, t-leucite
was prepared by ion exchange of Na" ions from analcime
for K* ions from a 4M solution of KCI. Both syntheses
were carried out under hydrothermal conditions in
Teflon-lined autoclaves at 200°C. The prepared powders
were washed by boiling distilled water, vacuum filtered
and dried in an oven at 100°C.

A leucite-free glass frit of the composition 60.9
Si0,, 9.4 AL,0;, 11.8 K,0, 8.6 Na,0, 2.3 Ca0, 6.6 B,0,,
0.1 BaO (all in wt.%) was prepared by melting in a Pt
crucible placed in a laboratory furnace heated to 1500°C
for 2 hours. After being melted, the specimens were
quenched and crushed to pass through a sieve with mesh
size 1.5 mm. Crushed samples were grinded in planetary
mill to obtain an average particle size of 27 um.

As-prepared powders of t-leucite and the frit con-
taining 5 wt. % of water were well homogenized in
a tilting mixer equipped with corundum balls for 1 hour
and subsequently pressed into the bars using the
pressure 50-60 MPa. These bars having 12.7 mm in
diameter were fired in a laboratory vacuum furnace
(Clasic, Czech Republic) according to the temperature
calculated from the commercial software Sci Glass. The
sintering process was observed by optical microscopy,
and the optimal firing temperature for each composite
was determined. The heating rate was 30°C/min and the
sintering temperature was held for 1-2 minutes (Table 2).

The microstructure of the specimens was charac-
terized using optical (Olympus BX 51P) and electron
(Hitachi S-4700) microscopy. The surface of the bars

Table 2. Firing schedules.

Initial temperature (IT) (°C) 500
Drying time on IT (min) 10
Vacuum (mbar) 1-10
Heating rate (°C/min) 30

800-1150
= max. temperature

Maximum temperature (°C)

Vacuum off temperature (°C)

increase the contrast between amorphous and crystalline
phases.

XRD measurements of powder samples were per-
formed on the X’Pert PRO powder diffractometer by
means of parafocusing Bragg—Brentano geometry using
Cu Ko radiation (k = 1.5418 A, U =40 kV, I = 30 mA).
Data evaluations were performed in the software package
X’Pert High Score Plus.

Thermal expansion coefficients (CTEs) were obtai-
ned from thermomechanical analysis. The blocks of samp-
les 5%5x3 mm were heated (heating rate 5 K min™)
in the TMA CXO04 equipment (R.M.I. Pardubice, Czech
Republic). From the thermal expansion curves using
the slope intercept method the values of CTE were
determined.

S N £ b |
LI I I B B |
10.0um

Figure 1. SEM images of t-leucite.
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RESULTS AND DISCUSSION

Leucite powders for dental composites were prepa-
red by hydrothermal synthesis. Figure 1 shows SEM
images of the analcime obtained in the first step of the
preparation procedure. The resulting t-leucite is shown
in Figure 2. It can be seen, that homogenous leucite
powders with a uniform particle size of 4um have
been prepared. These spherical particles of leucite are
composed of much smaller crystallite grains of 100 nm
(Figure 2 c, d).

Figure 3 shows the diffraction pattern of the amor-
phous matrix and of the composite powders containing
10, and 20 wt. % of t-leucite. The left image clearly
demonstrates the loss of the amorphous phase at the
expense of crystalline phase. The second figure shows
the angular range 24-32.5° (26) in greater detail, clearly
indicating an increase of the amount of crystalline phase
(tetragonal leucite).

The powders of the basic matrix and of the com-
posites containing up to 30 wt. % of leucite were pressed
into bars and sintered in a vacuum furnace. The sintering
process was observed using an optical microscope.

P .  am

S$4700 15.0kV 9.9mm x3.00k SE(M)

Figure 2. SEM images of t-leucite.

Figure 4 shows an insufficiently sintered sample of the
matrix material fired at 720°C and a sintered sample
fired at 750°C. It was found that the increasing amount
of crystalline phase increased the temperature required
for sintering of the composite material. Optimal firing
temperatures of the composites are listed in Table 3.
Microscopic analysis (Figures 5 and 6) demonstra-
tes that a relatively well (homogeneously) dispersed com-
posite material was prepared at temperatures from 800°C
to 1000°C, depending on the content of the crystalline
phase. Figure 5 shows images of the sintered samples of
the basic matrix and of the composites containing 10, 20
and 30 wt. % of t-leucite obtained by optical microscopy.

Table 3. Firing temperatures of the prepared samples.

Amount of t-leucite Firing temperature

Sample (Wt.%) (°C)
M 0 750
M 10t 10 800
M 20t 20 870
M 30t 30 1000

S$4700 15.0kV 10.0mm x100k SE(M)
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The microstructure of the prepared composites was also
characterised by scanning electron microscopy (see Fi-
gure 6). The first image shows the distribution of leucite
particles in the dark matrix (Figure 6a). In the second
image etched surface of the spherical leucite particle
composed of crystallite grains having average size of
100nm can be seen (Figure 6b).

The thermal expansion coefficient values (CTE)
were obtained from dilatometric measurements and
are listed in Table 4. The value of CTE increased from
10.08 x 10°K™! for the basic matrix to 14.52 x 10°K"" for
the composite M_30t in the temperature range 50-450°C.
The addition of 30 wt. % of t-leucite caused the increase
of CTE of 44 %. In case of the composite M 20t the
increase was 39 % to a CTE value 14.01 x 10°K"".

— Matrix
— M. + 10 wt.% of leucite

5000 —— M. + 20 wt.% of leucite
«» 4000
€
>3
o
O
3000 -
2000
1000 4 iyt
T T T
10 20 30 40 50
Position 26 (°)
a)

CONCLUSIONS
Dental leucite composites consisting of two sepa-

rately synthesized components (tetragonal leucite and
glassy matrix) were prepared. Homogenous leucite

Table 4. CTE values of the prepared samples.

Amount of t-leucite CTE
Sample (wt. %) (x 10° K™
M 0 10.08
M 10t 10 12.24
M 20t 20 14.01
M 30t 30 14.52
— Matrix
— M. + 10 wt.% of leucite
5000 — M. + 20 wt.% of leucite
@ 4000
c
>
s}
O
3000 -
2000
24 26 28 30 32
Position 26 (°)
b)

Figure 3. XRD patterns of the matrix and of the composites containing 10 and 20 wt. % of t-leucite.

Figure 4. OM images of the matrix fired at 720 and 750°C.

M _720°C

M _750°C
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powders having a uniform particle size of 4 pm were
synthesized at 200°C under hydrothermal conditions.
The matrix powder was prepared by a classical melting
process and subsequent milling of the quenched glass.
The dental composites were obtained by mixing of
10 wt. %, 20 wt. % and 30 wt. % of the synthesized
tetragonal leucite with glass powder followed by pressing
and firing. Microscopic analysis showed that relatively

well-homogeneously dispersed composite material was
prepared at temperatures from 800°C to 1000°C, depen-
ding on the content of the crystalline phase. Dilatometric
measurements proved that the coefficient of thermal
expansion of the composites increased up to 44 % in
comparison with the basic matrix. Prepared composite
materials containing 20 wt. % and 30 wt. % of the
t-leucite and having the CTE values 14.01 x 10°K"' and

Figure 6. SEM images of the composite M_30t containing 30 wt.% of t-leucite.
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14.52 x 10° K™, respectively, in the temperature range
50-450°C are suitable materials for metal or all-ceramic
restorations.
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Abstract Raw material kaolin Sedlec Imperial and four
types of rehydroxylated samples were used to study the
processes of the first and second dehydroxylation of kao-
linite by thermal analysis and IR spectroscopy. Activation
energy (E,) of these processes was calculated from DSC
curves using five isoconversional methods. IR spectroscopy
was used to compare structures of the original and rehy-
droxylated samples. It was proven that the structure of
rehydroxylated metakaolinite can closely resemble that of
the raw kaolinite under intensive hydrothermal treatment
but does not reach the original structure. The E, values of
the second dehydroxylation reach 87-92 % of E, values of
the first dehydroxylation.
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Introduction

Kaolinite (Al,05-2510,-2H,0) is a two-layer clay mineral
lying between dioctahedral 1:1 phyllosilicate. Crystals of
kaolinite are hexagonal in shape and are formed by layers
of the tetrahedral [SiO4]4_ and layers of the octahedral
[AI(OH)s]°~ which alternate periodically [1]. Water is
bound in the form of four hydroxyl groups in each unit cell.
The inner hydroxyl group lies between tetrahedral and
octahedral sheet, while three inner-surface hydroxyl groups
lie between adjacent kaolinite layers [2]. Characteristic
positions of kaolinite peaks in the infrared spectrum (ATR-
ZnSe crystal) are found at 3620 cm ™' for inner hydroxyl
group and at 3650, 3671 and 3695 cm ™' for inner-surface
hydroxyl groups. In case of the kaolinite structure with
lower degree of ordering, peaks at 3650 and 3671 are
replaced by one peak at the position of 3651 cm™" [2, 3].

When kaolinite is heated, it loses any physically
absorbed water between 100 and 200 °C, i.e. dehydration
occurs. Kaolinite transforms to an unstable non-crystalline
product, metakaolinite (Al,Si,0-), after calcination at 450—
600 °C, by losing the chemically bound water molecules
4, 5]:

Al,O3 - 2510, - 2H,0 — Al,O3 - 2510, + 2H,0.

Hydroxyl groups in kaolinite structure are released in
two steps. At first, the hydroxyl groups from the surface
layer are released, and subsequently the release of inner
hydroxyl groups occurs [6]. This process is called dehy-
droxylation and is accompanied by a mass loss of
approximately 14 mass % as estimated from the theoretical
composition (46.54 mass % SiO,, 39.5 mass % Al,O3 and
13.96 mass % H,O) [1]. The process of dehydroxylation is
characterised by endothermic effect at curves measured by
thermal analysis (DTA or DSC). Exact positions of this
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Table 1 Equations for the calculation of activation energy

Kissinger method [17,21]
B _ E,

lnﬁ =C-— RiTm

Kissinger—Akahira—Sunose method [18]
B Eus

Flynn—Wall-Ozawa method [18, 22]

_ ~_ LOSISE,,

Inf=C R,

Starink method [18]

Ingfey = C — g7

Tang method [19]

1.00145033 E, ,

b
In 7w = C — g7,

T, Temperature of peak (K), 7, Temperature of the degree of con-
version o (K), f Heating rate (K min~'), R Gas constant
8314 T K™! mol’l), E, Activation energy (kJ mol™Y), C Constants

effect are influenced by particle size, structure ordering of
kaolinite and also by heating rate [7, 8]. Partial dehydr-
oxylation can occur already during the processing of raw
materials containing kaolinite, e.g. dry grinding [9, 10].
Processes of rehydration and rehydroxylation are reverse to
dehydration and dehydroxylation processes of kaolinite. They
occur immediately after low-temperature calcination (below
ca. 1,000 °C) of ceramics prepared from clay raw materials by
the influence of moisture. At first, physically absorbed water,

Table 2 Chemical composition of the raw material [mass %]

which was lost during heating at 100-200 °C, is regained, i.e.
rehydration occurs. It is followed by rehydroxylation—
recovering of structural hydroxyl groups, during long-time
influence of moisture [11-15]. The first reaction of atmo-
spheric moisture with the fired clay is called first rehydroxy-
lation. The second dehydroxylation and subsequent second
rehydroxylation can occur when kaolinite is heated repeatedly
and then exposed to atmospheric moisture.

The kinetics of dehydroxylation can be studied by sev-
eral analytical methods (XRD, IR, TA). Thermal analysis
can proceed under isothermal or non-isothermal conditions.
Dehydroxylation of kaolinite is a reaction of
A(s)—>B(s) + C(g) type. Using thermal analysis for
studying kinetic parameters, non-isothermal conditions are
often applied. Kinetic parameters can be calculated by
simple model-free and isoconversional methods or by more
complicated methods based on the direct mechanism [16].
Kissinger method is a well-known model-free method
(Table 1) [17]. Using isoconversional methods (e.g. Kis-
singer—Akahira—Sunose, = Flynn—Wall-Ozawa, Starink,
Tang (Table 1) [18-22]), activation energy is calculated
via degree of conversion, which is constant with values
from O to 1. The degree of conversion can be calculated
from the mass difference at TG curve or by the integration
of peak areas from DTA or DSC curves. Activation energy
values of the kaolinite dehydroxylation usually range from
140 to 240 kJ mol~! [6, 21-23).

Composition SiO, Al,O3 Fe,03 TiO, CaO MgO K50 Na,O
Content/mass % 49.89 46.89 1.10 0.30 0.40 0.30 1.10 0.03
Fig. 1 XRD pattern of raw Intensity/counts
material 20.000
R A Kaolinite
® Muscovite
B Quartz
A
10.000
L J
L ]
O ML I i T T T T i T T i
10 20 30 40 50 60
Position/°26
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Fig. 2 Infrared spectra of the
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Fig. 3 DSC curves of the raw 0
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Table 3 Values of the temperature of peak extremum for the first
dehydroxylation

Heating rate/K min~' 5 10 20 30 40

Temperature of peak 518 541 565 578 597
extremum/ °C

TG/mass % 12.08 12.10 12.09 12.09 12.10

The aim of this work was to study the process of kao-
linite dehydroxylation using thermal analysis and to com-
pare activation energies of the first and second
dehydroxylation.

T T T T
400 450 500 550

600 650 700 750
Temperature/°C

Experimental

Kaolin Sedlec Imperial (Czech Republic) in the form of well-
dried gently ground powder was used as the raw material. It
was heated in a Pt crucible in a laboratory furnace at the rate
of 10 K min~"'. The choice of calcining conditions (C)—2 h
at 600 °C and 96 h at 450 °C—was based on previous
research [24]. Products of calcinations were subsequently
hydrothermally treated (HA) in laboratory autoclaves at
230 °C (2.77 MPa) for 10 and 100 h. A solid/solution ratio
of 1 g sample/20 mL water was used in the experiments. All
samples were dried until a constant mass (2 hat 105 °C) was
attained before IR and thermal analyses.
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Fig. 4 DSC curves of the raw 0
material and hydrothermally
aged samples at the heating rate /]\
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The chemical composition of the raw material was
determined by X-ray fluorescence analysis (Sequential
WD-XRF spectrometer ARL 9400 XP™). The particle size
distribution was evaluated by laser diffraction (Fritsch
Analysette 22 NanoTec). X-ray diffraction analysis (Dif-
fractometer PANalytical X pert Pro) was used to identify
accessory minerals in the raw kaolin sample. The structural
ordering of the raw material and treated samples was
characterised by infrared spectroscopy (spectrometer
Nicolet IS 10, Thermo Scientific). Measured data were
evaluated using programs Omnic and Origin. Thermal

@ Springer

analyses were performed with a Setaram Setsys Evolution
16 system (DSC-TG) using 25 £ 0.02 mg of sample at the
heating rates of 5, 10, 20, 30 and 40 K min~! in the tem-
perature range of 20—1200 °C in argon flow at atmospheric
pressure. DSC data were used to calculate the activation
energy of the dehydroxylation process using five methods
listed in Table 1. The degree of conversion was calculated
by the integration of endothermic peak area from the DSC
curve. The percentage of kaolinite in samples was calcu-
lated from TG curves and related to its theoretical com-
position [25].
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Fig. 6 Degree of conversion of 1
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Table 4 Values of the activation energy for the first and second dehydroxylation
Method 1. Dehydroxylation 2. Dehydroxylation activation 2. Dehydroxylation activation
activation energy/kJ mol ™" energy/ % 600 °C (2 h) energy/ % 450 °C (96 h)
10 h 230 °C 100 h 230 °C 10 h 230 °C 100 h 230 °C
Kissinger 149 94.0 105.4 92.5 98.9
Kissinger—Akahira—Sunose 157 87.9 92.1 87.4 89.6
Flynn—-Wall-Ozawa 162 88.1 92.3 87.7 90.0
Starink 157 88.0 92.1 87.4 89.6
Tang 159 87.3 91.6 86.5 88.9
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Results and discussion

The raw material (kaolin) is characterised by chemical
composition of the main oxides recalculated to 100 mass %
listed in Table 2 and particle mean value 3.2 pm. Raw
material contains kaolinite as the main crystalline phase
accompanied by small amount of quartz and mica (Fig. 1).
The samples contained only quartz and mica after calci-
nations at 450 °C as well as at 600 °C. IR spectrum of
kaolin with detailed positions of hydroxyl groups is shown
in Fig. 2. The band at 3620 cm™' belongs to inner hydro-
xyl group and bands at 3654, 3668 and 3691 cm™' belong
to inner-surface hydroxyl groups.

Figure 3 shows DSC curves of the first kaolinite dehy-
droxylation (raw material) measured at different heating
rates. The extremum of peak shifts to higher temperatures,
and the peak area increases with the increasing heating
rate. All curves are symmetric, and the initial stage of the
dehydroxylation process is very similar. The shape of the
peak corresponds to the structure ordering and the value of
the reaction order. The values of peak extremum for par-
ticular heating rates are listed in Table 3. The mass change
measured at 10 K min~' is 12.1 mass %, which corre-
sponds to 86.9 % of kaolinite in the raw material.

Four types of rehydroxylated samples were used to study
second dehydroxylation of kaolinite. The effect of calcina-
tion conditions and hydrothermal treatment on the structure
and the amount of rehydroxylated kaolinite was monitored.
Figure 4 shows dehydroxylation DSC curves of the raw
material and the rehydroxylated samples at the heating rate
of 10 K min~'. The dehydroxylation of all rehydroxylated
samples proceeded at lower temperatures compared to the
raw material. The temperature of the extremum of peaks of
the rehydroxylated samples shifts to lower temperature with
the increasing disorder of the kaolinite structure. The curves
of rehydroxylated samples are asymmetric, which are due to
the decreasing structural order. The process of rehydroxy-
lation of the studied samples is affected especially by the
conditions of hydrothermal treatment, not by the conditions
of calcination. The amount of kaolinite in hydrothermally
treated samples was 50.7 % (C600 °C_HAI10 h), 60.7 %
(C600 °C_HA100 h), 51 % (C450 °C_HAI10 h) and
57.9 % (C450 °C_HA100 h).

The structure of rehydroxylated samples was studied by
IR spectroscopy (Fig. 5). It is obvious that the conditions of
rehydroxylation have a strong effect on the degree of
ordering of the kaolinite structure—i.e. on the existence
and the distance of OH bonds. The IR spectra of the
hydrothermally treated samples at 230 °C for 100 h very
closely resemble that of the raw kaolinite, but do not reach
the original structure. They show all four characteristic
positions of hydroxyl groups, but do not reach the intensity
of the raw material.
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The kinetics of dehydroxylation was studied using five
methods. Figure 6 shows degrees of conversion of the raw
material at five different heating rates for the first dehydr-
oxylation. Degrees of conversion for the first and second
dehydroxylation at the heating rate of 10 K min~" are com-
pared in Fig. 7. Calculated values of the activation energies
(E,) of the first and second dehydroxylation are listed in
Table 4. The E, value of the first dehydroxylation calculated
by Kissinger method was 149 kJ mol~'. Using other four
methods, the E, value ranges from 157 to 162 kJ mol !,
which is in good agreement with the literature data
(176 kcal mol™" [6], 195 kJ mol™" [23] or 178 kJ mol ™"
[26]). The activation energy was calculated also for four types
of rehydroxylated samples. The E, values of the second de-
hydroxylation are related to the corresponding E, of the first
dehydroxylation and presented in % in Table 4. Samples
which were hydrothermally treated for 10 h at 230 °C
reached approximately the same values of E,. In the case of
harsher conditions (100 h at 230 °C), the values of E, were
higher and closer to the E, values of the raw kaolinite. With
regard to the asymmetry of DSC curves for rehydroxylated
samples, the Kissinger method was found unsuitable for
comparing the first and second dehydroxylation.

Conclusions

It was proven that the process of dehydroxylation of rehy-
droxylated samples (second dehydroxylation) proceeds at
lower temperatures compared to the dehydroxylation of the
raw material (first dehydroxylation). The shift is influenced
by the degree of ordering of the kaolinite structure. Using
intensive hydrothermal treatment, the structure of the rehy-
droxylated metakaolinite resembles that of the kaolinite, but
even after 100 h at 230 °C, it does not reach the original
structure. The activation energy (E,) value was calculated
from DSC curves using five methods. The E, values of the
first dehydroxylation of kaolinite range from 149 to
162 kJ mol~'. The E, values of the second dehydroxylation
reach 87-92 % of E, values of the first dehydroxylation.
Kissinger method was found unsuitable for describing de-
hydroxylation processes in kaolinite, while the other four
methods provide comparable values.
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Sources of raw materials and identification of the provenance of ancient ceramics as well as the estimation of the
firing temperatures of ceramic findings are two principal problems archaeologists solve with material scientists.
These two problems are closely interconnected. This paper is focused on the identification of clay mineral
kaolinite in a ceramic body of archaeological ceramic idol in comparison with a reference kaolinitic raw material.
Kaolinite identified in studied ceramic samples can be from a primary source or a product of rehydroxylation of
metakaolinite of the ceramics. The rehydroxylation process is simulated here in laboratory conditions in an

Iégﬂff ‘ autoclave by modifications of standardized test methods. The rehydroxylation process was studied on a kaolinitic
Rehydroxylation raw material and the acquired results were then applied to evaluate samples of a unique archaeological object
Kaolinite from the Late Bronze Age — a moon-shaped ceramic idol, which was found at an archaeological site near Prague
IR in the Czech Republic. XRF, XRD, TG-DTA, TG-DSC and IR analyses were used to study this process. XRD and TA
TA proved the presence of the clay mineral kaolinite in its end parts. A small amount of kaolinite was also detected

Moon-shaped ceramic idol in the central part, but only by TA. It was proved that kaolinite in the end parts originated from raw material and

that its presence in the central part was caused by the rehydroxylation of the metakaolinite. It was probably due
to the use of the moon-shaped ceramic idol as an andiron in an open fireplace.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The Czech Republic has been settled since prehistoric times and
ceramic objects were produced ever since. Archaeological ceramics
were produced especially from natural raw materials and were fired
usually at temperatures below 1000 °C (KlouZkova et al., 2009). These
raw materials were usually from local sources near the settlement
(Podborsky, 1997). Low-fired archaeological ceramics usually contained
quartz, feldspars (microcline, orthoclase, plagioclase as albite), micas
(muscovite, biotite, sericite), carbonates (calcite, dolomite), fired clay
minerals as well as reformed clay minerals (kaolinite, illite or/and
montmorillonite) (Albeque, 1974; Hanykyr et al., 2009). Mineralogical
composition of ceramic objects also depended on their firing tempera-
ture (HanykyT et al., 2009; KlouZkova et al., 2009). Some crystalline
phases disappeared and some new phases arose during a firing process.
Other changes proceed during the long-time burial of ceramic objects
under the ground, such as ageing of the low fired clays. This paper is
focused on changes of a clay mineral kaolinite during firing and ageing
processes.

* Corresponding author.
E-mail address: martina.kohoutkova@vscht.cz (M. Kohoutkovd).

http://dx.doi.org/10.1016/j.clay.2015.11.002
0169-1317/© 2015 Elsevier B.V. All rights reserved.

1.1. Kaolinite

Kaolinite Al,Si;Os(OH), is a clay mineral which is used for a ceramics
fabrication from its very beginnings.

When kaolinite is heated, it looses any physically absorbed water
between 100 °Cand 200 °C, i.e. dehydration occurs. Kaolinite transforms
to an unstable non-crystalline product, metakaolinite (Al,Si,05), after
calcination at 450-600 °C, by loss of chemically bound water,
(Hanykyt and Kutzendérfer, 2008; 1li¢ et al., 2010), i.e. dehydroxylation
occurs. Residues of the crystalline kaolinite can still be detected at
500 °C by XRD (McConville et al., 1998). During dehydroxylation, two
hydroxyl-groups in the kaolinite structure interact together to form
one molecule of water (Brindley and Nakahira, 1957). The process of
dehydroxylation is accompanied by a mass loss of approximately
14 wt.% (Drzal et al., 1983). A spinel (2Al,05-3Si0;) is formed from
metakaolinite above temperature 925 °C, and then spinel transforms
to mullite (3Al;03-2Si0,) and cristobalite (Si0,) at 1050 °C, (Ptacek
et al,, 2010; Wilson et al., 2009).

The unstable meta-clay (metakaolinite) fired at temperatures below
950 °C can partially rehydroxylate to the structures close to that of the
original clay (kaolinite) (Hanykyf et al., 2004; Pollard and Heron,
2008; Shoval et al,, 1991; Wilson et al., 2009). The difference between
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rehydration and rehydroxylation lies in the bonding of water molecules.
Rehydration is the process of regaining of physically absorbed water,
which was lost during heating at 100-200 °C, while rehydroxylation
implies recovering most of the structural hydroxyl groups. Both
processes — rehydration and rehydroxylation are influenced especially
by humidity (Drelich et al., 2013) and temperature (Wilson et al.,
2009). The processes of rehydration and rehydroxylation are called age-
ing. Natural ageing occurring during the long-time burial of a ceramic
object under the ground can be simulated in laboratory by using hydro-
thermal conditions in an autoclave by standardized test methods — e.g.
according to the French standard method (NF P 13-302, 1983) and its
modifications.

Ageing can lead to moisture expansion (Hanykyft et al., 2004). Mois-
ture expansion of a ceramic body is affected by chemical composition,
firing temperature and also by the surrounding temperature (Almeida
etal,, 1997; Cole, 1962). Especially the firing temperature is very impor-
tant in the study of moisture expansion as it determines the formation
of crystalline phases that reduce the moisture expansion.

Kaolinite can be identified by analytical methods such as X-ray dif-
fraction (XRD), thermal analyses or Infrared spectroscopy (IR) (Ion
et al,, 2010; Krapukaityté et al., 2008; Shoval et al., 2011; Shoval and
Paz, 2015). XRD is a traditional method used for mineralogical analyses
of crystalline phases in ceramic objects (Drebushchak et al., 2005;
Klouzkova et al., 2012; Papadopoulou et al., 2006), however it is unsuc-
cessful in an identification of non-crystalline phases, so the presence of
metakaolinite cannot be detected by XRD. IR spectroscopy is used to
monitor frequency bands attached to kaolinite hydroxyl groups. Charac-
teristic positions of the OH deformation hydroxyl groups and of the OH
stretching hydroxyl groups of kaolinite in IR spectrum measured using
reference kaolin KGa-1b (Georgia, USA) by ATR crystal (ZnSe) are
found at 912 and 937, and between 3619 and 3689 cm ™! respectively.
Kaolinite can have different ordering of the structure. Kaolinite with or-
dered structure has IR bands at 3689, 3669 and 3651 cm™ !, belonging to
inner-surface OH bonds, and peak at 3619 cm™! which belongs to the
inner OH bond. Kaolinite with a lower degree of ordering has peaks at
3689, 3619 and 3650 cm ™!, with the last two substituting the bands
at 3669 and 3651 cm~ ! (Madejova and Komadel, 2001). Thermal anal-
yses are used to study processes of kaolinite dehydration and dehydrox-
ylation. The studies (Kissinger, 1956; Ptacek et al., 2010) have shown
that increasing the heating rate shifts both the extremum of endother-
mic peak (related to dehydroxylation) and the extremum of exothermic
peak (related to crystallisation) to higher temperatures. The tempera-
ture of the peak extremum of the kaolinite dehydroxylation for the
heating rate 10 °C min~" lies in the interval 500-560 °C (Ptacek et al.,
2010; Sahnoune et al., 2012; Vaculikova et al., 2011).

The aim of this work was to determine whether kaolinite that was
identified in an object of archaeological ceramics was from the primary

Zdiby — end part 2

source or if it was a product of rehydroxylation of metakaolinite. The
process of rehydroxylation is studied here on a kaolinitic raw material
under hydrothermal conditions, and the results were then applied to
the study of an archaeological ceramic idol.

2. Materials and methods

The process of ageing was studied on the samples of the kaolinitic
raw material and on the samples of archaeological ceramics from
prehistoric times — a moon-shaped ceramic idol.

2.1. Kaolinitic raw material

The kaolinitic raw material (KRM) was a reference Kaolin Sedlec
Imperial. It corresponded in chemical and mineralogical composition
to the plastic component in the studied archaeological object, but with
a higher amount of kaolinite in order to monitor well its changes during
calcination and subsequent hydrothermal treatment.

2.2. Archaeological samples

The archaeological object — a moon-shaped ceramic idol (Fig. 1),
was found in Zdiby-Pfemysleni, near Prague in the Czech Republic in a
prehistoric settlement and is dated to the Late Bronze Age (Reinecke
HaB stage). Moon-shaped idols were remarkable types of archaeological
ceramic artefacts, sometimes also called moon idols, mondidoles or fire-
dogs. The first moon-shaped idols originate from the 9th century BC.
During the Late Bronze Age and subsequently early Iron Age they be-
came typical in the wide region of the Western and Central Europe
(Matzerath, 2009; Zemenova, 2010; Tikonoff, 2011). In the Late Iron
Age their appearance gradually diminished and remained only in North-
ern Germany, Scandinavia and Balkan Peninsula (Steuer, 1993; Mazac
and Klouzkova, 2012). The function of these objects was not satisfacto-
rily resolved so far. It is supposed, that their use could be ritual or prac-
tical (e.g. as an andiron) (Hager, 2007; Steuer, 1993). In the Czech
territory, moon shaped ceramics idols are usually associated with the
Urnfield Culture, but the research in last twenty years have proved
their presence also in the settlements (Mazac¢, 2000; Mazac and
Klouzkova, 2012).

The studied archaeological moon-shaped ceramic idol is long ceram-
ic block, trapezoidal in section, with horns at both ends, which is typical
for Stitary culture in Bohemia (Zemenova, 2010; Maza¢ and Klouzkova,
2012). Samples for analyses were taken from the middle part (Zdiby-
central part) and from both horns at the end parts (Zdiby — end part
1 and end part 2).

Zdiby—end part 1

' Zdiby - central part

Fig. 1. The moon-shaped idol from the Bronze Age found in Zdiby.

Photo by Z. Mazac.
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2.3. Sample preparation and experimental methods

Powder samples of the archaeological ceramic idol (Zdiby - central
part, end part 1 and end part 2 - Fig. 1) and of the kaolinitic raw material
(KRM) were prepared in an agate mortar in the form of fine powder.
The KRM samples were calcined at 600 °C with soaking times from 10
to 120 min. In line with the study of archaeological ceramics, the effect
of prolonged calcination at lower temperature (96 h at 450 °C) was also
studied for the KRM samples. The sample of Zdiby-end part 2 was cal-
cined at 600 °C with a soaking time of 120 min. The original sample of
Zdiby-central part and the calcined samples of the KRM and Zdiby-
end part 2 were treated in an autoclave under laboratory conditions
by French standard method (conditions 5 h at 180 °C) and its modifica-
tions of time and temperature (10 h at 230 °C). A solid/solution ratio of
1 g sample/20 ml water was used in the experiments. After the run
times the samples were immediately centrifuged and dried in an oven
at 105 °C for 120 min. All samples were analysed by XRD and IR spec-
troscopy, selected ones also by thermal methods (TG-DTA, TG-DSC).
XRF analysis was used only for the original samples of the archaeological
ceramic idol and for the kaolinitic raw material (KRM).

The chemical composition of the dried powder samples was deter-
mined by X-ray fluorescence analysis using an ARL 9400 XP sequential
WD-XRF spectrometer equipped with a Rh anode end-window X-ray
tube type 4GN fitted with 50 um Be window. All peak intensity data
were collected by software WinXRF in vacuum. The generator settings—
collimator-crystal-detector combinations were optimised for all 82 mea-
sured elements with an analysis time of 6 s per element. The obtained
data were evaluated by standardless software Uniquant 4. The analysed
powders were pressed into pellets about 5 mm thick and diameter of
40 mm without any binding agent and covered with 4 pm supporting
polypropylene (PP) film. The time of measurement was about 15 min.

Mineralogical composition of powder samples was identified by X-
ray diffraction analysis (XRD). X-ray powder diffraction data were col-
lected at room temperature with an X'Pert PRO 6-6 powder diffractom-
eter with parafocusing Bragg-Brentano geometry using Cuk,, radiation
(N = 15418 A, U = 40 kV, I = 30 mA). Data were scanned with an ul-
trafast detector X'Celerator over the angular range 5-60° (26) with a
step size of 0.0167° (20) and a counting time of 20.32 s step™'. Data
evaluation was performed in the software package HighScore Plus 3.0e.

For thermal analysis (DTA, DSC, TG) the STA Setaram Setsys Evolution
16 system for 25 4= 0.02 mg of samples was used with the heating rate of
10 °C min~ "' in the temperature range of 20-1200 °C in argon flow in an
alumina crucible. H,0 and CO; release was measured by mass spectrom-
eter Omni Star, Pfeiffer Vakuum, in the range of 300 AMU.

Infrared spectroscopy was used for the identification of OH bonds in
kaolinite (IR-Spectrometer Nicolet IS 10, Thermo Scientific). The spectra
of dried powder samples were measured by ATR crystal of ZnSe under
ambient conditions in the range of 4000-400 cm ™! by collecting 128
scans. Data were evaluated by the programmes Omnic and Origin.
Measured spectra were arranged to the same position according to the
position at 4000 cm~ .

3. Results and discussion

The chemical composition of the samples of archaeological ceramic
idol and of the kaolinitic raw material (KRM) is presented in Table 1

Table 1
Chemical composition (XRF analysis) of the archaeological ceramics and of the kaolinitic
raw material [wt.%].

Si0, ALOs; Fe,03 TiO, CaO0 MgO KO Na,0
Kaolinitic raw material 50 47 1.1 03 04 03 1.1 0

Zdiby-central part 68 22 3.5 09 15 1.1 23 02
Zdiby-end part 1 68 23 34 09 11 13 21 02
Zdiby-end part 2 68 23 35 09 13 13 22 02

Table 2
Chemical composition-trace elements (XRF analysis) of the archaeological ceramics and of
the kaolinitic raw material [wt.%].

P,0s V,05 Cr;03 ZnO SrO ZrO, BaO Nb,Os MnO

Kaolinitic raw mat. 0.1 0 0 0 0 001 0 0 0

Zdiby-central part 0.2 0.02 0.01 0.01 0.01 01 01 001 0.02
Zdiby-end part 1 01 0.02 0.01 001 0 01 0 0.02 0.02
Zdiby-end part2 0.2 0.02 0.01 0.01 O 0.1 0.04 002 002

(main components) and Table 2 (admixtures). Samples of the ceramic
idol exhibit very small differences, which are the result of an inhomoge-
neity of the ceramics materials. The archaeological ceramic idol contains
higher amount of SiO, compared to that of kaolinitic raw material,
which is caused by the differences in mineralogical composition as can
be seen in Fig. 2 showing XRD patterns of the samples. The archaeolog-
ical ceramic idol contains as the dominant crystalline phase quartz,
while kaolinite was the dominant phase in the original KRM sample.
Samples of the archaeological ceramic idol also contain mica (muscovite
and sericite), and feldspars (orthoclase, microcline and plagioclase). The
samples from the end parts contain also kaolinite. Small amounts of
quartz and mica were also identified in the KRM sample.

