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Souhrn

Hlavnim tématem této prace je studium kinetikgtu krystah v nekrystalickych
materialech. Tentoust krystai miaZeme studovat pomoci mikroskopickych nebo
makroskopickych fistupi. Aplikace makroskopickéhofistupu je ukazéna na studiu
nanokrystalizace amorfniho oxidu titaiého s vyuzitim termoanalytické metody
diferencialni skenovaci kalorimetrie (DSC). U tahatekrystalického systému byly
kinetické parametry krystalizaiho procesu ziskany analyzou dat za neizotermnich
podminek a na zakladéchto paramefr byla usgsns predikovana kinetika krystalizace
za izotermnich podminekyblikace ¢. 1).

Kombinace obou iistupi byla Usgsné pouzita pi studiu kinetiky krystalizace
rastu  krystal v pseudobinarnim chalkogenidovém systému @E82Ss)1«
pro slozeni x = 0,82 0,3 publikace ¢. 2 az¢. 5). Pro slozeni x = 0,4 0,5 byl
aplikovdn pouze mikroskopickyftigtup (pfilohy ¢. 1 az ¢. 3). Ziskané vysledky
byly vyhodnoceny a interpretovany v ramci standardrfenomenologickych model
rastu krystah na rozhrani krystal-kapalina. U dostupnych dablprovedeno vzajemné
propojeni vysledk z makroskopickych a mikroskopickychigtupi daného systému
a na zakladl toho byl hledan fyzikaIni vyznam kinetickych paetm ziskanych
analyzou DSC dat,ifpadreé byly mezi ziskanymi vysledky hledany jednotlivé&lace.



Summary

The main subject of the introduced PhD thesis & kimetic study of crystal
growth in non-crystalline materials. The kinetick apystal growth can be explored
on the basis of macroscopic or microscopic appreschApplication of the macroscopic
approach is presented in the kinetic study of negstallization in amorphous TiO
which was measured using the differential scanmalprimetry (DSC). The kinetic
parameters of this crystallization process weradofor non-isothermal conditions and
on the basis of these results the crystallizatioretics under isothermal conditions

was successfully predicteBgper No. J.

Combination of both approaches was successfullyieapin the kinetic study
of the crystal growth in the (Ge)(SkS;);x system for x = 0.1, 0.2 and 0.3
(Papers No. 2-5  Purely microscopic approach was applied in thasec
of (GeSQ)x(ShSs)1-x glasses with x = 0.4 and 0.Bgpendices No. 1-R The obtained
results were interpreted using the standard phenolmgical models for description
of the crystal growth in undercooled melts. Theiobnnection and correlations
between the macroscopic and microscopic approacieshelp to find the physical

meaning of the kinetic parameters obtained fronXBE analysis.
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Uvod

Krystalizace v nekrystalickych systémech &pé v tvorlk zarodki (nukleace)
a naslednémustu krystal. Tvorba zarodk krystalické faze v amorfnich materialech
muze probihat homogennim nebo heterogenninisapem. Na takto vzniklych
zéarodcich, které doséhly kritické velikosti, dodh&atstu krystal. Pra¢ tento fist
krystali v nekrystalickych (amorfnich) materialech a jeliwekika je hlavnim tématem
této prace.

Ke studiu fistu krystal v nekrystalickych materialech existuji v literggudva typy
pristupi. Prvni z nich je zaloZen na&imém mikroskopickém sledovanistu krystah
na zéklad rozdilnych fyzikalnich vlastnosti amorfni a krystké faze. K pozorovani
krystali se vyhrad#é pouzivaji metody optické a elektronové mikroskogietre jejich
mnohych modifikaci. Analyzuje se morfologie a ingtie rostoucich krystédl Pomoci
standardnihotistového modelu Ize pak blize klasifikovat rozhnaairtmz probih& st
krystali. Nevyhodou tohoto ijstupu je, Ze jej nelze pouzit na vSechny materialy
(krystalicka a amorfni faze musi mit vhodné optickastnosti) a dale jde o postup
pongrné pracny atasow narany.

DalSim ¢asto pouzivanym ifstupem je makroskopickyfigtup, ktery je zalozen
na nepimém sledovanitstu krystal. Toto nepimé sledovaniustu krystah maze byt
analyzovano nagklad na zaklad specifické vlastnosti systémihem krystalizaniho
procesu (teplotnich z¢n béhem krystalizace, pofru intenzit difraknich ¢ar casté&né
a plre krystalického vzorku, pdfpad pomoci zmin elektrické vodivosti nebo
magnetickych vlastnosti krystalické faze). Mezi c¢asgji pouzivané pdat
termoanalytické metody vyuZivajici tepelného zabaispojeného sistem krystal,
ktery miZe probihat za izotermnich nebo neizotermnich poekniNezbytnou sa@asti
makroskopického ffistupu je néasledna kinetickd analyza, na zaklktkré utime
kinetické parametry krystalizace jako jsou akdiviaenergie procesu, kineticky model
a jeho parametry.

Tato prace je zad#iena na porovnani vysletlk studia fistu krystah
v nekrystalickych materialech ziskanych mikroskkpimi a makroskopickymi
metodami. U oxidického systému Ti(byla sledovana krystalizace pouze pomoci
makroskopického istupu, protoZze nebylo mozZno sledovalistr krystali primo

mikroskopickymi metodami ztovodu malého roziru nanokrystalické faze (publikace



¢. 1). U pseudobinarniho chalkogenidového systemaS{(dSh»Ss)1-« byly pro slozeni
x =0,1; 0,2 a 0,3 uplatny oba pistupy a vysledky studia kinetiky krystalizace ttwho
systému jsou shrnuty v publikaci¢h2 az¢. 5. DalSi doposud nepublikovana datstu
krystal pro sloZzeni x = 0,1 a 0,5 jsou uvedendilopec. 1 az¢. 3.

U sklotvorného systému (GOIShSs):.x probihda st krystali na rozhrani
krystal-kapalina. K popisu kinetikyustu krystal na tomto rozhrani se pouZziva
Cahnova a Jacksonova teorigstu krystah, ktera je blize popsana v nasledujici

kapitole.



Rust krystali v podchlazené kapaktin

1 Rust krystala v podchlazené kapalig

V letech 1960 az 1964 byla Cahnem, Hilligem a Szarfl,2] vytvdena teorie
rastu krystah na rozhrani krystal-kapalina. Tato teorie je zal@ na dvou kinetickych
piistupech (i) pFimého (kontinualniho) idstu krystah na rozhrani krystal-kapalina,
kterého se &astni vSechna mista na rozhrani al@ii¢ralnihorastu krystah probihajici
pouze na energeticky vyhodnych mistech (dislokdoighodol dvoudimenzionalnich
zarodki nebo Sroubovicovitych dislokaci. Oba tyto mechawis jsou funkci
podchlazeni systemdil = Ty - T, kdeTy je teplota tani systému.

Jackson [3,4] v letech 1967 aZz 1969 modifikovatquini Cahnovu teorii a viozil
do ni statisticky model [3,5]. Pomoci tohoto modelpccet! zmenu volné energie
nahodi inkorporovanych molekul na rozhrani krystal-kapalvzhledem k prazdnému
povrchu rozhrani na pétku. Analyzou vysledk dospiva k vyjateni faktoru
Q=A4Sv [EIR ktery zahrnuje entropii tdnASy, ¢ast celkové vazebné energie
rozhrani & a univerzalni plynovou konstanf Jackson uvadi, Ze hodnota parametru
02< 2 reprezentuje morfologicky nerovny (obr.1A) povrch na atomarni darovni
alespa z palky zaplréného idedlniho rozhrani krystal-kapalina. Naprothtt hodnota
Q2>2 odpovida zcela zapinému povrchu, kde pouzeékolik molekul chybi
k idealnimu zapléni rozhrani krystal-kapalina. Toto ugpdani reprezentuje atomarn
.rovny* povrch (obr.1B). Jackson k diferenciaci jednotthh materidl pouziva
hodnoty entropie tardSy a izotropii istu krystal. Pro ,nerovnd rozhrani je typicka
hodnota entropie tardSy < 2R a izotropni #st krystali. Pro tzv. ,rovna“ rozhrani
je typickd vysSi hodnota entropie tamlSy > 4R a anizotropni wst krystaf

(je preferovana dita rastova rovina).

Obr.1: A - rozhrani krystal-kapalina morfologickyngrovnd na atomarni urovni,
B - rozhrani krystal-kapalina morfologickyqvnd‘ na atomarni drovni [5].
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1.1 Standardni gzstové modely

Pri popisu Kinetiky fistu krystah rozliSuje Jackson [3], na zékkadliferenci
v morfologii rozhrani a rozdilnych kinetickychigtupi tfi standardnidstové modely.
Normalni ristovy modeljako zastupceifimych mechanisinrastu krystah na rozhrani
krystal-kapalina a dvaustové modely, jako zastupce lateralnich mechahisistu
krystali (Sroubovico¥ disloka’ni rist a povrcho¥ nukleani rist). Kazdy z &chto
modefh rastu krystal je odvozen od povahy mista rozhrani, kde dochaakdrporaci

¢i eliminaci atomarnich vrstev v névznikajicim krystalu.
Normalni rast

Model normalnihotstu krystal [3-6] vychazi ze skutmosti, Ze rozhrani musi
byt na atomarni Urovningrovné (45w < 2R) a musi obsahovat velkaiast aktivnich
mist, kde mohou byt atomygunost& inkorporovanyi eliminovany z jakékoliv strany
rozhrani krystal-kapalina. Toto rozhrani musi blfarakterizovano zgaym patem
aktivnich mist, na kterych e fist probihat, ale nevyZaduj€ast vSech fitomnych
mist na tomto procesu. & aktivnich mist se vyrazmeneni s podchlazeninT.
Zakladni kineticka rovnice modelu vychazi z Turtitbhenovy rovnice [7]:

G AH, (AT

. o AG . . Do
u—fze%tm exp(--gorI= B2 - expt =) &)

kde parameti je Sika rozhrani krystal-kapalina, ktera je rovna paimmatoni ¢i
jejich seskupeni, které secastni difuze Bhem kontrolovaného ustu krystah

na rozhrani krystal-kapalind, je paet aktivnich mist na tomto rozhrani (pro tento
model je hodnota parametfu= 1), D je diftzni koeficient transportu hmotygs
rozhrani krystal-kapalina (u ¢t8iny sklotvornych systéin je vyjaden Stokes-
Einsteinovym nebo Eyringovym vztahem [7,84)G je Gibbsova energie krystalizace,

kterou pro jednoslozkovy systémipeme vyjadt ve tvaru [7,9,10]:
- " . AC
AG=AHfMBM—_[T Ac,dT+T[ =2 dT, )
T, 7 " TT

kde AHm je entalpie tani,Ac, je rozdil tepelné kapacity podchlazené kapaliny

Cola Krystalucys (AC, = Cpi - Cog). V literature Ize nalézt velky pet zjednodusujicich
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vyjadieni 4G pro rozhrani krystal-kapalina, u kterych jsou i&i€j miry zanedbany
jednotlivécleny rovnice (2) obsahujigic, v zavislosti na velikosti podchlazeni systému
AT (Hoffman [11], Battezzati a Garrone [12], ThomsanSpaepen [13]). Mnohdy
se vSechnyleny obsahujicAc, v rovnici (2) zanedbavaji zidodi neznalosti esnych
hodnot tepelnych kapacit podchlazené kapaliny repstalu. V tomto pipac se pak
pouziva zjednoduseny vztah [14]:
AG =AH,, E—IT“’_'I_—_T =AH,, dil @3)

M M

Toto zjednoduSeni je platné pouze pro malé hodpotlchlazeni4T.

Sroubovico¥ disloka®ni rast

Podle modelu Sroubovicéwislokaniho fistu [3-6,15] probihaust krystalu na
aktivnich mistech dislokaich poruch morfologicky ,rovnych* rozhrani, kteraaji
podle Jacksonovy teorie hodnoty entropie tA8i, > 4R. Dislokani poruchy #istem
nezanikaji a podilthto aktivnich mist na rozhrani je vyféad ¢lenemf (rovnice (1)).

Hodnota tohoto parametfye na rozdil od normalnihdistového model@i# 1.

Za pedpokladu, Ze molekularni transport probiha jen g@mmolekul
na dislok&ni hrarg a to v rozsahu polognu molekulag mizeme parameti pro tento
model vyjadit [3-6,15]:

_ a,AG 0 AT
ArlvlV,, 2m0,

: (4)

kde Vv je molarni objem krystalické fazeaje specificka povrchova energie rozhrani
krystal-kapalina. Vyjateni 4G, pomoci entalpie tanidHmy a podchlazeni systému
AT podle rovnice (3), je stejrjako u fedeSlého modelu platné pouze pro malé hodnoty
podchlazeni. Pro typickou odchylku od rovnovahy jerozsahu 0,001 az 0,01 a jeho
hodnota s rostoucim podchlazenimigtéa. Schémaistu krystah podél Sroubovicovité

dislokace je zobrazeno na obr. 2.
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Obr. 2: Razné etapyistu krystalu podél Sroubovicovité dislokace [16].

Pro malé odchylky od rovnovahy model Sroubovicadislokaniho iistu

predpovida, Ze rychlostistu krystal se néni s (AT)%

Povrcho nukleacni riist

Podle povrcho¥ nukleg&niho modelu [3-5,171ust probih& na aktivnich mistech,
které maji podobu dvoudimenzionalnichistovych mist (zarodR umistnych
na rozhrani krystal-kapalina. U tohoto modeldgiazarodk a jejich vliv na fist zavisi
znan¢ na rozmisini klasti na rozhrani krystal-kapalina a na frekvenci tvozyodki
na tomto rozhrani. Za standardnibeqpokladu Boltzmannova distriéniho rozéleni
klasti mize byt rychlostistu vyjadena [3-5,17]:
u= BdD—Eexp( e N, oy pD, bepeL 5)

3k, (TIAG a TA T’
kde ot je specificka povrchova energie nuklég,je Boltzmannova konstant®y je
molarni objem pevné fazeB je parametr modelu povrchovnuklea&niho iastu

definovany proist zarodk v dvoudimenzionalnim sénu rovnici:

(IT|]] |]3§/3)1/3 AG o ( D’L[@ )1/3 AH
:S— — — JA S S (- /3 6
ram  ReRC ety eet Rmp o7 3 ©)
ParametlC je zavisly na tvaru zarodla je definovan:
_ v, O, 0’ @
3k, AH,,

U parametruB se v rovnici (6) vyskytuje gamma funkce(Eulerv integréal druhého

druhu, I'(4/3)= 0,8930 a ns patet atonii na rozhrani krystal-kapalina vztaZzeny

na jednotku plochy. Pokud je dobaephodu klastru ig@s rozhrani zanedbatelna

10
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vzhledem keasu patebnému k jeho vytueni, pak nizeme parametB zjednodusit
na vyjadeni [17] B=n,[&,[5, kdeSje plocha picnéhorezu rozhrani krystal-kapalina.
Pro oba parametr a C opst plati, Ze vyjaéeni Gibbsovy energidG, pomoci

entalpie tanidHqn, a podchlazeni systémdT, je platné pouze pro malé hodnoty
podchlazenidT. Rychlost fistu se dle tohoto modeluémi s podchlazenim nelinedtn
Povrcho¥ nukle&ni rist 2D zarodk se niiZze uplatnit, jestlize je rozhrani
krystal-kapalina morfologicky rpvné na atomérni Urovni a dokonale uggdané
bez gitomnosti defekt (4ASv > 4R).

1.2 Redukovana rychlostitstu krystal

Ve snaze odliSit mechanismuiimého a lateralnihoistu krystal, doporéuje

Cahn zavislosty [ / 5,,, UT na AT, kde 7 je dynamicka viskozita ip teplo€ T,

v je dynamicka viskozitaipteplo® tani systémiy, AT je podchlazeni systémilig-

T) au je rychlost fistu krystah pii teplog€ T. Z tvaru této zavislosti Ize rozeznat o jaky
mechanismus se jedna. Konstantni zavislost pou&azo@a kontinualni st

a exponencialni zavislost na lateralni mechanismistu krystah na rozhrani.
Jackson [3-5] tuto detekciistovych model zdokonaluje a zavadi pojem redukované
rychlosti itistu Ug, ktera je funkci viskozity podchlazené kapalingtgynus, rychlosti
rastu krystah u a entalpie tani systéndHs, [5,18]:

_ ulgy uly
Ug = = : (8)
[L-exp( —AG )] - exp(_w NI
RIT ROT L,

Zavislost Ur na podchlazeni systémdl nas informuje, jak se i paiet
aktivnich mist na rozhrani krystal-kapalina v zbbgs na podchlazeni a na zakiad
toho mizeme efektivl rozlisit jednotlivé standardni modelyistu. Jak je patrné
ze zakladni rovnice normalnih@stového modelu (rovnice (1f, = 1) je zavislost
Ugr nadT konstantni. Obdokinze zakladni rovnice pro Sroubovigodislokani rist
(rovnice (1),f # 1) je tato zavislost linearni s kladnou &mici a nulovym udsekem.
Pro povrcho¥ nukle&ni rast (rovnice (5)) je zavislostlr na AT nelinearni kivkou

s kladnym zakvenim prochézejici pétkem. Pibéh redukované rychlostiustu

11
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krystali v zavislosti na podchlazeni je pro vSechiiystandardni modelytistu krystai

zobrazen na obr. 3.

normalni r Gst
e g e P B e

Sroubovicov &
disloka éni rast

ESIAN
" povrchov & nuklea &ni
rast

AT

Obr. 3: Zobrazeni pibéhu redukované rychlostiustu krystai Ugr v zavislosti
na podchlazemiT pro standardniistové modely [19].

Pomoci redukované rychlostiistu jsme schopni tit pravdpodobny fistovy
model na rozhrani krystal-kapalina. Pr@ani redukované rychlostistu potebujeme
znat hodnoty rychlosti Gstu krystalh spolu s hodnotami dynamickych viskozit
podchlazené kapaliny odpovidajiéirto teplotam a Gibbsovu energii sytému.
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Mikroskopické sledovaniistu krystai

2 Mikroskopické sledovani nistu krystala ve
sklotvornych systémech

Jak jiz bylofe¢eno v ivodu, mikroskopickéfigtupy jsou zaloZeny naimém
sledovani #istu krystal v podchlazené kapalinvyhradré pomoci elektronové nebo
optické mikroskopie. Na zakladozdilnych fyzikalnich vlastnosti amorfni a knjitké
faze mizeme sledovat zénu velikosti krystal. Rychlost @istu krystah je pak gimo
ameérna snérnici zavislosti zniny velikosti krystalu na&ase temperacepro izotermni
mereni (obr. 4). Tuto zavislost iZeme vyjadit linearnim vztahemustu krystalické
faze r ve zvoleném siru [20-22] pomoci rovnice (9), kde je velikost zarodku
kulovitého tvaru o kritické velikosti:

r:j'u(l') dt=uw(T) O+ . (9)

Rovnice (9) je platna pouze z#&eppokladu, Zetist krystafi probih& z nahodn
distribuovanych zarodk (plati pro homogenni i nehomogenni tvorbu zatddk
a [¥i uplné separaci procésvorby zarodk a ristu krystat.