Fig. 3 shows the results of thermal analysis (TG, DTA, release of H,O
and CO,) for the KRM and the archaeological ceramic idol. In case of the
KRM and the end parts of the ceramic idol the loss of a water was regis-
tered at 100-250 °C, related to the loss of remaining loosely bound
water and to a dehydration of kaolinite, and at 400-600 °C, related to
a dehydroxylation of kaolinite (removal of chemically bound water).
The sample from the central part showed only a very small effect in
the dehydroxylation stage (400-600 °C). Accordingly, the presence of
an unstable product of dehydroxylation — metakaolinite, is expected.
DTA curves of all three samples showed endothermic peaks related
to a transformation from B-quartz to a-quartz (~570 °C), then an
endothermic peak related to mica dehydroxylation (~880 °C) and an
exothermic peak, which is related to the crystallisation of a spinel
structure (~940 °C). The release of CO, and the corresponding exother-
mic effect indicated the presence of organic substances.

Fig. 4 shows the IR results in identification the degree of ordering of
kaolinite structure in the original samples in the band ranges 4000-
3000 cm™'. The KRM sample has a degree of ordering indicated by
four bands in the range 3619-3690 cm™ . The sample of Zdiby-end
part 2 has a lower degree of ordering compared to the KRM sample,
indicated by the bands at the positions 3619 and 3689 and a very
small peak at the position 3650 cm™'. IR spectroscopy did not prove
the presence of kaolinite in the sample Zdiby-central part. The KRM

Counts

—— KRM - original

---- Zdiby - central part
40000 4+— Zdiby - end part 1
Zdiby - end part 2

R - onginal

M- ol
Zdiby- end part 1 1
Zdiby - end part 2 ‘

| Akaolinite
207 oitte! mica R 5. S
O quartz % )
* feldspa.rs Position [*2Theta) (Copper (Cu))
20000 1 A

10000 A

30 40 50 60
Position [*2Theta] (Copper (Cu))

Fig. 2. XRD patterns of the kaolinitic raw material and of the archaeological ceramics
Zdiby — central part, end part 1 and end part 2.
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1 which is ascribed

sample also shows a wide band at about 3400 cm™
to absorbed water.

Fig. 5 shows the influences of soaking time and different hydrother-
mal conditions during the ageing on the presence and structure of kao-
linite were studied first on the KRM samples. The KRM samples with the
soaking time 10 min contained kaolinite after calcination and also after
hydrothermal ageing at different conditions. The amount of kaolinite in-
creased with increasing temperature and time of the hydrothermal
treatment. The sample after hydrothermal treatment 10 h at 230 °C
showed higher amount of kaolinite compared to the original sample
(see the intensity of peaks at 12.5 °2 Theta). The apparently lower con-
tent of kaolinite in the original sample can be caused by its delamination
or by an increase of the structure disordering during its preparation to
fine powder (Horvath et al.,, 2003).

All the samples of the original and the treated KRM had a very sim-
ilar degree of ordering of the kaolinite structure as evidenced by infra-
red spectra (Fig. 6). Positions of the bands at 3693, 3667 and
3654 cm~ ! belonging to the inner-surface OH bond and the band at
3620 cm™ ! belonging to the inner OH bond were identified. Differences
at positions 3620 and 3693 cm ™ ! are only in their absorbance. Samples
after calcination showed a lower peak at 3654 cm™ ' compared to the
other samples. The intensity of OH bonds is affected by defects in the
kaolinite structure.
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Fig. 4. IR spectra of the KRM sample and of the archaeological ceramics Zdiby — central
part and end part 2.

KRM samples with soaking times from 30 to 120 min showed the
same results after calcination and hydrothermal ageing by the modified
French standard method (5 h at 180 °C) — no kaolinite was identified.
Strong XRD peak of kaolinite was observed only after hydrothermal age-
ing at 230 °C for 10 h (Fig. 7), but the IR degree of ordering of the kao-
linite structure is very low (Fig. 8). The KRM sample with soaking time
120 min had the same degree of ordering as the sample with soaking
time 30 min (Fig. 9), but the XRD amount of kaolinite was lower
(Fig. 10). The KRM sample with prolonged calcination at lower temper-
ature (96 h at 450 °C) showed similar results as the KRM sample
calcined at 600 °C for 120 min, i.e. a smaller amount of kaolinite with
a lower degree of structural ordering compared to the original sample.
Soaking times as well as calcination temperatures have a strong effect
on the breakdown of the kaolinite structure and the formation of
metakaolinite.

Fig. 11 shows DSC curves of the original and treated KRM samples.
The peaks of the rehydroxylated samples shift to lower temperatures
with increasing disorder of the kaolinite structure. The shift in the dehy-
droxylation temperature is related to the difference in the OH-OH dis-
tance. The distance in rehydroxylated samples is shorter than in the
original sample, so the release of hydroxyl groups from the structure
occurs at a lower temperature (Muller et al., 2000). The asymmetry of
the DSC curves is related to decreasing order of reaction of the
rehydroxylation processes. DSC curves of the samples calcined for 2 h
at 600 °C and 96 h at 450 °C and subsequently hydrothermally treated
for 10 h at 230 °C are nearly overlapping.

The samples of the archaeological ceramic idol were hydrothermally
treated by harsher conditions, as the modified French standard method
did not have any effect on rehydroxylation of the KRM samples calcined
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Fig. 5. XRD patterns of the KRM after calcination 10 min at 600 °C and hydrothermal ageing.
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Fig. 6. IR spectra of the KRM after calcination 10 min at 600 °C and hydrothermal ageing.

for times longer than 30 min. In the case of the studied archaeological
object long-time firing can be assumed. The sample from the end part
did not contain kaolinite after calcination at 600 °C for 120 min and
after its hydrothermal ageing at 230 °C for 10 h, according to the XRD
analysis. The same result was obtained for the sample from the central
part, which was only hydrothermally aged. Fig. 12 shows by IR that
the sample Zdiby-central part was not exposed to higher temperature
than 950 °C and contained the unstable phase metakaolinite, which
absorbed a small amount of water in form of OH groups during the hy-
drothermal treatment, as apparent at positions 3620 and 3654 cm™ .

The presence of OH groups in the hydrothermally treated sample
Zdiby-central part was also confirmed by thermal analysis (Fig. 13).
The endothermic peak, which is characteristic for the dehydroxylation,
of the sample Zdiby-central part is at approximately the same position
as the peak of the hydrothermally treated sample from the end part
Zdiby-end part 2. However, the peak position, i.e. temperature of
kaolinite dehydroxylation in the original sample Zdiby-end part 2 is
about 50 °C higher.

4. Conclusions

Experiments with the samples of kaolinitic raw material using hydro-
thermal conditions proved that unstable non-crystalline metakaolinite
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Fig. 7. XRD patterns of the KRM after calcination 30 min at 600 °C and hydrothermal ageing.
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Fig. 8. IR spectra of the KRM after calcination 30 min at 600 °C and hydrothermal ageing.

had the ability of rehydroxylation. The degree of the partial recovery
of OH bonds was influenced not only by the temperature but also by
the soaking time of the firing process. Long soaking times at lower tem-
peratures had the same effect on kaolinite structure ordering as short
soaking times at higher temperatures. It was showed that conditions
of the hydrothermal treatment simulating natural ageing process
were very important for kaolinite rehydroxylation studies. Hydrother-
mal ageing by the modified French standard method did not lead to
rehydroxylation in the calcined kaolinitic raw material for soaking
times longer than 30 min. Rehydroxylation of the OH bond into the
metakaolinite structure was observed when harsher conditions of the
hydrothermal treatment (10 h at 230 °C) were used.

Comparing the results of the treated kaolinitic raw material and the
studied samples of the archaeological moon-shaped ceramic idol from
Prague-Zdiby, it can be concluded that kaolinite identified in the end
parts of the object represents primary kaolinite (from natural raw mate-
rial) and is not a product of rehydroxylation process. It was proved that
dehydroxylation of the rehydroxylated kaolinite proceeded at lower
temperature compared to the primary kaolinite as the dehydroxylation
peak at DSC curve shifted to lower temperature. The presence of
primary kaolinite in the end parts and its absence from the central
part suggest that the object was not fired uniformly, probably due to

0.08
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Fig. 9. IR spectra of the KRM after calcination 2 h at 600 °C and 96 h at 450 °C and
hydrothermal ageing.
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Fig. 10. XRD patterns of the KRM after calcination 2 h at 600 °C and 96 h at 450 °C and
hydrothermal ageing.

its exposure to an open fireplace. The end parts were exposed to a tem-
perature lower than 450-600 °C. The central part was exposed to higher
temperatures (600-800 °C) compared to the end parts and kaolinite
was not detected by XRD analysis. It was proved that the small amount
of kaolinite detected in the central part by thermal analysis was a prod-
uct of rehydroxylation. The presented study confirmed the hypothesis
of archaeologists that the ceramic idol was used as an andiron in an
open fireplace.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found in the
online version, doi: http://dx.doi.org/10.1016/j.clay.2015.11.002. These
data include the Google map of the most important areas describe in
this article.
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Abstract Thermal analyses are suitable methods when
studying not only nowadays, but also archaeological
ceramic materials. In this case, they were used to study the
mineralogical composition and the ageing process of a
collection of fragments of Gothic mosaic tiles which were
found during archaeological research of Brevnov Bene-
dictine Monastery in Prague. The ceramic bodies of the
tiles were differently coloured and showed different
degrees of degradation. The ageing process of low-fired
ceramics is accompanied by irreversible moisture expan-
sion of a ceramic body which can lead to its degradation.
The expansion of ceramic bodies of selected tiles was
evaluated by the modified dilatation method. Thermal
analyses with the combination of other methods (XRF,
XRD and IR) and induced hydrothermal treatment proved
the presence of clays in raw materials and helped to
identify the causes of different degrees of degradation of
the studied tiles.
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Introduction

Archaeological ceramic findings are being studied by
material scientists to identify the provenance and raw
materials, and to clarify technological procedures. The
methods of characterization are similar to those used for
modern ceramic materials, especially X-ray fluorescence
(XRF), X-ray diffraction (XRD), optical microscopy (OM),
infrared spectroscopy (IR), Raman spectroscopy (RS) and
thermal analyses (TA). In case of some ceramic materials,
it is necessary to study further characteristics which are
related to the stability of a ceramic body. It is well known
that ceramics prepared from clay materials fired at low
temperatures below 1000 °C (common for historical
ceramics, bricks, floor tiles, some types of roofing, etc.) can
undergo rehydroxylation of clay minerals residua (meta-
clays) by the influence of moisture [1-8]. This process is
called ageing and is accompanied by a volume expansion
of a ceramic body (moisture expansion) which can lead to
its degradation. In 1928, Schurecht [9] firstly described
crazing of glazed surfaces due to irreversible moisture
expansion of ceramics. It was proved that in case of
modern materials, the inaccurate technology of composite
concrete—ceramic floor structures in civil engineering
resulted in occasional failures [10-13], where moisture
expansion was one of the dominant loadings.

The ageing of porous ceramics by rehydroxylation of
meta-clays can be accelerated by curing in an environment of
high temperature and humidity. There are several standard
methods used for determination of a conventional irre-
versible moisture expansion such as boiling in water for 24 h
[14, 15], steaming above boiling water for 4 h [16] or high-
pressure steaming in an autoclave at 180 °C for 5 h [17].
These methods evolved for modern ceramic materials were,
however, found unsuitable for archaeological ceramics,
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where the amount of studied material is limited. For this kind
of materials, the method based on dilatation thermal analysis
was proposed [3]. The testing method consists of several
stages (Fig. 1).

The first annealing is performed with a dried sample
from the laboratory temperature to 700 °C. The strain—
temperature relationship measured during first annealing is
affected by thermal expansion and by contraction due to
the elimination of hydroxyl groups. The second annealing
is performed on the already annealed sample. The differ-
ence between the first and second annealing is due to the
release of hydroxyl groups and is equal to the natural
irreversible moisture expansion of an analysed sample.
Similarly, the difference between the third measurement
and the second measurement is equal to the irreversible
expansion due to the accelerating test. The derivatives are
plotted in Fig. 2, where the hatched area indicates the
irreversible moisture expansion. Although we cannot
assume a perfect thermal steady state, the transition point
of quartz at 573 °C can be identified, as well as the coef-
ficient of thermal expansion [3].

Hydrothermal loading at harsher conditions (230 °C,
100 h) was also used for identification of clay minerals in a
ceramic body using different methods such as STA, IR or
XRD [18-20].

Raw materials used for fabrication of prehistoric
ceramics were usually from local sources. The ceramic
products were fired at temperatures below 1000 °C, and so
they contained mainly quartz, feldspars, micas and some-
times residua of carbonates, possibly also new phases as
gehlenite, etc. Clay minerals (kaolinite, illite, etc.) were
usually present in the form of reactive non-crystalline
phases (meta-clays), but their presence in a crystalline form
is also possible depending on the firing temperature. The

6000

5000 -

/

“Il_’u 4000 /
T 3000 Expansion of fired
C . .
T 3 /I:»’%" clay subject to high
= pressure steaming
9 2000 .
1 l Nature expansion
// of historical sample
1000
2 t——— Thermal expansion
0

0 1 60 260 360 460 560 6(')0 760 800
Temperature/°C

Fig. 1 Strain—temperature relationships measured using a dilatometer
on a sample from historical clay ceramics (/ first measurement of a
historical sample, 2 second measurement of the same sample, 3 third
measurement of the sample subjected to an accelerating test by high-
pressure steaming) [3]
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Fig. 2 Derivatives of strain—temperature relationships of sample
from historical clay ceramics (/ first measurement of a historical
sample, 2 second measurement of the same sample) [3]

presence of particular minerals then can help to estimate
the approximate firing conditions [21-23].

Ceramic pavements have been indivisible and signifi-
cant part of buildings already from ancient times. Ceramic
material was preferably used for its colour scheme, texture,
possibility of detail elaboration and decoration. Among the
oldest types of ceramic tiles in Europe were especially
geometric fair-faced (unglazed) tiles. They differed in the
colour of the ceramic body according to the origin of raw
materials and also the process of firing [22, 23]. One of the
most significant types is represented by unglazed mosaic
tiles which were manufactured in different shapes and
colours. Tiles were subsequently set together to form
geometric patterns and fixed in a lime mortar. Later, tiles
started to be glazed by lead or lead—tin glazes. This type of
floor mosaic tiles was produced substantially by Cistercian
monasteries, e.g. in Pontigny in France, during the twelfth
century or in Eberbach in Germany in the second half of
the thirteenth century. The unique three-coloured geomet-
ric Gothic floor tiles were found also in the Benedictine
Monastery in Bfevnov in Prague in the Czech Republic
[24, 25].

This work deals with characterization of the ceramic
bodies of the floor mosaic tiles of Bfevnov. The main aim
was to evaluate the mineralogical composition by ther-
mal analyses, to consider the similarity of ceramic bodies
and to determine causes of the destruction of white tiles.

Experimental

The subject of this study was a collection of fragments of
Gothic tiles which were found during archaeological
research of Bfevnov Monastery in 1991-1992. (Bfevnov
Monastery was established in 993 by Prince Boleslav II
and Saint Adalbert, the Bishop of Prague and the oldest
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Fig. 4 Partial restoration of the Gothic ceramic mosaic

male monastery in the Czech Republic, Fig. 3.) Ceramic
tiles formed the floor of the west cloister of the monastery.
A part of fragments of tiles constituted a ceramic mosaic
that was made of circles. Each circle was formed by three
different types of colour-contrasting ceramic tiles (Fig. 4).

The collection of excavated fragment of ceramic tiles
was dated to the end thirteenth century and contained
fragments of the ceramic mosaic (Fig. 4) and also

fragments of individual tiles of different types [24, 25].
Samples for analyses of ceramic bodies were taken from
six different tiles: five (B101a, B101b, B101c, B101d, and
B101s) from the mosaic (Fig. 4) and one (B57a) from the
individual tile of a geometric shape and grey-brown colour.
The samples of ceramic bodies were ground in an agate
mortar to the form of fine powder, well dried (at 105 °C)
and used for the following analyses:

e X-ray fluorescence analysis (XRF); ARL 9400 XP
sequential WD-XRF spectrometer equipped with a Rh
anode end-window X-ray tube type 4GN fitted with
50-um Be window. All peak intensity data were
collected by software WinXRF in vacuum. The gener-
ator settings—collimator—crystal-detector combinations
were optimized for all 82 measured elements with an
analysis time of 6 s per element. The obtained data
were evaluated by standardless software Uniquant 4.
The analysed powders were pressed into pellets of
about 5 mm thickness and diameter of 40 mm without
any binding agent and covered with 4-um supporting
polypropylene (PP) film. The time of measurement was
about 15 min.

e X-ray diffraction analysis (XRD); X-ray powder
diffraction data were collected at room temperature
with an X’Pert PRO 6-0 powder diffractometer with
parafocusing Bragg—Brentano geometry using CuKo
radiation (1 = 1.5418 A, U =40kV, =30 mA).
Data were scanned with an ultrafast detector X’ Celer-
ator over the angular range 5°-60° (20) with a step size
of 0.0167° (20) and a counting time of 20.32 s step™ .
Data evaluation was performed in the software package
HighScore Plus 3.0e.

e Thermal analyses (DTA, TG, DSC)—STA LINSEIS
STA PT1600/1750 °C HiRes using 45 £ 0.06 mg of
sample in Pt crucible and the heating rate of 10 °C
min~' in the temperature range of 25-1000 °C in
helium flow. H,O and CO, release was measured by
mass spectrometer OmniStar, Pfeiffer Vacuum, in the
range of 300 AMU.

Table 1 Semiquantitative chemical composition of the samples determined by XRF (mass%), presented in oxides

Sample Content/mass%
S102 A1203 FeZO3 T102 CaO MgO Kzo N3.20 Others

B10la 63 33 1.1 1.6 0.6 0.3 0.4 0.1 0.18
B101b 72 16 4 0.9 2.0 1.3 2.6 0.9 0.51
B101c 75 14 4 0.8 1.9 1.0 2.4 0.9 0.80
B101d 72 16 4 0.9 1.6 1.3 2.7 1.0 0.46
B101s 74 13 3 0.8 1.6 1.0 2.3 0.8 2.98
B57a 67 15 4 0.9 7 1.9 2.4 1.2 0.46

Others—P205, V205, CI'203, MnO, ZI'Oz
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Table 2 Mineralogical compositions of raw materials of the samples
calculated from chemical composition by software MINLITH

Q Kn I Chl Mm Ab An Cc Ank Rt Ht Sd

10la 19 70 4 1 30 0 0 2 1 0 0
101b 40 4 26 O 9 2 0 0 6 1 0 1
10lc 46 4 25 0 13 4 0 0 6 1 0 0
101d 40 3 28 O 9 4 0 0 5 1 1 0
101s 49 2 24 0 4 3 0 0 5 1 0 0
57 35 0 24 4 18 5 1 9 4 1 0 0

Q quartz, Kn kaolinite; /Il illite, Chl chlorite, Mm montmorillonite, Ab
albite, An anorthite, Cc calcite, Ank ankerite, Rt rutile, Ht haematite,
Sd siderite

— B101a quartz
————— B101b
B101c feldspars
. ——B101d calcite
e B101s hematite
o B57a i
= i
_..._-—_-—-—'—‘-d" 4 < A
10 15 20 2 % %
1 W she JA _,,L.,}..,Jgssjuwj =
5 15 25 35 45 ® o
Position/°26

Fig. 5 XRD pattern of ceramic bodies of selected samples of tiles

The accelerated ageing process was induced by
hydrothermal conditions in Teflon-lined autoclaves at
230 °C (2.77 MPa) for 100 h and at 180 °C (1.00 MPa) for
5 and 100 h. A solid/solution ratio of 1 g sample/20 mL
water was used in the experiments [20, 21].

Values of irreversible moisture expansion were mea-
sured by the dilatometric method using dilatometer LIN-
SEIS L75 Platinum Series Horizontal in helium flow at the
rate of 5 °C min~'. Compact samples (20 x 10 x 8 mm)
of tiles B101la, B101b, B101d, B57a dried at 105 °C to
constant mass were used for the measurements.

Results and discussion

Table 1 shows chemical composition of the studied Gothic
tiles measured by X-ray fluorescence analysis (XRF). It
was found that the composition of samples B101b, B10lc,
B101d, and B101s was very similar and if we consider
typical heterogeneity of an archaeological material, it can
be denoted as the same. The other two samples differ
especially in calcium content. While the sample B57a

@ Springer

——B101a
quartz | "0 B101a after calcination at 1200 °C
——— B101a after HT (100 hours at 230 °C)
z
- mullite I
‘@ ‘f | t |
e | ana ase\ | rutiie
£ | \Y/
mullite |l |
\ A v S SNDWS VS
kaolinite | 10 15 20 25 30
H [ b1 | ; i
A :;__,,‘_r-\._‘-’;b-,w_l‘f NMA_“_‘J.AL)L'Y‘LJ‘L J‘Lw\‘;} E__,J___)]L._M\_'zz) L
5 15 25 35 45 55 65
Position/°26

Fig. 6 XRD pattern of ceramic body B10la (original, calcinated,
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Fig. 7 IR spectra of ceramic body B101a before and after hydrother-
mal treatment (HT) at different conditions of temperature and time

contained the highest amount of calcium from all the
samples (7 mass%), the lowest content of calcium
(0.6 mass%) was identified in the sample of the white tile
B101la. This information displaced the presumption about
the use of a highly calcareous white material for manu-
facturing white parts of the mosaic as the monastery owned
a limekiln from 996 [27].

The results of XRF analysis were used for the calcula-
tion of a theoretical mineralogical composition by the
program MINLITH (Table 2). This program is used espe-
cially in geology [28-30], and the results do not provably
determine the mineralogical composition as, e.g., XRD
analysis, but give an idea what the composition could be.
The program generated similar mineralogical composition
for samples with the very similar chemical composition
(B101b, B101c, B101d and B101s) as could be expected.
The dominant mineral for these samples should be quartz,
followed by clays as illite and montmorillonite. Quartz
should be the dominant mineral also in the sample B57a.
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Fig. 9 DTA curves of calcareous (B57a) and non-calcareous (B101d)
sample of tiles

This sample should contain unlike other samples calcite.
The program generated a very different mineralogical
composition for the sample B101a, where kaolinite should
be the dominant crystalline phase.

Mineralogical compositions of differently coloured
ceramics bodies of tiles were determined also by X-ray
diffraction analysis as shown in Fig. 5. The analysis con-
firmed the results of XRF about the similarity of samples
B101b, B101c, B101d and B101s; all the samples con-
tained quartz as the dominant crystalline phase, then small
amount of feldspars. The different grey colouring of the
B101b tile compared to the reddish-brown of the other
samples was probably caused by the firing in reducing
atmosphere. Sample B57a contained quartz, feldspar and
also a small amount of calcite. In the sample of the white
tile (B101a), besides quartz only a very small amount of
TiO, in the form of anatase was detected. This sample was
subsequently subjected to accelerated ageing process (hy-
drothermal treatment in an autoclave at 230 °C for 100 h).
The experiment proved the presence of kaolinite in the
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Fig. 10 Strain-temperature relationships of B101a and B101d (/ first
measurement, 2 second measurement of the same sample, 3 third
measurement of the sample subjected to hydrothermal steaming)

treated sample (Fig. 6). The sample was also fired at
1200 °C, and XRD then proved the presence of mullite and
rutile (Fig. 6). The results of XRD are in good agreement
with the theoretical mineralogical composition determined
by program MINLITH. The difference can be seen only in
determination of a clay mineral illite, which was not
identified by XRD. The reason can be that the illite is
present in the form of a non-crystalline meta-clay (fired
clay) and so cannot be detected by XRD.

Figure 7 shows IR spectra of the sample B101a, illus-
trating the process of metakaolinite rehydroxylation under
different hydrothermal conditions. Only the sample treated
by the harshest hydrothermal conditions (100 h at 230 °C)
showed the pronounced degree of ordering of the kaolinite
structure represented by bands at ~3687, 3659 cm™'
belonging to inner surface bonds and the band of inner OH
bond at 3622 ecm™' [31, 32].

Figure 8 shows results of thermal analyses (DTA-MS
mode) of the white tile B101a used for identification of
clay minerals in a plastic component of the ceramic raw
material. The DTA curve of the hydrothermally treated
sample B10la shows strong endothermic effect in the
temperature interval ~400-550 °C, which corresponds to
dehydroxylation of kaolinite (removal of chemically bound
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Fig. 11 Derivatives of strain—temperature relationships of B101a and
B101d (/ first measurement, 2 second measurement of the same
sample, 3 third measurement of the sample subjected to hydrothermal
steaming)

water). Other endothermic peaks were registered at
~570 °C, which are related to a transformation from [-
quartz to o-quartz. The DTA curve of hydrothermally
treated sample also shows an exothermic peak related to
the crystallization of defect spinel structure.

Figure 9 shows the results of thermal analyses (DTA-
MS mode) of the calcareous sample B57a and the sample
B101d representing the group of mosaic samples with the
similar chemical and mineralogical composition. The
presence of calcite in the sample B57a detected by XRD
was confirmed by the endothermic peak between ~ 600 °C
and 750 °C due to its decarbonation. This endothermic
peak corresponds to MS line of CO,. DTA curves of both
samples showed endothermic peaks related to transforma-
tion from B-quartz to a-quartz (~570 °C) and then a broad
endothermic effect between ~200 and 500 °C due to
dehydration and dehydroxylation of clays. The MS lines of
H,O confirm the dehydroxylation in wide temperature
ranges for both samples; however, in case of the sample
B101d, additional small endothermic effect in the tem-
perature interval ~400-550 °C which probably corre-
sponds to dehydroxylation of kaolinite was monitored.
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Table 3 Natural irreversible moisture expansion determined by
dilatometric measurement

Standard deviation/
1

Sample Irreversible moisture expansion/
1

pum m- Hm m-
B57a 289 10
B10la 1329 122
B101b 687 47
B101d 768 98

Values of irreversible moisture expansion were mea-
sured by the dilatometric method. Figure 10 shows
dilatation curves of the samples B101la and B101d repre-
senting a typical example of rehydroxylation. The differ-
ence between the first and second annealing is due to the
release of chemisorbed water from the ceramic body and is
equal to the natural irreversible moisture expansion of the
samples B101a and B101d. After the second annealing, the
samples were subjected to the hydrothermal steaming
(100 h at 230 °C) and then measured for the third time.
The difference between second and third measurement
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Table 4 Coefficients of thermal expansion (CTE) determined by dilatometric measurement
CTE 20-s50 QC)/K’1 Expansion measurement
Ceramic body
First Second Third Ay A5 Ratio of
rehydroxylation/%
B57a 8.93 x 107° 9.09 x 107¢ 5.67 x 107° 0.16 3.42 4.68
Bl10la 7.7 x 107° 11.8 x 107° 5.82 x 107° 4.1 5.98 68.56
B101d 7.18 x 107° 8.39 x 107° 4.75 x 107° 1.21 3.64 33.24
indicates the maximum of the possible expansion. The Conclusions

derivatives of the measured dilatometric curves are plotted
in Fig. 11. The derivative curve of the sample B10la
confirms pronounced dehydroxylation of metakaolinite in
the temperature interval 450-550 °C, which is in good
agreement with the results of thermal analyses presented in
Fig. 8. Also, the dilatometric results of the sample B101d
are consistent with the DTA-MS H,O curves (Fig. 9), that
is the release of water from meta-clays.

Figure 12 shows dilatation curves of the sample B57a.
The curves display minor differences between the first and
second annealing, so the ceramic body expanded less. This
was as expected as the presence of CaO reduces irre-
versible moisture expansion [3]. The mean values of the
natural irreversible expansions are listed in Table 3. The
highest value (1329 pm m™') was obtained for the sample
of the white tile B101a, where high amount of kaolinite
was proved. The lowest value was obtained for the sample
of the calcareous tile BS7a.

Table 4 shows the values of coefficients of thermal
expansion (CTE) of the samples B10la, B101d and B57a
determined by dilatometric measurement. The column
A,_; represents values of the natural rehydroxylation,
whereas the column A,_; represents values of the maxi-
mum rehydroxylation induced by the hydrothermal treat-
ment in an autoclave. The measured values were used for
calculating the ratio of rehydroxylation in the studied
samples. The calculated ratios of rehydroxylation along
with dilatation curves show the different degrees of the
natural rehydroxylation in the ceramic bodies of the studied
samples by the influence of soil moisture. High degree of
natural rehydroxylation (~70 %) was proved in the sample
of the white tile B10la. Volume expansion of meta-clays
and a low degree of kaolinite sintering caused extensive
degradation of the white tile. Apparently lower degree of
degradation showed terracotta ceramic bodies represented
by the sample B101d with the ratio of rehydroxylation
~30 %. The lowest ratio of rehydroxylation (~5 %) was
calculated for the tile B57a, which is related to the content
of calcium restraining the volume expansion of meta-clays.
Accordingly, this calcareous tile showed the lowest degree
of degradation.

Thermal analyses (STA and dilatometry) with the combi-
nation of other methods (XRF, XRD and IR) were used to
study the causes of degradation of ceramic bodies of Gothic
mosaic tiles which were found during archaeological
research of Benedictine Monastery in Prague. Analyses of
hydrothermally treated (100 h, 230 °C) ceramic bodies
proved that the raw material for fabrication of white tile
(B101a) was mainly kaolin. Due to a low firing temperature
(below 1000 °C), the ceramic body contained a high amount
of an unstable phase—metakaolinite, which underwent
rehydroxylation accompanied by volume expansion (the
ratio of rehydroxylation was nearly 70 %). This process
along with a low degree of sintering due to high amount of
kaolinite caused extensive degradation of the white tiles.
Apparently lower degree of rehydroxylation ~30 % was
proved in the coloured ceramic body of terracotta tile B101d.
The lowest degree of degradation showed the tile B57a,
which was as expected due to the presence of calcium
restraining the volume expansion of meta-clays.

Thermal analyses confirmed the presence of clay min-
erals or meta-clays in all samples, which is typical for
archaeological material.
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Abstract Archaeological ceramics findings are usually
characterised by a combination of methods to provide as
many as possible information about their origin, use and
deposition. Unique moon-shaped idol approximately 0.5 m
long from the Final Bronze Age was studied by XRD,
XRF, Raman spectroscopy and thermal analyses (TG,
DTA, DSC). Special attention was given to processes
occurring during its thermal treatment, which were speci-
fied by thermal analysis. It was proved that the process of
kaolinite dehydroxylation proceeded less intensively in the
central part of the object and the maximum of peak was
shifted to lower temperature compared to the border parts.
It is supposed that the moon-shaped idol was thermally
treated not until its use, and the border parts of the object
were exposed to lower temperatures compared to the cen-
tral part.
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Introduction

Archaeological ceramic findings from various historical
periods have been a subject of many studies in recent years.
Results of analytical methods enable to characterise ceramic
materials and have become an important aspect for their
interpretation. Ceramic shards are usually characterised by a
combination of method such as XRF, XRD, OM, IR, Raman
and TA [1-3]. Chemical composition is the most frequently
determined by XRF analysis, sometimes supplemented by
ICP. Mineralogical composition is usually characterised by
XRD analysis and by optical microscopy providing addi-
tional information about microstructure of a material.
Thermal analyses (DTA/DSC-TG) help to describe pro-
cesses proceeding in a studied material (dehydration, de-
hydroxylation, transformations, decompositions, formation
of new phases, etc.). In case of prehistoric low-firing
ceramics containing clay minerals or their non-crystalline
residues, processes of dehydration, dehydroxylation and
rehydroxylation, respectively, are considered. Process of
dehydroxylation, when kaolinite transforms to an unstable
non-crystalline product, metakaolinite (Al,Si,O;), after
calcination at 450-600 °C, is described by following equa-
tion [4]:

Al,05-2510,-2H,0 — Al,05-25i0; 4 2H,0.

A process of rehydroxylation is reverse to dehydroxy-
lation, it is induced by the influence of moisture and
accompanied by volume expansion of a ceramic body. This
process can be simulated in laboratory conditions by a
hydrothermal treatment in autoclaves and is called hydro-
thermal ageing [5].

Morphology of a possible surfacing is usually studied by
optical or electron microscopy. Colouring, binders or
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impurities can be identified by IR or Raman spectroscopy
[6, 7].

Moon-shaped idols are large ceramic objects of trape-
zoidal shape usually finished by horns at the borders. These
artefacts or their remains have been found in the Central
Europe in the context of settlements of the Final Bronze
Age. Later they became a part of burial equipments in the
form of miniature imitations in the Late Iron Age. Owing
to their unusual shape, various theories exist about their
possible functions. The objects could have a cult-religious
character or they could have a practical use. The use as an
andiron (a device which hold up the firewood and so
allowing proper burning) is often discussed [8—10].

Prehistoric ceramics were produced from natural raw
materials from local sources. They were fired at tempera-
tures below 1,000 °C and consequently they contained
mainly quartz, micas, feldspars and carbonates. Clay
minerals (kaolinite, illite, etc.) are usually present in the
form of reactive non-crystalline phases, but their presence
in crystalline form is also possible depending on the firing
temperature [11]. On the basis of the presence of particular
minerals, the approximate firing temperature can be esti-
mated [12]. The aim of this work was to characterise the
composition, homogeneity and surfacing of a unique
archaeological ceramic finding—the moon-shaped idol
from Pfemysleni. The presence of accessory substances in
the prehistoric ceramic material and the processes occur-
ring during its thermal treatment were specified by thermal
analysis.

Experimental

The moon-shaped idol from Pfemysleni—-Zdiby, near Pra-
gue in the Czech Republic was found in a store hole during
an archaeological excavation of a prehistoric settlement
from the Final Bronze Age (Reinecke HaB stage). This
period in central Bohemia is characterised by the étl’tary
culture.

Moon-shaped idols of the Final Bronze Age are known
especially from settlements, in a small scale also
from burial grounds, of the Western and Middle Europe
[8, 13, 14]. Moon-shaped idols of the gtl’tary culture are
usually undecorated, long ceramic blocks, trapezoidal in
section, with horns at both ends [9, 10]. The function of
these objects was not so far satisfactorily resolved. It is
supposed that their use could be ritual or practical (e.g. as
an andiron) [13, 14]. Considering its size and wholeness, it
is regarded as a unique finding (Fig. 1) [9, 10].