! T1>T2>T3>T4>T5

T u,>u>u>u,>u,

Obr. 4: Ziskani hodnot rychlostiastu krystal u izotermniho ndfeni @i teplotach
T, aZTs. Tato rychlost je rovna stmici linedrni zavislosti rozeru krystalur nacaset.

13



Mikroskopické sledovaniistu krystai

Jackson ve své praci [3] tgme otestoval modifikovanou Cahnovu teoriistu
krystali na viskozitnich aiistovych datechdkterych latek jako jsou kovy (Al, Zn, Sn),
polovodice (Bi, Ga), jednoduché organické latky (salol, ghye, tri-a-naftyloenzen
a silikatové systémy NORSIO a KORSIO,. Na zaklad zjisttnych iastovych
a viskozitnich dat byla ziskana zavislost redukeévaychlosti Ur na podchlazeni

systémuar.

2.1 Sklotvorné systémy s nizkou hodnotou entropie tani

Jackson rozguje latky podle morfologie rozhrani krystal-kapeli na zaklagl
jejich hodnoty entropie taniSy. Mezi latky s perovnym rozhranim, které maji
nizkou hodnotu entropie tanid$%u < 2R), pafki prevazna wtSina kowi, nekteré

polokovy a organické latky (viz. tabulka I).

Tabulka I: Latky s entropii tanfiSy < 2R

systém ASy IR Systém ASy IR systém ASy IR
Sklotvorné materialy Kadmium [31] 1,3 Organické latky

GeQ, [23,24] 1,3 Zinek [31] 1,2 Butylchlorid [34] <2

GeS[25-27] 1,2;1,8 Nikl [31] 1,2 Butylbromid [34] <2

SiO, [28-30] 0,4,0,5 Stbro [31] 1,1 Cyklohexan [34] <2

Kobalt [31] 1,1 Cyklohexanol [34] <2

Kovy a polokovy Zlato [31] 1,1 Methyl alkohol [34] <2

Cin [31,32] 1,7 Md [31] 1,1 Ostatnf

Selen [33] 15 Olovo[31,32] 1,0 Chlorid amonny [34] <2
Hlinik [31] 1,4 Indium [31] 0,9 P[32] 1,0

Z oxidickych skel je zde *azen SiQ a GeQ, z chalkogenidovych skel GgS
Jak je uvedeno v publikacich Ainslie [29] a Wadst§®8,35] pro SiQ a Vergana [24]
pro GeQ, tyto materidly se vyzraji pii mikroskopickém sledovani tzvhrubynt
rozhranim a st krystaf je silné izotropni (neni preferovana zZadn#stova rovina).
Defekty a pimési maji maly vliv na procesustu krystah [24]. Tyto materialy
krystalizuji gimymi mechanismytistu krystal a jejich st je popisovan modelem
normalniho #istu krystal - zavislost redukované rychlostistu Ugr na podchlazeni
systéemudT je konstantni (obr. 5). N&ahto systémech bylo dale prokazaniedevsim

diky dostupnosti dat kinetiky krystalizace a tarstému, Ze uéthto material
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Mikroskopické sledovaniistu krystai

nedochazi k zadné vyznamné énh morfologie rozhrani &hem krystalizace a tani
systému [28,35].

V n¢kterych gipadech maji perovny charakter rozhrani i latky pati svoji
hodnotou4dSy do oblasti2R < AS,, < 4R, jako je napiklad RBOs (4Sm = 3,1R

[36,37]. Z obr. 5 je patrné, Ze s rostouci hodnototropie tanidSy klesa hodnota
redukované rychlosti. Pro ndzornost byla u obr.iStanpodchlazeni systému pouZita
redukovand teplota podchlazefli/Ty.

Rast krystah u sledovanych féch systérin probihal v rozmezi hodnot
0 aZz 0,24T/Ty. Z chalkogenidovych systénzde podle hodnoty entropie tani uvaé
literaturou [25-27] pa&t GeS, ale Ize nalézt i hodnotu 4,5R [38]. Pro systénsGwyla

nalezena pouze viskozitni data [39istova data pro tento systém v litetatehybi.

0,7
A
0,6
A
A
0,5 A _
A Sio,
04 SN A 25,,=05R
— 0
€
£ 03-
o
-] A A A GeOz
A -
0,2 A A A 45,=13R
A
0,1+
PZOS
4S =31R
0000 o (Y] !
0,0 2 00% " . . . . .
0,0 0,1 0,2 0,3
AT/TM

Obr. 5: Zavislost redukované rychlostiigtu krystah Ur na redukované teplot
podchlazenidT/Ty pro systémy s entropii tadSy < 2R. Byla pouzita iistova
a viskozitni data z literatury [28] pro Sid24] pro GeQa [36,37]pro BOs.
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Mikroskopické sledovaniistu krystai

2.2 Sklotvorné systémy s vysokou hodnotou entropie tani

Podle Jacksonovy teorigistu krystal jsou dalSi skupinou matenallatky
s vysokou hodnotou entropie tafisy > 4R, které se vyznauji ,,hladkynt rozhranim
krystal-kapalina. Mezi tyto materialy gasilikatova a boratova skla, skeniny &tsiny
chalkogenid a rekteré organické latky (tabulka Il). Ze sklotvornysystému byla jako
jedna z prvnich aplikovana Jacksonova teorie riiégivé systemy N®R2SIO, [40,41]

a K;O2Si0, [42] a diboratovy systém PI#B,0; [43,44]. Tyto sklotvorné materialy
vykazuji ,hladké rozhrani Bhem krystalizace ahyubé' rozhrani v oblasti tani. S tim
pak souvisi i zrina trendu zavislosti rychlosti tani a krystalizaeegehrati, respektive
podchlazeni systému, které ve své praci uvadi Mgildl], kdy zlom je pozorovan
v oblasti teploty Ty. Hodnoty rychlosti tani systému jsou dalek&tsVv nez tomu
je u krystalizaniho procesu. &t krystali je vyhrad® anizotropni, je preferovana
uréitd rastova rovina. Naifiklad pro systém Pb@B,0O; uvadi Eagen [43]tistovou
rovinu (001). Rist krystali je uskuténovan pomoci lateralnich mechanismistu
krystali na rozhrani krystal-kapalina. Z tohotévddu zavislost redukované rychlosti
rastuUg na podchlazeni systémdT roste linearté nebo nelinedmdle typu lateralniho
mechanismu (Sroubovicev dislokani model nebo povrcheév nuklea&ni model)
(obr. 3). Napiklad pro systtm N®R2SIO, nebo KORSIO, byl pouzit Meilingem
a Jacksonem Sroubovicodislokani model. Fokin [45,46] ve svych publikacich uvadi,
Ze tento model Ize pouZzit pr@&tginu silikatovych systétn Oproti tomu povrchoy
nuklea&ni model byl pouzit De Lucou [43,44] a Nagelem [4Trd diboraty, Marlorem
[48] pro triboraty a Leedeckem pro tetraboraty [50] (oBy. Povrchow nuklea&ni
model je také pouzit proékteré organické latky pacti mezi latky s hladkynt
rozhranim (obr. 7).

Ve v8ech d&chto gipadech laterdlnich mechanigmistu krystah se jedna o
rozhrani kontrolovanyust, kdy je zavislost izotermnihdstu krystalh nacase linearni.
Atmosféra pouzita ip krystalizaci (vzduch, B, ani @itomnost vodyci vzdusSné
vlihkosti, nemaji vliv natrst krystah [18,49,51]. Naopak velky vliv naist krystah
hraje u &chto materidl pritomnost néistot a nehomogenit, jejich vliv roste s vyssi
hodnotou entropie tani [5].
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Pokud porovname vzajeinhodnoty redukované rychlostUr material
s ,hladkyni a ,hrubynt rozhranim, niZzeme si povSimnout, Ze ndgad materialy s
»hrubymf rozhranim @Sy < 2R) maji rekolikanasob® vysSi hodnotu redukované
rychlosti fistu Ug (10* aZ 16 krat) neZ materidly shjadkynt rozhranim @Sy > 4R).
U obou skupin materialklesa hodnotdJr s rostouci hodnotou entropie tani (obr. 5
az obr. 7). Redukovana teplota podchlazefiiTy je volena z @vodu moznosti
vyneseni a porovnani stejného typu latek, prot@zel& latka ma jiny bod tani a&tani
probihd v jiném rozsahu podchlazeni. Timto gewim doSlo k normalizaci osy x
a systémy je mozné mezi sebou porovnavat. Jaktjegaak pro oba typy latek byl
negastji rast krystah pozorovan v rozmezi hodnot redukované teploty pladeni
AT/Ty=0-0,3.
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Mikroskopické sledovaniistu krystal