Samples for analyses were taken from five different sites
of the object—three body samples from the central (A) and
border parts (B, C) (Fig. 1) and two compact samples from
surfaces of the central and border parts. The body samples
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Fig. 1 The picture of moon-shaped idol from Pfemysleni—Zdiby
(taken by Z.Mazac)

A, B, C were ground in an agate mortar to the form of fine
powder, well dried and used for the following analysis:

e X-ray fluorescence analysis (XRF),
WD-XRF spectrometer ARL 9400 XP™,

e X-ray diffraction analysis (XRD) in the range of
5-60°20, diffractometer PANalytical X'pert Pro
with Cu anode, XRD patterns were evaluated by the
program X'pert High Score Plus,

e Infrared spectroscopy (IR) in the range of 400—4,000 cm ™,
spectrometer Nicolet IS 10, Thermo Scientific, ATR crystal
of ZnSe,

e Thermal analysis (DTA, TG, DSC)-STA Setaram
Setsys Evolution 16 system using 25 £ 0.02 mg of a
sample and the heating rate of 10 °C min~' in the
temperature range of 20-1,200 °C in argon flow. H,O
and CO, release was measured by mass spectrometer
Omni Star, Pfeiffer Vakuum, in the range of 300 AMU.

sequential

Compact samples from the surfaces were used for
Raman spectroscopy (RS)-Labram HR spectrometer Jo-
bin—Yvon, with the resolution 100—4,000 cm™

Hydrothermal ageing (HA) was induced by hydrother-
mal conditions in Teflon lined autoclaves at 230 °C
(2.77 MPa) for 10 and 100 h. A solid/solution ratio 1 g
sample/20 mL water was used in the experiments. The
samples from border parts were calcined at 600 °C for 2 h
before the hydrothermal treatment to simulate conditions
closely after firing of the archaeological object. [5].

Results and discussion

The chemical compositions of the samples were deter-
mined by XRF. Measured data of the main elements were
adjusted according measurement error, recalculated to
100 % and are presented in oxides (Table 1). Chemical
compositions of the samples were very similar. Small
differences were noticed only in the contents of CaO, MgO
and K,O, which demonstrates a good homogeneity of the
raw material.
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Table 1 Chemical composition (main elements) of the samples determined by XRF [mass %], presented in oxides and recalculated to 100 %

SlOz Alzoa; F6203 T102 CaO MgO KzO NaZO
A (center) 68.28 22.30 3.49 0.88 1.52 1.08 2.26 0.20
B (border) 68.28 22.80 3.38 0.90 1.10 1.28 2.15 0.16
C (border) 68.01 22.63 3.50 0.90 1.27 1.28 2.23 0.22
—— Zdiby A showed in Fig. 3. In case of the border parts, the loss of
Zdiby B quartz . . .
Sty © % water vapour was monitored in two temperature areas:
(1)  100-200 °C related to the loss of remaining loose-
bound water (in pores) and to a dehydration of
et kaolinite (removal of physically absorbed water),
mica/illite . . .
feldspars 2)  400-600 °C related to a dehydroxylation of kaolinite
y y
l kaolinite (removal of chemically bound water).

10 20 30 40 50 60
Position/°26

Fig. 2 XRD patterns of the original samples from the central (A) a
border parts (B, C)

The phase composition was determined by XRD ana-
lysis which is presented in Fig. 2. The main crystalline
phases in all three samples were quartz, K-feldspar and
micas (muscovite, biotite). The principal difference
between the central and border parts was in the presence of
the clay mineral kaolinite, which was identified only in the
border parts of the object.

The presence of kaolinite in the border parts (B, C) was
confirmed by simultaneous thermal analysis (TG, DTA)

T,

Exo

Fig. 3 DTA, TG and H,0 and
CO, release curves of the border
part (B)

Heat flow/uV
|
o
1

The sample from the central part (Fig. 4) showed only a
very small effect in the dehydroxylation stage (400-600 °C).
Accordingly, the presence of an unstable product of dehydr-
oxylation—metakaolinite is expected. DTA curves of all three
samples showed endothermic peak related to a transformation
of quartz (—570 °C), then an endothermic peak related to
mica dehydroxylation (—880 °C) and an exothermic peak,
which is related to the crystallisation of a spinel structure
(=940 °C). The release of CO, and the corresponding exo-
thermic effect indicated the presence of organic substances.
Considering the differences between samples from the central
and border parts in the intensity and position of the dehydr-
oxylation peak at DTA curves, more detailed DSC mea-
surements concerning hydrothermally aged samples were
performed.

Figure 5 shows DSC curves of the original and hydro-
thermally aged (HA) samples. The endothermic peak,

H,0 CO,
21.2x10™" S0

Mass/%

_20 -
—25 - et
4.0x10712 1.0 x 1073
-30 T T . T T T r r T . -8
0 200 400 600 800 1,000 1,200