Tabulka Il: Latky s entropii tAnidSy = 4R

systém AS,, IR systém AS,, R systém AS,, R systém AS,, R
Silikatova skla Boratova skla S (monoklinickd) [32] 4,2 Slou¢eniny teluru
MgORI,048i0, [52] 13,4 | PbO2B,0s [5,43,44]| 30;15,1 ShyTe, [55] 13,3
CaQAlL,052Si0, [53] 10,9 K,0[4B,0;[50] 13,4 Slouc¢eniny selenu As,Te; [57,60] 8,3;10,4
CaOMgOR2Sio; [8] 10,0 | LiO,[2B,05[17,54] 12,2 AsSe [55,57,59] 7,0,7,6 PbTe [61] 58
Na,OR2Ca0Si0, [54] 6,6 SrO2B,0; [47] 11,6 Sh,Se; [60] 7,4 SnTe [61] 5,0
LiO,2Si0,[49,54] 5,6 Cs0B3B,0; [48] 8,6 GeSe [26,55] 3151 GeTe [61] 4,9
2Ng0[Cad3Sio, [54] 5,4 PbSe [61] 4,9
Na,0R2Si0, [18] 4,0 Slouceniny siry SnSe [61] 4,6 Organickeé latky
K,0RSi0, [53] 4,2 P+S1o [55] 8,8 GeSe [26,61] 4,2;3,6 | tri-a-naftyloenzen [62]| 10,7
Cad3i0, [54] 4,2 Sh$;[55,56] 5,9;6,7 TISe [33] 4,0 glycerin [3,64] 7,5
As,S; [55,57] 5,9 1,2-difenylbenzen [5,65] 6,8
As;S, [58] 51 fenylsalicilat [3]
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Obr. 6: Zavislost redukované rychlostiistu krystah Ur na redukované teplbt
podchlazenidT/Ty pro boratova sklalSy > 4R. Byla pouzita #istova a viskozitni data
Z literatury [44] pro Pb@B,03, [50] pro KOM4B,0s, [47] pro Sra2B,0s; a [48] pro

Cs03B,0s.
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Obr. 7: Zavislost redukované rychlostiistu krystah Ur na redukované teplbt

podchlazenidT/Ty pro rekteré sklotvorné organické latkyl&v > 4R). Byla pouZita

rastova a viskozitni data z literatury [65] pro 1jgdylbenzen, [64,66] pro glycerin,
[62,63] pro triet-naftylbenzen a [67] pra-fenyl o-kresol.
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V nekterych publikacich tykajicich seistu krystah [3,5,6,9] mizeme najit
neshody v ufeni lateralniho mechanismisstu krystah na zaklad zavislostiUg vs. 4T,
které jsou zfisobeny #iznym rozsahem podchlazeni systémuiznymi daty viskozit
(obr. 8). Ri nedostatené velkém rozsahu podchlazeni se totiizen exponencialni
zavislost Ur vs. AT povrcho¥ nukle&niho modelu zdat jako linearni zavislost
Ur vs. 4T Sroubovico¥ dislokaniho modelu istu krystal. K odchylce od linearity
totiz dochazi az i vySSich hodnotach podchlazeni. Na to poukazujeswé praci
Burgnerova a Weinberg [6], kiese zabyvaji rstem krystal ve stechiometrickém
Li,OR2Si0,. Autori této publikace vychazeji zZ@dem publikovanych datastu
[42,68-74] a viskozit [68,75-79]. Z}i§ji, Ze Sroubovicoy dislokani model podavéa pro
malé hodnoty podchlazeni shodné vysledky, jakio pouZziti nukle&né rastového
modelu. Oproti tomu, ale zji&té parametry Sroubovicdvdislokaniho modelu
postradaji fyzikalni vyznam. Pro velké hodnoty pddedeeni Ize pouzit povrchév
nuklea&niho modelu, ale dochazi zde k velké odchylce quesmentalnich dat vliivem
malé odchylky ve viskozitadch. K obdobnym #8im dochazi i Smith a Weinberg [17]
pro systém LiO2B,0s. Pro stedni hodnoty podchlazendIT = 250 az 400 °C) nelze
aplikovat zadny z fenomologickych modelpiechodné oblast). Na zavislosti(u/z)
vs. 1/(T/AT) nachazi Burgnerova a Weinberg [6] odchylku oddnitg obdobg jako
v literature [50,48,53,62,65,67,80] pro jiné systémy. TatorzanmizZze byt spojena
se zn¢nou struktury vtaveniy zmenou ve tvorlk zarodkKi, polymerizaci nebo
spojena se skupinami pentabdréa triborati [50]. Burgnerova [6] tuto zgmu
u systému LORSIO, vyswtluje zmenou v morfologii fistu krystah a sférolitickym
rastem krystal. Zawrem tedy niZzeme fici, Ze v pfib¢hu krystalizéniho procesu
u rekterych systérin mize dochazet ke zimé lateralniho mechanismuistu krystad.
Tato znmeéna je patrna na odchylce od linearni zavislasijuzj) vs. 1/(TAT)
pro povrcho¥ nukle&ni model. Velkou roli vtomto sénu hraje velikost podchlazeni
a presnost viskozitnich dat, kdy se wgtajicim podchlazenim je pozorovana rostouci

chyba mezi experimentalnimi a teoretickymi datyL 18,

Pro teplotni zavislost dynamické viskozity podckla& kapaliny, kterou
je poteba mit k dispozici pro vyget redukované rychlostir se v literatie negastji
u sklotvornych systémy vyjadie pomoci Vogel-Fulcher-Tammanova modelu. Tento

model nizeme zapsat ve tvaru [89-93]:
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B
NN =Ag + oL (10)

kde Aver, Bver @ To jsou empirické parametry tohoto modeld, je teplota
a7 je dynamickd viskozita systému. Pokud bychonglchplikovat rovnici VFT, ktera
obsahujeif parametry, pak je nutné ziskat hodnoty viskoAftrgim teplotnim rozsahu.
Tuto podminku je &dy ve sklotvornych materialech obtizné spinitjket dochéazi
ke krystalizaci skla, ip které se podstathmeéni hodnota viskozity. Tento problém
sefeSi mfenim ve dvou teplotnich oblastech, kde nedochéazi kkgstalizaci
a to fi teplotach v oblasti podchlazené kapalinfy (< T < Tv) a g vysokych
teplotach vtavenih (T > Tyv). Usek mezi teplotou krystalizace a teplotou tani
se na zaklad VFT rovnice extrapoluje. Pro maly rozsah teplot f@zno pouZzit
dvouparametrovy empiricky model nahrazujici zawaslologaritmu viskozity
na reciproké teplétlinearni zavislosti. Tento model Ize vyjédre tvaru [89,92]:
n=n,expE, /RT) (11)

kdeE, je aktiva&ni energie viskozniho tokuy je konstanta & predstavuje univerzalni

plynovou konstantu.

0,08 _ Na20.28i02
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0.07 viskozitni data Poole
,07 A
0’06'_ N Nap0.2Si0y
0.05 4Sp =46 R
2 4 Viskozitni data Pospelov
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zZ ] N o
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Obr. 8: Zavislost redukované rychlostiistu krystah Ur na redukované teplbt
podchlazenidT/Ty pro silikatova skla £S,, > 4R). Byla pouZzita @istova a viskozitni

data z literatury [40,81,82] pro MNa2SiO, a [42,81,83] pro KORSIO,. Zmenou
viskozitnich dat pro N®R2SIO, se n&ni i ureni standardnihoustového modelu
ze Sroubovico¥ dislokaniho tastu (linearni zavislost) na povrchownuklea&ni rast
(nelineérni zavislost).
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Ze sklotvornych systéinje nist krystaii studovan zejména u silikatovych
a boratovych skel. Z chalkogenidovych sysiémgla ristova a viskozitni data nalezena
pouze pro #st krystali v As;Se; [59], v GesSez [27], v Ge1Seo[84], v GeSes [84]
a v GesSsy [84]. Ve vSech fipadech se jedna o lateralni mechanisniissurkrystah
podle povrcho¥ nukle&niho modelu. Vliv stechiometrie podchlazené kapadsS; «

na rast krystatt a-Ge$S je zobrazen na obr. 9.

Ge3gSg2
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1 ATITg
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Q
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» Ge33Se7
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Obr. 9: Zavislost redukované rychlostiastu krystai Ur na redukované teplbt
podchlazenidT/Ty pro GesSs,, GerSes a GesSsr. Byla pouZzita fistova a viskozitni
data z literatury [27] pro GeSs2 a [84,85] pro GeSss a GesSs7. Zmeénou slozeni
podchlazené kapaliny systému nedochazi ke:nzmkrystalické faze. Ve vSech
piipadech je krystalizujici latkoa-GeS. Redukovana rychlost gigavkem Ge klesa.
Rist krystal se liSi i rozsahem podchlazeni systému.

Henderson a Ast [59] na chalkogenidovém systénmi$és Gutzov na systému
NaO[P,0s5 [86] pozorovali sféroliticky wst krystah, ktery je typicky pro polymery
[87]. Behem sférolitického trstu vznikaji typicka paprskovita usgaani nazyvana
»Sférolity’. Tento sférolit je tvéen zcetnych krystalickych vlidken jednodimenzionalni
struktury, jejichz lateralni rozény jsou konstantni a opakowvarse \tvi [87,88].