Temperature/°C

@ Springer



644

A. Klouzkova et al.

Fig. 4 DTA, TG and H,O and H,0 CO,
CO, release curves of the /]\
cen?ral art (A) 0 TG qr2x10 70
P Exo
-5 0.0 x 1073
- -2
—10 -
>
= 1 R
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L 15— 4-4 3
— (0]
3 5x101] =
T |
—20 -
- -6
25 4 CO, ™" e
.................................... —12]
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0.40 4 —— Zdiby C — border
_ 001y 0.35 -
, .
)
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B Iy
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; <
I ——— Zdiby A — center
—0.04 { ----- Zdiby A — center + HA (10 h 230 °C) 0.10 4
—— Zdiby C — border
----- Zdiby C — border — 600 °C (2 h) + HA (10 h 230 °C) 0.05 -
~~~~~~~~~ Zdiby C — border — 600 °C (2 h) + HA (100 h 230 °C)
-0.05 T T v T T 0 -
300 350 400 450 500 550 600

Temperature/°C

Fig. 5 DSC curves of the original and treated samples

which is characteristic for the dehydroxylation, of the
original sample from the central part (A) is shifted to lower
temperature compared to the original sample from border
part (C). The dehydroxylation peak of the sample A after
hydrothermal treatment (10 h at 230 °C) is shifted to
higher temperature and has higher intensity compared to
the original sample. Similar peak was measured for the
sample C calcined 2 h at 600 °C and subsequently hydro-
thermally treated 10 h at 230 °C. The shift in the dehydr-
oxylation temperature is related to the difference in the
OH-OH distance and to the disorder of the kaolinite
structure, i.e. dehydroxylation temperature decreases with
the increasing disorder of the kaolinite structure. The DSC
curve of the sample C after calcination and hydrothermal
ageing at 230 °C for 100 h shows that the structure of the
rehydroxylated kaolinite gets closer to the original

@ Springer

0 500 1,000 1,500 2,000 2,500 3,000 3,500 4,000
Wavenumber/cm-1

Fig. 6 IR spectra of the original samples

structure with the increasing time of the hydrothermal
treatment.

IR spectroscopy (Fig. 6) confirmed the presence of
kaolinite in the samples from the border parts via the
characteristic positions of OH bonds in kaolinite between
3,620 and 3,690 cm ™' [15].

The moon-shaped idol had a dark colouration on the
surface of the border parts (Fig. 1). This surface layer was
identified as a graphite coating by Raman spectroscopy
(Fig. 7). Graphite coating was intentionally used as a type
of decoration already from prehistoric times. On the
contrary, amorphous carbon was identified in the central
part down to a depth of at least 50 um, where the mea-
surement was performed (Fig. 8). It could be of secondary
origin caused by the use of the object near an open
fireplace.
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Fig. 7 Raman spectra of graphite in the sample of the surface of
border part (B)
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Fig. 8 Raman spectra of amorphous carbon in the sample of the
surface of central part (A)

Conclusions

A moon-shaped idol was characterised by XRF, XRD, IR,
RS and thermal analysis. It contained crystalline phases
which are typical for low-firing ceramics, mainly quartz,
feldspars, micas and clay minerals. The clay mineral kao-
linite was identified only in the border parts of the exam-
ined archaeological object by XRD. It was proved that the
process of kaolinite dehydroxylation proceeded less
intensively in the central part of the object and the maxi-
mum of peak was shifted to lower temperature compared to
the border parts. It was concluded that the dehydroxylation
of kaolinite due to a primary firing of the object occurred
only in its central part. Kaolinite, which was identified in
the central part, was a product of rehydroxylation caused
by long time storage of the object under the ground. On the
other hand, kaolinite identified in border parts was from the

primary source. It is supposed that the moon-shaped idol
was thermally treated not until its use near to an open
fireplace and the border parts were exposed to apparently
lower temperatures compared to the central part. The sur-
face of the object was decorated on the borders by a
graphite coating.
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The effect of hydrothermal conditions on process of kaolinite rehydroxylation at 180°C and 230°C and for soaking times from
1 to 200 hour was studied by thermal analysis (DTA, DSC, TG). It is shown that the kaolinite dehydroxylation of rehydroxylated
samples shifts to lower temperatures compared to the original kaolinite. Amounts of kaolinite in rehydroxylated samples were
calculated from TG curves. The curve of the kaolinite mass gain (dm) plotted against the time of hydrothermal treatment
indicates a two stage process with a different mass gain rate representing short and long-time measurements. Multiple
dehydroxylation was studied by repeated calcinations (2 h at 600°C) and hydrothermal treatments (10 h at 230°C). It was
proved that values of activation energy (E,) of multiple dehydroxylations decreased with the increasing number of repeated
treatments. Conclusions of the study were applied for the investigation of kaolinite origin in archaeological samples from

Roztoky near Prague.

INTRODUCTION

Kaolinite (Al,Si,05(OH),) is a clay mineral which
is used as one of the main components of raw materials
mixtures in ceramics fabrication from its very beginnings.
Kaolinite is a dioctahedral 1:1 phyllosilicate, which is
formed by layers of tetrahedral SiO, and octahedral A1O,
which alternate periodically. Each unit cell includes
four hydroxyl groups. The inner hydroxyl group lies
between the tetrahedral and octahedral sheet, while the
three inner-surface hydroxyl groups lie between adjacent
kaolinite layers [1].

When kaolinite is heated, it loses any physically
absorbed water between 100°C and 200°C, i.e. dehyd-
ration occurs. Kaolinite transforms to an unstable non-
crystalline product, metakaolinite (Al,Si,0,), after cal-
cination at 450 - 600°C, by loss of chemically bound
water [2, 3]. This product can partially rehydroxylate
to structures close to the original kaolinite, recovering
most of structural hydroxyl groups, by the influence of
atmospheric or soil moisture [4, 5]. The first reaction of
moisture with fired clay is called first rehydroxylation.
The second dehydroxylation and subsequent rehydroxy-
lations can occur when kaolinite is heated repeatedly and
then exposed to atmospheric moisture.

In case of conventional ceramic materials, the pro-
cess of rehydroxylation is called “ageing” and is related

to a moisture expansion of a ceramic body [5]. The
process of natural rehydroxylation occurs in ceramic
materials containing residua of clay minerals due to
a long-time influence of soil or atmospheric moisture.
This process can be accelerated by a hydrothermal treat-
ment in autoclaves in laboratory conditions.

The process of kaolinite rehydroxylation can be
studied by several analytical methods such as X-ray
diffraction, thermal analysis, scanning electron micro-
scopy, solid-state nuclear magnetic resonance spectro-
scopy and infrared spectroscopy [6, 7]. Previous studies
[8] have shown that the process of rehydroxylation can be
well studied especially by thermal analysis (DTA, DSC
and TG). DTA and DSC curves show that the endothermic
peak related to the kaolinite dehydroxylation and the
temperature of the peak maximum of a raw kaolinite
lies in the interval 500 - 560°C [9, 10]. The position
and shape of the peak as well as the temperature of the
peak maximum are influenced by several factors such
as particle size, degree of kaolinite structure ordering or
conditions of measurements (e.g. heating rate, furnace
atmosphere, sample charge or type of a crucible) [11].
Partial dehydroxylation can occur already during pro-
cessing of raw materials containing kaolinite, e.g. dry
grinding [12, 13]. Kaolinite loses 13.96 wt. % of water
during dehydroxylation as estimated from the theoretical
composition (46.54 wt. % SiO,, 39.5 wt. % AL O, and

342

Ceramics — Silikaty 57 (4) 342-347 (2013)



Hydrothermal rehydroxylation of kaolinite studied by thermal analysis

13.96 wt. % H,0) [14]. This value is used as the standard
value for the determination of kaolinite content in the
studied materials from TG curves.

The process of kaolinite rehydroxylation has been
studied in our laboratory for a long time. The research
was firstly related to a problem of brick hourdises [15,
16, 17, 18], later extended to the field of archacological
ceramics [19, 20, 21]. In connection with archaecological
ceramics, conditions of a hydrothermal treatment, which
could simulate long time storage of ceramic materials
under the ground and help to identify the origin of clay
minerals in a ceramic body, are being studied.

The aim of this work was to determine the effect
of temperature and time of hydrothermal treatment
on the ability of kaolinite rehydroxylation, to define
differences in thermal behaviour between original and
rehydroxylated kaolinite and to quantify the amount of
rehydroxylated kaolinite.

EXPERIMENTAL

Kaolin Sedlec Imperial (K), from Sedlecky kaolin
a.s. (Czech Republic), was used in this study as a raw
material. Powder samples were prepared from a dried
granulate in an agate mortar in the form of fine powder.
Samples were subsequently fired in a Pt crucible in a
laboratory furnace with the heating rate 10°C-min™.
The choice of calcining conditions — 2 hours at 600°C
was based on previous research [21]. Products of calci-
nations were subsequently hydrothermally treated (HT)
in laboratory autoclaves at 230°C (2.77 MPa) and 180°C
(1 MPa) with soaking times from 1 to 200 hours.
Multiple dehydroxylation (with the maximum of four
rehydroxylation processes) was studied by repeated
experiments of calcinations (2 h at 600°C) and hydro-
thermal treatments (10 h at 230°C). A solid/solution ratio
of 1 g sample/ 20 ml water was used in the hydrothermal
experiments. All samples were dried to constant weight
(2 hours at 105°C) before thermal analysis.

The raw material was characterised by its particle
size distribution, and further by X-ray fluorescence
(XRF), X-ray diffraction (XRD), infrared spectroscopy
(IR) and thermal analysis (TA). Processes of dehydro-
xylation and rehydroxylation were studied by thermal
analyses. The particle size distribution was evaluated
by laser diffraction (Fritsch Analysette 22 NanoTec).
The chemical composition was determined by XRF
(Sequential WD-XRF spectrometer ARL 9400 XP+).
XRD (Diffractometer PANalytical X pert Pro) was used
to identify accessory minerals in the raw kaolin sample.
The structural ordering of kaolinite was characterised by
IR spectroscopy in the range 400 - 4000 cm™ (spectrometer
Nicolet IS 10, Thermo Scientific). Measured data were
evaluated using programs Omnic and Origin. Thermal
analyses were performed with a Setaram Setsys Evo-
lution 16 system in DTA - TG or DSC - TG mode using
25+ 0.02 mg of a sample and heating rate 10°C-min™ in
the temperature range of 20 - 1200°C in nitrogen flow.

The amount of kaolinite in the original sample of
kaolin and in rehydroxylated samples (4m) was de-
termined from TG curves with end conditions from dTG.
The activation energy E, (kJ-mol™") of the dehydroxylation
was calculated by Kissinger-Akahira-Sunose method
from DSC data [9] according to Equation 1:

B ) E.a
In(—=|=C-—2~ 1

(Tof RT, M)
where f is the heating rate (K-min™), R is the gas con-
stant (8.314 J-K'mol"), T, is the temperature (K) for
a constant degree of conversion a (calculated by integ-

ration of peak area) and C is the constant.

RESULTS AND DISCUSSION

The process of kaolinite rehydroxylation was stu-
died in samples prepared from the technical raw material
kaolin Sedlec Imperial. The granulated raw material
was grinded to the form of fine powder with the particle
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a) XRD pattern b) IR spectrum
Figure 1. Raw material - kaolin Sedlec Imperial.
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median size of 3.2 um. The chemical composition of the
raw kaolin was 50 wt. % SiO,, 47 wt. % ALO;, 1.1 wt. %
Fe,0;, 0.3 wt. % TiO,, 0.4 wt. % CaO, 0.3 wt. % MgO
and 1.1 wt. % K,O. Figure 1a shows XRD pattern of the
raw material. It contains kaolinite as the main crystalline
phase accompanied by a small amount of quartz and
mica. Figure 1b shows the structural ordering of kaolinite
in the raw material characterised by IR bands at 3654,
3668 and 3691 cm’, belonging to three inner-surface
OH bonds, and a peak at 3620 cm™ which belongs to
the inner OH bond. The kaolinite behaviour during
temperature increase is presented by curves from thermal
analysis (Figure 2). The dehydroxylation of kaolinite
to metakaolinite proceeds in the temperature interval
from 420 to 665°C with the maximum at 542°C. In the
course of dehydroxylation the loss of 12.1 wt. % H,O
was monitored. Owing to the high amount of kaolinite,
the peaks related to quartz transformation and mica
dehydroxylation could not be seen in the DSC curve.
The release of water was confirmed by the curve related
to the release of water vapour detected by the mass
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Figure 2. Thermal analysis of the raw material: DTA-TG,
release of CO, and H,0.
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spectrometer. DSC curve also showed an exothermic
peak at 987°C, which is related to the crystallisation of a
defective spinel structure.

Rehydroxylation of kaolinite was studied in samp-
les fired for 2 h at 600°C, in which any kaolinite was
identified by XRD and IR spectroscopy. The content of
kaolinite in rehydroxylated samples (4m) was determined
from dTG curves.

Figure 3a shows dehydroxylation DSC curves of
the raw material (first dehydroxylation) and rehydro-
xylated samples (second dehydroxylation) for the hydro-
thermal treatment at 230°C. The curves of the second
dehydroxylation show higher asymmetry compared
to the first dehydroxylation which is due to decreasing
degree of structural ordering of the rehydroxylated
kaolinite. The shape of endothermic peak and the
temperature interval of dehydroxylation reflect the
effect of hydrothermal conditions on the process of
kaolinite rehydroxylation. The dehydroxylation process
in rehydroxylated samples starts in the very narrow
temperature range 340 - 350°C. The temperature of the
dehydroxylation end shifts to higher temperatures with
increasing time of the hydrothermal treatment. Figure
3b shows mass differences in form of TG curves of the
samples, which were used for the determination of the
kaolinite amount (4m) in the samples.

Figure 4 shows the maximum of peak 7, and mass
gain (4m) plotted against the time of hydrothermal
treatment. Both curves exhibit the same two stage process.
The first stage represents early-time measurements,
approximately first 10 hours, with relatively high
mass gain rate. The second stage representing long-
time measurement proceeds with a much lower rate.
Comparing values of the peak maximum temperatures
(i.e. the temperature of the highest reaction rate), the
most profound effect of the time of hydrothermal
treatment on the rehydroxylation is visible in the course
of the first few hours. Only a slight effect was registered
for treatments of 50 hours and longer.

original

TG (wt. %)

-12

T T T T T
100 200 300 400 500 600 700
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b) TG curves

Figure 3. Dehydroxylation of the raw kaolin and rehydroxylated samples at HT 230°C.
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The effect of the conditions of hydrothermal
treatment (time and temperature) on the process of
rehydroxylation is presented in Figure 5, where DSC
curves of samples treated at 180 and 230°C and different

soaking times are compared. Lower temperatures and
times of hydrothermal treatment shift the kaolinite
dehydroxylation to lower temperatures. For example,
the temperature of the peak maximum was 520°C for
200 hours at 230°C and 491°C for 200 hours at 180°C.
Figure 6 shows 4m values plotted against the time
of hydrothermal treatment at 180°C and 230°C. Both
curves exhibit two stage processes. The kaolinite mass
gain proceeds at an apparently higher rate in case of
230°C in the first stage. On the contrary, approximately
the same trend at both temperatures was found in the
second stage. The amount of rehydroxylated kaolinite
is increasing with increasing temperature of the hydro-
thermal treatment. The biggest differences were found
for short soaking times, e.g. for 10 h at 180°C the mass
gain was 9 wt. %, compared to 51 wt. % at 10 h at 230°C.
Results of a multiple dehydroxylation of kaolinite
are presented in Figure 7. The figure shows that the ability
of metakaolinite to rehydroxylate to kaolinite decreases
with an increasing number of repeated calcinations and
hydrothermal treatments, which is characterised by a
decreasing amount of rehydroxylated kaolinite and a shift
of T, values to lower temperatures. The most pronounced
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Figure 7. Multiple dehydroxylation of kaolinite.
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decrease of the amount of rehydroxylated kaolinite is
between the first and second dehydroxylation, where it
is about 28 wt. %. Comparing DSC curves, the sample
shows approximately same dehydroxylation peak during
the third and fourth treatment. Values of activation ener-
gy (£, of multiple dehydroxylations decreased with
an increasing number of repeated treatments. The E,
value was 157 kJ'-mol” for the first dehydroxylation,
133 kJ'mol' for the second dehydroxylation and
102 kJ-mol™ for the third dehydroxylation.

Aplication of the study
for archaeological ceramics

Kaolinite rehydroxylation and the use of hydro-
thermal treatment were studied already during researches
of several archeological objects such as a moon-shaped
idol from the Bronze age [21], a Gothic ceramic tile
pavement from Bievnov Monastery (NPU), a Romanic
ceramic tile pavement from Dolni Chabry (NPU) and
Medieval vessels from Roztoky near Prague (ARU) [22].
Archaeological findings from the 6™ — 7" century from
Roztoky near Prague, comprising besides fired potsherds
of ceramic vessels also unfired ceramic material (Figure
8a), were found as a very suitable material for kaolinite
rehydroxylation studies. This unfired material could
serve as a raw material for the fabrication of ceramic
vessels. The material contained kaolinite from a primary
source (thermally untreated) and was chosen as a
comparative material to kaolinite, which was identified
in the archaeological vessel 8714 (Figure 8b).

Figure 9 shows DSC curves of original and rehy-
droxylated samples from untreated ceramic material
and two different parts of the archaeological vessel
(Figure 8b). The dehydroxylation process of the unfired
material starts in the temperature range 370 - 570°C with

a) unfired ceramic material 7957

the peak maximum at 491°C. Fired (2 h at 600°C) and
hydrothermally treated (100 h at 230°C) material shows
similar curves as in the case of the natural raw material
- kaolin (Figure 3a). The dehydroxylation range of the
rehydroxylated material shifts to lower temperature
(355 - 525°C) and the peak maximum is at 460°C. In
case of the archaeological vessel the dehydroxylation
of the sample from bulge occurs in the temperature
range 325 - 555°C with the maximum at 480°C and
of the sample from rim in the range 325 - 530°C with
the maximum at 450°C. Comparing the curves it was
concluded that the kaolinite identified in the rim was
a product of rehydroxylation. On the contrary, kaolinite
in the sample from the bulge was from a primary source.
This information proved that the firing process in early
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Figure 9. DSC curves of unfired ceramic material 7957 and
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Figure 8. Pictures of archaeological findings unfired ceramic material 7957 (a) and ceramic vessel 8714 (b) (ARU AV CR,

Praha, v. v. 1.).
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medieval times was very irregular and parts of a same
vessel could be fired at different temperatures depending
on the distance from a fireplace.

CONCLUSION

The effect of hydrothermal conditions on the pro-
cess of kaolinite rehydroxylation at 180°C and 230°C
and for soaking times from 1 to 200 hour was studied
by use of thermal analysis. The results proved that meta-
kaolinite cannot rehydroxylate to kaolinite having
original structure and quantity even after 200 h at 230°C
of the hydrothermal treatment. The process of kaoli-
nite dehydroxylation of rehydroxylated samples shifts
to lower temperatures compared to the original kaoli-
nite in the raw material. The curves of the second
dehydroxylation show higher asymmetry compared to
the first dehydroxylation which is due to the decreasing
degree of structural ordering of the rehydroxylated kao-
linite. Higher temperatures and times of hydrothermal
treatment shift the kaolinite dehydroxylation to higher
temperatures. The curve of the kaolinite mass gain (4m)
plotted against the time of hydrothermal treatment reveals
a two stage process. The first stage represents early-time
measurements, approximately the first 10 hours, with a
relatively high rate. The second stage, representing long-
time measurement, proceeds with a much lower rate. The
maximum kaolinite mass gain was 65 wt. %, which was
achieved for hydrothermal conditions 200 h at 230°C.
Concerning multiple rehydroxylation, the ability of meta-
kaolinite to rehydroxylate to kaolinite decreases with an
increasing number of repeated calcinations and hydro-
thermal treatments. Values of activation energy (£,) were
157 kJ mol™ for the first dehydroxylation, 133 kJ mol
for the second dehydroxylation and 102 kJ mol™ for the
third dehydroxylation.

In the last part it was shown how the principal
result of this study can be applied to the interpretation of
analyses on historical or archaeological materials.

Acknowledgements

Financial support from specific university research
(MSMT No.20/2013).

The authors are grateful to the Institute of Archaeo-
logy of Academy of Sciences of the Czech Republic
(ARU AV CR, Praha, v. v. i.) and the National Heritage
Institute, Regional Office in Prague (NPU in Prague) for

providing archaeological samples for analysis and the
Institute of Physics AS CR for the permission to perform
thermal analyses using their equipment.

REFERENCES

1. Madejova J.: Vib. Spectrosc. 37, 1 (2003).

2. Hanykyt V., Kutzendoérfer J.: Technologie keramiky. Sili-
katovy svaz, Praha 2008.

3. 1Ili¢ B.R., Mitrovi¢ A.A., Mili¢i¢ L.R.: Hem. ind. 64, 351
(2010).

4. Shoval S, Yarin S, Michaclian K.H, Lapides I, Boudeuille
M, Panczer G.: J. Coll. Inter. Sci. 212, 523 (1999).

5. Wilson M.A., Carter M.A., Hall C, Hoff W.D., Ince C,
Savage S.D., Mckay B., Betts [.LM.: Proc. R. Soc. A 465,
2407 (2009).

6. Rocha J., Adams J.M., Klinowski J.: J. Solid State Chem.
89, 260 (1990).

7. Jesus J.G., Huertas F.J., Linares J., Ruiz Cruz M.D.: Appl.
Clay Sci. 17, 245 (2000).

8. Muller F., Pons C.H., Papin A.: J. Phys. IV France. 12, 6
(2002).

9. Sahnoune F., Saheb N., Khamel B., Takkouk Z.: J. Therm.
Anal. Calorim. 107, 1067 (2012).

10. Vaculikova L., Plevova E., Vallova S., Koutnik I.: Acta
Geodyn. Geomater. 8, 59 (2011).

11. Castelein O., Soulestin B., Bonnet J.P., Blanchart P.: Ceram.
Interern. 27, 517 (2001).

12. Redfern S.A.T.: Clay miner. 22, 447 (1987).

13. Kristof J., Frost R., Kloprogge J., Horvath E., Mako E.: T
Therm. Anal. Calorim. 69, 77 (2002).

14. Drzal L.T., Rynd J.P., Fort T.: J. Colloid Interface Sci. 93,
126 (1983).

15. Bouska, P., Hanykyt, V., Pume, D.: Stavebni listy. &, 6
(2000).

16.Bouska P., Voka¢ M., Hanykyi V., Klouzkova A. in:
Objemové zmény porovité keramiky. p. 5-15, ed. Bouska P.,
Klouzkova A., Silikatovy svaz, Prague 2009.

17. Bouska, P., Hanykyft, V., MarySka M., Pume D, Voka¢ M:
Stropni konstrukce s deskami HURDIS. Praha: SEKURON,
2004.

18. Bouska P., Hanykyt V., Voka¢ M., Pume D. in: Construction
Materials. p. 1711-1720, University of British Columbia,
Vancouver 2005.

19.Klouzkova A., Hanykyt V., Voka¢ M., Bouska P. in:
Objemové zmeény porovité keramiky. p. 56-68, ed. Bouska
P., Klouzkova A., Silikatovy svaz, Prague 2009.

20. Hanykyt V., Klouzkova A., Bouska P., Voka¢ M.: Acta
Geodyn. Geomater. 6, 59 (2009).

21. Zemenova P., Klouzkova A., Kohoutkova M.: J. Process.
Appl. Ceram. 6, 59 (2012).

22.Zemenova P., Klouzkova A., Profantova N. in: Sbornik
prispévkl 15. ro¢niku Konference o specialnich anorga-
nickych pigmentech a praskovych materialech. p. 124-126.
ed. Sulcova P., Univerzita Pardubice, Pardubice 2013.

Ceramics — Silikaty 57 (4) 342-347 (2013)

347



Original papers

DILATOMETRIC ANALYSIS OF CERAMIC ROOF TILES
FOR DETERMINING IRREVERSIBLE MOISTURE EXPANSION

MIROSLAV VOKAC, ALEXANDRA KLOUZKOVA*, VLADIMIR HANYKYR*, PETR BOUSKA

Czech Technical University in Prague, Klokner Institute,
Solinova 7, 166 08 Prague, Czech Republic
*Institute of Chemical Technology Prague, Department of Glass and Ceramics,
Technicka 5, 166 28 Prague, Czech Republic

E-mail: vokac@klok.cvut.cz

Submitted September 18, 1009; accepted November 25, 2009

Keywords: Porous ceramics, Roof tiles, Irreversible moisture expansion, Rehydroxylation

Porous clay ceramic materials are subject to an ageing process which leads to moisture expansion. The irreversible moisture
expansion value is usually determined with the use of time-consuming standard tests that require samples 20 cm in length.
An advantage of dilatometric method that samples 2.5 cm in size can be measured. Using this method, we determined the
irreversible moisture expansion values of samples of historical roof tiles of various ages. The procedure analyzes the course
and the shape of the curves and reveals whether the volume changes result from the moisture expansion process. Rehydrated
water is evolved within the interval 150-500°C. In addition, the correlation between the mineralogical composition and the
irreversible expansion value has been studied. Materials containing mullite fired at temperatures above 1000°C show low
values, while samples with high porosity and containing no mullite fired at temperatures below 1000°C show high values.
Material containing gypsum exhibits the opposite effect — the tested fragments shrank, rather than expanded.

INTRODUCTION

In 1928, Schurecht [1] described crazing of glazed
surfaces due to irreversible moisture expansion of cera-
mics. Nowadays, the use of composite concrete-ceramic
floor structures in civil engineering results in occasional
failures [2], where moisture expansion is one of the
dominant loadings. For this reason, civil engineers and
technologists in the ceramics industry need a reliable
prediction model and other useful knowledge about this
volume change of ceramics.

Ceramic masonry bricks, blocks, roof tiles, etc.,
are usually made from a raw material in which the pre-
dominant clay mineral is illite. The firing process of
illite can be described in a simplified manner, as follows.
First, the physically bonded water is released in the range
100-350°C. Then, the chemically bonded water that
is in hydroxyl form is lost in the temperature range
350-600°C. Dehydroxylation proceeds by the reaction

K, (Aly(SigiAl)05(0H), — K, Aly(Sig Al )05, + 2 H,0

The crystalline octahedral structure of illite is not
destroyed by dehydroxylation below a temperature of
about 700°C. Above this point, the crystalline structure
is destroyed, and non-crystalline fine-grained products
are created. We can write the disintegration of illite into
non-crystalline oxides as

K, Al,(Si,.,AL_)0,,(OH), — (K,0 + 3 ALO, + 6 Si0,) + 2 H,0

In an oxidizing atmosphere, the crystalline structure
is fully destroyed at a temperature of approx. 930°C.
Mullite (Al¢Si,0,,) is the first mineral that can be formed
from non-crystalline products at temperatures above
1050°C.

The described firing process of pure illite can be
significantly influenced by reactive oxides (CaO, SiO,,
MgO, FeO) in a raw mixture. It is known that the presence
of CaO reduces irreversible moisture expansion.

Porous ceramics rehydroxylate in a normal atmo-
sphere with ordinary relative humidity immediately after
firing. This is a very slow process and in the case of illite
raw is assumed reversed to its firing. So, we can write it as

K, Aly(Sig, Al )0y + (2-x) H,O —
— Ky Aly(Sig Al )On00(OH) o,

The potential for rehydroxylation de-pends on the
firing technology (temperature and rate) and on the
composition of the raw material. If the maximal firing
temperature is in the range 700-1000°C, increased
irreversible expansion can occur. The mass gain and
irreversible moisture expansion of a porous ceramic
occurs as a consequence of its rehydroxylation.

The ageing of porous ceramic by rehydroxylation
can be accelerated by curing in an environment with
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a high temperature and humidity. There are several
standard methods that can be used for determining a
conventional irreversible moisture expansion value. The
specimens can be treated by boiling them in water for
24 hours (EN 772-19), by steaming them above boiling
water for 4 hours (AS/NZS 1156.11:1997), or by high
pressure steaming in an autoclave at 180°C for 5 hours
(NF P 13-302).

Although the volume change is referred to as irre-
versible moisture expansion, a ceramic can be restored
to the dehydroxylated state immediately after firing
by annealing the ceramic to a temperature of 650°C.
This effect is utilized for determining the irreversible
moisture expansion value in the case of historic samples,
or samples taken from structures.

A prediction model of irreversible moisture expan-
sion based on steam expansion determined according to
AS/NZS 115.11 was presented by McDowall & Birtwistle
[3]. They assumed the dependence of expansion ¢ on
time ¢ as &(f) = k, + k, In(t + k;). The same function was
used by Pavlovic & Tosic [4] in their work. Zsembery
et al. [5] continued measuring McDowall & Birtwistle
samples for 35 years, and formulated the expression
&(t) = b,(H)X + by(£)X?, where X is the steaming expansion.
Brooks & Forth [6] performed several measurements on
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Figure 1. Dependence of water absorption on apparent porosity.

bricks produced in the United Kingdom, which were
sorted into 6 special expansion-age categories, and an
appropriate expression was specially developed for each
category. This method is difficult to apply for different
clays. Finally, Wilson et al. [ 7] proposed a new expansion
law &(f) = a "%, where the kinetic constant a depends
on temperature, and is independent of water vapour
pressure in all normal environments, i.e. environments
with atmospheric humidity only. The exponent Y is
consistent with the theory of fractional single-file
diffusion. Further, a modified two-stage power law of
mass gain and irreversible expansion was presented [8],
where the exponent % is applied in both stages.

EXPERIMENTAL
Samples

The phenomenon of irreversible moisture expansion
was investigated on historical samples of roof tiles of
known age. Of course, the samples were from different
places of origin, and consequently were of different
chemical and mineralogical composition. For this reason,
the samples will be described in greater detail.

The microstructural characteristics derived from
hydrostatic measurements are given in Table 1. Water
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Figure 2. Dependence of water absorption on bulk density.

Table 1. Physical properties of roof tile samples from hydrostatic measurements.

Material properties

Age Sample Water absorption Bulk density Apparent porosity Apparent density
(years) (locality) WA (%) py (g/cm?) P, (%) p, (g/cm?)

1 BliZejov 7.5+0.2 2.14+0.01 16.1+0.4 2.55+0.02
78 Prague pantile 13.5+0.4 1.88£0.01 254+0.6 2.52+0.01
38 Velka Chuchle 21.3+5.0 1.67+0.1 35.1+6.1 2.57+0.08
101 Opava 82+0.5 2.13+0.01 17.5+0.9 2.58 £0.02
143 Olbramovice 149+1.0 1.87 +£0.02 279+1.5 2.59+0.02
148 Bedrichovice 16.7+0.6 1.84 +£0.02 30.7+0.9 2.66 +0.01
165 Chotysany 15514 1.85+0.02 28.7+2.1 2.59+0.05
188 Duchcov 155+0.2 1.89 +£0.01 29.3+0.3 2.67+0.02
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Table 2. Mineralogical composition of the crystalline phase.

Sample Content of crystalline phase (wt.%)
(locality) quartz  K-feldspar') Na-Ca feldspar’) calcite  cristobalite  hematite  rutile gypsum  mullite
o 5-10 (a),

Blizejov 45-55 5-10 (m) 10-20 (an) - 1 2 - - 5-10
Prague-pantile ~ 60-70 5-10 (o) 20-25 (1) - - 2-4 1 - -
Velka Chuchle  45-55 20-30 (m) 10-15 (1) 3-5%) - 2 1 6-8%) -
Opava 60-70 5-10 (m) 20-25 (an) 2-4 4-6
Olbramovice 76 23 — — — 1/ — — —
Bedtichovice 45-55 35-45 (m) 5-10 (1) — — 1/2%) 1 - -

15-20 (m)
ChotySany 50-60 5-10 (o) - - - 2 - - -

5-10 (ak)
Notes:
") K-feldspar: (o) — orthoclase, (m) — microcline, (ak) — anorthoclase
%) Na-Ca feldspar: (a) — albite calciane, (1) — labradorite, (an) — anorthite
%) Probably of a secondary origin during the life of a roof structure.
%) Magnetite
Table 3. Chemical composition of samples of roof tiles.
Sample Content (wt.%)
(locality) SiO, AL O, Fe,0, TiO, CaO MgO K,O0 Na,O Others
Blizejov 65.22 22.75 5.16 0.98 0.93 1.09 2.55 0.93 0.38
Prague-pantile 71.40 15.40 4.87 0.85 2.64 1.21 3.12 0.23 0.28
Velka Chuchle 69.21 9.50 3.53 0.76 10.10 1.59 2.31 0.82 2.18
Opava 76.33 12.70 4.18 0.80 1.48 1.03 2.55 0.65 0.28
Olbramovice 75.67 13.20 4.71 0.91 0.62 0.94 2.57 0.83 0.55
Bedtichovice 72.83 14.60 3.87 0.71 0.63 0.87 4.59 1.38 0.52
ChotySany 72.71 14.50 4.79 0.78 0.63 1.24 3.48 1.39 0.48
Duchcov 66.71 18.92 5.37 0.87 1.90 1.38 2.98 1.38 0.49

i Thermocouples ‘:,‘
of furna
Tube made
of quartz glass
Data acquisition
via RS232
LVDT il L
transducer easuring

device :

Figure 3. Thermal dilatometer utilised for determining irreversible moisture expansion.
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saturation was achieved by boiling in water. The same
nature of the samples is demonstrated in Figures 1
and 2, where the dependences of water absorption on
apparent porosity and on bulk density are plotted. It is
shown that the results are close to a linear functions. This
follows from the very similar apparent density values.

Figure 4. Sample of a roof tile from Bedfichov - cracked quartz
grain.

Figure 6. Sample of a roof tile from Opava.

The samples from Velka Chuchle have large standard
deviation values, calculated for all material parameters
introduced in Table 1. The historical samples of ceramics
have properties with a large standard deviation due to
significant non-homogeneity corresponding to the tech-
nology available when they were produced.

The mineralogical composition was investigated
by X-ray diffraction analysis, which offers two options:
qualitative analysis and quantitative analysis. Qualitative
analysis provides a description of the phase composition,
i.e., it identifies all crystalline phases. These results
have to be compared with the determined chemical
composition. Quantitative analysis provides information
about the content. X-ray diffraction analysis was applied
to specify the mineralogical analysis together with the
polarization microscopy. The estimated mineralogical
composition is given in Table 2.

The mullite in the mineralogical component of the
sample from Opava indicates that the firing temperature
was above approx. 1000°C in this case.

Microscopic methods are used for determining the
mineralogical composition and also for estimating the
technological process of raw material preparation and
the forming method. The sample from Bedfichov is very
heterogeneous. Figure 4 shows an extensive network of
cracks on the quartz grain, which probably originate in
the cooling stage after firing. A second microspecimen of
this material is shown in Figure 5, and demonstrates the
very heterogeneous microstructure of this sample. The
sample from Opava (Figure 6) is more fine-grained and
more homogeneous.

The chemical composition shown in Table 3 was
determined by X-ray fluorescence analysis. The chemical
compositions of the samples are very similar, but the
sample from Velka Chuchle has a very high content of
CaO and other admixtures.

Thermal dilatometric method

The dilatometric method utilises a thermal dilato-
meter, see Figure 3, with the precise displacement mea-
surement by LVDT transducer. The usual length of
a specimen is 35 mm. The proposed testing method
consists of several stages (Figure 7), which are described
below.

The 1% annealing is performed with a specimen
taken from a masonry structure and heated at 105°C to
constant mass. The temperature is raised from laboratory
temperature to 685°C at a rate of 5°C/min. This is
followed by a period of time at the maximum temperature.
The strain-temperature relationship measured during
annealing is affected by thermal expansion and by con-
traction due to the elimination of chemisorption in this
stage.

The 2™ annealing is performed on the already
annealed sample. The strain-temperature relationship is
affected only by temperature expansion. The period of
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time after the first annealing should not be greater than