Preferovana osaudstu lezi paralek s paprskovitym sgrem. S rostouci teplotou
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krystalizace se textura sférdlistava hrubjsi [88] a morfologie jednodimenzionalnich
paprgitych vlaken se ®@ni v zavislosti na systému. Krystaly sférolitickétypu jsou
pozorovany v multikomponentnich sklech, v systémschalym koeficientem diflze
a v systétmech s pomalou krystalizaci. Pro tefitt krystahi nebyl nalezen Zadny
specificky Gistovy model. U sférolitickéhotustu polymernich latek seistova data
analyzuji¢asto pomoci klasické teoriéstu, u které jetst kontrolovany sekundarni
tvorbou zarodi, vyuZivajici vztahy navrzené Lauritzenem a Hofferan[89,90],
ve kterych se vyskytuje parametr sekundarni nukleapolu s energii spojenou
s tvorbou sekundarniho nuklea o kritické velikostik je patrné z literatury [59,86]
materialy, u kterych byl zaznamenan v litetatsféroliticky fist, se nijak vyznamn
neliSi tvarem zavislosti redukované rychlosstu na podchlazeni od ostatnich systém
Zkoumané systémy ASe; a NaOI[P,Os vykazuji povrcho¥ nuklea&ni rast.

Obdobrg byl sledovan sféroliticky st krystali v pseudobinarnim
chalkogenidovém systému (G&$ShS;)1.«x pro slozeni x = 0,1; 0,2 a 0,3 (publikace
¢. 2 az¢. 5). Meénici se morfologie sférolit tohoto systému v zavislosti na slozeni
je zobrazena na obr. 11. Dochazi zde ke&rgmrtvaru sférolitu z ovalného tvaru pro
sloZzeni x = 0,1 aZ po protahly jehlicovity tvar mloZeni x = 0,3. Pro sloZzeni x = 0,4
a 0,5 jiz sférolitickd uskupeni nebyla pozorovaReo tato d¥ sloZeni #ist krystah

probihal v podob separovanych jehlic $8; (viz. prilohac.1 az¢. 3).
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Obr. 10: Zavislost redukované rychlostiigtu krystah Ur na redukované teplot
podchlazenidT/Ty pro systémy AsSe; a NaO[P,Os, pro které byl v literatte [59,86]
sledovan sfeéroliticky ust krystali. Byla pouZzita #istova a viskozitni data z literatury
[59] pro AsSe; a [5] pro NaO[P,0s.

z=01 =02

Obr. 11: Zmeéna morfologie pozorovanych krysiaShS; pro sklotvorné materialy o
slozeni (GeS)x(ShSs)1x. Jednotlivé cary predstavuji zékladni strukturni jednotku
v podolz jehlicec¢i trame&ku SbSs.
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3 Makroskopickeé sledovani #istu krystala ve
sklotvornych systémech

Vedle mikroskopického fiistupu, kdy pomoci elektronové nebo optické
mikroskopie sledujeme o morfologii a izotropii #stu krystal, lze pouZzit
i makroskopického ifistupu zaloZzeného na ri@pém sledovanitstu krystah pomoci
stupré premeény systémua. Krystaliza&ni &) je pak sledovan néjklad pomoci
teplotniho zabarveni systémahiem krystalizaniho procesu (kalorimetricky) [99-104],
pomoci pordru intenzit difraknich ¢ar ¢asténé a plre krystalického vzorku [94,95]
nebo pomoci specifické vlastnosti systému, jakelgktricka vodivost [94,96] nebo
magnetizace [97].

Mezi nefastji pouzivané pat termoanalytické metody DTA a DSC,
kdy studium kinetiky krystalizanich proces systému mizeme provaét za izotermnich
a neizotermnich podminek. Principy obou metod jsadrobré diskutovany v literatte
[99-104].

Pro makroskopické ifstupy sledovanitstu zarodik a krystah je rychlost
procesu tvorby zarodka krystalizacela/dt sledovana v celém rozsahu stépremsny
(0, 1. Proces lze roztit do nekolika kroki, které jsou popsany na obr. 12 v zavislosti
nacaset a stupni pemeny a. Rychlost procesda/dt Ize vyjadit ve tvaru sotinu dvou
funkci, z nichZ jedna je pouze funkci tepldta druhd je funkci stugrpremeny a:

da _
i k(T)d(a) (12)

Funkcek(T) je rychlostni konstanta a funkégr) predstavuje kineticky model
procesu. Rychlostni konstankéT) byva velmicasto vyjadovana v Arrhenio¥ tvaru
pomoci aktivéni energii krystalizéniho proceslEa a predexponencialniho faktor

(R je univerzalni plynova konstanthteplota) [98]:

Ea

k(T) = Al® RO, (13)
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Obr. 12: Popis krystalizéniho procesu v zavislosti négaset a stupni peneny «

s jednotlivymi kroky [16]:A - indukeni perioda tvorba stabilnich zarodkkrystali;

B - urychlovaci periodariast krystah doprovazeny pdipact dalSim fistem zarodi;

C - oblast linearniho #istu krystad, rychlost fistu krystalh dosahuje svého maxima;
D - pokracovani ristu krystad, snizovani rychlostitistu krystal systémug - kone’na
faze rast krystat je ukorgen.

Funkce f(a), tj. kineticky model, miZze nabyvat rozdilnych podob &nym
poétem kinetickych parametr Kineticky model je odvozen na zakéateoretického
popisu probihajiciho krystalizaiho dtje a jednotlivé nejpouZzivajsi kinetické modely

jsou popsany v nasledujici kapitole.

3.1 Kinetické modely

Mezi nejpouziva&Si modely, pouZivané pro popis rozkiagevnych fazi,
fazové transformace a rekrystalizace,tripauklea&né rastovy model, ktery popsali
Johnson-Mehl-Avrami (JMA) [105]. Z&kladem tohoto detu je rovnice (14), ktera
vyjadiuje zavislost stughpremeny a vznikajici nové krystalické faze jako funkisu
t [1L05]. Tato rovnice fedpoklada, Ze v realnych systémech mohge tvorby zarodk
a naslednéhoistu krystal probihat sotas a Ze nemuseji byt vzajewhrecela

separovane.

_ e—gj; | mJ.:’udr)m dt

a=1 (14)
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K vypoétu a je vyuZito rychlosti nukleack rychlosti fistu krystah u, geometrického
faktorug, ktery zavisi na tvaru rostoucich krystalasut’, ve kterém je zagata tvorba
zarodki a parametrum, ktery zavisi na mechanismistu a dimenzionakt krystali.
Parametrm je pro kinetiku krystalizace kontrolovanou rozhHrankrystal-kapalina
nezavisly na&ase a nabyva celych hodnot 1, 2 a 3 pro jedno--dadidimenzionalni
rast. Pro difuzi kontrolovanyist tento parametr nabyva v zavislosti na dimentigna
rastu hodnot %, 1 a 3/2 a zavislost rychlogitu krystah klesa ¢*2 U materiah, kde

je rychlost fistu zn&né anizotropni, j&len (j: udr )™ v rovnici (14) nahrazen vyrazem

|_|i I udr, kdeu; je rychlost fistu ve sniru i [105]. Rychlost éistuu Ize pak vyjadit

jako souwin rychlosti fstu krystai ve snéru os kartézské soustavy $adnic.
Tiidimenzionalni st krystal je pak vyjaden jako sotin u=u, [ [,
dvoudimenzionalnitist krystaii jako u=u, [, a jednodimenzionalniist jakou=u,

(obr. 13).
u = uxJhy /i, U = Uiy

m=3 m=2

- |

o= L L

c
3
n <
=

n=<3,4> n=<2>3 n=<1,2>

Obr. 13: Typy rastu krystal pro model JIMA (n).

Rovnici (14) miZzeme integrovat za izotermnich podminek s rychlogtieacd
a rychlosti éistu krystal u nezavislych ngaset [105]:
a=1-e9""" = 1- g0 (15)
kde g je integrovana forma faktorg. Ostatni parametry maji stejny vyznam jako
v rovnici (14). Parametn je kineticky exponent nuklée¢ ristového modelu a nabyva
hodnot 1 aZz 4 v zavislosti na parametru dimenzitynaistu m (obr. 13) a fitomnosti
zarodkKi v materialu. Pro ijpravena skla bez fffomnosti zarodk (tato skla byla
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dostaten¢ rychle zchlazenadhem gFipravy sklotvorného materialu) plati= m + 1
a pro skla s dostate¢ velkym mnozstvim zarodkpritomnych jiz na p&atku nereni
platin = m (temperace materialu po dostat& dlouhou dobu $ teplo€ odpovidajici
maximalni rychlosti nukleace). Proces tvorby zafote od fistu krystal separovat
temperaci p vhodné teplat.

Rovnice JMA modelu (15) jetasto pepisovana pomoci celkové reéak
rychlosti k a parametrun. Reakni rychlost reakcala/dt, vyjadcenou pomoci rovnice
(12), mizeme pak pro tento modeigpsat do podoby:

Z—Ctr =k(T) Chill- a) - In(L-a)™*", (16)

kde rychlostni konstant&(T) byva nefastji vyjadiena v Arrhenio¥ tvaru pomoci

rovnice (13). Bvodné byl tento model odvozen pro izotermni podminkg, ldenderson

[100] a De Bruijn [106] ve svych publikacich dokbzde platnost rovnice (15) lIze
aplikovat i za neizotermnich podminek Zaqpokladu, Ze i)ist nové faze je nezavisly
na ¢ase (linearni irst) a je funkci pouze teploty, ii)ust probihd z nahodn

dispergovanych zarod@iplati pro homogenni i nehomogenni tvorbu zatpdk

Vedle kinetickych modél odvozenych na zaklad fyzikalni podstaty
krystalizaniho ctje, se pouzivaji i empirické modely, které sloufidpisu slozigjSich
krystalizatnich &ji, avSak kinetické parametrgchto model postradaji fyzikalni
vyznam. Mezi tyto modely p#tnagiklad dvouparametrovy model Sestak-Berggren
(autokatalyticky model). #odré byl tento model fiparametrovy, ale autopomoci
matematické analyzy ukézali, Ze k popisu pagtapouze dva parametri a N.
Reakni rychlost, definovanovanou rovnici (12), Ize pantohoto modelu zapsat ve
tvaru [107]:

Z—? =k(T)@" [@-a)" (17)

Rychlostni konstanta proces(T) byva ogt negastji vyjadiena v Arrhenio¥ tvaru

pomoci rovnice (13).