24 hours. The period of time is usually as long as is
needed to cool down the dilatometer.

After that, the accelerated rehydroxylating test
is performed, i.e., boiling in water, steaming or high
pressure steaming in an autoclave (according to the given
standard). Then the physically bonded water is removed
from the sample by heating at 105 °C to constant mass.

The 3™ annealing is the final stage. The measured
relationship is affected by thermal expansion and also by
an exactly controlled degree of moisture expansion. In
this way, the conventional moisture expansion value can
be determined.

The strain-temperature relationships in Figure 7
are plotted in such a way that the end points at 685°C
are identical, because the same temperature and the
same degree of rehydroxylation occur at this moment.
The difference between the first and second annealing

6000
5000 =
& /
w 4000 /
w
.% 3000 Elxpansli)on offiLedr'{
= clay subject to hig
n 2000 3/[-%pressure steaming
1 l /\ Nature expansion
' of historical sample
1000 ]
2 #+—— Thermal expansion
0 T T T T T T

T
0 100 200 300 400 500 600 700 800
Temperature T (°C)

Figure 7. Strain-temperature relationships measured using a
dilatometer on a sample from Prague-pantile (1 - first measure-
ment on a historical sample, 2 - second measurement on the
same sample, 3 - third measurement on the sample subjected to
an accelerating test by high pressure steaming at 180°C).
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Figure 8. Derivatives of strain-temperature relationships on
sample from Prague-pantile (1 - first measurement on a histo-
rical sample, 2 - second measurement on the same sample).

in the dilatometer is due to the release of chemi-sorbed
water from the ceramic body, and is equal to the nature
irreversible moisture expansion of the historical sample.
Similarly, the difference between the third measurement
and the second measurement is equal to the irreversible
expansion due to the accelerating test.

Once the strain-temperature relationships are nu-
merically differentiated, we can easily estimate the
temperature range in which chemically bonded water

Table 4. Nature irreversible moisture expansion determined by
dilatometric measurement.

Sample Irreversible moisture  Standard deviation
(locality) expansion (pLm/m) (pm/m)
Blizejov 39 8
Prague-pantile 1501 124

Velka Chuchle -304 475

Opava 383 308
Olbramovice 1084 35
Bedfichovice 736 348
Chotysany 983 316
Duchcov 724 96

is removed from the ceramic body. The derivatives are
plotted in Figure 8, where the hatched area indicates to
the irreversible moisture expansion. Although we cannot
assume a perfect thermal steady state, the transition
point of quartz at 573°C can be identified, as well as the
coefficient of thermal expansion.

RESULTS AND DISCUSSION

There were a total of 6 samples for dilation measu-
rement from each locality. A typical result with evident
presence of rehydroxylation is the result for Chotysany
sample. Figure 9 shows dilation curves (the first and
second annealing) and the derivatives are plotted in
Figure 10.

However, the curves measured on the samples from
Opava display no significant differences between the first
annealing and the second annealing in the dilatometer
(Figures 11 and 12), and therefore this ceramic expands
minimally. This was as expected, because the Opava
sample was fired at a temperature higher than 1000°C,
cf. mullite in the mineralogical composition (Table 2).

However, anomalous curves were obtained when
measuring the specimens from Velka Chuchle (Figures
13 and 14). Here, the dilatation curves indicate that this
fired clay shrinks rather than expands.

The mean values of the nature irreversible expan-
sions together with standard deviations are shown in
Table 4. It was mentioned above that the samples
from Velka Chuchle expanded when annealed in the
dilatometer. Also, the standard deviations calculated
from the individual results reflect the available historical
technologies. A sufficient standard deviation was achie-
ved in the case of like-nowadays fired clays from
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Blizejov, Prague-pantile, Olbramovice and Duchcov.
Figures 8 and 10 show that the chemically bonded
water starts releasing from a ceramic body above 150°C
and is completely removed at a temperature of 550°C.
This temperature range depends on the amount of re-
hydroxylation. In case of higher irreversible expansion,
the range is wider, and vice versa. If the sample is
subjected to a gravimetric thermal analysis test (GTA)
and to a differential thermal analysis test (DTA), together
with a water vapour sensor, similar results are obtained,
as presented in Figure 15. The water vapour begins to
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Figure 9. Strain-temperature relationships - Chotysany.

6000

5000 7
g //
Ww 4000
B //
£ 3000
Y
5 -

2000

1000 L“”/f:::;,’/,

—2
0 T T T T T T
0 100 200 300 400 500 600 700
Temperature T (°C)

Figure 11. Strain-temperature relationships - Opava.
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Figure 13. Strain-temperature relationships - Velka Chuchle.

increase at approx. 150°C, and above 500°C the output
from this sensor is practically constant. Of course,
the mass decreases with temperature because of the
release of water from the ceramic body. There is also an
endothermic reaction at a temperature of 573°C, i.e., the
transition in quartz. The physically bonded water also
causes cooling of the specimen at the beginning of the
test.

In addition, we have performed a long-term mea-
surement of irreversible moisture expansion on selec-ted
samples 200 mm in length. The expansion was measured
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Figure 10. Derivatives of dilation curves - Chotysany.
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continuously by LVDT transducers in a stable environment
with temperature 18 + 1°C and relative humidity 70 + 2 %,
see Figure 16. The specimens were first annealed to 650°C
for 4 hours, in order to induce a state corresponding to that
immediately after firing. The measured expansion is plotted
in Figure 17. The magnitudes of the displacements are in
proportion to the irreversible expansions shown in Table 4.

This measurement reaffirmed the anomalous behavior
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Figure 15. GTA (3) & DTA (1) with a water vapour sensor
(2) - Chotysany.
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Figure 17. Long-time measurement of irreversible moisture
expansion, dependence of the displacements on time.

of the sample from Velkd Chuchle - one sample
shrinks, while the second sample expands very slightly.
This abnormal volume change can be explained by
the abnormal chemical and mineralogical composition
of this sample. The extremely high content of CaO
(Table 3) resulting from calcite and gypsum in mine-
ralogical composition (Table 4) is probably a consequence
of secondary effects during its lifetime. It is likely that the
chemical processes progress in a different way in this rare
case.

CONCLUSIONS

The thermal dilatometric method seems to be
appropriate for determining the irreversible moisture
expansion of a useful porous ceramic body produced
by modern technology. Some historical samples have
considerable non-homogeneity, which is reflected in the
measured results. It is useful to calculate the derivative
of the dilatation curve in order to better evaluate whether
the specimen has a higher degree of rehydroxylation.
The temperature range in which removal of chemisorbed
water takes place can also be better determined from
the derivatives. A disadvantage is that the dilatometric
measurements are taken in several stages, which is time-
consuming, and the results are obtained only after several
days of testing.

Rehydroxylation is removed by annealing in the
temperature range 150-550°C. This range is narrower
if chemisorbed water occurs in smaller amounts. This
conclusion was proved by dilatometric measurements and
also by GTA and DTA with a water vapour sensor.

An anomalous volume change was discovered in
a sample with a very different chemical and mineralogical
composition. This sample shrinks, rather than expands.
This rare behaviour is probably due to a different chemical
reaction in the ceramic body in the course of ageing.
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NiZKOTEPLOTNi KOROZE ZrO, KERAMIKY

LOW TEMPERATURE AGEING OF ZrO,- CERAMICS
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2Centraini laboratofe VSCHT Praha

Low temperature ageing of different kinds of zirconia toughened ceramics (ZTA-zirconia toughened alumina and
TZP- tetragonal zirconia polycrystals) was analyzed. The tetragonal - to - monoclinic phase has been studied X-ray
diffraction. The time - transformation isotherms at 230°C, 150°C, 80°C and at room temperature can be expressed
by Mehl-Avrami-Johnson (MAJ) equation f=1-exp.(-bt)", and different n value was obtained.

1. UvoD
Pouziti ZTC (zirconia toughened ceramics) materiall je dano jejich vynikajicimi mechanickymi
vlastnostmi, zejména u Y-TZP vedly vysoké hodnoty lomové houZevnatosti a pevnosti
spole¢né s velmi dobrymi otérovymi vlastnostmi k aplikacim v oblasti kloubnich a dentéinich
implantatu. Je znamou skuteCnosti, Ze ke zvySeni hodnot mechanickych vlastnosti je
vyuzivana fazova transformace ZrO, z metastabilni tetragonalni modifikace na monoklinickou,
ke které musi dojit pfi plisobeni vnéjsihc zatizeni. Pro vdechny typy ZTC piati, Ze pokud ma
dochazet ke zhouZevnaténi a zpevnéni kompozitu musi byt ZrO, v keramické matrici udrzen
v metastabilni tetragonaini fazi. Bylo zjisténo, Ze t- ZrO,, predevSim v Y-TZP, podléha
neobvyklé spontanni t—m transformaci v teplotnim intervalu 70 - 400 °C v pfitomnosti vodnich
par. Tato transformace probiha z povrchu dovnitf materialu, objemova expanze vede ke vzniku
mikro i makrotrhlin a v disledku dochazi k degradaci mechanickych vlastnosti. Tento jev se
nazyva nizkoteplotni degradace (LTD) ZrO, - kompozitG a jeho kinetika je popisovana pomoci
" Mehl-Avrami-Johnsononovy rovnice (MAJ) f=1-exp.(-bt)" (f je pfetransformovany podil t-faze
na m-fazi, t je Sas , b a n jsou konstanty) [1]. Cilem této prace je sledovat LTD chovani u
raznych mikrostrukturnich typa ZTA, TZP a ATZ a porovnat uréené hodnoty kinetického
exponentu n, ktery charakterizuje druh a podminky fazové pfemeény.

2. EXPERIMENTALNI CAST
Pro sledovani izotermniho stamuti ZTC kompoziti byly pouzity vzorky pfipravené
z nasledujicich materiala : 1) ZTA - kompozity byly pfipraveny [2] tak, aby vznikly rGzné
mikrostrukturni typy:
A- nestabilizovany ZrO, rozptyleny v matrici Al,O3 ,
B- aglomeraty PSZ a jednotliva zrna rozptylené v matrici Al,O,,
D a E jemnozmny PSZ homogenné rozptyleny v matrici Al,O; ,
2) ATZ - kompozit slozeny z 20 hm.% Al,O; rozptylenych v matrici TZP ,
- 3) TZP- vzorek komeréniho materialu. ~
U pfipravenych vzorkd byly hodnoceny tyto mikrostrukturni parametry: OH - objemova
hmotnost (vaZeni ve vodé a na vzduchu), p; teoreticka hustota a S, stupefi zhutnéni, velikost
zrn ZrO, a velikost aglomeratu (na snimcich z SEM a analyzatorem obrazu Lucia), morfologie
degradovaného povrchu (snimky SEM), V. podil tetragonalni faze ZrO, byl vypoditan
z difrakénich dat (XRD, Philips X'Pert.:PRO) podie vztahu Garvie-Nicholsona [3].
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Podminky izotermni degradace:

1) dlouhodobé izotermni starnuti pfi pokojové teploté — kompozity ZTA, doba 1100dni

2) kratkodobé izotermni starnuti pii teploté 230°C, 4 dny

3) izotermni degradace ve vodé pfi teploté 80°C, doba 4,10 a 40 dni

4) izotermni degradace v prostiedi vodnich par pfi teploté 150°C a 200°C, doba 4,10 a 40 dni.
U ZTA materiali byly méfeny hodnoty mechanickych viastnosti pfed a po izotermnim starnuti
pfi 230°C: R, pevnost v tfibodém ohybu a Ky lomova houZevnatost (metoda SENB).
Naméiena data uvedena v tabulce a obr.1-3 potvrzuji pfedpoklad, Zze nejvice degraduji TZP a
ATZ kompozity (obsahuji nejvice Y,O; ), koroze vSak probiha i v materidlu ZTA-A20Z, ktery
Y,03 neobsahuje. : ‘

Obr.1 ATZ pred degradaci Obr.2 ATZ po 40 denni degradaci Obr.3 TZP po 40 denni degradaci
zvétdeni 5000x T=150°C,voda, zvétseni 5000x T=150°C,voda, zvétseni 3000x
Tabulka Hodnoty naméfenych ZTC kompozitl
Kompozit | siozeni* | OH 3] b pirs vEﬁY‘;?a AVPoso | 1| AKie | AR,
[g cm [ °] [O I8 °] [obj.%] 150°C ) [A’] [A]
ZTA- A | A20Z 4,26 98,31 68,8 99.3 86,2 174 0,12 | 20 | 42
B A25Z2Y | 4,305 | 98,96 | 53.5 63.7 73,2 19,7 0,16 | -37 | -52
D A20Z3Y | 4,249 | 98,88 37 8.7 43,8 40,0 074 | -3 -2
E A20Z2Y | 4,237 | 98,68 14 19.7 49,3 296 0,41 -1 -9
ATZ A80Z2Y | 5,381 | 96,24 0 - 74 | 74 0.84 - -
TZP TZ-3YE 6,060 | 9934 0 - 99 99 064* 1 - -

* napf. A20Z3Y je 20hm.% ZrO; stabilizovanych 3mol.%Y203 v matrici Al2O3,** literatura [4] uvadin = 3,6
*** Vmg podil m- f4ze na poc&atku, Vmy10o podil m- faze po 1100 dnech
AK;c pokles hodnot lomové houzevnatosti po starnuti pfi teplot& 230 °C, AR, pokles pevnosti v ohybu

3. ZAVER

Pribéh degradace byl sledovan pomoci zmén podilu t-modifikace ZrO, v povrchové vrstvé
vzorku za uréity Casovy Usek a vyjadfen pomoci rovnice MAJ f=1-exp.(-bt)". Vysledky
provedené studie ukazuji, Ze LTD parametry — zejména konstanta n musi byt uréena pro
kazdy typ ZTC keramiky, protoZe je zavisla nejen obsahu Y,0; ale také daiSich na
mikrostrukturnich parametrech (velikosti zrn, stupni zhutnéni, aglomeraci zrn atd.)
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KERAMICKYCH NALEZUO vV CASE
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' Archeologicky Gstav AV CR, Praha, v. v. .
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V priibéhu rekonzervace souboru keramickych nadob z obdobi konce
16. az pocatku 18. stoleti z Prazského hradu byly sledovany i pred-
chozi restauratorské zasahy. Pri zjistovani informaci o zpracovavanych
pfedmétech byly vyhledany v archivu Archeologického tstavu AV CR
Praha, v. v. i. na Prazském hradé pracovni deniky popisujici zpraco-
vani keramickych ndlezd v letech 1925-1955. Bylo mozné porovnat
zpUsoby jejich zpracovani provadénych piimo archeologem panem
Borkovskym a souc¢asnou restauratorskou praxi. Ta je reprezentovana
stru¢nym popisem rekonzervace dvou zajimavych zastupct - des-
tila¢niho poklopu a kuchynského hrnce. Analyzy plvodnich pojiv
doplnily informace z denikd a bylo prokézano, ze stézejnimi pojivy
keramiky byly klihy, kostni a pravdépodobné zajeci, a Skrob. Uvedeny
prispévek poskytuje zajimavé informace z denikl s popisem riznych
nalezl (keramika, kov, kosti atd.) a jejich zpracovani a dokumentuje
snahu nasich predkl zachovat informace a historické predméty pro
dalsi generace.

TRANSFORMATIONS OF THE RESTORATION TECHNIQUES FOR
CERAMICFINDS IN TIME During the re-conservation
of the ceramic vessels set (from the Prague Castle, dated between the end
of 16th and beginning of 18th centuries), the previous restoring attempts
were also analysed. Work diaries kept in the Archaeological Institute
of the Academy of Sciences of the Czech Republic archive were found
and read, describing how the ceramic findings were processed between
the years 1925 and 1955. It was possible to compare the procedures,
performed at that time by the archaeologist Mr. Borkovsky himself, and
the current laboratory practice. Here is a description of re-conservation
of two interesting pieces from the collection - a distillation lid and
a cooking pot. Chemical analysis of adhesives (together with the book
records) have proven that the most frequent adhesives were bone and
hare glue and starch. Diaries contain interesting information including
the description of different findings, their restoration and document the
effort of our ancestors to preserve information and historical objects for
future generations.

Obr. 1 Soubor denik( z Prazského hradu

Pfi restauratorskych zasazich je v souc¢asné dobé hlavnim aspektem
dodrzeni etickych zasad." Jednou z pozadovanych podminek je dodr-
Zeni reverzibility vSsech pouzitych materidlQ, zejména pojiv a vyplini.
Casto byvé nutnost reverzibility zasahd diskutovana a vznika pole-
mika, do jaké miry musi byt dodrzena. V pribéhu feseni grantového
projektu, zabyvajiciho se mj. keramickymi nalezy z Prazského hradu,?
doslo k situaci, kdy musela byt ovétrena dilezitost vratnosti restaura-
torskych zasahl z dvacatych az tricatych let 20. stoleti a také z pocatku
21. stoleti. Soucasné tak bylo mozné porovnat materidly a restau-
ratorské pristupy dvou obdobi [Svobodova 2015, v tisku]. Nejvétsi
pozornost byla zamérena na pouziti pojiv, ktera jsou stru¢né shrnuta
v tabulkéch 1 a 2 [STOP, 2010].

Pri vyhledavaniinformaci o restaurovanych predmétech bylo zjisténo,
Ze v archivu Archeologického ustavu AV CR Praha, v. v. i. na pracovisti
Prazsky hrad jsou ulozeny pracovni deniky, které detailné popisuji
zpracovani keramickych ndlez(, pochazejicich z odpadnich jimek,
odkrytych pfi archeologickych vyzkumech na Prazském hradé v letech
1925-1955 (Obr. 1).

RESTAURATORSKE DENIKY

Prvni denik (Denik 1926-1927) Prvni denik je nade-
psan,Zpracovani keramického materialu na Prazském hradé”. Pochazi
z let 1926-1927 a byl veden autory I. Borkovskym a J. Pasternakem.
Popisuje zpracovavani keramickych nélezli z odpadnich jimek resp.
zump BaC.

Druhy denik (Denik 1927-1930) Druhy denik
ma nazev ,Hrad Prazsky. Dennik o konservovani nadob, vykopanych
na Prazském hradé. 1927-1929 /26.XI. - 21. IV./". V textu je popiso-
véna napln pracovnich dnll - restaurovani keramického stiepového
materiadlu z odpadnich jimek B, C, D, F, R, skla z jimky B, H, keramickych
stfepu z jimky ¢. 1356 (jimka A) a 1680. Podle nasledujicich zéznam
nasledovalo konzervovani zeleznych pfedmétd nalezenych pfi vyzku-
mech nalll,, IV. nadvofi a v Jelenim pfikopu a konzervovani roubenych
trdma z rGznych casti Prazského hradu.
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Prirodni adheziva rostlinného Ptirodni adheziva

Adheziva anorganicka
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Semisynteticka a synteticka adheziva

a fosilniho puvodu zivocisného piivodu
Skrob Vaje¢né proteiny
P3enicny lepek Vceli vosk

Keramickd hmota, popt. hlina

Derivaty celulozy
Kyanakryladtova adheziva

Smola, borovicova pryskytice, kalafuna Selak

Sadra s ptimési klihu

Vytvrditelné akrylatové pryskyfice (Dentakryl)

Klovatiny, arabska guma Klihy, Zelatiny Cementy
Stava z cesneku Kasein Borax
Kauc¢ukova adheziva Krevni albumin Vodni sklo

Asfalt

Tab. 1 Adheziva pouZivand v minulosti (vybér)

| Rozpoustédlové systémy
Akrylatové kopolymery

Disperzni adheziva
PVAc (polyvinylacetatova disperze)

| Termosetova adheziva
Polyesterové pryskytice

| Termoplasticka adheziva
EVA (ethylenvinylacetatovy kopolymer)

PVB (polyvinylbutyral)

PA (polyamid)

PAA (styren-akrylatové disperze)

Nitrocelulozni adheziva

Epoxidové pryskyfice

Tab. 2 Adheziva pouZivand v soucasnosti (vybér)

Treti denik (Denik 1930-1938) Na prvni strance
tretiho deniku je rukou Dr. Borkovského poznédmka:,Prodlouzeni den-
niku, o pracich archeolog. vyzkumu a prac. laboratornich na Prazském
Hradé! Treti denik zacind 22. dubna 1930 [Denik 1930-1938, 1345]
akonci31.12.1938 [Denik 1930-1938, 1488]. Prioritné se vénuje zazna-
mum z terénniho archeologického vyzkumu.

Ctvrty denik (Denik 1944-1949) Na prvni strdnce
je doktorem Borkovskym napsano: ,Rok 1944 4. XII. pokracovéni kon-
servacnich praci na Prazském hradé!” Borkovsky — podpis a dodatek:
,Zaznam o praci, konané v pracovné archeol. vyzkumu prazského hradu
od 1.1.1949!". Zapisy zacinaji dnem 4. 12. 1944 a konci 26. 4. 1949.

Paty denik (Denik 1948-1955) Denik obsahuje zéz-
namy, s prestdvkami od 25. 10. 1948 do 21. 2. 1955. Na strankach
jsou zaznamenany stavebni akce probihajici v rdmci archeologického
vyzkumu Betlémské kaple a Betlémského namésti.

HISTORIE RESTAUROVANI

Kazdy obor restaurovani rliznych typ( material(i ma svou historii. Kon-
zervatorské a restauratorské postupy se v priibéhu déjin vyvijely a vzdy
odrazely dobové moznosti, avsak primarni myslenka — zachrana histo-
rického prfedmétu a uchovani informaci pro budouci generace zlistava.
Zakladni pracovni postup restaurovani keramickych nélezd, jak ukazaly
deniky, byl v podstaté velmi podobny sou¢asnému. Prvnim krokem
bylo odstranéni znecisténi zplsobené ulozenim v zemi, pak nasledo-
valo vyhledavani a lepeni stiepll. Chybéjici ztraty byly doplrhovany
sadrou. Na zavér, tak jako i dnes, se v nékterych pfipadech provadélo
barveni sadrovych vyplni, viz obr. 2.
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Obr.2 PoZadavek K. Fialy k barveni vyplIni

DOBOVE ROZDILNOSTIV KONZERVATORSKE PRAXI ANEB HISTORICKE
ZASAHY A MATERIALY POUZIVANE Cl NEPOUZIVANE V MINULOSTI

Komplexni restauratorsky prazkum Zdenik{inevy-
plyva, ze by se provadély prizkumy ¢i analyzy nalezeného materialu. Dnes
se pred zahdjenim jakékoliv konzervatorsko-restauratorské akce zjistuji
veskeré dostupné a zjistitelné informace o osetfovaném artefaktu.

Fotograficka dokumentace Zé&sadnim rozdilem
v pracovnim procesu oproti minulosti je pofizovani dikladné pracovni
fotodokumentace, ktera se v minulosti vzhledem k absenci fotoaparatd
v keramickych dilnach provadét nemohla.

Penetrace originalniho materialu vnesenou latkou

Na rozdil od praxe v roce 1926 se v soucasnosti ustoupilo od celoplos-
ného natirani vodnym roztokem formaldehydu resp. formalinem?. Jak
vyplyva ze zdznam0 [Denik 1926-1927], na povrch nékterych keramic-
kych nddob se po dosddrovani nanésela Zelatina [Denik 1926-1927;
Denik 1927-1930] nebo byly klihovany [Denik 1944-1949]. V minulosti
se predpokladalo, Zze natér zelatiny zvysi kompaktnost a odolnost
nadob. Nadoby byly také celoplosné osetieny tzv. muzejnim lakem
(Selak) [Denik 1926-1927; Denik 1927-1930].

Pfiprava forem pro dopliovani ztrat Z denik(
vyplyvd, ze podklady pro kompenzace ztrat se provadély pomoci vos-
kovych forem.

Doplnovani ztrat ZpUsob i pfiprava doplnovani
ztrat je v soucasnosti odlisna. Pfed kazdym sddrovanim se z preventiv-
nich divodU natfe okraj ztraty ¢i cely povrch slepeného predmétu ten-
kou vrstvou separacniho néatéru (nejcastéji separator zn. LUKOPREN),
zajistujici ochranu keramiky pred nechténym znecisténim novodobym
vyplhiovym materidlem.

Mechanické retuse sadrovych dopliki Podle
soudobych standardd nepfichazi v ivahu, aby doplnéné ztraty vniti-
nich ploch exponatd, i kdyz pohledové skryté, neodpovidaly realité.
Tzn. i vnitini doplnéné plochy musi byt dokonale opracované, a nesmi
prekryvat ptvodni povrchy.

Barveni ztrat Casto se stavalo, ze plvodni stfepy
byly potfisnény barvou, pouzitou k nabarveni sadrovych doplrika.
Barva nesmiv zadném pfipadé presahovat na pavodni stiepy, a proto
se pouzivaji vodou snadno odstranitelné barvici prostiedky, které Ize
v piipadé potreby Setrné odstranit.

Zpiisob evidence jednotlivych nalezi V soucas-
nosti je snaha popisovat kompletni nadoby na pfistupnych, viditelnych,
ale nendpadnych plochach, napt. na dnu ev. na vnitini strané, kde popisky
vzhledové nerusi. PGvodni popisky nalezli z Prazského hradu ¢asto zarazi
velikosti pismen, ndpadnosti i textovym obsahem, viz obr. 3.
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Obr. 3 Historicky inventdrni popisek

Restauratorské zpravy

Dle Zékona o statni pamat-
kové péci ¢. 20, ze dne 30. bfezna 1987 Sbirky zékon(i ve znéni zdkona
242/92 Sh., je povinnosti vypracovat ke kazdému oSetfenému pred-
métu konzervacné-restauratorskou zpravu. Restauratorskd zprava
je pfipojovana k osetfenému predmétu, aby bylo mozné dle pouzitych
metod, pomocnych materialt a chemikalii korigovat jeho nasledné
ulozeni, vefejné prezentace, rekonzervacni zakroky apod.

Archeolog v§estranny konzervator a restaurétor

prace. Doktor Borkovsky* nejen Ze psal prirdstkové katalogy, popiso-
val negativy a fotografie, ale vedle vedeni terénnich archeologickych
praci, vlastniho badani i fyzicky osetfoval artefakty z nejriiznéjsich
materidld, at uz je to keramika, sklo, klize, kosti lidské i zviteci (véetné
myti, lepeni lebek a celych koster), dfevo (konzervace védra, konve,
okovu, tramU z lll. nadvofi). Archeolog Borkovsky byl schopen konzer-
vovat i bronz, Zelezo (v¢etné odrezovani predmétd v louhu, vyvarovani
zeleznych predmét( v parafinu) a Cistit a lepit ¢asti fadkového zdiva
[Denik 1927-1930, 1410]. Dne 19. 2. 1955 fidil konzervaci klobouku
[Denik 1948-1955].

HISTORICKE POMOCNE MATERIALY

Plvodné pouzivané pomocné materialy byly snadno dostupné latky.
V restauratorskych denicich z Prazského hradu jsou uvedeny pomocné
materidly pouZité pfi restaurovani.

Zminovana kyselina solna [Denik 1926-1927] je tradi¢né nejpouziva-
néjsi kyselinou k odstranovéni vapenatych usazenin.V soucasné dobé
se rovnéz pii odstrafiovani vapenatych inkrustaci voli 3-10 % roztok
kyseliny chlorovodikové.

| v soucasnosti se pro doplhovani chybéjicich ¢asti u keramickych
nalezll pouziva pro své vlastnosti sadra, stejné tak jako v minulosti
[Denik 1926-1927; Denik 1927-1930; Denik 1930-1938, s. 1366; Denik
1944-1949; Denik 1948-1955].

Pro zajimavost je uveden navod na pfipravu konsolidacnich roztokd
(Obr. 4), ktery byl nalezen mezi strankami v opisu deniku ¢islo dvé
[Denik 1927-1930].

Pojiva Podle restauratorskych denik( byl
od roku 1926 pro lepeni keramickych nadob z Prazského hradu pou-
zivén klih kostni [Denik 1926-1927] a zelatina [Denik 1927-1930,
1143].V souvislosti s uvedenym projektem byly provedeny rekonzer-
vacni zasahy na 34 nddobdch, které probihaly v ramci semestralnich
a bakalafskych praci studentek oboru Konzervovani a restaurovani
umélecko-femesinych pfedmétl ze skla a keramiky VSCHT Praha
v akademickych letech 2013-2015. Analyzy provedené v Centralnich

OSTATNI PRISPEVKY

Obr. 4 Utrzek papiru s pozndmkami o konsolidacnich roztocich

laboratofich VSCHT prokazaly pouziti klihG: kostniho (obal kvétniku
inv. ¢. 473 zjimky S, destila¢ni poklop inv. ¢. 16 z jimky B a holba inv. ¢.
40 z jimky ve Vikarské ulici [oba pfedméty Cerna 2015, 51] dale u panvi-
cekinv. ¢.825a 154 zjimky B [Hrubd 2015, 62] a $4lu inv. €. 231 z jimky C
a pravdépodobné klihu zaje¢iho u bané inv. & 151 z jimky B [Cerna
2015, 51] a panve 239 z jimky C [Hrubd 2015, 62]; skrob byl identifi-
kovan u trojnozky inv ¢. 32 z jimky R [Hruba 2015, 62], viz tabulka 3.
Pozdéji v Sedesatych az osmdesétych letech minulého stoleti byla
na oSetfovanych keramickych exponétech aplikovana lepidla na bazi
PVAc. Ndhrady chybéjicich ¢asti tvofila vzdy vyhradné sadra [Denik
1926-1927; Denik 1927-1930, 1137, 1143, 1209, 1213; Denik 1930-
1938, 1358, 1464].

Respektovani historie predmétu Exponat obsa-
huje informace o sobé samém, o dobé svého vzniku a v neposledni
fadé o trendech pouzivanych v péci o sbirkové pfedméty v minu-
losti. Veskeré restauratorské zakroky jsou soucasti historie predmétu
a podavaji svédectvi o pracovnich postupech, dobovém uvazovani
a prioritdch. Minulé zésahy se staly soucésti osetfenych keramickych
artefaktl. V nékterych pfipadech je vhodnéjsi respektovat rukopis
predchlidce-konzervatora, puvodni filozofii restaurovani, nez opé-
tovné namdéhat artefakt a zvySovat riziko jeho poskozeni ¢i riskovat
zniceni originalniho materialu pfi odstranovani starych zakrokd. PouZiti
starych adheziv i vyplni (jsou-li neposkozené) Ize rovnéz povazovat
za soucast historie pfedmétu a tim i urcity diagnosticky atribut.
Z tohoto divodu byly pii sou¢asnych restauratorskych zasazich nepo-
skozené doplriky znovu pouzity.

NOVODOBE OSETRENi VYBRANYCH KERAMICKYCH EXPONATU
Z PRAZSKEHO HRADU

V roce 2009 byla provedena rekonzervacni prace na destila¢nim
poklopu pro vystavu pordadanou Muzeem hlavniho mésta Prahy: Praha
archeologicka — 12 nejvétsich objev(. Dalsi rekonzervacni prace vycle-
néného souboru byly provedeny v letech 2013-2015 v ramci vyse
uvedeného projektu®.

V prvnim deniku se daji dohledat informace o postupu prvotniho
restaurovani stfep patfici k destila¢nimu poklopu i k hrnci 38 od jejich
vyjmuti z mista nalezu v roce 1926.

Destila¢ni poklop inv. ¢. 16., C. p. 1456, z odpadni
jimky B (Obr. 5). Do keramické laboratofe ARU AV CR, Praha, v. v. i. byl
24. 3. 2009 dodén v minulosti (1926) zrestaurovany destila¢ni poklop
(datovan do 2/2 16. - poc. 17. stoleti). Stfepy byly slepeny klihem a ztraty
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Tab. 3

doplnény sédrou. Zachované putvodni sddrované plochy byly dobar-
veny, protoze na mnoha mistech doslo k setfeni ¢i odloupnuti barvy
az na sadrovy podklad. Saddrovy doplnék ¢asti okraje se nedochoval.
ZUstaly po ném pouze zbytky sadrovych stop na hranach pdvodniho
stfepového materialu. Dekomponovani jednotlivych strepl slepe-
nych kostnim klihem bylo provedeno pomoci teplé vody. Z pavodnich
sadrovych doplnkd byl opétovné pouzit pouze jeden. Sedm pavod-

Souhrn predmétt s identifikaci pouZitych pojiv ve dvacdtych az tricatych letech 20. stoleti

nich sadrovych plomb nesplriovalo soucasné kvalitativni parametry,
presto viak byly zaarchivovany. Po slepeni stfepl (SOKRAT 500, PVAc)
byly ztraty doplnény standardnim zplsobem, sadrovou suspenzi
(ALABASTER MODELLGIPS). Na dosadrované plose byla provedena
barevna retus (LATEX bily vnitini + ptislusné temperové barvy) tak,
aby doplnéné misto co nejvice odpovidalo pavodnimu barevnému
fondu zpracovévané nadoby [Svobodova 2009, 4].
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Obr. 6 Hrnec po ocisténi (vlevo), po dosddrovdni (uprostied) a po restaurdtorském zdsahu (vpravo)

Hrnec inv. ¢. 38, z odpadni jimky B (Obr. 6)

Ze zéznamU uvedenych v prvnim deniku [Denik 1926-1927] vyplyva,
Ze ve dnech 8. 9. a 9. 9. Dr. Borkovsky lepil hrnec 38/B klihem a dne
10.9. 1926 byl hrnec, ukoncen”. Informace o doplnéni sddrou se vzhle-
dem k absenci zéznam( nepodafilo dohledat, i kdyz nddoba byla
prokazatelné dosadrovéna i dobarvena. Da se vsak predpokladat,
Ze ve stejném nebo velice blizkém obdobi doslo i k témto zakrokdm,
protoze veskeré nadoby byly zpracovavany postupné, podle jednot-
livych Zump (jimek).

Vroce 1926 restaurované nadobé odpadly stiepy, patfici k okraji. Doslo
i k presuseni klihu do formy velice kiehkého spoje, v dlsledku ¢ehoz
se predmét rozpadl. Novodoba dekompozice spocivala predevsim
v rozpojeni nevyhovujicich spojl na jednotlivé stiepy (16 ks) a ptivodni
sadrové doplnky (7 ks). Staré adhezivo bylo odstrariovano nejprve
mechanicky za sucha a poté cisténim za mokra ve vlazné lazni (37 °C)
s detergentem (SPOLAPON AQS 146). Strepy byly poskladany do pdvod-
niho tvaru a postupné nové slepeny (DUVILAX LS 50). Vyhovujici stabilni
a presné zapadajici sadrové doplrky (6 ks) byly ponechany. Ztraty mate-
ridlu a velké spary byly nové dolity standardnim zpUsobem - sadrova-
nim (ALAMO S). Po mechanické retusi sadrovych doplik{ byla na jejich
plochach provedena barevna retus (LATEX, temperové barvy) tak, aby
doplnéna mista co nejvice odpovidala plvodnimu barevnému fondu
zpracovavané nadoby, ale také aby se svym koloritem bliZila plivodnimu
zabarvenizroku 1926. Na sadrou doplnénych plochach, simulujici vzhled
glazury, byla provedena imitace lesku (GOLDEN Porcelain Restoration
Glaze Matte).

Veskeré rekonzervacni prace na uvedeném souboru v ramci projektu
a semestralnich a bakalafskych praci byly rovnéz provedeny pomoci
plné reverzibilnich materiald a postupu.

ZAVER

Konzervacné restauratorské zasahy provedené v minulosti (1925-1955)
na keramickém fondu z jimek Prazského hradu, jako napf. ¢isténi, lepeni,
doplnéni ztrat a povrchové Uprava, neposkodily autenticitu keramickych
nadob a plné respektovaly jejich historickou hodnotu. Pouze pouzité
dobové materialy se v pribéhu let dostaly na hranici své Zivotnosti a bylo
nutné je alespon z ¢asti nahradit novymi, odpovidajicimi sou¢asnym
pozadavkim. Na keramickych exponatech se nyni nachazeji tii druhy
materidld: plvodni keramicky stfepovy fond, sadrové doplnky z prvot-
niho restaurovani a nové sadrové vyplné. Z exponatd je mozné nadale
ziskavat informace, které mohou obohatit znalosti o technologii vyroby
keramiky, o zdkladnich vlastnostech keramického stfepu a poskytovat
predstavy o uzitné hodnoté a funkci daného predmétu.

POZNAMKY

Podobné jako v jinych oborech, existuje i pro oblast konzervace

a restaurovani nékolik mezinarodné respektovanych etickych kodex

definujicich zakladni etické zasady. Soucasna restauratorska praxe

a konzervétorska etika vychazi ze zasad formulovanych zejména

z téchto zakladnich mezindrodnich dokument( (vybér):

e Aténska charta 1931. The Athens Charter for the Restoration
of Historic Monuments. Adopted at the First International Congress
of Architects and Technicians of Historic Monuments, Athens 1931.
http://www.icomos.org/athens_charter.html

e Prvni pravni piedpisy, které se zabyvaji archeologickym restauro-
vanim, se nachdzeji v Listiné restaurovani [BRANDI, 1932]

e Mezindrodni charta o zachovani, konzervovéni a restaurovani his-

torickych pamétek a sidel, pfijata na Il. mezinarodnim kongresu
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architektt a technikd historickych pamétek, Benatky 25-31. kvétna
1964 (¢lanky 1 az 16). Restauratofi se dnes fidi tzv. Benatskou
chartou z roku 1964, ktera zapovida zménit strukturu, rukopis, dik-
tuje povinnost maximalné poznat, jak je dilo utvofeno.,Restaurovani
je operaci, ktera ma podrzet vyjimecny charakter. Jejim cilem
je odhalovat a zachovat estetické a historické hodnoty pamétky
a zaklada se na respektovani staré podstaty autentickych doku-
ment(. Zastavuje se tam, kde zacina hypotéza,” fikd se v dokumentu.
http://www.restauro.cz
Conservation and Restoration of Monuments and Sites (Charter
of Venice, ICOMOS, 1965) = Mezinarodni charta o zachovani
a restaurovani pamatek a sidel (Listina Benatek, ICOMOS, 1965)
Profesni eticky kodex konzervétora a restauratora ICOM-CC (Mezi-
narodni rady muzei) z roku 1986. Podle ICOM je restauratorska
¢innost, spolu s konzervatorskou, jednou ze zékladnich etickych
povinnosti kazdého muzejniho pracovnika, a tedy zasazeni se o to,
aby sbirky (¢i jednotlivé predméty) byly v nejvétsim mozném roz-
sahu zachovény pro pfisti generace v optimalnim stavu, s pfi-
hlédnutim k sou¢asnému stupni védomosti a finan¢nim moznostem.
Zékladnim predpokladem pii praci konzervatora a restauratora
je rozpoznat kulturni a fyzickou integritu a autenticitu predmétu
Ci sbirky a respektovat ji. http://www.cz-icom.cz/ cit. [2013.08.11]
Victoria & Albert Museum Conservation Department Ethics Checklist
(1994, 2004)
AIC Code of Ethics and Guidelines for Practice (1994)
Navrh evropské strategie preventivni konzervace z roku 2000,
znamy jako tzv. Dokument z Vantaa” (Ceska republika je jeho sig-
natarem). http://www.fpf.slu.cz/~sim20uh/
E.C.C.O. Professional Guidelines I-Ill (2002-2004)
ICOM Code of Ethic for Museums, 2004 - profesni eticky kodex.
http://icom.museum.org
ICOM-CC Resolution on Terminology for Conservation (2008).
Rezoluce zabyvajici se terminologii charakterizujici zachovani
hmotného kulturniho dédictvi, schvalena ¢leny ICOM-CC pfi pfi-
lezitosti 15. triendle konference v Dilli z 22.-26. 9. 2008
V Cesku od roku 1990 existuje AMG — Asociace muzei a galeri.
AMG je obcanské sdruzeni, psobici od roku jako profesni sdruzeni
shirkotvornych instituci v Cechach, na Moravé a ve Slezsku. Pra-
covni skupina Komise konzervatord-restaurator(i Asociace muzef
a galerii Ceské republiky vypracovala Dokument o profesi konzer-
vatora-restauratora, ktery byl schvalen v zafi roku 2011 senatem
AMG CR. Dokument je dostupny: http://www.cz-museums.cz/
web/amg/zakladni-dokumenty/dokument-o-profesi-konzerva-
tora-restauratora

GACR 13-34374P, Gabriela Blazkova: Zivot béznych obyvatel na Prazském

hradé za prvnich Habsburkd. Analyza hmotné kultury ve stredoevropskych

souvislostech.

Formaldehyd byl mezinarodni agenturou pro vyzkum rakoviny klasifi-

kovén jako karcinogen 1. tfidy.

PhDr. lvan Borkovsky, DrSc. v roce 1940 urcil a jako prvni zaved| tzv.

prazsky typ ¢asné slovanské keramiky.

Prace studentek VSCHT Praha: A. Cerné, B. Hrubé, M. Gorelikové,

P. Glauningerové, P. Kddové, P. Balikové L. Cyprisové, J. Mankové,

D. Luksi¢kové, D. Hajmanové a studenta J. Cernohorského
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PRUZKUM A ANALYZA BAROKNICH
KERAMICKYCH SOCHARSKYCH SKIC
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Vzniku sochafského dila v prvnich etapach predchazi vytvoreni sochar-
ské skici oznacované jako bozzetto. Barokni umélci socharskych dilen
jako byli Giovanni Guiliani, Georg Raphael Donner, Matthias Rauchmi-
ller, Matyas Bernard Braun, Ignac Frantisek a Ilgnac Michal Platzer vytvo-
fili natolik kvalitni ndvrhy pro sochafrska dila, ze se staly samy o sobé
velmi cenénymi uméleckymi artefakty. V roce 2013 probéhl priizkum
keramickych sochafskych skic ze sbirek Narodni galerie v Praze. Cilem
prizkumu bylo materidlové charakterizovat pouzité keramické hmoty,
stanovit teplotu vypalu a analyzovat povrchovou polychromii. Pro
studium chemického a mineralogického slozeni byly vyuzity jak tech-
niky neinvazivni, tak techniky provedené na mikrovzorcich, zejména
optickd mikroskopie, rentgenova fluorescencni a difrakéni analyza
a prvkové analyza SEM/EDS. Vysledky ziskané z komplementarnich
analytickych metod umoznily kvalifikované zhodnotit materiély kera-
mickych skic a vyznamnym zpUsobem rozsifily znalosti vyrobnich
postupd, historie a specifik uzitych v socharskych baroknich dilnach.

INVESTIGATION AND ANALYSIS OF BAROQUE CERAMIC SCULPTURE
SKETCHES The creation of a sculptural work as
such is preceded by several stages, one of them being a sculptural
sketch known as bozzetto. Masters of sculpture workshops in the
Baroque period, such as Giovanni Guiliani, Georg Raphael Donner,
Matthias Rauchmiller, Matthias Bernhard Braun, Ignaz Franz and Ignaz
Michael Platzers created many first-quality models that had become
valued artefacts themselves. In 2013 a research was carried out into
ceramic sculptural models in the collections of the National Gallery in
Prague. The aim of the investigation was the characterization of the
employed ceramic materials, determination of the firing temperatures
and analysis of the surface polychrome. To study the chemical and
mineralogical composition, non-invasive techniques were used,
but also, techniques applied to micro-samples, particularly optical
microscopy, X-ray fluorescence and difraction analysis, and elemental
SEM/EDS analysis. The results obtained from the application of
complementary analytical techniques allowed qualitative evaluation
of the applied ceramic materials and significantly broadened the
knowledge of production processes, of the history and specific
methods used in the Baroque sculptural workshops.

Zrodu socharského dila predchazela dlouha tvirci cesta od kreseb-
ného navrhu, pies sochaiské bozetto', modelletto az k definitivni
skulpture. Diferenciace plastického modelu stoupa od 16. stoleti
a vyznamné ziskava na hodnoté, zejména v Italii. Model se poprvé
zacina ocenovat v Medicejské zahradé ve Florencii?, kde se vedle soch
zacinaji vystavovat i ,modelli” [Volavka, 1959].V sochafské dilné bylo
kolem mistra sdruzeno mnozstvi tovaryst a pomocnik(.® Mistr byl
tvarci osobnost, ktera dilné vtiskla vlastni vytvarny projev, ovlivnila
tvorbu svou invenci a autorskd bozzetta byla zdvaznou predlohou pro
realizaci vlastniho sochaiského dila. Barokni sochafskd dilna obvykle
zpracovavala celé soubory sochaiskych vyzdob objekt(.* Bozzetta
zachycuji prvni umélcovo fedeni névrhu, kdezto modelletta jsou jiz
propracovanéjsi a obvykle slouZila pro predvedeni navrhu objednava-
teli eventualné k vytvoreni dalsiho, ukazkového modelu, jiz dilenského
stupné. Tyto skici jsou velmi cenéné, nebot zachycuji v hrubych rysech
prvni umélcovo fedeni ndvrhu dila. Odhaluji jeho myslenkovy a tvar¢i
proces v nejranéjsich stadiich vzniku dila, umélcovu invenci a zaroven
ukazuji techniku provedeni od mistrovského navrhu az po realizaci
skulptur v dilenském provozu. Sochafska skica, kde na rozdil od kreseb-
ného navrhu je mozno pracovat s tieti prostorovou dimenzi, umoznila
umeélci ujasnit si vzajemné souvislosti kompozi¢niho zaméru, déjovou
skloubenost a souvztaznost mezi figurami, eventudlné architekturou.
Tyto sochafské navrhy slouZily zejména pro praci v ateliéru (v dilné), kde
podle nich vznikaly vlastni plastiky. Po dokonceni se pak staly soucasti
dilenské predlohové sbirky a nasledné i samotnymi cenénymi sbirkovymi
artefakty, a nezfidka koncily ve specializovanych sochaiskych sbirkach.
Sochafrské skici jsou pomérné malé, obvykle provedené z rGiznorodé
zabarvené terakoty, ktera je odvisla od lokalniho zdroje. Vysledné povr-
chové zbarveni po vypalu se mlize pohybovat od svétlych bélavych tond
az po hnédé nebo oranzové hmoty cihlaiské [Draper — Scherf, 20031.
Modely byly vytvéaieny rovnéz z vosku® a dieva.® Keramicka hmota jako
velice tvarny materidl umoznila umélci dokonale a detailné piejimat
tvlrci proces, presvédcivé a bezprostiedné pak ztvarnit feseni navrhu.
Rozdil mezi jednotlivymi stupni je pomérné obtizné rozliditelny. Boz-
zetto slouzi k tvlr¢imu pochoduy, je ¢asto modelovano prsty, jsou
na ném znat otisky prstl a expresivnéjsi tahy modelacnich spachtli.
Oproti tomu modelletto je blizsi k definitivnimu vzhledu dila, véetné
povrchové polychromie.

V' roce 2013 v rdmci grantového projektu Socharskd dilna obdobi baroka
ve stredni Evropé vedeného Tomasem Hladikem probéhl v Narodni
galerii v Praze prazkum keramickych socharskych skic z konce 17.
azejména pak z 18. stoleti.” V ramci priizkumu byla zpracovéna vybé-
rova skupina baroknich a klasicistnich sochafskych keramickych skic,
spjatych autorsky ¢i lokélné. Mezi nejvyznamnéjsi skici, které se svou
kvalitou a stylovymi znaky fadi mezi vylu¢né sochaiské ndvrhy, jsou dila
od Giovanni Guilianiho, George Raphaela Donnera, Antonia Corradiniho,
Matyase Bernarda Brauna, Matthiase Rauchmillera, Ignéce Frantiska
a Ignace Michala Platzera (Tab. 1).
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Nézev dila Rozmery | pop o | Cislolaboratomi | oy |y | ype | XRE | SEW | o
vyska [cm] zpravy a vzorkl portable | EDS
P613 |Matthias Rauchmiller Sv. Jan Nepomucky 41 1681 13/36 X X X X X X
P 4815 |Giovanni Giuliani Sv. Anna vyucuje Pannu Marii 285 1716 13/43 X X X X
P 5189 |Georg Raphael Donner Pieta 36 1721 13/44 X X
DP 11 |Antonio Corradini Cas odkryva Pravdu 34,5 do 1733 13/22 X X X X X X
P 2751 | Anonym (Rakousko) Svétec z fadu kapucinG 325 1740-1750 13/20 X | X X X X X
P 1956 | Anonym (Rakousko) Sv. Felix z Cantalicie 313 1740-1750 13/21 X X X X X X
P 5188 |Johann Baptist Hagenauer |Spoutany Prometheus 42 do 1759 13/35 X X X X X
P 2343 |Johann Joseph Rossler Andél s houbou na kopi 33 1761 13/45 X X X
P 2344 |Johann Joseph Rossler Andél (s hfeby Kristova kfize?) 28,5 1761 13/46 X X X
P714 |Matyas Bernard Braun Alegorie Viry 28,5 1718-1719 13/37 X | x X X X X
P 8700 |Matyas Bernard Braun Evangelista sv. Lukas 258 1721 13/38 X X X X X
P 4534 |Ignéc Frantisek Platzer Dvojice putti 19 c. 1760 13/39 X X X
P 6580 |Ignac Frantisek Platzer Sv. Ludmila vyucuije sv. Véclava 41 c.1770 13/108 X
P 4543 |Ignéc Frantisek Platzer Sv. Petr 31,5 c.1770 13/40 X X X X X
. - Modelletto ndhrobku 1790
P 4509 |Ignéc Frantisek Platzer Josefa Efenbergera 34 -1800 13/109 X
P 4508 |Ignac Frantisek Platzer Néhrobek s postavou zeny 26 1802 13/110 X
P 5449 |Ignac Michal Platzer Névrh fontany s dvéma putti a labuti 13,5 c.1795 13/41 X X X X X
P 7249 |Ignac Michal Platzer Navrh fontany s malym triténem 12,5 po 1790 13/107 X
P 4547 |lgnac Michal Platzer Model nahrobku obchodnika 35,7 1795-1800 13/105 X
P 4516 |lgnac Michal Platzer Model nahrobku 325 1803 13/106 X
P 4501 |lgnac Michal Platzer Sv. Florian 36,5 1819 13/42 X X X
Tab. 1 Sochar'ské skici ze sbirek Ndrodni galerie v Praze
OM - optickd mikroskopie ndbrust a vybrust vzorkd, XRD - rentgenovd difrakéni analyza, XRF - rentgenovd fluorescencni analyza,
skenovaci elektronovd mikroskopie s EDS detektorem, MRS - Mikro-Ramanova spektroskopie
Od predstaviteld italského baroka Giovanni Giulianiho (1664-1744)¢ je
skica Sv. Anna vyucuje Pannu Marii (inv.¢. P 4815) a od Antonia Corradiniho
je bozzetto Cas odkryvd Pravdu (inv. & DP 11).2 Giuliani pGsobil od roku 1690
ve Vidni a zaujimal mezi videriskymi umélci dominantni postaveni. Poz-
déji se stal ucitelem sochare vrcholného klasicistniho baroka v Rakousku
George Raphaela Donnera (1693-1741), ktery je autorem socharskeé skici
Pieta (inv. ¢. P 5189) datované do roku 1721.'° Skica Spoutany Prometheus
(P 5188) je dalsim dilem zastupce videriské akademie, skoleného viak
i v italské Bologni, Johanna Baptista Hagenauera (1732-1810)."
K nejcennéjsim socharskym skicdm ceského baroka patii navrhy Alegorie
Viry (inv. €. P 714), vrocena do let 1718-1719, a Evangelista sv. Lukds (inv.
¢. P 8700, Obr. 1) z roku 1721 Matyase Bernarda Brauna (1645-1686)
[Poche, 1986].
Nejpocetnéjsi konvolut ndvrh tvofi dila z rodinné dilny Platzerd
- Igndce Frantiska Platzera (1717-1787) a Ignace Michala Platzera
(1757-1826). Ignac Frantisek patfil k renomovanym osobnostem praz-
ského barokniho sochafistvi, ziskdval nejprestiznéjsi zakazky na zam-
cich (Hotin, Dob#i$), prazskych palécich (Cerninsky palac), katedrale,
na Prazském hradé i ve Vidni [Blazicek, 1958; Skofepova, 1957]. Ve své
tvorbé, kde uplatrioval znalosti tradi¢nich femeslinych technik, se mu
podafilo spojit vrcholné barokni tradice s klasicismem, ktery ma kofeny
v jeho videriském 3koleni na Akademii. Dilensky provoz po jeho smrti
prevzal jeho mladsi syn Ignac Michal Platzer, ktery ateliérovou sbirku
doplrioval zejména modely méstanskych nahrobk.
Prazkum matérie, pouzivané italskymi mistry ve Vidni ¢i videriskymi
Obr. 1 Matyds Bernard Braun, Evangelista sv. Lukds (inv. ¢. P 8700), a ¢eskymi mistry v Praze mize pfinést vhled zejména do historicko-

1721. Fotografie © 2014 Ndrodni galerie v Praze

-technologickych postupl dilenského provozu a ptispét k popsani
evolué¢niho schématu Uprav socharskych skic jiz jako uméleckych
artefaktd v zavislosti na zménach povrchovych uprav polychromie.
Muze tak Iépe zhodnotit posloupnost Uprav a historickou cestu skic
z ateliérovych sbirek do sbirek muzejnich. Zhodnoceni pfirodovéd-
ného prizkumu dopliiuje a rozsifuje zakladnu k posouzeni z hlediska
vytvarné formalni analyzy historicko-umélecké.
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Provedeny prlizkum byl veden s ohledem na poznani materialové
podstaty vlastni hmoty keramiky (mikrostruktury, chemického slozent,
identifikace pfimési'?), teploty vypalu a sloZeni povrchové polych-
romie. V ramci prazkumu povrchovych vrstev polychromie byl kla-
den znacny didiraz na neinvazivni prlizkumné metody.'* Vzhledem
k velmi malym rozmérim a kiehkosti zkoumanych uméleckych dél
a znacné pamatkové hodnoté, byl proveden pouze minimalni odbér
mikro-vzorkd." Pro studium chemického a mineralogického slozeni
byly vyuzity techniky optické mikroskopie, rentgenové fluorescen¢ni
adifrakéni analyzy', prvkové analyza SEM/EDS'® a metody Ramanovy
spektroskopie."”

Makro-fotograficka dokumentace USB mikroskopem Dino-Lite Pro
AM413ZT, polarizované svétlo, 1.3 Mega pixel, zvétseni 50%, 200x
byla vybérové provedena na povrchu keramiky a polychromie. Kromé
barevnych vrstev byly dokumentovany i daktyloskopické a mecha-
noskopické stopy po nastrojich.'® Snimky byly zpracovany v programu
Dino-Capture 2.0 version 1.3.9.

Nasledné byl proveden odbér praskovych vzorkd keramiky restaura-
torkou Verou Dédi¢ovou pomoci elektrické mikrovrtacky (gravirky)
obvykle z hmoty ze spodni plochy plintu. Celé vzorky keramiky
a polychromie byly odebirany na nepohledovych ¢astech. Ze vzorka
keramiky byly pfipraveny vybrusy a ndbrusy. Mikro-vzorky polychromie
byly umistény do silikonové pryze a nasledné fixovany do methylme-
thakrylatové pryskyfice ClaroCit. Po vytvrzeni byly nabrusy postupné
za sucha vybrouseny a vylestény brusnym materidlem siliciumkarbid
SiC. Keramické vybrusy stfepovych hmot byly zhotoveny firmou DIA-
TECH s.r.o. K hodnoceni stfepovych hmot rentgenovymi metodami
byly z odebranych vzork( pfipraveny rozetienim v achatové misce
jemné homogenizované prasky.

Nabrusy polychromie byly pozorovany na polariza¢nim mikroskopu
Eclipse 600 Nikon v odrazeném svétle, v temném poli a po excitaci
ultrafialovym svétlem, Hg vybojka, UV filtr 330-380 nm a 450-490 nm.
Obvyklé zvéteni 200-750x%. Keramické vybrusy stfepovych hmot byly
pozorovany v prochazejicim polarizovaném svétle v paralelnich (PPL)
a v zkfizenych (XPL) nikolech na mikroskopu Olympus BX 51, snimky
byly pofizeny fotoaparatem Canon 500D, upraveny a hodnoceny pro-
gramem NIS Elements verze 2.30.

Prvkova rentgenfluorescen¢ni analyza (XRF) byla provadéna jednak
neinvazivné pfimo na skicach ve vystavnich a depozitarnich prosto-
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rach, jednak na odebranych praskovych mikrovzorcich. Na vybranych
plochach polychromie a keramiky byla prvkova identifikace provedena
prenosnym pfistrojem Niton XL3t od firmy Thermo Scientific. Kazdé
zkoumané misto bylo analyzovano 3x pfi rdzném nastaveni pfistroje,
aby byly s velkou citlivosti zaznamenany jak tézké prvky (napt. Pb,
Zr a Sr), tak i lehké (hlavné Al a Si). Doba jednoho méreni byla 30 s.
Pri provadéni méreni pfimo na skicach (in-situ analyza) neni mozné
zajistit presné definované podminky analyzy, a proto Ize vysledky
méfeni vyhodnotit pouze semikvantitativné. Zatimco metoda SEM/
EDS poskytuje informace o zastoupeni prvkd v tenké vrstvé u povrchu
vzorku, s pomoci XRF byl analyzovan objem zasahujici do hloubky
nékolika stovek mikrometra.

Na praskovych vzorcich keramickych stfepovych hmot byla XRF ana-
lyza provedena rentgenfluorescenénim spektrometrem ARL 9400 XP.
Touto metodou byl stanoven semikvantitativni obsah jak zakladnich
slozek, tak dalSich pfimési (nelze viak pfimo stanovit nékteré prvky
napt. Li, B, Be, C, N, F). V péti pfipadech byly provedeny XRF analyzy
i na kusovych vzorcich (orientovanych tak, aby byly analyzovany plochy
tvorici povrch skic), z kterych byly nasledné zhotoveny vybrusy. Slo-
Zeni je uvedeno v oxidech a bylo dopoc¢teno z prvkového slozeni. Pro
rentgenovou difrakéni analyzu (XRD) byl pouzit difraktometr PANana-
lytical X"Pert PRO, zafeni CuKa v rozsahu 5-70° 26 (ADS20), ziskané
difraktogramy byly vyhodnoceny softwarem X’Pert HighScore Plus
a pomoci databaze referenc¢nich vzorkd.

Obrazova a prvkova analyza na rastrovacim elektronovém mikroskopu
s energiové disperznim detektorem mikroanalyzatorem (EDX) byla
provedena na nabrusech z keramickych stfept a polychromii, které
byly pfed analyzou, pro zvyseni povrchové vodivosti, napraseny uhli-
kovou vrstvou. K analyze byl pouzit elektronovy rastrovaci mikro-
skop TESCAN LYRA3 s Bruker EDX analyzatorem, podminky: vysoké
vakuum, napéti 20 kV, BSE detektor. Analyza byla realizovana v bodech
a malych plochach, vybérové bylo provedeno prvkové mapovani na
vrstvach polychromie.™

Ramanova spektroskopie (MRS) byla provedena na vrstvach polych-
romie na spektrometru DXR Raman Microscope od firmy Thermo Sci-
entific ve spojeni s konfokalnim mikroskop Olympus s objektivy 10x,
20x, 50% a 100x. Méfeni probihalo v rozsahu 3300-50 cm, pfi pouziti
laser 780 nm a zeleného laseru 532 nm. Spektra byla vyhodnocena
v programu Omnic 9 a porovnana s knihovnou spekter.

Cislo vzorku | Sio, [ ALO, | Fe,0, | TiO, | Ca0 | MgO | K0 | Na,0 |Rb20

P,0,| SO, Zn0| a |Cr203 Ga,0, CuO|PbO|MnO|ZrOZ $10 |V,0, [C0,0,| NiO

Anonym (Rakousko, P 2751, P 1956)

13/20/2p 67 |18 |7 1 16 [19 [21 o8 01 [01 [o06 00401 05 [01 [01

13/20/3k 49 17 197 11a [51 [42 (23 11 08 |71 2 02 [01

13/21/2p 65 [18 |7 11 16 [22 |2 09 01 |04 0,1 [0,03 14 006 [0,07 0,08
13/21/3k 51 |17 I8 08 |52 33 [16 [18 05 (88 25 0,15

Antonio Corradini (DP 11)

13/22/3p [70 21 [23 1,2 Jo5 o9 25 [03 [004 [02 [038][007 004004 | [0,08 0,54 | [0,05 [0,05 [0,05 [0,03 |
13/22/4k l65 |22 25 1,3 Jo7 11 (21 o4 02 [3 | \ \ \ \ \ \ 0,16 (0,08 | \ \
Johann Baptist Hagenauer (P 5188)

13/35/1p [58 [16 [8 o8 [76 [35 [26 [08 005 [0,1 [0,1 [005] o1 | [0,1 [0,05[02 0,06 [0,06[0,06 | [0,05
13/35/2K 40 13 e 1 15 37 58 [18 1009 [02 [S-2*]0,09 ] \ \ \ 02 | 10,05 [0,08 | \ \
Matthias Rauchmiller (P 613)

13/36/1p [53 [161 |6 110 [0 [34 [23 Jo8 | [02 [6,7 [005] \ \ \ [01 | \ \ \ \ \
Matya3 Bernard Braun (P 714, P 8700)

13/37/1k 61 [24 [45 Jo7 Joe 09 [43 o5 03 |06 2,7 01 [0,05

13/38/1p 73 146 [39 Joe [31 [16 [24 |07 0.2

13/38/2k 60 [17 [64 |1 55 [1,2 [29 o6 3 1,7 0,07 02 [01

Igndc Frantisek Platzer (P 4534, P 4543)

13/39/1p 71 15 [4 09 [45 [08 [2 fo3 | [03 [02 [0,06 0,05 | [003 | [0,08 0,1 | [02 | [ [
13/40/1p les |18 (43 11 (7 oz [17 Jo2 | |o,1 0,2 [0,03 0,06 (004 | \ 03 | \ |02 (0,04 ] \
Ignac Michal Platzer (P 5449, P 4501)

13/41/1p 54 [14  [34 2 11 03 [15 [04 1,2

13/41/2k 58 (13 [35 (08 [20 [12 [14 03 |08 1,1 02

13/42/1p 64 [17 [53 |1 85 [08 [22 02 03 |04 [0,03]0,05 0,04 (0,5 [0,06 0,02

Giovanni Giuliani (P 4815)

13/43/1p 67 [14 6 07 [37 26 [26 16 | 01 [o4 | [0,090,03 | [ [05 | 01 | [ [ [
13/43/2k 46 [15 710 | ls5 (27 13 [114 | lo6 [56 | \ \ \ \ o8 | [1,8 | \ \ \

Tab. 2 Vysledky XRF analyzy chemického sloZeni keramickych hmot, obsah sloZek je uvddén v hmotnostnich %.

p — prdskovy vzorek, k — kusovy vzorek, * sulfidy
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Cislo Minersl Charakter ostfiva Velikost nejvétsiho | Mikrostruktura /opticka Teplota
vzorku 4 zrna/prameér**[um] aktivita matrix vypalu [°C]
Anonym (Rakousko, P 2751, P 1956)
kfemen, Zivce (vdpenaty aZ sodnovapenaty Zivec, P , prevazné viesmérné
+
13/20/2,3 sodnodraselny Zivec), hematit, slida - muskovit piscity, jemny 320/209+62 zrnitd/ano max. 850
kfemen, Zivce (vdpenaty aZ sodnovapenaty Zivec, piscity, jemny prevazné viesmérné
+
13/21/2,3 sodnodraselny Zivec), hematit, slida — muskovit 420/258+84 zrnitd, misty paralelni/ano max. 850
Antonio Corradini (DP 11)
13/22/3.4 kfemen, Zivce (pfedevsim draselny zZivec ortoklas), anatas, hematit, | spise piscity/velmi 472/242+119 fluidni lokalné retikularni max. 850
" | slida - muskovit , zirkon jemny - charakter/ano ’
Johann Baptist Hagenauer (P 5188)
13/35/1.2 kfemen, Zivce (vapenaty az sodnovapenaty zivec, draselny Zivec | stfipkovity/velmi 80/51+15 viesmérné zrnit, max. 850-900
'™ | ortoklas), gehlenit, diopsid, slida- muskovit jemny - misty paralelni/ano ’
Matthias Rauchmiller (P 613)
13/36/1 ktemen, zn{ce (§odnovapenaty Zivec, draselny Zivec mikroklin), | , 800-1000
sadrovec, diopsid
Matyés Bernard Braun (P 714, P 8700)
13/37/1 | kiemen, muskovit jsé’r:i;'sc'ty/ velmi | 04/163 4132 | prevainé retikuldmi/ano | max. 850-900
13/38/1, 2 | kfemen, Zivce (sodnovapenaty a draselny Zivec) slida- muskovit p|sqt}//stredne 425/246 + 86 prey ?zne vsesmerne max. 850-900
hruby zrnita/ano
Ignac Frantisek Platzer (P 4534, P 4543)
13/39/1 kremer\, ZI’VCE (sodnov.apenaty Zivec a draselny Zivec ortoklas), | 950
hematit, slida- muskovit
kfemen, Zivce, (vdpenaty Zivec a draselny Zivec mikroklin), .
13/4011 Ca-zivec (anortit), gehlenit, hematit, slida- muskovit max. 800-950
Ignac Michal Platzer (P 5449, P 4501)
kiemen, Zivce, (vpenaty az sodnovéapenaty Zivec, draselny Zzivec | .. . .., . ] pfevazné viesmérné
+ -
13/41/1,2 miktroklin), diopsid, wollastonit, stopy gehlenitu spise piscity/jemny | 141/98 +21 zrnitd/ne 850-950
kiemen, diopsid, gehlenit, hlinito-kiemicitan vapenaty polymorfni
13/42/1 | sanortitem, Zivce (sodnovéapenaty Zivec a draselny Zivec ortoklas), | * 900-950
Na-Ca zivec, hematit
Giovanni Giuliani (P 4815)
kfemen, Zivce (vapenaty Zivec a draselny zivec mikroklin), P, . vSesmérné zrnita,
13/43/1,2 hematit, slida- muskovit piscity/jemny 250/106+39 lokalné retikularni/ano max. 800
Tab. 3 Mineralogickd sloZeni keramickych hmot, vysledky XRD, optické mikroskopie a predpoklddané teploty vypalu

* ze vzorku nebylo moZno pripravit ndbrus

P 1956
P 5188
PE13
P74
P 4534
P 4543

P 4815

0,50
sio,

L
0,25

Obr.2

P 2751
P 1856
DP 11
P 5188
P 613
P 714

P 4534
P 4543

P 4815

Terndrni diagramy stfepovych hmot skic: a) systém Al,O -SiO,- K,0+Na,0+CaO+MgQ; b) systém K,0+Na,0+CaO
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VYSLEDKY A DISKUZE

Keramické hmoty

Vysledky provedenych analyz XRF stfepovych hmot jsou uvedeny
v tabulce 2 a v ternarnich diagramech (Obr. 2), mineraly identifikované
metodou XRD jsou zaclenény do tabulky 3 spolecné s informacemi
plynoucimi z pozorovéni v optickém mikroskopu. V tabulce 4 jsou dopl-
nujici vysledky z keramickych hmot ziskanych metodou SEM-EDS.%°
Analyzy XRF a XRD potvrdily naprosto shodné chemické a mineralo-
gické slozeni stfepovych hmot u dél anonymniho rakouského autora
skic Svétec z fddu kapucint (P 2751) a Sv. Felix z Cantalicie (P 1956).
Vybrusy hmot prokézaly stejné cervenohnédé zabarveni matrix, typ
ostriva (piscité) a dalSich pfimési (Obr. 3a, b). Vzhledem k optické akti-
vité matrix?', pfitomnosti muskovitu a absenci mullitu Ize predpokladat
teploty vypalu skic do cca 850 °C. K podobnému typu stiepové hmoty,
avsak s jemnéjsim ostfivem a vy3sim obsahem Ca-slozky (3,7 hm. % CaO
oproti 1,6, resp. 0,5) Ize piifadit hmotu skici Sv. Anna vyucuje Pannu Marii
(P 4815) od italského sochare Giovanniho Giulianiho (Obr. 3c). Pfitomnost
kalcitu byla potvrzena predevsim v sekundérné nanesenych povrchovych
vrstvach. Ojedinéle byly identifikovany relikty rozkladu kalcitu, avsak XRD
kalcit ani gehlenit nepotvrdila. U této hmoty je patrny mirné vyssi obsah
desticek slidy (oproti materialu skic rakouské provenience), ktery lokalné
vykazuje mikrostrukturu retikularni?? a spole¢né s relikty jilovych minerald
je zdrojem optické aktivity matrix. Teplota vypalu pfilis nepfeséhla 800 °C.
Skica Spoutany Prometheus (P 5188) od J. B. Hagenauera je také tvofena
do Cervena zabarvenou keramickou hmotou bez polychromie (Obr. 3d).
Od vsech ostatnich skic se lisi vysokym obsahem velmi jemného osttiva
spide stfipkovitého charakteru. Relikty rozkladu kalcitu popt. dolo-
mitu a jejich nasledné reakéni produkty s okolni hmotou jsou patrné
pomoci optické mikroskopie a byly identifikovany XRD jiz jako nové
vytvorené minerdly gehlenit a diopsid.?* Vzhledem k lokalné opticky
aktivni matrix, identifikovanym sekundarnim mineralm a muskovitu
Ize predpokladat teplotu vypalu v intervalu 850-900 °C. Zabarveni
stfepové hmoty je dano vysokym obsahem Fe O, ve formé hematitu.
Obdobné barvené stfepové hmoty jsou i u daldich Hagenaurovych
skic?*, nékteré jsou barevné polychromovany.?

Dila Alegorie Viry (P 714) a Evangelista sv. Lukds (P 8700) od M. B. Brauna
jsou velmi rozdilng, byt teplota vypalu u obou skic se pohybuje kolem
850 °C. Stfepova hmota tvofici skicu Alegorie Viry je vyrazné jemnéjsi,
svétlého odstinu s vy33im podilem draselné slozky ve formé velmi jem-
ného muskovitu (Obr. 3f). Pouze ojedinéle obsahuje stfedné hrubé ostfivo
(dvé zaoblend kfemennd zrna ve vybrusu, jemné ostfivo je spiSe pisci-
tého charakteru) a mikrostruktura je retikularni s prechodem do paralelni.
Na kiizi a na plintu jsou doplriiky hmoty mirné rozdilného slozeni (vyssi
obsah olovnaté slozky a okr(i). Oproti tomu hmota na skice Evangelista
sv. Lukds (P 8700) ma stfedné hrubozrnnou mikrostrukturu (nejhrubsi
ze vdech hodnocenych skic), podobnou klasické hrnciné (Obr. 3e). Vyka-
zuje pievazné viesmérné zrnitou mikrostrukturu, v nékterych oblastech
je patrné paralelni usporadani slidovych minerall (muskovitu). Opticky
aktivni matrix je nerovnomeérné zbarvena Fe-pigmentaci a ostfivo je pre-
devsim piscitého charakteru (nejvétsi klast kiemene méfi cca 0,5 mm).
Ojedinély kalcit byl identifikovan pouze v povrchové vrstvé.

Srovnévaci analyzy ukazaly hmotovou propojenost v dilné otce a syna
Ignace Frantiska a Ignace Michala Platzera. Obdobné mineralogické
a chemické sloZeni bylo identifikovano u skic Dvojice putti (P 4534),
Sv. Petr (P 4543) a Sv. Floridn (P 4501), viz difraktogramy na obrazku 4,
kde strepové hmoty obsahovaly predevsim kiemen, Zivce, hematit
amuskovit. U skic Sv. Petr (P 4543) a Sv. Floridn (P 4501), obsahuijicich vy3si
podil vapenaté slozky, byl identifikovan gehlenit, popf. diopsid. Jesté
vys$3i obsah CaO (nejvy3si ze viech hodnocenych skic, tj. cca 20 hm. %)
byl zjistén u skici Ndvrh fontdny s dvéma putti a labuti (P 5449) od Ignace
Michala Platzera. Tato skutecnost se vyrazné projevila i ve svétlém zabar-
veni hmoty (Obr. 3g). Jeji vybrus vykazuje viesmérnou mikrostrukturu,
v nékterych oblastech je patrné paralelni usporadani slidovych mineral(,
s ostfivem piscitého charakteru. Aviak matrix se jevi jiz opticky inaktivni

RECENZOVANA CAST

Cislo
vzorku

Sio, | ALO, ‘Mgo Na,0 | K,0 | CaO ‘TiOZ

13/20/3 | 61,85 | 21,82 | 538 | 3,01 | 1,19 |2,16| 1,73 |1,89| 0,95
13/21/3 | 66,56 | 21,01 | 3,79 | 2,99 | 1,50 | 1,96 | 1,60 | 0,58
13/22/4 | 64,10 | 26,19 | 2,13 | 1,52 | 0,70 | 2,89 0,44 | 1,47 | 0,56
13/35/2| 53,74 | 18,82 | 8,12 | 455 | 1,25 |2,96| 9,58 | 0,60 | 0,38

13/37/1| 64,96 | 24,56 | 3,13 | 1,65 | 0,53 | 3,55 1,61
13/38/2 69,33 | 15,84 | 4,33 | 1,14 2,89| 648
13/41/2 | 54,15 | 14,14 | 4,14 | 0,92 290 21,65 |085| 1,26

13/43/2| 66,72 | 13,95 | 591 | 2,64 | 1,20 |3,59| 4,83 | 1,15

Tab. 4 Vysledky SEM/EDS analyzy keramickych hmot, obsah slozek
je uvddeén v hmotnostnich %
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Obr. 4 Porovndni difraktogrami stfepovych hmot skic z dilny
rodiny Platzert

aanalyzou XRD byly relikty rozkladu uhli¢itanti a produkty jejich nasledné
reakce s dalsimi slozkami obsazenymi ve stfepové hmoté identifikovany
jako nové faze: diopsid, anortit a wollastonit.?® Lze predpokladat, ze tep-
lota vypalu téchto skic byla max. cca 950 °C.

Skica Cas odkryvd pravdu (DP 11) od Antonia Corradiniho vykazuje
hodnocenych hmot (Obr. 3f). Jemnd slida zvyrazriuje ¢astecné fluidni
charakter matrix (s lokalnimi pfechody k retikularni mikrostrukture),
v které je rozptyleno velmi jemné ostfivo s ojedinélymi oblymi zrny
kfemene. Diky vyrazné opticky aktivni matrix Ize pfedpokladat,
Ze teplota vypalu nepresahla 850 °C.

U skici Sv. Jan Nepomucky (P 613) od Matthiase Rauchmillera obsaho-
vala stfepova hmota vy3si obsah vapenaté slozky (10 hm. %), kterd
byla identifikovana ve formé diopsidu a sadrovce. V pripadé sadrovce
se jednalo o sekundarni uziti po vypalu.?’ Vzhledem k identifikovanym
mineraldm Ize teplotu vypalu stanovit do intervalu 800-1000 °C.
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Povrchovd polychromie

Nejcennéjsi povrchova Uprava je pravé na nejstarsi skice Sv. Jana Nepo-
muckého (P 613), kde je provedeno pokoveni platkovym zlatem na
subtilni ¢erveny poliment, ktery leZi na bilém podkladu.?® Polychromie
inkarnatd je provedena olovnatou bélobou ténovanou okry. Prvkova
analyza z povrchu polychromie metodou XRF potvrdila pfitomnost
olova, vépniku, Zeleza a malého mnozstvi barya.

Shoda na skicach Svétec z fadu kapucind a Sv. Felix z Cantalicie rakouského
anonyma je ziejma i ve vrstvach polychromie. Na plochach, kde doslo
k poskozeni povrchovych vrstey, jsou znatelné trasologické stopy, rov-
nomérné ryhovani, které naznacuje pouZziti pravidelné ryhovanych noz(.
Na povrch keramiky byla nanesena oranzova vrstva suriku, na kterou bylo
provedeno pokoveni na bazi slitiny médi s pridavkem zinku. Mohlo by jit
bud' o fragmenty mechanicky poskozeného metalu, nebo o vrstvu pro-
vedenou jemnym praskovym kovovym pigmentem.? Céstice kovového
pigmentu maji Supinkaty charakter. Pozdéjsi Upravy tento povrch imi-
tovaly a pres vyrovnavaci bélavé vrstvy na bézi uhli¢itanu vapenatého
a olovnaté béloby jsou opét naneseny dal3i vrstvy kovového pigmentu.
Mezi jednotlivymi souvrstvimi pokoveni jsou organické mezivrstvy, které
meély ochranny charakter. Ve vystavbé téchto polychromii, které vykazuji
téméf shodnou naslednost vrstey, je ziejmé, Ze skici byly vystaveny stej-
nym proménam v case.Pokoveni praskovymi kovovymi pigmenty je jedna
z nejcastéjsich povrchovych Uprav. Lze pfedpokladat, Ze tato Gprava byla
aplikovéna az na modelleto ¢i dalsi stuperi socharské skici jako dilenského
ukazkového modelu. Silnd vrstva pokoveni je na skice A. Corradiniho Cas
odkryvd pravdu.Tato vrstva provedena na cerveny poliment na bazi hlinek
a okr(* je povrchové degradovana, vykazuje zelenavé zabarveni zpUso-
bené degradac¢nimi produkty médi. Na dile Sv. Petr (P 4543) Ignace Frantiska
Platzera byly na stratigrafii prokazany fragmenty starsiho pokoveni pras-
kovym kovovym pigmentem pod pomérné mohutnou ¢ervenou vrstvou
polimentu, na kterém je opét vrstva pokoveni s organickou povrchovou
ochrannou vrstvou. Povrch skici je leskly s teplym ¢erveno-cernym zabar-
venim. Na jeho dalsich dilech jsou dochovény pouze fragmenty pokoveni
na béazi médi a zinku (Tab. 5, Obr. 5) se subtilnim nacervenalym polimen-
tem — Dvojice putti (P 4534) a Sv. Ludmila vyucuje sv. Vdclava (P 6580).3'
Oproti tomu dila od Igndce Michala Platzera nebyla pravdépodobné
plnohodnotné polychromovana, lokalné jsou viditelné stopy bélavych
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Obr. 5 Detail fragmentu pokoveni na hlavé, Igndc Frantisek Platzer,
Dvojice putti (P 4534). XRF spektrum z povrchu fragment
polychromie. Fotografie © 2014 Ndrodni galerie v Praze
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Obr. 6 Johann Joseph Réssler, Andél (P 2344). Pricny rez vzorku a prvkovd mapa EDS analyzy. RozloZeni cdstic cinu na povrchu a ve vrstvé polychromie
provedené olovnatou bélobou. Fotografie © 2014 Ndrodni galerie v Praze
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Nézev dila

Lokace méreni

Cislo spektra
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Identifikované prvkové slozeni

P613 | Matthias Rauchmiller Sv.Jan Nepomucky pfedni strana, pravé koleno 91 Ca, Ba, Fe, Cu, Zn, Au, Pb
inkarnat, leva tvar 92 Ba, Fe, Cu, Zn, Au, Pb
zadni strana, plast 93 Ca, Ba, Fe, Cu, Zn, Sr, Au, Pb
napis na plintu 94 Ca, Ti, Fe, Cu, Zn, Sr, Hg, Au, Pb
P714 | Matyas Bernard Braun Alegorie Viry kiz, spodni ¢ast 102 K, Ca, Ti, Fe, Rb, Sr, Zr, Pb
kfiz, vrchni ¢ast 103 Ca, Fe, Zn, As, Sr, Pb
predni ¢ast, $at u levé nohy 104 Ca,Ti, Fe, Cu, Zn, As, Rb, St, Zr, Pb
P 8700 | Matyas$ Bernard Braun Evangelista sv. Lukas$ prava zadni strana, pokoveni 135 Ca, Ti, Fe, Cu, Zn, Sr, Zr, Pb
prava zadni strana, pokoveni 136 Ca,Ti, Fe, Cu, Zn, Sr, Zr,Pb
leva zadni strana, pokoveni 137 K, Ca,Ti, Fe, Zn, Sr, Zr, Pb
zelend polychromie 138 Ca,Ti, Fe, Cr, Zn, St, Zr, Pb
P 4534 | Ignéc Frantisek Platzer Dvojice putti putti vlevo, biisko 125 Ca,Ti, Fe, Cu, Zn, Sr, Zr, Pb
putti vpravo, biisko 126 Ca,Ti, Fe, Cu, Zn, Sr, Zr, Pb
zadni ¢ast 128 Ca, Ti, Fe, Cu, Zn, Sr, Zr, Pb
P 4509 | Igndc Frantisek Platzer Modelletto néhrobku Josefa Efenbergera | ¢erny sokl 17 K, Ca, Ti, Mn, Fe, Cu, Zn, Sr, Zr, Pb
zadni strana 119 K, Ca,Ti, Fe, Zn, Sr, Zr, Pb
P 4508 | Ignéc Frantisek Platzer Néhrobek s postavou zeny vrchni ¢ast sloupu 123 K, Ca,Ti, Mn, Fe, Zn, Sr, Zr, Pb
keramika, spodni plocha plintu 124 K, Ca,Ti, Mn, Fe, Zn, Sr, Zr, Pb
P 6580 | Ignac Frantisek Platzer Sv. Ludmila vyucuje sv. Vaclava prava noha 114 Ca,Ti, Ba, Fe, Cu, Zn, Sr, Zr, Pb
P 4543 | Ignac Frantisek Platzer Sv. Petr hrud 132 Ca,Ti, Fe, Cu, Zn, Sr, Zr,Pb
leva noha 133 Ca,Ti, Fe, Cu, Zn, Sr, Zr,Pb
P 5449 | Ignéac Michal Platzer Navrh fontany s dvéma putti a labuti povrch pied zelvou 129 Ca, Ti, Fe, Zn, As, Sr, Zr, Pb
hlava, bilé fragmenty 131 Ca, Ti, Mn, Fe, Zn, Sr, Zr, Pb
P 7249 | Ignac Michal Platzer Navrh fontany s malym tritbnem brisko tritona 110 Ca, Fe, Zn, Ba, Sr, Pb
P 4547 | Ignéac Michal Platzer Model ndhrobku obchodnika uprostied obelisku (bild) 111 Ca,Ti, Fe, Zn, Sr, Zr, Rb, Pb
uprostied kartuse 112 Ca,Ti, Fe, Sr, Zr,Rb, Pb
P 4547 | Ignéac Michal Platzer Model nahrobku kartu$ (tmava linka) 105 Ca, Ti,Mn, Fe, Zn, Sr, Zr, Rb, Pb
postava zeny 106 Ca,Ti, Fe, Sr, Zr, Pb
podstavec 107 Ca,Ti,Mn, Fe, Cu, Zn, Sr, Zr,Rb, Pb
P 4501 |Ignéac Michal Platzer Sv. Florian domek, bilé fragmenty 120 K, Ca,Ti, Fe, St, Zr,Pb
drapérie plasté 121 K, Ca,Ti, Fe, Zn, Sr, Zr, Pb
P 5188 | Johann Baptist Hagenauer | Spoutany Prometheus leva noha 156 K, Ca,Ti, Mn, Fe, Cu, Zn, Sr, Zr, Pb
poskozeni na parezu, polychromie 157 K, Ca, Ti, Mn, Fe, Cu, Zn, Sr, Zr, Pb
poskozeni na parezu, hmota 158 Ca,Ti, Fe, S, Zr, Pb
bok 160 K, Ca,Ti, Mn, Fe, Cu, Zn, Sr, Zr, Pb
P 2751 | Anonym (Rakousko) Svétec z fadu kapucint zadni strana, Sat 148 Ca,Fe,Cu, Zn, Pb
P 1956 | Anonym (Rakousko) Sv. Felix z Cantalicie predni strana, Sat 146 Ca, Fe, Cu, Zn,Pb
DP 11 | Antonio Corradini Cas odkryva Pravdu kartus se sluncem 150 Ca,Fe, Cu, Zn,Sr, Pb
prava noha 151 Ca,Ti, Fe, Cu, Zn, Sr, Zr,Pb
pravda 152 Ca, Ti, Fe, Cu, Zn, Sr, Zr, Pb
zadni strana ruka 155 K, Ca, Ti, Fe, Cu, Zn, Sr, Zr, Pb
Tab.5 Vysledky prvkové XRF analyzy na povrchu polychromie

Pokoveni praskovym cinem je na skicach J. J. Rdsslera. Na stratigrafii
polychromie z modelu Andéla (P 2344) je na keramicky povrch teplého
hnédavého odstinu nanesena subtilnéjsi srovnavaci vrstva smési olovnaté
béloby s uhlicitanem vapenatym a silnéjsi vrstva olovnaté béloby s roz-
ptylenymi ¢asticemi cinu (Obr. 6), na které je na povrchu nanesena vrstva
praskového cinu. Technika pouZiti kovovych pigmentd ve vrstvach malby
a polychromie pod pokovenim je zndmd jiz od stredovéku [Losos, 2005].3
Kovové pigmenty casto spolu s ¢erni umozriovaly docilovat rlizné skaly
Sedavych, Ssedo-cernych az cernych lesklych povrch(.3

Imitace tmavého kovového povrchu na skice Pieta (P 5189) George Rapha-
ela Donnera je provedena rozdilnou technologii. Na svétlejsi povrch kera-
miky byla aplikovana cervend vrstva okr(i a nasledné byl povrch pojednan
vrstvou ¢erné (Obr. 7). Cerny povrch, ne viak tak lesklého odstinu, je na
skice Modelletto ndhrobku Josefa Efenbergera od |. F. Platzera (Obr. 8).

Alegorie Viry od M. B. Brauna ma polychromii tmavsiho odstinu. Zde je
viak aplikovan organicky natér ziejmé na bazi vysychavého esterového
oleje s pridavkem selaku®* a mensiho mnozstvi ¢erné a okrl. Pigmenty
mohly byt vtirdny na lepivy povrch organické vrstvy a nasledné mohl
byt povrch dolestén.

Ojedinéle byly zaznamenény fragmenty bohatsich barevnych vrstev dru-
hotné polychromie, které viak v rdmci restauratorskych zasah byly v minu-
losti odstranény (Obr. 9). Modra druhotnd polychromie identifikovana
na skice G. Giulianiho Sv. Anna vyucuje Pannu Marii a fragmenty zelené,
modré a zluté druhotné polychromie jsou na dile M. B. Brauna Evangelista
sv. Lukds. Tyto fragmenty barevnych Uprav ukazuji na zménu funkce sochaf-
ské skici, kdy z ndvrhu se po Upravé bohatou polychromii ziejmé stala samo-
statna umélecka dila. Nasledné se v pribéhu ¢asu po restaurovani vratila
jejich vypovédni hodnota sochaiské skici jako kroku uméleckého zdméru.
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Obr.7 Georg Raphael Donner, Pieta (P 5189). Pri¢ny fez vzorku polychromie. Ramanova spektra z cerné povrchové vrstvy polychromie.

Fotografie © 2014 Ndrodni galerie v Praze

ZAVER

Rozsahly provedeny prizkum zodpovédél fadu otdzek tykajicich se
materidlové skladby jednotlivych dél sledovaného souboru. Vystupy
materidlového prdzkumu nalezly vhodné deskriptory, podle kterych
mohlo dojit k vyhodnoceni souvztaznosti jednotlivych keramickych
hmot a pouzitych material(. Ziskana data ukazala na nékteré zasadni
shody zejména v rdmci jedné autorské ¢i dilenské produkce napt.
rakouského anonyma ¢i v tvorbé otce a syna Ignéce Frantiska a Ignace
Michala Platzera. Oproti tomu je naopak ziejma Sirokd materidlova
rozmanitost v dilné Matyase Bernarda Brauna. Zobrazovaci metody
daly nahlédnout do pouziti sochafskych nastrojd, odkryly na povrchu
viditelné daktyloskopické a mechanoskopické stopy. Je lakava mys-
lenka, Ze pravé daktyloskopické otisky mohou patfit témto vyzna¢nym
vlid¢im sochaiskym osobnostem. Komplementdrni analytické metody
umoznily vyznamnym zplsobem rozsifit znalosti vyrobnich postupt,
historie a specifik uzitych v socharskych baroknich dilnach. Zaroven
se oteviela nova témata ke kompara¢nimu studiu siroce variabilnich
dilenskych vychodisek a technologickych postup.

PODEKOVANI

Autofi dékuji Tomasi Hladikovi, Vere Dédicové a Anné Trestikové
z Néarodni galerie v Praze. Studie vznikla diky prostfedkiim z projektu
Socharskd dilna obdobi baroka ve sttedni Evropé programu Ceské gran-
tové agentury, GACR, Identifika¢ni kod: GA13-11456S.

Obr.8

Igndc Frantisek Platzer, Modelletto ndhrobku Josefa Efenbergera,
inv. ¢ P 4509. Fotografie © 2014 Ndrodni galerie v Praze
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0obr.9 Makrofotodokumentace fragmentt a pricné fezy vzorki z barevnych vrstev druhotnych polychromii: a) G. Giulianiho Sv. Anna vyucuje Pannu Marii
(P 4815), fragmenty modré druhotné polychromie; b) M. B. Brauna Evangelista sv. Lukds (P 8700), fragmenty zelené druhotné polychromie.

Fotografie © 2014 Ndrodni galerie v Praze

POZNAMKY

' Slovo bozzetto je odvozeno od italského abbozzare = skica, naskicovat,
nacrtnout. Ve Francii uzivino maquette.

2 Medicejska zahrada v klastefe San Marco ve Florencii byla prvni umé-
leckd akademie na svété, kde Lorenzo de’ Medici shromazdil antickd
i soudoba umélecka dila.

3 Napt. ze zépisu berniho katastru v letech 1725-1726 méla Braunova
dilna Sest pomocnikd. Priimérna dilna neméla obvykle vice jak ctyfi
pomocniky. Pfi ndrazovych pracich se pribirali vypomocni tovarysi, viz
Volavka, 1959, s. 229.

4 SUCHOMEL, M. K vytvarnému dualismu barokni socharské umélecké
tvorby. Prizkumy pamdtek, ¢. 2, 2007, s. 3-32.

> Vosk pro modelaci byl modifikovan pfidavkem skopového loje,
smily, oleje a rumélky viz. Sedy, 1953, s. 25. K nejcennégjsim vosko-
vym skicdm patfi modely od Michelangela Buonarroti, ulozené napt.
v muzeu Victoria and Albert Museum v Londyné, nebo voskové modely
Giana Lorenza Berniniho.

© Sochafiské dievéné skici jsou piiznacné spise pro severni zaalpskou oblast.
7 Nepublikované laboratorni zpravy, Archiv chemicko-technologické
laboratorfe Narodni galerie v Praze, 2013.

& STEHLIK, M. Nové poznatky k tvorbé Giovanni Giulianiho. In: Stehlik,
2006, s. 41-51. SOUKALOVA, M. Giovanni Giulianiho (1664--744),
Baroko o0ziva v Liechtensteinském muzeu, vystava Viden 13. biezen
- 2. fijen 2005. Priloha BudiSovského zpravodaje €. 2/2005. Dostupné
z www: http://www.mestysbudisov.cz/e_download.php?file=data/
editor/66cs_78.pdf&original=200502pr.pdf.

° Pavod skici Antonia Corradiniho Cas odkryvd Pravdu (inv. & DP 11)
je v ateliérové sbirce Ignace Frantiska Platzera, ktery ji ziskal ve Vidni,
viz BlaZi¢ek - Preiss, 1980, s. 13.

19 Signovano na zadni strané plintu. GREPLOVA, S. Georg Raphael
Donner (1693-1741) - Zivot a dilo, Zdci a ndsledovnici Georga Raphaela
Donnera na Moravé. 2010. Magisterska diplomova prace na Filo-
zofické fakulté Univerzity Palackého v Olomouci na katedie déjin
uméni. Vedouci diplomové prace Mgr. Martin Pavlicek, Ph.D., s. 6,
18-30, zvl. 20.

" CODROICO, R. Johann Baptist Hagenauer — Schiler der Accademia
Clementina von Bologna, Barockbericht Nr. 44/45, 2006, s. 832-836.
12V minulosti se hlina pro vétsi modely modifikovala pfidavkem napf.
i vldkny ov¢i viny viz Volavka, 1959, s. 194.

13 CECHAK, T. - MUSILEK, L. - TROJEK, T. - KOPECKA, I. Pouziti rent-
genové fluorescenéni analyzy pro studium pamatek, Ceskoslovensky
casopis pro fyziku, 2005, ISSN 0009-0700, 5, 55, s. 415- 419.

4 Standardizovana velikost pro analyzu keramickych stfep(, napt. pfi-