Hledani vhodného kinetického modelu a jeho parametermodynamickych

dat nandtenych za izotermnich a neizotermnich podminekigerckinetické analyzy.
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3.2 Kineticka analyza

Kineticka analyza je roztena do &kolika kroki béhem nichz wime dilezité
kinetické parametry krystalizaiho procesu, jako jsou akti&r energie krystalizace,

kineticky model a jeho parametry gedexponencialni faktor.

Jako prvni krok  kinetické analyze @ime aktiv&ni energii krystalizéniho
procesu. Tento vyget miZze byt odliSny pro izotermni a neizotermni podminky
experimentu. Jedna z nejpouziv@ich metod pro neizotermni podminky
je Kissingerova metoda podle rovnice (18) [108] za®@ova metoda pomoci rovnice
(19) [109]. Ok metody udavaji hodnotu akti&ai energie krystalizaniho procestEa

z posunu maxima krystaligaiho pikuTp v zavislosti na rychlosti gavu £.

in(Zy = -Ea g +konst (18)
Tp Tp
In B :—1.052[4EEAGT£+konst. (19)
P

V literature mizeme najit celodadu dalSich metod vyptu aktivani energie
krystaliza&niho procesu za neizotermnich podminek, které \agjh&z vertikalni
vzdalenosti inflexniho bodu nélfoové hrany krystalizaniho piku od zakladni linie
[110,111] nebo $ky krystaliza&niho piku v polovida jeho maxima [112-115],
popripack druhé derivace krystalizaiho piku [116].

Stanoveni aktiveni energie za izotermnich podminek probiha pomoci
izokonverznich metod. Mezi tyto metody ilatnagiklad Friedmanova metoda
izokonverznichtezi [117], Flynn-Wall-Ozawova metoda [118], Kissing&kahira-
Sunoseova metoda [119] a Li-Tang metoda [120]. Bylikdzano, Ze pokud aktidra
energie nezavisi na stupniemeny [124], pak vSechny zifdvané metody vedou
ke stejnym hodnotdm aktitai energie Ea. V literatue je nefastji pouzivana

Friedmanova metoda izokonverzni@zi vyjadrena rovnici [117]:

In®, =In[AH [ALF (a)] —%E—»Tl , (20)

a

kde @, aT, jsou tepelny tok a teplota termoanalytického zédan@dpovidajici stupni

piemeény a, A je predexponencidlni faktogH je znmeéna krystalizéni entalpie. Vyhodou
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tohoto postupu je ziskani informace o zavislostivakni energie na stupnir@meny.
Hodnota aktivani energieEa se obvykle stanovi jako tstini hodnota v intervalu
0,3< a < 0,7. Pokud je tato zavisloga na a konstantni, jedna se o jednoduchy
krystalizani proces, v opaém gipadt prabéh zavislosti ukazuje na komplikovanost
déje ¢i soulEznost kkolika cja.

DalSim krokem kinetické analyzy je stanoveni kicietho modelu a jeho
parametil. Vhodny kineticky model pro popis experimentalngdt mize byt vybran
na zaklad tvaru a hodnoty maxima charakteristickych funkagfér) a y(a), které
jsou ziskany vhodnou transformaci experimentalid&@C dat [125,126]. Funkd(a)
Ize vyjadit pro neizotermni r¥eni jako z(a) = @I° a pro izotermni w¥eni
z(a) = ®f]125,126]. Z praktického hlediska je funkaga) normovana v intervalu
(0,1), coz nam umailje snadySi porovnani zaiznych podminek gfeni. Maximum
funkce z(@)max j& identické se stupm prenmeny, které odpovida maximalni rychlosti
procesu a nezavisi na hodaaiktivacni energie. Bez znalosti dalSich Gdagak neni
mozné stanovit kinetické exponenty modelu. Z tohditeodu se zavadi funkcga),
ktera je pro izotermni &teni @imo unérna tepelnému toky(a) = @ a pro neizotermni
podminky je zavisld na hodrotaktivaini energie krystalizaceEn ve tvaru
y(a) = @exp(R/RT)[125,126] Z praktického hlediska je i tato funkgéa) normovana

v intervalu (O, 1). Poloha maxima funkce/(a) je oproti funkci z(a) velmi silné
ovlivnéna hodnotou aktivai energie. Tvary funkct(e) a y(a) jsou charakteristické
pro dany kineticky model a mohou byt snadno poujiko nastroj fi hledani
optimalniho kinetického modelu. Poloha maxima funkde) a jeji pabéh nam
vymezuje vhodné kinetické modely. Tvary funkg@) pro jednotlivé modely jsou
uvedeny v publikacich [99,127Proces krystalizace amorfnich mateariéyva obvykle
popsan nuklem¢ rastovym modelem JMA nebo empirickym modelem
Sestak-Berggren. Pro charakteristické funkce JMAdeho plati, Ze pokud je funkce
y(a) linearni a funkcez(@) ma hodnotu ve svém maximu Vv intervalu hodnot
0,62<z(@)max < 0,64 pak je parametr JIMA modelu = 1. Pokud jey(a) monotonni

a funkcez(x) ma hodnotu ve svém maxind62 < z(@)max < 0,64 pak jen < 1. Pro tento
piipad lze kineticky parametr JMA modelu vyjftat za izotermnich podminek
z Avramiho rovnice (21) [103] a za neizotermnicldmének ze Satavovy rovnice (22)
[100,128]. Vyznam symbdlje stejny jako v rovnici (13).
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In[~In(1-@a)] = nh k+ nlh t (22)
—_ _ EA
In[-In(L-a)] = nE—IIﬁ+ konst (22)

Dale pokud hodnota maxima funkgé)max lezi meziO < y(a) max < ap, kde ap je
stupeé preneny v maximu krystalizéniho piku a funkcez(e) ma hodnotu ve svém
maximu Vv intervalu0,62 < z(@)max < 0,64 pak jen > 1. Parametmn Ize pak pro tento
piipad ziskat z rovnice [127]:

1
n=
1+In(l-y(@)

: (23)

max )

Model Sestak-Berggren lze aplikovat pro jakékoliedhoty z(x) funkce a pro
hodnoty 0 < y(@)max < ap. Vypoiet kinetickych parameirM a N tohoto modelu
je nutno rozdlit do dvou naslednych krak V prvnim kroku se i poner kinetickych

parametit M/N z hodnoty maxima funkc®a@)mas

M: y(a)max (24)
N 1-¥(0)
V druhém kroku se df parametiN ze sndrnice zavislosti [127]:
Ex M
In[P-eRT ]= INAHOA)+NOn[a N [{1-a)] (25)

Ea M
Tato zavislostIin[@-€’T Jna In[aN [[1-a)] se vynaSi vintervalu stupnpremeny

0,2<a<0,8
Pro oba modely plati, Ze ziskané hodnoty kinetibkyparametr by nently
zaviset na rychlosti dbvu ani na hmotnosti vzorku. Pokud tomu tak nengtjidovany

proces pravébodobré komplikovargjsi.

Poslednim krokem kinetické analyzy je v¢pbhodnoty pedexponencialniho
faktoru. Pro vypoet hodnoty pedexponencialniho faktor potrebujeme znat hodnotu
aktivatni energie, kineticky model a jeho kinetické paragnekteré uéime dle vySe
uvedenych metod. Postup vy hodnoty pedexponencialniho faktorA je popsan
rovnici [127]:
prEA

RT

TH'(ap)

E
[BXpA 26
PeT) (26)

kde f'(ap) je diferencialni tvar kinetického modefga). V literatue byva hodnota
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piedexponencialniho faktordasto uéena jako fitovaci parametr, aby proloZzeni

experimentalnich a vygtenych dat bylo co nefpsrgjsi.