pravu nabrus(, kdy se rozméry pohybuji cca 3 X 2,5 cm zde nemohla
byt z vy$e popsanych dlivodl dodrzena. Pi vyhodnoceni vysledki byl
autory bran na tento limit zfetel. K pfipravé vzorkd viz. Gregerova, 2010.
> COLOMBO, C. - BRACCI, S. = CONTI, C. - GRECO, M. — REALINI, M.
Non-invasive approach in the study of polychrome terracotta sculptures:
employment of the portable XRF to investigate complex stratigraphy.
X-Ray Spectrometry, 2011, vol. 40, issue 4, s. 273-279.

16 CHAPLIN, T. D. - CLARK, R. J.H .~ MARTINON-TORRES, M. A combined
Raman microscopy, XRF and SEM-EDX study of three valuable objects.
Journal of Molecular Structure 976, 2010, s. 350-359.

7 FERRARO, J. R.- NAKAMOTO, K. - BROWN, C. W. Introductory Raman
Spectroscopy. 2003. ISBN 978-0-12-254105-6.

18 HYRSOVSKA, J. Trasologie stavebni keramiky: Cihly z pfedhradi leleko-
vického hradu (2. polovina 15. stoleti). 2007. Bakalaiska prace na Pfiro
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dovédecké fakulté, Ustav antropologie Masarykovy univerzity v Brné.
Vedouci prace: RNDr. Miroslav Kralik, Ph.D.

9 ECKERTOVA, L. - FRANK, L. Metody analyzy povrcht — elektronovd
mikroskopie a difrakce. 1996. 1SBN 80-200-0329-0.

20 Méfeni probihalo na ndbrusech a témér v celé plose vzorku. Tato metoda
pii analyze keramickych stiepd byla doplrikova k metodam XRF a XRD.
V zahrani¢ni literatufe nejsou takto Siroce publikovany vysledky analyz
keramickych strep( ze sochafskych skic (ev. keramickych plastik) 18. stoleti
metodami XRF a XRD. Ojedinéle jsou publikovany vysledky ziskané meto-
dou SEM-EDS ev. neinvazivni prvkova analyza z povrchu (spise z barevné
polychromie, glazury) metodou XRF viz napi. KRIZNAR, A. — MUN,
M. V. - PAZ, F. - RESPALDIZA, M. A. - VEGA, M. Pigment identification
using x-ray fluorescence in a polychromated sculpture by Pedro Millan.
X-Ray Spectrometry, 2008, 37, s. 355-359. CHLOROS, J. — TALLAND,
V.- GARDNER, I.S.— URAM, C. Italian Renaissance polychrome Terracotta
Sculpture in the Isabella Stewart Gardner Museum. In: ROEMICH, H. (ed.)
Glass & ceramics conservation 2010. Interim Meeting of the ICOM-CC, 3.-6.
fijna 2010, Corning, New York, s.210-218. ZUCCHIATTI, A. - BOUQUILLON,
A.—CASTAING, J. - GABORIT, J. R. Elemental analysis of a group of glazed
terracotta angels from the Italian renaissance as a tool for reconstruction
of a complex conservation history. Archaeometry, 2003, 45, s. 391-404.

21 Quinn, 2013, 5. 190-191.

2 Gregerova, 2010, s. 47-48.

2 Hanykyr — Kutzendorfer, 2008, s. 236-237.

2 SCHEMPER-SPARHOLZ, I. Dauer und Verganglichkeit: Der Bildhauer
Johann Baptist Hagenauerund die Wirkungsasthelik der Materialien
Blei, Marmor, Terrakotta, Gips. Barockbericht Nr. 44/45, 2006, s. 837-864.
5 STEHLIK, M. Hagenauerovo modelletto v Moravské galerii v Brné.
In: Stehlik, 2006. s. 145-148.

% Bouska - Klouzkova, 2009, s. 38.

27 Na spodni strané plintu byly zna¢né doplriky na bazi siranu vapenatého.
2 XRF analyzou obvykle identifikovan vapnik. U nas je vice obvyklé
pro podklady pouziti kfidy nez sadry.

2 Praskovy kovovy pigment je v literatufe oznacovan terminem bronze
viz. Losos, 2005, s. 30, Terminy bronz, bronzy oznacuji kovové slitiny.
V restauratorské praxi a v komercnich obchodnich nédzvech jsou vsak
i kovové praskové pigmenty casto oznacovany terminem bronz.

30 HELWING, K. Iron oxid Pigments, Natural and Synthetic in: BERRIE, B. H.
(ed.), Artists’ Pigments, A Handbook of Their History and Characteristics,
Vol. 4, Washington, 2007, s. 39-109.

31 Povrchové Upravy polychromie byly odstranény v minulosti v ramci
restauratorskych a konzervacnich zasahd. Tato Uprava se da predpokla-
dat i na ztmavlych povrsich sochafiskych skic se sbirek MHMP ziskanych
z platzerovské pozUstalosti viz. BlaZi¢ek — Preiss, 1980 s. 15-17. U téchto
modeltl napt. Hlavicka andilka (MHMP, inv. ¢. 19.876), Putto sedici na voluté
(MHMP, inv. €. 19.847), Dvé dvojice putti (MHMP, inv. €. 19. 848, 19.849), Putti
s ptakem a kanci hlavou (MHMP, inv. ¢. 19.844, 19.843) je obvykle v popisu
uvadéno,,...z palené hliny s tmavym ev. Sedozelenym natérem.. . Pravé
toto barevné povrchové zabarveni by mohlo ukazovat na fragmenty
pokoveni na povrchu.

32 CECHAK, T. - TROJEK, T. - KOTRLY, M. - TURKOVA, 1. - SEFCU,
R. - CHLUMSKA, S. The use of metallic bismuth in a red poliment in
Late Gothic painting and sculpture polychromy - results of an inter-
disciplinary material study of the altarpiece in the chapel at Kfivoklat
Castle, Technart 2013 Analytical Spektroscopy in Art and Archaeology,
23.-26.9. 2013 Rijksmuseum, Amsterdam, s. 82.

33 SPRING, M. - GROUT, R. - WHITE,R. Black Earths": A Study of Unusual
Black and Dark Grey Pigments used by Artists in the Sixteenth Century,
National Gallery Technical Bulletin 24, 2003, s. 96-114.

3 Organické vrstvy na povrchu po excitaci ultrafialovym svétlem
vykazuji typickou fluorescenci poukazujici na pfitomnost selaku. Pri-
tomnost vysychavého esterového oleje byla prokdzéna orientacni
mikrochemickou zkouskou.
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VYVESNI STIiT CECHU HRNCIRU, | ,
CISTENI A PRUZKUM KERAMICKEHO RELIEFU

Lenka Kutmanova’, Lucie Cyprisova', Alexandra Klouzkova?

"Muzeum hlavniho mésta Prahy
2Vlysoka $kola chemicko-technologicka, Ustav skla a keramiky

(kutmanova@muzeumprahy.cz )

V expozici Muzea hlavniho mésta Prahy je trvale umistén vyvésni stit
cechu hrncifa, ktery byl datovan do roku 1520. Vzhledem ke zpU-
sobu jeho instalace jej nelze pravidelné Cistit. Proto byl pii nedavné
repasi expozice renesance kratce vyjmut a hloubkové ¢istén. Soucasné
byl proveden jeho prizkum. Cilem pfispévku je informovat o prabéhu
provedeného zasahu a vysledcich prizkumu.

THE SIGNBOARD OF THE POTTER'S GUILD, ITS CLEANING AND
INVESTIGATION OF ITS CERAMIC RELIEF The signboard
of the potters' guild, which has been dated to 1520 is permanently
displayed in the exhibition of the City of Prague Museum (Muzeum
hlavniho mésta Prahy). Due to its way of installation it cannot be cleaned
regularly. Therefore, it was removed for short and deeply cleaned during
arecent refurbishment of the Renaissance Art exhibitionposition. Detail
survey investigation of the signboard was conducted and at the same
time. The aim of this contribution is to inform about the process of
restoration and about the investigation results of the survey.

V expozici Muzea hlavniho mésta Prahy je trvale umistén vyvésni
stit cechu hrn¢ifa inv. ¢. H034262 (Obr. 1). Ve sbirkdch naseho muzea
se nachazi velmi malo takto barevné keramiky. Ze stejného obdobi
Muzeum vlastni vétsinou zlomky kachlu. Je zde pouze jeden kachel
s podobné hojnou barevnosti (H003735), zato v3ak s vyrazné horsi
modelaci. Dalsi srovnani mizeme hledat napf. ve sbirkach Narodniho
muzea [Brych, 2004].

Vzhledem ke zplisobu instalace vyvésniho stitu jej nelze pravidelné
¢istit. Zadost o jeho konzervaci byla opakované podavana v priibéhu
nékolika poslednich let. Pfi loriské repasi expozice renesance byla jeho
reinstalace a konzervace povolena. Plivodnim zamérem bylo pred-
mét pouze vycistit a opravit poskozeni. V pribéhu cisténi se ukazaly
do té doby neznamé skutec¢nosti o proménach jeho vzhledu. Vzhledem
k vyznamu predmétu a na zakladé nové ziskanych poznatkd bylo
pristoupeno k dikladnéjsimu prizkumu.

obr. 1 Celkovy pohled na stit cechu hrncitd, inv. ¢. H034262 stav po restaurovdni, Muzeum hl. m. Prahy (J. Divis) 2014
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POPIS PREDMETU

Vyvésni stit ma podobu zavésné mélké dievéné skrinky. Ta je opatrena
dvoukridlymi oteviracimi dviiky. V nich jsou vsazeny oboustranné
malované desky s dodate¢nymi napisy. Na vnéjsi strané malby je zna-
zornén motiv Adama a Evy. Na vnitini plose desek je vievo muz v odévu
ze 16. stoleti a vpravo muz v odévu ze 17. stoleti. V centralni casti
je umistén glazovany keramicky reliéf s vyjevem Adama a Evy u stromu
poznani. Nad Evou je zobrazeni jejiho stvofeni z Adamova Zebra. Zbyly
prostor zaplnuji redlnd a myticka zvifata z raje [Lehmannovd, 2014].
Drevény korpus Stitu byl ve spojich rozklizen. Restaurovani dfevéné
¢asti pfedmétu bylo provedeno panem Jakubem M. Kamasem, Dis.
a neni v tomto pfispévku uvedeno.

PRUZKUM PREDMETU

Pfedmét byl vyroben z velmi jemné keramické hmoty, ve které jsou
patrné pory. Sttepova hmota je slonovinova az bila. Reliéf mé okraje
zformované pro zasazeni do rdmu a detailné propracovanou modelaci.
Povrch je opatien velkym mnozstvim barevnych glazur, jejichz skala
se v obdobi renesance vyrazné rozsifila' [Hanykyt, 2011]. Na povrchu
glazury jsou patrné kraterky a jemné trhlinkovéni. Ve vyssich vrstvach
reliéfu (predevsim ve stfedové ose) a podél lomU glazura ¢aste¢né
chybi*V mistech poskozeni nohou je povrchova dekorace odloupnuta.
U Zluté glazury je patrna ztrata lesku predevsim na télech nékterych
bajnych zvifat a na vlasech postav. Zlomky keramiky jsou nepiesné
sesazeny. Ve sparach jsou patrné mezery. Lepidlo je ztmavlé a ma
konzistenci Zelatiny. Spoje jsou zajistény z lice modelovanymi sadro-
vymi doplriky a z rubové strany zality sadrou s pretoky. Podél loma
je stfepova hmota odstipana. V okoli doplnénych mist se vyskytuji
vrypy od nastroju po predchozich opravach. Povrch predmétu byl
po celé plose pokryt tuhym filmem nasedlych nedistot. V zadhybech,
sparach a kratercich na reliéfu byly mastné cerné vrstvy. Detailni pro-
hlidka odhalila nepatrné zbytky barevné premalby tzv. studenymi
barvami® (Obr. 2).

Obr.2 Pozustatky premalby - postava hrnite, hlava hada, jablko
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PROVEDENE ANALYZY

V restaurdtorskych laboratofich Muzea hlavniho mésta Prahy jsou
pfi konzervovéni a restaurovani provadény bézné zkousky, které Ize
aplikovat bez pomoci specializovaného odbornika, napf. zjisténi roz-
pustnosti lepidel a laki v rozpoustédlech, uréeni pH, zjisténi stupné
zasoleni, aj. [Kopecka - Nejedly, 2005]. V tomto pfipadé bylo kromé
Lprovoznich” zkousek postupné pristoupeno k analyzam, které byly
provadény na VSCHT. Zpocatku byla fesena pouze otazka premalby.
V druhé fazi bylo prikroc¢eno k prlizkumu vzorkl keramiky (Obr. 3).

Obr. 3 Mista odbéru vzorkd

Seznam analyzovanych vzorkii (viz Obr. 3):

1. pfemalba - zelena barva,

2. odebrané ¢erné necistoty z ohbi ruky,

3. pfemalba - télova barva,

4. pfemalba - modra barva,

5. tlomek stiepové hmoty s glazurou a zlacenim, nasledné zhotoveny
vybrus se zlatem a nébrus bez zlata,

6. Ulomek stfepové hmoty s modrozelenou glazurou.

Prehled analyz pouzitych k hodnoceni vzorka:

e IC spektrélni analyza byla pouzita k analyzam ,studenych
barev” a pojiv, byla provedena na FTIR spektrometru Nicolet
6700 (ve spojeni s mikroskopem Continuum, detektor MCT, déli¢
paprsku KBr. Parametry méreni: spektralni rozsah 4000-650 cm™,
rozliseni 8 cm™, pocet akumulaci spekter 128, apodizace Happ-
-Genzel. Spektra byla zpracovana programem Omnic 7.3 a identi-
fikovéna s pouzitim knihovny spekter,Restaurator’, VSCHT Praha).

e  Opticka mikroskopie byla pouzita k hodnoceni dekorace a stfepové
hmoty. K pozorovani byl pouzit digitalni mikroskop Keyence
REMAX YV Graficky systém, VHX — 5000, snimaci prvek CMOS-Chip,
1600 x 1200 pixel, zoom objektiv 20-200x, zoom objektiv 250-2500x
v Muzeu hlavniho mésta Prahy.

e Polariza¢ni optické mikroskopie byla pouzita k hodnoceni vybrust
pomoci mikroskopu Olympus BX 51, snimky byly potizeny foto-
aparatem Canon 500D a zpracovany programem obrazové analyzy
NiS-Elements, Verze 2.30.
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e Rengenova difrakce (XRD) byla pouzita k identifikaci minerald
ve stiepové hmoté a v glazure, pouzitym zafizenim byl rengenovy
difraktometr X'Pert PRO (PANalytical, Holland) s vinovou délkou CuKA
zéfeni v rozsahu 5-60° (20), difraktogramy byly vyhodnoceny pomoci
programu X'pert HighScore Plus a databaze referen¢nich vzorka.

e Rentgenova mikrodifrakce (mikro XRD) k identifikaci minerald
z mikrovzorkd, data byla namétena z mikrospotu pfi pokojové
teploté na D8 Bruker Discover mikrodifrak¢énim systému v paralelni
geometrii s pouzitim vinové délky CoKa zareni, 2D Vantech detector.

e Rentgenova fluorescencni analyza (XRF) byla pouZita ke stanoveni
chemického slozeni vzorkd, méfeni bylo provedeno na sekvenénim
vinové-disperznim rentgenovém spektrometeru AXIOS PANanalytical
s rentgenovou lampou s Rh anodou, ktery umozriuje méfeni malych
vzork( o velikosti 5 mm, ziskané intenzity byly zpracovany programem
Omnian.

Pomoci IC byly u vzorku €. 1 (zelena barva) identifikovan 3elak, olov-
naté béloba, uhli¢itan vépenaty, sddrovec a siran olovnaty (Obr. 4a).
Vzorkem ¢. 2 byly cerné necistoty z ohbi ruky. Zde byl identifikovan
uhli¢itan vapenaty a siran olovnaty. U vzorku ¢. 3 (télova barva) byl
identifikovan opét Selak, olovnatd béloba a nelze vyloucit uhli¢itan
vépenaty (Obr. 4b). Ve vzorku ¢. 4 (modrd barva) byl identifikovan
pouze uhli¢itan vapenaty (Obr. 4c) [Novotnd, 2014].

Optickou mikroskopii byla odhalena na neupraveném vzorku €. 5
pfitomnost zlaceni (Obr. 5a). Nasledné na nabrusu z téhoz vzorku
mikroskopie potvrdila nesoudrznost glazury se stfepem. Na prechodu
mezi obéma materidly jsou patrné velké péry (Obr. 5b).

Vybrus stfepové hmoty s rliznymi, z&asti se prekryvajicimi povrchovymi
vrstvami byl hodnocen pomoci polariza¢niho mikroskopu. Ze snimka
(Obr. 5¢, d) je patrné, Ze spodni vrstva je pfimo na stfepové hmoté.
Materidl, zfejmé zaneseny predchozim restauratorskym zédsahem, tuto
vrstvu zCasti prekryva. Svétlejsi ¢ast zlata pak opét prekryva tmavou
hmotu a je na povrchu dekoru.

Nasledujici snimek (Obr. 6) dokumentuje relativné jemnou stfepovou
hmotu obsahujici v matrix (pojivova faze mezi zrny) pfedevsim zrna
kiemene (bila a Sediva zrna). Tato hlavni krystalicka faze byla potvrzena
i pomoci XRD. Vzhledem k nepfitomnosti mullitu Ize predpokladat
vysoky obsah nekrystalickych fazi, které jsou pozistatkem po jilo-
vych minerdlech a jsou zdrojem vlhkostni roztaznosti [Hanykyft, 2008].
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IC spektra studené pfemalby VSCHT (M. Novotnd) 2014

Obr. 5

Snimky z optické mikroskopie. a) ndlez zlata na vzorku; b) ndbrus vzorku s glazurou - pory viditelné pod vrstvou glazury; c) vybrus se zlatem - zobrazeni

v odrazeném svétle, VSCHT 2015; d) vybrus se zlatem - zobrazeni v prochdzejicim polarizovaném svétle se zkFizenymi nikoly (XPL), VSCHT 2015
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Obr. 6 Snimky optické mikroskopie; stfepovd hmota, nahore PPL
dole XPL

Counts
— stfepova hmota o
glazura
30001 & kremen
A kasiterit

0 I 1 T

10 20 30 40 50 60 70
Position [*2Theta] (Copper (Cu))

Obr.7  Difraktogramy stfepové hmoty a glazury, VSCHT 2015

Objemova expanze strepové hmoty muize byt divodem dodatec¢ného
popraskani glazury i v pfipadé, kdy hrn¢it pfipravil keramickou hmotu
a glazury s vhodnymi koeficienty teplotni roztaznosti. Difraktogramy
stfepové hmoty a glazury jsou uvedeny na Obr. 7 a pfislusné chemické
slozeni (XRF) stejnych vzork( v Tab. 1. Analyzy prokazaly, ze stfepova
hmota i glazury obsahovaly velmi nizky podil CaO. Naopak kalcit byl
prokazan ve hmoté z pfedchoziho zésahu (mikroskopicky a pomoci
mikro XRD). Analyzovana glazura byla olovnatd a jako barvici slozka
prevazoval CuO.

veorek | S0z | ALOL Fedds | Mg NaoO | KA Cad| SO0 Ol Ze: | Sn0: | PR TiO: | AsiOy | Se0 Culd

plazurn 122 09 o [ 06 | 07|08 |07 (38 01 7 38 L] a 0 | LS

stiep | S84 20 o | 04 | 0T | LS| 08 | 1 |2 006 L1 | 38| 14| 02 003 0

Tab. 1 Chemické sloZeni glazury a stfepové hmoty
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POSTUP CISTENI RELIEFU

Reliéf byl vyjmut z rdmu a ulozen na mékkou podlozku. Na rubové
strané drevéné kryci desky byl nalezen napis o posledni Upravé ramu,
datujici jeho opravu do roku 1843“. Dfevéné ¢asti byly predény specia-
listovi na restaurovani dieva. Po vizualnim prizkumu a vyjmuti zramu
se ukazalo, ze ¢isténi bude vhodné doplnit prdzkumem premalby.
Postup byl upraven. Nejdiive bylo nutno odstranit znecisténi a sou-
bézné s tim zajistit stopy po premalbé. Bylo rozhodnuto, ze z premalby
budou odebrany vzorky. Ty byly odebirany postupné - jeden pred
¢isténim a tfi dalsi v rznych fazich cisténi. Jejich analyza méla pfispét
k ziskani dalsich informaci o tomto predmétu.

Nejprve byl povrch cistén destilovanou vodou jemnym Stétcem,
nasledné destilovanou vodou s ptidavkem Syntaponu jednosvazko-
vym zubnim kartackem a opét oplachnut vodou. Pfi myti se uvolnily
dva drobné odstépky keramiky z oblasti nad motivem stvoreni Evy
(Obr. 3). Prvni faze ¢isténi ukazala, jak pevné jsou postupem casu vytvr-
zené vrstvy necistot. Pomérné velké mnozstvi necistot bylo zaneseno
hluboko do lepenych spar a modelace reliéfu. Pfed zac¢atkem che-
mického osetieni bylo potieba nejprve zajistit mechanicky nesta-
bilni mista Paraloidem B 72 v xylenu (10% roztok) a,odsko¢ené” ¢asti
glazury Paraloidem B72 v xylenu (30% roztok). Dale byly provedeny
na okraji reliéfu zkousky rozpustnosti necistot technickym lihem, ace-
tonem a technickym benzinem. Aceton nemél na necistoty zadny vliv.
Lih odstranil Sedavy povrchovy povlak, ale nerozpustil ¢erné mastné
vrstvy. Benzin ¢ernou hmotu ,namék¢il, ale ¢isténi hlubokych spar
s nim neprobihalo dostatecné rychle. Proto bylo nutné po sejmuti
laku lihem pfistoupit k hloubkovému cisténi mechanicky, pod lupou
s péti dioptriemi. Jako nejlepsi nastroj se ukdzala injekéni jehla. Byla
pevnd, ostra, ale zarover dostatec¢né pruznd, aby mékky povrch gla-
zury nenarusila. Po ukonceni mechanického cisténi byly odstranéné
nanosy vysaty a zbytky ¢ernych usazenin precistény benzinem. Pfesto
nékde v hlubokych sparach a dirkach zlstaly ponechany, nebot benzin
nedokazal usazeniny zcela rozpustit a do drobnych mist nebylo mozné
bez rizika poskozeni glazury pouzit Zadny nastroj.V pribéhu prace se
objevily pod vrstvami $piny zbytky po zlaceni (Obr. 8). Na plose reliéfu
se vyskytuji stopy po zlaceni, viditelné i pouhym okem. U nékterych
je jasné patrna ¢ervena podmalba. U jinych, které jsou ve velmi tenké
vrstvé, podmalba vidét neni. Vyvstala tedy otadzka, je-li mozné zjistit,
zda by mohla byt ¢ast zlaceni pGvodni, aplikovana pfimo na glazuru
za tepla.

Obr. 8 Ocisténé zbytky zlaceni - boZi pldst, hrozen nad Adamovou
hlavou
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Obr.9 Postup cisténi a retusi — hlava Evy, lev u nohou Adama

Na neglazovanych mistech bylo mozné pouzit k naruseni vrstvy Spiny
ultrazvukovou jehlu, ktera vsak nesméla zasdhnout oblasti s glazurou.
Ultrazvuk pracuje na principu naraz(i zvukovych vin a to by poskoze-
nou glazuru jesté vice uvolnilo od stfepové hmoty. Na zavér byl cely
povrch odmastén vodou s pfidavkem detergentu a jemnym hadfikem
osusen (Obr. 9).

V dalsi fazi bylo pfistoupeno k hloubkové fixaci spar Paraloidem B72
(30% roztok). Doplriky byly opraveny nebo rozsiteny a misty omezeny
tak, aby nepresahovaly pres original. Cilem bylo predevsim vyplnit
hluboké spary, kde by se déle mohlo usazovat mnozstvi nezadoucich
polutantu. K opravam vyplni byla pouzita modelaiska sadra Almond.
Barevna retus doplnku byla provedena akvarelovymi barvami. Po jejich
proschnuti byl na povrchu reliéfu vytvoren ochranny film nastfikem
Paraloidu B72 v acetonu (5% roztok) ve dvou vrstvach. Konzervace
povrchu byla nové provedena Paraloidem B72, nebot je znamo,
Ze Selak v dlouhodobé expozici tmavne [Slansky, 2003].

Po dokonceni konzervace bylo pfistoupeno ke kompletaci predmétu.

ZAVER

V priibéhu prace bylo zjisténo, ze pfedmét prosel obménou ramu
v roce 1843. Dfevény rdm nebylo v soucasnosti mozné zcela sklizit.
Drevo béhem casu klimatickymi zmé&nami a ziejmé i pod tlakem vlo-
zeného keramického reliéfu trvale zménilo tvar. Lze predpokladat,
ze k mechanickému poskozeni reliéfu doslo az v dobé po zhotoveni
nového instalacniho ramu. Nepresné lepeni s Sirokymi sparami zpQ-
sobilo zvétseni objemu reliéfu. Proto doslo ke zmenseni dilata¢nich
spar uvniti rdmu a nasledné k deformaci dreva.

Pozlistatky studené premalby, nachazejici se na povrchu glazury, byly
ponechany na misté jako svédectvi o historii pfedmétu. Na zékladé IC
spektralnich analyz odebranych vzork( Ize konstatovat, Ze pfemalba
byla provedena barvami se shodnym podkladem (s uhli¢itanem vape-
natym) a fixovana Selakovou lazurou.

Dodatecné byly podrobeny prizkumu vzorky keramiky, které se uvol-
nily pfi ¢isténi. Na jednom ze vzorkl byly diky jejich sledovani pod
mikroskopem v muzeu nalezeny stopy po zlaceni.

Nasledné pozorovani pomoci polariza¢ni optické mikroskopie proka-
zalo dvé vrstvy zlaceni s patrnou prechodovou linii mezi jednotlivymi
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vrstvami. Horni zlaceni ¢aste¢né prekryva hmotu obsahujici kalcit
(krida, vapenec). Na zakladé slozek detekovanych v tomto materialu
Ize predpokladat, Ze se jedna o zbytky premalby. Spodni vrstva zlaceni
se nachazi ¢astecné pod touto hmotou a vrchnim zlatem. Mezi spod-
nim zlatem a podkladem neni znatelna zadna dalsi vrstva. Pravdépo-
dobné se jedna o pGvodni vypalované zlaceni.

Dalsi provedené analyzy potvrdily uziti olovnatych glazur s obsahem
SnO, a barvici slozkou u zelenomodré glazury na bazi CuO. Jedna se
o tzv. mékké glazury, pouzivané na prezehnuty stiep. Hlavni krysta-
lickou fazi sttepové hmoty byl kiemen, kalcit nebyl identifikovan. Lze
predpokladat, ze svétlé zabarveni stfepové hmoty je ddno pouzitim
svétle se palicich jilG.

PODEKOVANI
Historické podklady, zaméry a zavéry byly pribézné konzultovany

s kuratorkami Mgr. Martinou Lehmannovou a PhDr. Janou Bélovou.
Obéma patii muj viely dik.

POZNAMKY

To bylo umoznéno zavedenim ,naglazurovych” bareyv, jejichz tepelna
stabilita byla sice podstatné nizsi (navic vyzadovaly dalsi vypal pfi
nizsi teploté) oproti glazuram s barvivy ,vysokého zaru*, ale jejich
barevnost tuto nevyhodu prekonala.

Nejvétsi ubytek vykazuje télova glazura (bild s ndadechem modré
a zelené). Vice poskozené jsou silnéjsi vrstvy. Trhliny se také castéji
vyskytuji na Zluté, bledémodré a tmavé hnédé glazure.

Nalezené barvy: zlata na cerveném podkladé - bozi plast; zlata bez
viditelného podkladu - hrozen za Adamovou hlavou, hrozny nad
holubici; ¢ervena - Usta + tlamy, ucho lva, hrncifova kosile a vlasy,
jablka, podél okraju reliéfu; zelend - vrchol stromu, pravy horni + levy
spodni kraj reliéfu; modré — za krkem hada, okraj pod Evinyma
nohama, télové - Eva, Adam v dirkdch a zadhybech.

.Neu verfertigt om Jahre Christi 1843 der zeit gencsener Altgesell
Anton Mara. Prag den 15 Juni 1843. Lachirt von. Franz Holubez”
(Nové zhotovil Iéta pané 1843 podle starého/jako staré Anton Mara
v Praze 15. ¢ervna 1843. Lakoval Franc Holubec).
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Silica refractories with cristobalite-tridymite ratios between 0.83-0.86 and 1.43-1.47 and porosities
of 13-17% are characterized by impulse excitation up to 1200°C and by dilatometry up to 1300°C.
During heating, Young’s moduli start to decrease from their room temperature values (9-12 GPa) to
about 5-7 GPa at 200°C, followed by a very steep increase at around 230°C to values higher than
the room temperature values and a nonlinear increase to their final high-temperature values. During
cooling, Young's moduli increase even further, exhibit a maximum and a nonlinear decrease that does
not follow the heating curve, a very steep decrease at around 200 °C and a final increase to the intial room
temperature values, so that a closed loop results during thermal cycling. Dilatometric measurements
confirm that the strong increase of the Young’s modulus at around 230°C (during heating) can be
attributed to the phase transition between low- and high-temperature cristobalite, while the more
gentle—but still very significant—changes in Young’s moduli below 200°C are due to the more diffuse
transitions between tridymite subpolymorphs. Microcracks are identified as the primary cause of the low
Young’'s moduli and their increase with temperature.

Cristobalite
Tridymite

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Silica (SiO;) is a common component in many ceramic materials
and, in the form of quartz, a very common mineral phase in the
Earth’s crust. Man-made silica materials with more than 93% SiO,
[1,2] and produced in the form of shaped products (silica bricks), are
a special class of refractory products with a long tradition that are
still useful or even irreplaceable materials for special applications
such as glass melter roof constructions, coke ovens, electro-steel
kilns, hot blast air heaters (Cowper heaters) for blast furnaces and
some construction elements in ceramic tunnel kilns and furnaces
for the production of non-ferrous metals [3-5].

* Corresponding author: Fax: +420 444 350.
E-mail address: pabstw@vscht.cz (W. Pabst).

http://dx.doi.org/10.1016/j.jeurceramsoc.2015.09.020
0955-2219/© 2015 Elsevier Ltd. All rights reserved.

Despite the practical significance of silica refractory bricks, the
temperature dependence of the elastic constants of these materials,
consisting mainly of cristobalite and tridymite, has been fairly
unknown until very recently. This is especially surprising because
the elastic properties of some silica phases, such as quartz and
quartz glass, had been known in great detail for quite a long time,
cf. our recent review [6]. In two previous papers [7,8] we have
shown that the temperature dependence of the Young’s modulus of
silicarefractories reveals unexpected anomalies that are not known
from any other material. It has been conjectured there that these
anomalies, in particular the stiffness decrease by a factor of about
two at surprisingly low temperatures (below 300°C), are caused
by the polymorphic phase transitions occuring in cristobalite- and
tridymite-containing silica materials, but a direct comparison with
dilatometric measurements had not been performed. Moreover,
both the surprisingly low room temperature values of Young’s
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modulus and the highly nontrivial high-temperature behavior of
these materials (including “hysteresis” effects with closed loops
in the absence of damage accumulation) have been interpreted
in terms of microcracks, although no direct evidence of the latter
had been available. The present work is an attempt not only to fill
these two gaps, but also to provide a methodological guideline for
the microstructural characterization of these materials and some
additional key information for further research concerning the
high-temperature region above 800 °C, hopefully leading to a more
profound understanding of these complex materials.

2. Experimental
2.1. Materials

The materials investigated in this work are silica refractories
produced by PD Refractories, Czech Republic. The four sample
types investigated have been produced by uniaxial pressing using
different amounts of milled quartzite, quartz sand, silicate fume
and mineralizers together with a small amount of liquid additives.
Table 1 gives an overview on the raw materials composition used
for the preparation of the four sample types.

After pressing and firing according to a proprietory schedule,
bars with dimensions 10 x 20 x 160 mm have been cut from as-
fired silica refractory bricks for Young’s modulus measurements
via the impulse excitation technique. Smaller specimens of
appropriate dimensions have been cut from these bars for X-
ray fluorescence, X-ray diffraction, microcopic image analysis,
mercury porosimetry and dilatometric measurements (bars
with dimensions 10 x 10 x 20 mm). Moreover, for reasons of
comparison, a quartz monocrystal and a pure polycrystalline
cristobalite obtained by long-term recrystallization of a
pure silica glass, both cut in the form of small bars with
dimensions 10 x 10 x 20 mm, have been submitted to dilatometric
measurements in addition to the four silica refractory samples.

2.2. Methods

The chemical composition of the samples has been determined
by X-ray fluorescence analysis using a XRF spectrometer 9400
XP (THERMO ARL, Switzerland). X-ray diffraction has been
performed using a XRD diffractometer with CuKa radiation
(PANalytical X'Pert PRO, The Netherlands), and semi-quantitive
phase analysis (cristobalte-tridymite ratio) has been performed
with Rietveld refinement using commercial software (PANalytical
X'Pert HighScore, The Netherlands). The bulk density p of the
samples has been determined as the mass-to-volume ratio (using
a mechanical slide caliper for the measurement of specimen
dimensions) and via the Archimedes method (i.e. by weighing of
the dry sample and the water-saturated sample both in air and
in water). The true (theoretical) density py has been calculated
for each sample type via the mixture rule (i.e. the volume-
weighted arithmetic mean) on the basis of the phase content (after
transformation to volume percentage),

Po = Pcpc + Pror + dcpc (1)

where ¢¢, ¢r and ¢¢ are the volume fractions of cristobalite,
tridymite and a possible glass phase (discussed below), respectively
and pc, pr and pg the respective densities (oc=2.32g/cm3,
pr=2.26g/cm3 and p¢;=2.20-2.90 g/cm3, see below) [6,9]. Based
on this value, the total porosity ¢ has been calculated according to
the relation

p=1-2 2)

Fig. 1. Micrographs (planar sections) of silica refractory types A (top) and D
(bottom).

For reasons of comparison, the cristobalite volume fraction has
also been determined via stereology-based image analysis using
the point-counting method (using square grids with a total of
1000 grid points and 409-476 points falling on cristobalite grains)
and the Delesse-Rosiwal law [10]. Micrographs of planar sections
obtained by optical microscopy (Inspector Trino 160 Digital with
digital camera DCM-130, Miiller, Germany) have been used for
image analysis, see Fig. 1.

The quantitative evaluation has been performed manually
with the help of a commercial image analysis software package
(Lucia G, Laboratory Imaging, Czech Republic). The average size
of cristobalite grains has been determined in two ways: first, in a
standard way, from the number of intersection points of cristobalite
grain section outlines with the grid lines (1645-2411 intersection
points) and second, in a recently proposed non-standard way,
by counting the number of cristobalite sections per unit area
(375-648 sections). While the first method yields the traditional
mean chord length, the second yields the so-called Jeffries size
[10]. These two size measures are independent of each other and
provide principally complementary microstructural information.
Absolute errors have been determined using the standard error
concept assuming Student’s t-distribution [10]. The pore or pore
throat size distribution has been determined via mercury intrusion
porosimetry (Autopore IV 9510, Micromeritics, USA), using the
Washburn relation, i.e. the equivalent cylinder model [11], for the
evaluation of measured data.

The Young's modulus at room temperature and at high
temperature (up to 1200°C) has been measured via impulse
excitation according to ASTM E 1876 [12], using high-temperature
equipment (RFDA 23 with electrical furnace HT 1600, IMCE,
Belgium). These measurements have been performed using flexural
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Table 1
Raw materials used for the preparation of the four silica refractory sample types.

Sample type Quartzite [kg] Quartz sand [kg] Silica fume [kg] Mineralizer [kg] Liquid additive [1]
A 650 350 - 36 55
B 650 300 50 17 60
C 650 300 50 24 60
D 600 350 50 20 35
Table 2

XRD phase compositions of the individual silica refractory brick samples investigated in this work (UCT Prague, cristobalite-tridymite ratio only, with and without Rietveld
refinement), compared to the producer’s data for typical samples of the respective types (note that the content of XRD amorphous phase is approximately 20% in all samples,
i.e. the values in parentheses have been calculated with respect to the quartz content in order to sum up to 100% and do not imply a precision of one decimal).

Sample type Routine XRD with (and without) Producer’s data for typical samples (with residual quartz and amorphous phase via slow
Rietveld-refinement measurement with internal standard, Brno University of Technology and Masaryk University
(cristobalite-tridymite ratio, UCT Prague)  Brno)

Cristobalite [wt.%] Tridymite [wt.%] Cristobalite [wt.%] Tridymite [wt.%] Residual quartz [wt.%] Amorphous phase (glass) [wt.%]

A 54.5 (43) 45.5 (57) 41 39 0.6 20(19.4)

B 60 (54) 40 (46) 47 32 0.9 20(20.1)

C 46 (38) 54 (62) 37 42 0.6 20(20.4)

D 54.5(51) 45.5 (49) 43 37 0.3 20(19.7)

Table 3

Volume fractions calculated from the Rietveld-refined XRD phase compositions of the individual silica refractory brick samples investigated in this work (UCT Prague,
cristobalite-tridymite ratio only), compared to volume fractions calculated from the producer’s data for typical samples of the respective types; the volume fraction ranges
result from two extreme cases assumed for the glass phase: pure silica glass (density 2.20 g/cm?) and a CaO-SiO, glass with a molar ratio 50:50 (density 2.90 g/cm?).

Sample type Routine XRD with Rietveld-refinement Producer’s data for typical samples(with residual quartz and amorphous phase via slow
(cristobalite-tridymite ratio, UCT Prague)  measurement with internal standard, Brno University of Technology and Masaryk University
Brno)
Cristobalite [vol.%] Tridymite [vol.%] Cristobalite [vol.%] Tridymite [vol.%] Residual quartz [vol.%] Amorphous phase (glass) [vol.%]
A 53.8 46.2 40.2-42.2 39.2-41.2 0.5 16.0-20.1
B 59.5 40.5 46.2-48.6 32.3-34.0 0.8 16.6-20.8
C 454 54.6 36.2-38.2 42.2-44.5 0.5 16.8-21.1
D 53.8 46.2 42.1-44.3 37.2-39.2 0.3 16.2-20.4

vibrations of bars (10 x 20 x 160 mm) supported by two alumina
tubes to ensure a line contact in the node lines. The evaluation
procedure uses the fundamental mode resonant frequency and is
based on the relation

3
E =0.9465 x (mf?) x (thB> X Whar (3)
where E is the (adiabatic) Young’s modulus [Pa], m the mass of
the bar [g], f the fundamental flexural resonant frequency of the
bar [s~1], and ¥, a shape-correction factor (accounting for the
finite length of the bar). For the high-temperature measurements
a heating rate of 5°C/min has been used. Also the cooling rate
has been preset to 5°C/min, but with decreasing temperature the
thermal inertia (due to the heat capacity) of the equipment comes
into play and makes the cooling curve highly nonlinear.

The dilatation behavior of the silica refractory materials has
been measured up to 1300°C using a commercial dilatometer
(L75HS 1600, Linseis, Germany) with a heating rate of 5°C/min.
For comparison, the dilatation behavior of quartz and cristobalite
has also been measured (up to 1000°C).

3. Results and discussion
3.1. Composition and microstructure

From the viewpoint of chemical composition, as measured by
X-ray fluorescence analysis (XFA), the four types of silica refractory
samples investigated in this paper are very similar. The silica
content varies in the range 95.2-96.7% with an arithmetic mean
of 96.2%, the CaO content is 1.2-2.5% (lowest for sample type
B, highest for sample type C) with an arithmetic mean of 1.7%,

the Al;03 content 0.45-0.63% (mean 0.55%), the Fe;0O3; content
0.55-0.66% (mean 0.58%), and the content of none of the other
oxides is higher than 0.27%.

However, despite the very similar chemical composition, the
phase composition of the four sample types is not identical. Table 2
lists the results of X-ray diffraction (XRD) analysis of crystalline
phases (cristobalite and tridymite) performed for one specimen of
each sample type (routine measurement evaluated using Rietveld
refinement, without internal standard) and the corresponding
producer’s data for typical samples of the same type, obtained by a
slow measurement (for the determination of the residual quartz
content) and an internal standard (for the determination of the
X-ray amorphous phase content).

All values in Table 2 correspond to weight fractions (mass
fractions), but for calculating the theoretical densities (according
to Eq. (1)) and also the Young’s modulus of multiphase materials
(see below) volume fractions are required, see Table 3. Of
course, due to the small difference in the theoretical densities
of low-temperature tridymite (2.26 g/cm?3) and low-temperature
cristobalite (2.32g/cm3) [6], the difference between weight
fractions and volume fractions is not very large when only these
two phases are taken into account. Concerning the content of X-
ray amorphous phases or glass phases in silica refractories there are
different opinions in the literature [4,5,13-15]. While it is generally
acknowledged that the firing and sintering of silica refractories is
accompanied by liquid phase formation (in the case of a purely two-
phase system Ca0-SiO,, even two immiscible liquid phases can
occur) [4,5,13], it is not at all clear what happens to this liquid (or
these liquids) during cooling. While some authors consider silica
refractories to be almost entirely crystalline [14] or estimate the
glass phase content to only a few percent [15], others report glass
phase contents of up to 8% [4]. XRD amorphous phase contents
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Cristobalite-tridymite volume ratio [1]

. BUCT Prague
B Producer's data

Fig. 2. Cristobalite-tridymite ratios of the four silica refractory brick samples investigated in this work determined by Rietveld-refined XRD phase analysis (UCT Prague),
compared to producer’s data (determined by the Brno team) for typical samples for the respective types.

of approximately 20%, as found by the Brno team here, are much
higher than commonly reported and must therefore be considered
as a “worst case* estimate. It is probable that this value refers
not only to the glass phase sensu stricto, but includes also highly
disordered silica phases that tend to appear amorphous in XRD [13].
The density of this X-ray amorphous phase (in the sequel called
“glass phase* for simplicity) is probably close to that of silica glass,
i.e.2.20g/cm3, but in order to be sure, the possibility of a CaO-SiO,
glass [9] with a molar ratio of 50:50 and a density of 2.90 g/cm3 has
also been taken into account for calculating the values in Table 3
and below. Although the glass phase content and its density has a
significantinfluence on the theoretical density, see Table 3, and thus
on the calculated total porosity value, it will be shown below, that
the elastic properties are affected only very slightly by the presence
of the glass phase, whatever its properties may be. Concerning
the quartz content found by the Brno team and reported by the
producer as typical it is generally acknowledged that a residual
quartz content lower than 1% is uncritical for application [13],
and it will be shown that it does not affect the microstructural
characteristics and the properties reported in the present paper
in any sensible degree. That means, really important for the elastic
properties and dilatation behavior is only the volumetric ratio of
cristobalite and tridymite (in the sequel denoted as “CT ratio“).
Fig. 2 compares the CT ratios determined by the UCT Prague and
the Brno team, respectively. It is evident that both sets of data are
fairly consistent, with the CT ratios for samples A, B, C and D being
1.17 (1.02), 1.47 (1.43), 0.83 (0.86) and 1.17 (1.13), respectively.
These results are in satisfactory agreement with the CT ratio of 0.83
found in previous work for a similar sample with other equipment
at another institute (ISTEC Faenza) [8].

Table 4 lists the volume fractions of cristobalite determined
via microscopic image analysis using the Delesse-Rosiwal law
(point counting) [10] and the average grain size of cristobalite
determined by image analysis using a superimposed square grid
(via the number of intersection points of grid lines with particle
section outlines and the number of particle sections per unit
area). The resulting grain size measures, mean chord length L
and Jeffries size J, are intimately related to the interface density
and the mean curvature integral density [10]. As expected, both
size measures are rather similar, with L/J ratios close to unity
(in the range 0.903-1.008), and thus provide a double-checked
consistent comparison of the average grain size. It has to be
emphasized that these grain size measures provide well-defined

Table 4
Microstructural descriptors of silica refractory brick samples determined by
microscopic image analysis.

Sample type Cristobalite content [vol.%] Cristobalite grain size [m]

Volume fraction Mean chord length L Jeffries size J

(Delesse-Rosiwal,point

counting)
A 388 +43 278 + 28 308 + 28
B 452 +55 285+ 25 311 £ 22
C 425 + 45 288 + 26 304 + 27
D 42.7 £ 2.3 407 + 44 406 + 44

types of average grain sizes and that many grains are significantly
larger (mm-sized). At first sight, the cristobalite volume fractions
determined by image analysis (listed in Table 4) seem to be in
relatively good agreement with the cristobalite volume fractions
listed in Table 3, which have been calculated from the producer’s
data (XRD results determined by the Brno team). It has to be
emphasized, however, that the complementary volume fractions,
i.e. 61.2, 54.8, 57.5 and 57.3% for sample types A, B, C and D,
respectively, are the sums of tridymite, amorphous phase (“glass
phase*), and porosity. When the XRD results are scaled with
respect to the porosity corresponding to no or a low-density glass
phase (see Table 5), the cristobalite volume fractions are 30-41%,
i.e. much lower than the values determined by image analysis
(39-45%).! This discrepancy is surprising, because, considering
the fact that the smallest cristobalite grains are often not clearly
distinguishable from the fine-grained tridymite matrix, it would
be expected that the image analysis results rather underestimate
than overestimate the true cristobalite content. The fact that this
is not the case indicates that the estimated amorphous phase
content of approximately 20% is probably too high. Nevertheless,
in order to be on the safe side, we will continue to take a glass
content of 20% as a “worst case“ maximum estimate. Therefore,
in the sequel all calculations will be performed for both extreme
cases (glass contents of 0% and 20%, respectively). Concerning the
cristobalite grain size, it is evident that samples A, B and C are

1 Indeed, assuming a high-density glass phase (and the ensuing higher porosity
values) would enhance the difference between the image analysis and XRD results
even more; with due caution this might be taken as an argument in favor of a low-
density glass phase with a composition close to silica glass.
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Table 5

213

Measured bulk densities, calculated theoretical densities and total porosities of individual silica refractory brick samples, compared to the producer’s data for typical properties
of the respective batch; the total porosity ranges result from two extreme cases assumed for the glass phase: pure silica glass (density 2.20 g/cm?) and a Ca0-SiO, glass with

a molar ratio 50:50 (density 2.90 g/cm3).

Bulk density [g/cm?] Theoretical density [g/cm?]

Total porosity [%]

Archimedes Producer’s data (typical ... based on XRD phase
averages for the analysis of cristobalite
respective sample and tridymite (CT
type) ratio) only

A 1.926 + 0.001 1.920 2.292
B 1.920 £ 0.002 1910 2.296
C 1.897 £ 0.009  1.849 2.287
D 1.990 + 0.005  1.980 2292

... based on detailed
XRD phase analysis
(including residual

... calculated using the
Archimedes bulk
density and the CT

... calculated using the
Archimedes bulk
density and the

quartz and glass phase) ratio only detailed XRD phase
composition
2.274-2.390 17.2 + 0.1 15.3-194
2.278-2.399 16.4 + 0.1 15.7-20.0
2.271-2.393 17.1 £ 04 16.5-20.7
2.274-2.392 132+ 0.2 12.5-16.8

very similar (278-311 m), while sample D exhibits a significantly
larger cristobalite grain size (406-407 p.m). The tridymite grain size
is virtually impossible to determine, not only because of the much
smaller size, but also because of the twinned character of tridymite
grains.

Table 5 lists the bulk densities measured (by the Archimedes
method) for the four sample types (two samples of each type
have been measured), together with the theoretical densities
calculated on the basis of our Rietveld-refined XRD phase analysis,
as well as the producer’s data. Also listed in Table 5 are the total
porosities calculated using the bulk densities from Archimedes
measurements and the mass-to-volume ratio, respectively. For
these calculations the arithmetic averages of the theoretical
densities based on our Rietveld-refined XRD results and the
phase content determined by the producer have been used. The
theoretical densities are in the range 2.287-2.296 g/cm?® when
based on the CT ratio only (Rietveld-refined XRD analysis at the
UCT Prague), which agrees well with the value of 2.287 g/cm?
determined in previous work [8] for a similar silica refractory brick
material. The theoretical densities based on the producer’s data
(detailed XRD phase composition including the glass phase and the
residual quartz content) are all slightly lower (2.271-2.278 g/cm?3)
when assuming a glass phase density of 2.20g/cm? and higher
(2.390-2.399¢g/cm3) when assuming a glass phase density of
2.90 g/cm3. Therefore the total porosities based on the CT ratio
alone are fully within the range of total porosities calculated on
the basis of producer’s data, see Table 5. In the sequel we take
all extreme possibilities into account (glass content 0% or 20%,
assuming a glass density of either 2.20 or 2.90 g/cm?3), but it will be
shown that the CT ratio alone is completely sufficient for estimating
the Young’s modulus. As expected, measured mass-to-volume
ratios (1.876, 1.875, 1.852 and 1.938 g/cm? for samples A, B, C and
D, respectively) are systematically lower than the bulk densities
determined via the Archimedes method (by 0.045-0.052 g/cm3).
The reason for this discrepancy is of course the fact that due to
the sample preparation (diamond-saw cutting) all samples of this
coarse-grained ceramic materials exhibit a certain degree of grain
pullout at the surface, edges and corners. Therefore the volumes
determined using a slide caliper are systematically overestimated,
and, as a consequence of the lower bulk densities, the total
porosities calculated from these values are also overestimated
(18.2,18.3,19.0 and 15.5% for samples A, B, C and D, respectively).
These values should be taken as lower bounds to double-check
the Archimedes results, but have not been used in subsequent
calculations.

Fig. 3 shows the pore (more precisely, the pore throat) size
distributions of the four silica refractory sample types, determined
via mercury intrusion. The undersize cumulative curves represent
equivalent cylinder diameters and are normalized to 100%. In
all cases the curves are multimodal with the largest modes in
the range 6-17 um, a smaller mode around 0.4 wm and a very
small mode at 3-5nm. The latter might indicate the presence of

tiny microcracks (nanocracks), but of course this conclusion has
to be taken with due caution, since the values are at the very
limit of resolution of the mercury intrusion method. Nevertheless,
it is possible that this tiny mode, which has been reproducibly
measured for all four silica samples investigated here, corresponds
to the nanocracks inside the cristobalite grains (crystallites) that
are responsible for the typical, “roof-tile“ texture (also called
“cloud” or “fish-scale* texture), an important diagnostic feature
of cristobalite under the polarization microscope [16]. However,
irrespective of whether this nanorange mode is an artefact or
not, much more important are the larger size modes. While the
largest modes essentially determine the overall median values
of the size distributions (8.0, 6.8, 11.2 and 15.6 wm for sample
types A, B, C and D, respectively), and pores of this size are
responsible for the major part of the measured total porosity,
the mode around 0.4 pm evidently corresponds to microcracks.
Although the microcracks (and possibly nanocracks) contribute to
the volume fraction of pores (porosity) only to a minor degree
(10.5, 12.1, 8.9 and 15.1% of the open porosity for sample types
A, B, C and D, respectively, see Table 6), their influence on
the elastic moduli can be enormous, because of their highly
anisometric (oblate) shape [17]. A comparison of the open porosity
determined via mercury intrusion and that determined via the
Archimedes method, see Table 6, shows that the Archimedes result
is systematically slightly higher, because water vapor intrudes
all pores, including micropores with a size below 2nm, while
mercury intrusion is limited at best to the (lower end of the)
mesopore range [18]. A similar conclusion holds, mutatis mutandi,
for the so-called apparent density, the values of which are always
smaller than the true (theoretical) density determined on the
basis of the quantitative XRD phase analysis results. On the other
hand, as expected, the bulk density determined as a by-result of
mercury porosimetry (based on fact that mercury at 1 atm pressure
pressure does not intrude open pores with an equivalent diameter
smaller than 13-15wm) [11] are systematically higher than the
bulk density measured by the Archimedes method, because a small
fraction of pores in the samples may have diameters larger than the
critical value for mercury intrusion.

From the very similar values for open (also called “apparent)
and total (also called “true“) porosity in all cases, compare
Tables 5 and 6, it may be concluded that virtually all of the porosity
is open and interconnected. The fact that the total porosity values
derived from the CT ratio alone, see Table 5 (column 6), are virtually
equal to the open porosity measured by the Archimedes method,
see Table 6, and that the lower limit values of the total porosity
based on the detailed XRD phase analysis (including the glass
phase), see Table 5 (column 7), are systematically lower than
the open porosity (which is nonsense from the physical point
of view) indicates, that the glass phase cannot be a pure silica
glass. Its density must be certainly higher than that of tridymite or
cristobalite, i.e. higher than 2.3 g/cm3. Notwithstanding this detail,
it is evident from Tables 5 and 6, that the porosity of sample type
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Fig. 3. Pore or pore throat size distributions of silica refractory samples determined via mercury intrusion.

Table 6

Microstructural parameters determined via mercury intrusion porosimetry and open porosity measured via the Archimedes method.

Sample type Open porosity Open porosity Bulk density Apparent density Fraction of open Absolute volume
(Archimedes)[%] (mercury (mercury (mercury porosity due to fraction of
intrusion)[%] intrusion)[g/cm?] intrusion) [g/cm?] micrcracks [%] microcracks[%]
A 164 + 0.1 13.8 1.988 2.218 10.5 14
B 16.7 £ 0.2 13.7 1.980 2.195 12.1 1.7
C 17.8 + 04 17.5 2.042 2.284 8.9 1.6
D 128 £ 03 11.8 2.078 2.194 15.1 1.8

D (around 13% according to the Archimedes measurements) is
significantly lower than the porosity of the other three sample types
(in the range 16-18%).

Thus, taking into account that the measurements have
been made with different specimens, all density and porosity
values mentioned provide a perfectly consistent picture of the
microstructure of the samples investigated. In particular, sample
type D, apart from exhibiting the lowest porosity, has the largest
grain size and consequently also largest pore size (interstial voids
between grains), see Fig. 3. Moreover, it is not very surprising that
sample D has also the highest volume fraction of porosity that
can be attributed to microcracks (viz., the aforementioned 15.1%
of the open porosity), because large grains are expected to produce
high stresses that lead to detachment from the neighboring grains
during cooling from the production temperature, whereas the
thermal expansion mismatch of small grains can be more readily
accommodated by lattice strains of the surrounding neighbors. It
should be noted, however, that the absolute volume fraction of
microcracks is very small in all cases (1.4, 1.7, 1.6 and 1.8% for
sample types A, B, C and D, respectively, see Table 6).

3.2. Young’s moduli at room temperature

Table 7 lists Young’s moduli of the four silica refractory sample
types at room temperature before the first heating, after the first
cooling (i.e. before the second heating) and after the second cooling.
Also listed are the Young’s modulus predictions for porous silica
materials according to the exponential relation [19-22]

E = Ep x exp (%)

where ¢ is the (total) porosity, E the effective Young’s modulus
of the porous silica material and Ey the Young’s modulus of the

(4)

dense silica material, which has been calculated as the simple
(i.e. unweighted) arithmetic average (so-called Voigt-Reuss—Hill
average [23])
EX +E7

0= 210 (5)

of the volume-weighted arithmetic mean (which is an excellent
approximation of the Voigt bound [24])

E{ = ¢cEc + ¢rEr + ¢cEg (6)

and the volume-weighted harmonic mean (which is exactly the
Reuss bound [24])

E; = EcErEg 7

cETEG + $rECEG + ¢cECcET

For these calculations the Young’s moduli of cristobalite and
tridymite have been taken as E- = 65.2GPa and Er = 58.1GPa,
which seem to be currently the most reliable estimates for the
low-temperature subpolymorphs of these silica phases [6]. For the
Young’'s modulus of the glass phase two extremes have been taken
into account: a pure silica glass (E¢ = 72.2 GPa) [6] and a CaO-SiO,
glass with a molar ratio 50:50 (Eg =93 GPa) [9].

It has to be recalled that the exponential relation, Eq.
(4), has been very successful in predicting Young’s moduli of
porous materials with convex isometric pores [19-22]. Therefore
deviations from this relation must be interpreted in terms of
serious deviations from spherical or isometric pore shape [17].
In particular, the exponential relation yields values of elastic
moduli that are significantly below the upper Hashin-Shtrikman
bound [25] and than any other non-linear model-based prediction
(Gibson-Ashby relation for open-cell foams [26], Coble-Kingery
relation [27-28], differential model [29] and coated-spheres model
[30-32]). Thus, our exponential relation, Eq. (4), is actually a very
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Table 7

Young’s moduli of silica refractory brick materials at room temperature (measured values compared to our exponential prediction, Eq. (4)); comparison of predictions based
on the cristobalite-tridymite ratio only and the complete phase composition, respectively.

Sample type E [GPa] before E [GPa] after first E [GPa] after E [GPa] (mean)  Eo [GPa] Eo [GPa] E [GPa] (expon.  E [GPa] (expon.

first heating cooling (i.e. before second cooling (Voigt-Reuss- (Voigt-Reuss-Hill) predict.) based predict.) based
second heating) Hill) based on based on complete on CT ratioonly  on complete
CT ratio only phase content phase content

A 10.7 104 11.2 10.8 61.8 63.7-66.0 40.7 40.8-44.4

B 8.8 9.3 9.1 9.1 62.2 64.4-66.8 421 40.6-44.3

C 12 114 114 11.6 61.2 63.6-66.0 40.6 39.1-42.9

D 11.5 11.6 11.2 114 61.8 63.8-66.2 45.6 44.2-48.0

conservative estimate in that it is lower than any other of the
commonly used predictions. Therefore, when experimental values
are lower even than the exponential prediction, this definitely
indicates the presence of concave pores, extremely oblate pores
or (lens-shaped) microcracks.

Indeed, from Table 7 it is evident that the measured Young’s
moduli are significantly below our exponential prediction. The
measured valued are only about 22-29% of the predicted ones. Such
a difference cannot be explained by a small or moderate deviation
from isometric pore shape. Indeed, considering a spheroidal pore
shape model, it can be shown that the pore shape must be
extremely oblate to explain such a difference [17]. Alternatively,
differences in the pore surface curvature may be invoked to explain
this difference. In this case the pore surface curvature must be
assumed to be concave, containing cusps atedges and corners. Thus,
irrespective of the model used, this simple consideration of room
temperature Young's moduli indicates the presence of microcracks
in these materials.

It is remarkable that the estimates of the effective Young’s
moduli of the porous materials based on the CT ratio alone are
again within the range of effective Young’s moduli calculated from
the complete phase composition including the glass phase (and
residual quartz), although the Young’s moduli of the dense (i.e.
pore-free) solid phase mixtures alone are significantly different
(61-62 GPa based on the CT ratio alone versus 64-67 GPa when
calculated from the complete phase composition). The reason is
that a higher Young’s modulus of the glass phase implies a higher
density of the glass phase and thus a higher theoretical density
of the solid phase mixture. As a consequence, the calculated total
porosity must also be higher, which partially compensates the
effect of the higher Young’s modulus of the glass phase. Therefore
the Young’s modulus of silica refractories at room temperature is
largely independent of the glass phase content, composition and
properties.

3.3. Temperature dependence of Young’ modulus

Figs.4-7 show the temperature dependence of Young’s modulus
up to 1200 °C for samples of types A, B, Cand D. For each sample two
complete heating—cooling cycles have been measured with heating
rates of 5°C/min and maximum temperartures of 1200 °C. Also the
cooling rates are 5°C/min at high temperature, at temperatures
below approx. 400°C they become nonlinear and slowly level off
to room temperature.

From Figs. 4-7 it is evident that in all cases the Young’s modulus
behaves differently during heating and cooling. Moreover, the first
heating curve always differs from the second heating curve, while
the first and second cooling curves are identical in all cases. In
previous work [7] it has been shown (for a similar silica refractory
material) that the third heating-cooling cycle is exactly identical
to the second one, and it can be expected that this reversibility is
retained for a large number of cycles. The fact that after heating
to 1200°C and subsequent cooling from this temperature back to
room temperature the Young’s modulus is essentially unchanged

after two heating—cooling cycles confirms that there is no damage
accumulation. It should be emphasized that this finding is by no
means trivial and that the situation is completely different for
heating-cooling cycles with lower maximum temperatures, e.g.
800°C or 1000°C, where damage accumulation does occur, as
shown in previous work [8].

From a quantitative point of view, the course of the curves is
very similar in all cases: During heating the Young’s moduli with
initial room temperature values in the range 9-12 GPa undergo
a moderately steep decrease at remarkably low temperatures
(starting below 100 °C), until a minimum is reached with Young’s
moduli of 5-7 GPa at around 210-220 °C. This minimum is followed
by a very steep increase, so that values of around 12 GPa are
regained at around 240°C and a moderately steep (but in some
temperature ranges non-monotonic) increase up to the maximum
temperature of the tests (1200°C). At the maximum temperature
Young’s moduli in the range 29-34 GPa are attained for sample
types A, B and C, but significantly higher values (approx. 38 GPa)
for sample type D. Interestingly, during cooling the temperature
dependence of the Young’s moduli does not follow the same path,
but at high temperatures exhibits a further increase that culminates
at around 810°C with maximum values of Young’s moduli of
37-38 GPa for sample types A, B and C, and significantly higher
values (approx. 43 GPa) for sample type D. Finally further cooling
below 810°Cleads to a nonlinear decrease of Young’s modulus with
avery steep decrease ataround 200 °C, a minimum at around 195 °C
and a gradual nonlinear increase to the initial room temperature
value.

Except for details in the behavior at temperatures above
800°C that are beyond the scope of this paper, the temperature
dependence of the Young’s modulus is very similar for all samples.
There is, however, a significant difference in the absolute values at
high temperatures: those of sample type D are significantly higher.
Since the chemical composition of all sample types is practically
identical and also the phase composition is very similar, it appears
that the large difference in the high-temperature Young’s moduli
must be due to the fact that sample type D has a significantly lower
porosity. However, there is a subtle problem with this simplistic
explanation, because the room temperature Young's modulus of
sample D, which has the lowest porosity, is of about the same size as
that of sample C, which has the highest porosity, see Tables 5 and 7.
That means the lower total porosity (volume fraction of pores)
alone cannot be responsible for the higher Young’s moduli, neither
at room tempertature nor at high temperature. All other factors
being considered, it must therefore be concluded that the main
factor determining the Young’s moduli is the relative fraction of
microcracks that is higher in sample D than in any other sample
(because of the larger grain size).

3.4. Thermal expansion behavior

Thermal expansion coefficients are exceptional material
properties in that they are relatively microstructure-insensitive
[33], in contrast to elastic moduli for example. In particular,
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Fig. 5. Temperature dependence of the Young’s modulus of sample B for two complete heating-cooling cycles.

the thermal expansion coefficients of porous materials are
independent of porosity [34]. Therefore the thermal expansion
behavior can be expected to provide a measure of dimensional
changes of the solid material without being affected by porosity
(volume fraction of pores) or the presence of microcracks.

in units 1K-! (106 K-1) have been determined numerically for
each temperature point (T) from the dilatation curves using the
approximate relation

d(AL/Lp) |

arue(Tx) = dT ToTy aT

X =

_d(en-Lo)/1o)

T=Ty

(8).

N

Lo Lo Lo

Fig. 8 shows the dilatation behavior (relative length change
(AL/Lp) versus temperature) of silica refractories compared to
quartz (monocrystal) and pure cristobalite (polycrystalline). In all
cases the heating rate was 5°C/min, and data points are available
for 1K (1°C) steps on the temperature scale. Fig. 9 shows the true
coefficients of thermal expansion, defined as the tangent slope
at each temperature in question. These coefficients (true CTEs)

~ 1 {{AL(TXH) N AL(TX+2)} 3 [AL(TX—1) N AL(Txfz)}} . [TX+1 +Txe2  Txo1+Tx—2]™

Lo 2 2

In this relation L denotes the actual length at a chosen
temperature, and Ly is a reference length, i.e. usually the length
of the sample at room temperature. On the other hand, apparent
coefficients of thermal expansion (apparent CTEs), defined as the
secant slopes of the relative-length-change-versus-temperature
curves ((AL/LO) plotted versus T) in an arbitrarily selected
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temperature range, can be calculated in a simple way using the
relation

L(T;) - L(Th)

T2 = T~ T L(Ty) ©)

In this relation the reference length L (T;) is not necessarily the
sample length at room temperature (Lg), but principally it can be the
length at any arbitrarily chosen reference temperature. Especially
when phase transitions occur, it is not very useful to extend
the temperature range for determining apparent CTEs beyond
the phase transition temperatures, because thermal expansion
coefficients can be considered as material properties only outside
the range of phase transitions. Of course, only in the special case
of phases with linear expansion (dilatation) behavior are the true
CTEs equal to the apparent CTEs.

It is evident that the true CTEs reflect the highly nonlinear
dilatation behavior of all samples. In particular, it is well

known that true CTEs tend to exhibit singularities at or close
to phase transitions. This is nicely visible in Fig. 9 for the
displacive phase transitions of quartz and cristobalite (from
their respective low-temperature subpolymorphs to the high-
temperature subpolymorphs [6]). As far as the silica refractory
samples are concerned, it is immediately clear that their dilatation
behavior has nothing in common with that of quartz. In the silica
samples there is not the slightest indication of the low- to high-
temperature quartz transition at 573 °C. From these results it must
be concluded that the residual quartz content of <1% in the silica
refractories is not visible in common dilatation measurements.
On the other hand, both Figs. 8 and 9 show that the dilatation
behavior of the silica refractories exhibits many common features
and is rather similar in certain temperature ranges. In particular,
the absolute values of the intial and final true CTEs (at room
temperature and at sufficiently high temperature, respectively) are
almost identical, and the kink in the dilatation curve (singularity
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in the temperature dependence of the true CTEs) corresponds
exactly to the temperature of the low- to high-temperature
cristobalite transition. Nevertheless, there is a characteristic
difference between the curves of cristobalite and those of the silica
refractories: in the temperature range between 95 and 225 °C the
dilatation curve of the silica refractories deviate significantly from
that of cristobalite, so that all effects in this temperature range
can be unambiguously attributed to tridymite. The effects are even
more expressed in the temperature dependence of the true CTEs.
In particular, the peaks at 130 and 165°C can be attributed to
phase transitions of tridymite, in good agreement with the classical
literature values [6].

Table 8 lists the apparent CTEs for the silica refractory samples,
quartz and cristobalite. Also here the similarity between the
values determined for the silica refractories with those of pure
polycrystalline cristobalite is evident. Both materials exhibit very
similar CTEs from room temperature to temperatures below the
transition temperature of cristobalite, above the phase transition

temperature (i.e. above around 260°C) the CTEs become much
lower in both cases and at temperatures above 800°C they can
become zero and even slightly negative (+0.8 to —1.5 x 1076 K-1),
see also Figs. 8 and 9. Interestingly, it is exactly this temperature
range above 800°C that exhibits several anomalies also in the
elastic properties of the silica refractories, see Figs. 4-7. During
heating above 800°C the Young’s modulus further increases (at
least up to 1000°C), which seems not plausible at first sight,
because the anomalous dilatation behavior in this temperature
range would suggest a shrinkage of grains, and shrinking grains
could hardly account for filling preexisting microcracks. The only
explanation is that (on the individual grain level) the density of
individual grains, and thus also their Young’s modulus, increases
due to shrinkage. On the other hand, during cooling from 1200°C
the effect is exactly opposite, leading to an increase in Young’s
modulus with decreasing temperature, an effect that can be
explained only on the microstructural level by the fact that
during cooling the interlocking grains tend to fill preexisting
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Table 8

219

Apparent coefficients of thermal expansion (CTE) of quartz, cristobalite and the four silica refractory samples investigated in this work; ar, . denotes the apparent CTE values
(in units [10-6 K-']) after heating from the reference temperature Ty to the temperature indicated in the first row of the table (values in units [°C]), (n.d.)="“not determined”.

Sample type CTE 100 200 300 400 500 600 800 900 1000 1200 1300
Quartz 0. 8.7 9.6 104 113 12.7 17.6 12.7 111 9.8 (n.d.) (n.d.)
o600-... - - - - - - -1.2 -14 -1.5 (n.d.) (n.d.)
Cristobalite 20— ... 20.5 239 52.4 40.6 333 28.2 215 19 17 (n.d.) (n.d.)
0(300-... - - - 7.6 6.6 5.7 4.2 3.5 2.9 (n.d.) (n.d.)
o800-.. - - - - - - - 0.2 -04 (n.d.) (n.d.)
Silica refractory (average) o20-... 19.9 37.3 374 30 25.2 21.7 16.8 15 134 10.9 9.9
300-... - - - 9.7 83 7.1 5.5 4.6 3.9 2.8 23
0(800-—... - - - - - - - 04 -04 -0.6 -0.9

microcracks by expansion. Thus, cum grano salis it can be said
that the temperature dependence of the Young’s modulus during
heating above 800°C is a grain-controlled effect, while that during
cooling (and also during heating up to 800°C) it is essentially a
microstructure-controlled effect. In this sense, although to the best
of our knowledge microcracks have never been directly observed
in silica refractories at room temperature so far, the present work
provides abundant evidence of the effect of preexisting microcracks
and their role in the temperature dependence of the Young’s
modulus. Notwithstanding the many common features of the
thermal expansion of cristobalite and the silica refractory samples,
it has to be emphasized, that the dilatation behavior of these two
materials is not identical. Fig. 8 clearly shows that pure cristobalite
exhibits a significantly larger dilatation (relative length change)
than the silica refractory samples, which are all very close. Also
Table 8 shows that at sufficiently high temperature (above the
transition temperature of cristobalite) the apparent CTEs, when
related to room temperature, are significantly lower for the silica
refractory samples than for cristobalite. Since porosity has virtually
no influence on thermal expansion, it is clear that this significant
difference is caused essentially by the presence of tridymite.

4. Summary and conclusion

In this work the temperature dependence of Young's
modulus and the dilatation behavior of silica refractories
have been studied using the impulse excitation technique
and dilatometry, respectively, and interpreted on the basis of
quantitative microstructural characterization data obtained by X-
ray fluorescence analysis (chemical composition), X-ray diffraction
(phase analysis), the Archimedes method (bulk density, porosity),
stereology-based image analysis (cristobalite volume fraction and
grain size) and mercury intrusion porosimetry (pore or pore throat
size distribution, apparent density, open porosity).

Four similar sample types of silica refractories (representing
batches prepared from raw materials of different origin) with
very similar chemical composition (95.2-96.7% SiO;, 1.2-2.5% CaO,
0.45-0.63% Al,03, 0.55-0.66% Fe,03 and less than 0.27% of any
other oxide), phase compositions with cristobalite-tridymite ratios
between 0.83-0.86 and 1.43-1.47, total porosities in the range
13-17% and median pore sizes in the range 6.8-15.9 um have
been investigated. For three of the samples, the cristobalite grain
size (mean chord length and Jeffries sizes) was in the range
278-311 wm, while for one sample it was 406-407 pm. The latter
sample also had the highest percentage of microcracks related to
the (open) porosity (15% compared to 9-12% for the other three
samples), obviously as a direct consequence of the significantly
larger grain size, for which the thermal mismatch strain cannot
be accommodated by the neighboring grains. However, the overall
volume fraction of pores that can be attributed to microcracks
(clearly identifiable by a mode at around 0.4 wm in the mercury
intrusion curves) is small and similar in all samples (1.4-1.8%).

It has been shown that at room temperature the Young’s moduli
of all samples are very similar (9-12 GPa), but attain only about

22-29% of the values predicted by the most conservative prediction
based on the total porosity (exponential relation), this deviation
being evidently a consequence of the presence of the microcracks,
i.e. highly anisometric (very oblate) pores. The latter have been
identified by mercury porosimetry.

The temperature dependence of Young's modulus has been
measured by impulse excitation up to 1200°C. For each sample
two complete heating-cooling cycles have been measured and in
all cases the main features are very similar, with elastic anomalies
in the low-temperature range below 300°C, a nonlinear increase
of Young’s modulus during heating up to approx. 1000°C and
surprisingly a further increase during cooling, culminating in
a maximum at around 800°C, followed by a highly nonlinear
decrease to the temperature region of elastic anomalies with a
minimum below 200 °C, after which the intial room temperature
value is finally regained. Thus, for all samples the temperature
dependence of the Young’s modulus has been shown to exhibit
“hysteresis* in the sense that the cooling curves do not follow
the heating curves (and form closed loops without damage
accumulation) and in the sense that the temperatures of elastic
anomalies, which can be attributed to the displacive phase
transitions of silica subpolymorphs, are not identical during
heating and cooling. However, notwithstanding the many common
principal features, it has been shown that the absolute values
of the high-temperature Young's moduli are higher for the
silica refractory with larger cristobalite grain size and a higher
contribution of microcracks to the porosity.

On the basis of dilatometric measurements and its comparison
with a quartz monocrystal and a pure polycrystalline cristobalite
sample it has been shown that the dilatational behavior of
silica refractories is mainly determined by cristobalite, while
the tridymite is responsible for the lower absolute values of
the apparent coefficients of thermal expansion and a quartz
transition has not been detected. It has been shown that the
temperature for the low- to high-temperature phase transition of
cristobalite determined by dilatometry is in excellent agreement
with that determined by impulse excitation. Moreover it has
been shown that using dilatometric curves or the temperature
dependence of true coefficients of thermal expansion (true CTEs),
the cristobalite transition can be clearly distinguished from the
tridymite transitions, and thus all features of the dilatation behavior
can be exactly correlated with the corresponding low-temperature
anomalies in the elastic properties below 300 °C. Concerning the
behavior at higher temperatures, it has been shown that the true
CTEs of both cristobalite and silica refractories become slightly
negative at temperatures above 800 °C. This may provide a key for
a future better understanding of the rather complex details of the
elastic behavior of silica refractory materials above 800 °C.
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