Vysledkem kinetické analyzy makroskopickych datujdanetické parametry
krystalizaniho procesu, jako jsou akt&@ energie procesu a kineticky model a jeho
parametry. RestoZze sledujeme krystalizaci figpo, jsme schopni na zakkaanalyzy
modelu blize charakterizovat probihajiéstr krystal. Pokud je krystalizani proces
popsan JMA modelem, iieme na zaklad jeho hodnoty parametrim usuzovat
na dimenzionalitutrstu krystah (obr. 13). U makroskopickychrigtupi je vSak gkolik
faktori, které vyznam& ovliviuji krystaliza&ni chovani systému. Jednim z nich
je nagriklad tepelna historie materialu d@itomnost zarodk na p@&atku experimentu.
Hodnota parametru JMA modelu zalezi na tom, Adakrystali probiha z konstantniho
poctu zarodk, pak je parametr roveniimo dimenzionali rastu n = m nebo tyto
zarodky v materialu zcela chybi, pakne= m + 1 Bylo zjiS&€no [129], Ze hodnota
aktivaini energie a entalpie krystalizace neni zavislaamcentraci zarodk respektive
na teplot nukleace. DalSim tdezitym faktorem pro kineticky popis krystalizdho
procesu je velikost ¢astic studovaného amorfniho materidlu. Literatura
[101,113,129,130] uvadi, Ze pro silikatovy systépO2SiO, se vzfistajici velikosti
castic se zvySuje ostrost krystaliméch piku, coZz nazwaje zneénu povrchoveé
krystalizace v objemovou. Tato sk&mest, ovSem nebyla potvrzena Hé@ad
pro chalkogenidovy systém o sloZeni (§e8GeS)o0[131,132]. Je nutno podotknout,
Ze vobou gpadech mé& velikostcastic vliv na hodnotu akti¢ai energie,
na gedexponencialni faktor a hodnotu parametru JMA rwodézavislosti na velikosti
castic jsou typické hodnoty JMA modelu pro povrchovérystalizacin = 1
a pro objemovou krystalizaei = 3 aZ 4 pro temperovany respektive netemperovany
vzorek [129]. Vyznamny vliv maifpduprava vzonk pomoci deionizované vody, HCI
a HF, kdy dochazi ke stimulaci povrchovych zafod¥agiklad pro systém LDR2SIiO,
[129] se parametr JMA modelu postépméni z hodnotyn = 3 pro deinozivanou vodu
na hodnotun = 1,6 pro predpravu vzorku pomoci HF. Toto snizeni parametru
n nazn&uje, Ze povrchova krystalizace Upravou vzorku zigk#&tSi vliv. Naleptanim
povrchu vzorku dochézi k tva¥bpovrchovych zarodk DalSim vlivem niZze byt
inkorporace cizorodé latky do taveniny systémur&iea za nasledek stimulaci tvorby
zarodki nebo fistu krystah [101].
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4 Vzajemné propojeni obou fFistupu

Makroskopické fistupy mohou byt do z&aé miry ovliviény fadou faktod,
proto lze pozorovat vysokou variabilitu publikovahy vysledk. OvSem oproti
mikroskopickym pistupim jsou makroskopické metody u sklotvornych systém
rozStengjSi. Praci, které kombinuji obafigtupy je velmi malo. Pro chalkogenidové
systémy jsou znamy dvprace (i) pro st krystali As,Se v amorfnim AsSe
je to prace Hendersona a Asta [59] a (ii) pist 1IGeS v GasSs; je to prace Shaové
a Malka [27]. OB prace kombinuji vysledky mikroskopického sledovdistu krystah
(mikroskopicky pistup) s vysledky studia krystalizace pomoci temabgickych
metod DTA a DSC (makroskopickyiptup). Pouze na zakladyslediki téchto dvou

publikaci je hledanitiznych korelaci mezémito piistupy velmi obtizné.

Ray a Day [129] zavadi parameff? /AT, ktery zohleduje 3tku
krystaliz&niho piku v polovig jeho maxima4T,,,, & teplotuT, odpovidajici tomuto

maximu. Toto kritérium, vynesené v zavislosti ndikasti ¢astic, se pouziva jako
kriterium urgujici prevladajici druh krystalizace mezi povrchovou a woigeou
krystalizaci. Pokud tato zavislost roste s velikasistic, jedna se oust krystaii
v objemu, v op&ném gFipad o povrchovy #st krystali. Tato metoda je odvozena
auplatkna na silikatovych sklech a jeji pouziti pro cha&nidy
je diskutabilni [131,132].

Dalsi korelace byla hledana mezi homogenni a hgéewrd tvorbou zarodk
a mezi pimymi a lateralnimi mechanismyistu krystah Jacksonovy teorie. Korelace
vychazi z jednoduchého kriteria, jeZ publikoval @an [133] a tim je po®r teploty
skelné transformace a teploty taRiTy. Zanotto uvadi, ze pokud je hodnota kriteria
T¢/Tm < 0,6 pak maximum tvorby zarodknastava § teplog, ktera je vySSi neZy
a tato skla vykazuji objemovou homogenni tvorbwair. Naopak pokud je po&n
T¢/Tm > 0,6, pak je maximalni teplota nukleace nizSi nez htaliig a tato skla tvii
zarodky heterogennim #@gobem. Platnost tohoto empirického pravidlaéibv
pro systém silikatovych skel Deubener [134] (10 téay8) a Fokin [45,46]
(55 systém). Jak zjistil Fokin [45,46] pro silikatova sklakkesajici hodnotou po#énu
T/ Tm roste nukle&ni rychlost systému a je pozorované&sv tendence k objemové
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tvorbe zarodki. V opaném gipad nukle&ni rychlost klesa a roste vliv povrchove
krystalizace. Toto empirické pravidlo bylo p@&jddobjasreno Brasilem [135] pomoci
adiabatické nuklemi teorie, kterou ii¥eme za zjednoduSujicich podminek

(pro koordingni ¢islo Z [0) vyjadiit nasledujici rovnici [135]:

T—N=§D AH, /¢, O, _3D AS, /¢ 27

T. 5 exp@H,, /c,,, > 1 5 expdS, I ¥ :

Hodnotu kriterialn/Ty = 3/5 ziskdame pokud zanedbame pr&lgn rovnice (27), ktery

obsahuje parametry entropie tafiflny a ptimérné specifické teplo kapaliny a pevné
latky v bodu tanic,, Ty a Tw jsou teploty nukleace a tani. Tato teorie bylasBem
[135] usgsre aplikovana na&isté kapalné kovy, oxidy kdy metalicka skla, polymery
a chalkogenidy. Pro systémy, které maji hodnbju> Ty je indikovana homogenni
tvorba zarodik be¢hem chlazeni, takové materialy jsou klasifikovarakg dolie
sklotvorné. Pro systéemy s hodnot®y//Ty je typicka homogenni a heterogenni tvorba
zarodki behem chlazeni. &hem gripravy tchto skel je pdeba dosahnout velké
rychlosti chlazeni a pro systémy s hodnotou pamam@&j < Ty tyto materialy
béhem chlazeni tMd zarodky a krystalizuji. Tyto materialy neni moZpapravit
ve sklotvorném stavu (eutektickd sloZeni). Nemékpapujici, Ze ivtomto Kkriteriu
vystupuje entropie tanidSy stejré jako u mikroskopického fistupu. Brasil [135]
podrobré analyzoval 18 metalickych slitin a 37 chalkogeniglth systém. Téntr
vSechny chalkogenidy maji pémTy/Ty > 0,6 [135], takze Ize &ekavat vySSi neochotu
ke sklotvornosti Bhem gipravy a heterogenni #pob tvorby zarodk (tabulka IlI).
Pro materialy s hodnotouly/Ty < 0,6 jsou typické vySSi nukl€ai rychlosti

a homogenni Zisob tvorby zarodk Pro tSinu silikadtovych skel se hodnota tohoto
kriteria pohybuje v rozmezi 0,53 az 0,56 [45,46} poukazuje na homogenni tvorbu
zarodKi (tabulka Ill). To ov8em nesouhlasi se &vz mikroskopickych studii ziskané
pro silikatova skla (tabulka Ill). Je znamo, Zstrkrystah ve wtSing silikatovych skel
Ize popsat lateralnim mechanismeistu krystal pomoci Sroubovicay dislokatniho
modelu (linearni zavislostir vs. 4T) nebo povrcho¥ nuklea&niho modelu (nelinearni
zavislostUgr vs. A4T) v zavislosti na pouzitych viskozitnich datech.ddota poniru
Ty/Tm zélezi u silikatovych skel také na stechiometrilaskkdy napiklad skla
Na,OR2Si0, a NgOBSI0, [136,137] s hodnotou kriteridy/Tm > 0,6 pati mezi
systémy s heterogenni tvorbou zanbdlale napiklad sklo NaO[$iO, [136] pati

s hodnotou tohoto kriteridy/Ty < 0,6 mezi systémy, které tvibzarodky homogennim
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zpasobem (tabulka IIl). Do skupiny latek s homogerwvorlbou zarodik pati take
systém LjORSiO,, pro ktery byl pozorovan mikroskopickymi studierateralni
mechanismus astu krystah [6]. Dale napiklad pro latky s nizkou entropii tani
ASv < 2R (SIG; a GeQ [15,24]) je nalezena hodnofgy/Tw > 0,6, coz odpovida
heterogenni tvorb zarodki a z mikroskopickych gteni je znamo, Ze pro tyto latky
je typicky model normalniho tstu krystal (konstantni zavislostUr vs. A4T)
(tabulka 111). Pro diboratova skla [9] je nalezdr@dnotaly/Ty > 0,6, coz odpovida také
heterogenni tvorb zarodkKi a z mikroskopickych gfeni povrcho¥ nukle&nimu
modelu (tabulka Ill). Mezi dalSi latky s heterogémvorbou zarodk pati nagiklad
fluoridova skla [139,140] a systémy se sférolitickyraistem krystal, jako jsou
napiklad polymery [138] a AfSe [59] (tabulka IIlI). Mezi systémy, které maji
parametrTy/Ty < 0,6 pati vétSina silikatovych systéin[45,46] a metalicka skla [143]
(tabulka 111). Za¥rem tedy nizemefici, Zze timto kriteriem nelze rozeznat, zda se §dn
o primy nebo lateralni mechanismusistu krystal, ale pouze zda v systému

pravdEpodobré pieviada homogenni nebo heterogenni tvorba krysgadickarodk.

Jak je patrné z rovnice (15), |28 nahradit vyrazeml ™. Reakni rychlost
kv rovnici mizeme vyjadit v Arrheniow tvaru v podob rovnice(13). Na zaklad
nahradyk” za | @™ Ize predpokladat pro mensi interval teplot i Arrheniovsk®vani

pro rychlost tvorby zarodkl a rychlosti fistu krystal u [105]:

En

| (T)= I, @ RT, (28)

Es

u(T)=yke "7, (29)
kdelo, Up jsou konstantyley aEg jsou aktiv&ni energie tvorby zarodka riistu krystaib.
Kombinaci rovnic (13), (28) a (29) po dosazeni giazu k" =1 ™ mizeme vyjadit
celkovou aktivani energii krystalizéniho procestea v podol [105]:

Ey + ME

E, 0=

(30)

Pokud je tvorba zarodks teplotou zanedbatelnén (= n), pak je celkova aktivani
energie krystalizac&, = Eg. Obdobny vztah publikoval i Heimandahlem [162,163]
pro metalicka skla, kdy je nalezena u mnoha systéhada aktivéni energie ziskané

Z izotermnich a neizotermnich dat = Eiso = Eneiso [22]. Pro vybrané systémy jsou
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uvedeny v tabulce IV hodnoty akti energieiistu krystah Eg, viskozitniho tokug,,

krystalizaceEa a hodnoty parametru JMA modelu.

Tabulka 1ll: Hodnota kriterialg/Ty pro vybrané sklotvorné systémy a mechanismus
rastu krystah zjisttny pomoci mikroskopickéhoristupu. Systémy jsou roZiény podle
typu tvorby zarodk.

systém | T/ Tu | mechanismus fistu
3 Silikatova skla
3| [ Li,ozsio, 0,56 [9,136] laterainitist [45,46]
§ NaO$i0, 0,50 [136,141,142] lateralnist [45,46]
=| | Cadsio, 0,57 [143] lateralnitrst [45,46]
S| | BaO2SIO, 0,56 [136] lateralnitrst [45,46]
8| | 3Ba0BSIO, 0,56 [144,145] laterainfist [45,46]
&l [ 2NaO[Ca03Sio, 0,51 [146] lateralniirst [45,46)]
Il [ Ng,012caa3sio, 0,54 [136] lateralnitrst [45,46]
Silikatova skla
Sio, 0,72 [15] gimy rist [28]
K,02Sio, 0,58 [3,74,142] lateralnfist [3]
Na,OR2SiO, 0,63-0,69 [137,141,142] lateralriist [3]
Na,0BSIO, 0,69 [136] lateralnitrst [45,46]
PbO,SiIO, 0,64 [53,147,148] lateralnést [45,46]
MgOICaO2SiO, 0,60 [8] laterainiist [45,46]
CaCQAl,0;2Si0, 0,61 [149] lateralnitirst [45,46]
BaOAIl,0s2Si0, 0,74 [150] lateralnitirst [45,46]
SrOAl,0;2Si0, 0,79 [150] lateralnitrst [45,46]
Borosilikatova skla
Li,O2B,05 | 0,63-0,65 [9,21,151,152]
Polymery
&1 | polystyren 0,73 [138] sférolitickyast [138]
g polytetrametylfenylsiloxan | 0,60 [138] sférolitick§st [138]
= Organickeé latky
'z| [ 1,2-difenylbenzen 0,74 [153] lateralriist [65]
S| | glycerin 0,62 [154] lateralniist [64,66]
al | salol 0,69 [155] lateralniist [3]
9| | tri-a-naftylbenzen 0,72 [62] lateralniirst [62,63]
% Chalkogenidy
GeS 0,68 [84,156-158]
GeSe 0,66 [26,156-158]
As,S3 0,77 [57,157,158]
As,Se 0,67-0,70[57,59,157-159)] 'S"’]}fr:)"’l‘:trl‘(':lf‘ystm[;gl
ShS; 0,60 [57,158,160]
Bi,Se 0,69 [159]
GesSer 0,74 [27] lateralnitrst [27]
GeysSsy 0,68 [84] lateralnitrst
GepSes 0,65 [84] lateralniirst
Gey;:Seo 0,64 [84]
Oxidy kovi
P,Os 0,61-0,64 [36,37] my rast [36,37]
GeO 0,63 [24] gimy rist [24]
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Tabulka 1V: Aktiva¢ni energie iistu krystah Eg, viskozitniho tokug,, krystalizaceEn,
entropie tAndSw/R a hodnoty parametru JMA modelu pro vybrané sygté

systém B E, Ea JMA (n) ASu/R
kJmol* kJithol™ kJmol* - -
Sio, 560 [35] 510 [168] - - 0,4 [28-30]
GeO, 226 [24] 267 [24] 230 [164] 1 [164] 1,3 [23,24]
P,0Os 88.7 [36] 174 [37] - - 1,2 [36,37]
Li,O2SiO, 234 [49] 288 [20] 272 [101,164] 1-3,9 [164] 5,6 [49,54]
NaOR2SiO, 203 [41] 260 [137] 213 [137,164] 1[164] 4,0 [18]
GeySs, 247 [27] 478 [27] | 212-232[27,39 4[27] 1,2 [23}2
GeynSe 146 [84] - - - 1,2 [25-27]
GeySes 106 [84] 436 [85] - - 1.2 [25-27]
GeysSsy 111 [84] 496 [85] 215 [39] - 1,2 [25-27]
As,Se 154 [59] 261 [59] 125 [59] 4-4.5 [164] 7,0 [55,59]

Tabulka V: Souhrn hodnot aktivaich energii ziskanych #astovych dat Eg),
z viskozitnich niteni E;), z DSC ngieni za izotermnich a neizotermnich podminek
(En) pro sklotvorny chalkogenidovy systém o slozerg &5 (SSz)1«.

E, (DSC data)
slozeni ristova viskozitni Neizotermni Izotermni
data data (Kissinger) (izokonverzni JMA (n)
Es E, metoda)
X kJmol™ kJmhol™ kJmhol™* kJmhol™
0,1 405 513 253 280 2
0,2 296 438 178 268 2
0,3 288 485 167 242 2
0,4 274 400 - - -
0,5 293 423 - - -

U systému s nizkou entropii tad&y < 2R je tzv. hrubé rozhrani, pro které
je typicka izotropie istu krystah a standardni model normalnihisstu krystalh. Tomu
ale neodpovida hodnota parametru JMA models 1 uvadného Brandou [164]
pro GeQ, coz by odpovidalo jednodimenzionalnintistu nebo povrchové krystalizaci.
U téchto materidl s nizkou entropii tani se na zaldadotropie fistu krystah daji
ocekavat vysSi hodnoty parametru JMA modelu, proto#teem Kistu krystah neni
preferovana Zadnaastovad rovina a tim je dimenzionalitaistu WtSi. Naopak
pro systémy s vysokou entropii téftky > 4R s tzv. yovnynt rozhranim fist krystaii

probiha lateralnim mechanismem a je preferovatadurmistova rovina. Daji se tedy
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ocekavat nizSi hodnoty parametru JMA modelii. porovnani vysledk vybranych
systénid tato @ekavani nejsou spina. Napiklad pro lateralni mechanismugstu
krystali v systémech ASe [59] a GgsSs, [27] jsou pozorovany vysoké hodnoty
parametru JMA modelu, ale ndidad pro NaORSiO, [164], ktery na zaklad
mikroskopickych miteni lze popsat také lateralnim mechanismeistur krystab,

je hodnota parametru JMA modelu nizké=(1). Jak je patrné z tabulky IV, tak krém
systému GgSs; se ve vSechifpadech hodnota aktivai energie istu krystah Eg
(ziskané z mikroskopickychftigtupi) rovna hodnat aktivaini energie krystalizace
Ea(ziskané pomoci makroskopickychigtupi), coZz u zkoumaného chalkogenidového
systému (Gegx(ShSs)1-x Neni splgno (tabulka V).

Pro gipad Eg = Ea podle rovnice (30) odpovida hodnota parametru JMA
modelu @imo dimenzionalit ristu (@ = m). Tuto hypotézu potvrzuji i vysledky
Brasilovy [135] adiabatické nukleai teorie, ktera pro chalkogenidové systémy
predpovidd Htomnost zarodk jiz béhem samotné ifpravy skla. Rst krystah
pro tento typ materiélprobiha z konstantniho o zarodk, zarodky jsou jiz fitomny
v materialu na p&atku experimentu. Mezi ostatnimi parametry v tabul¢ a V nebyla

nalezena zadna vyznamna korelace.
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Abstract

The kinetics of nanocrystallization in amorphous TiO; has been studied in non-isothermal conditions by DSC. It was found that this
process could be well described by standard Johnson—Mehl-Avrami—Kolmogorov (JMA) model with kinetic exponent m = 1. The kinetic
parameters were calculated by simultancous analysis of experimental data taken at different heating rates. These parameters were used as a
basis for prediction of crystallization kinetics in isothermal conditions. The agreement between the JIMA model prediction and experimental

data depends on the method of preparation of amorphous TiO,.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Amorphous TiOy; Crystallization: JIMA model; Kinetic analysis

1. Introduction

Titania (TiO2) is a material widely used in the electronics,
ceramics and pigment industries. The high photocatalytic
activity of titania has been well-documented [1]. Tt is also
well known that such activity of amorphous titania is negli-
gible and that of nanocrystalline anatase is greater rather that
the rutile or brookite [2]. Many approaches have been used
to obtain a nanocrystalline titania with desired properties.
One of the most popular method is a controlled crystalliza-
tion of amorphous titania (a-TiO2) prepared by hydrolysis
of alkoxide based sol-gel synthesis or precipitation process.

Exarhos and Aloi [3] studied isothermally the kinet-
ics of the crystallization of a-TiOy films using in situ
time-resolved Raman spectroscopy. They found that the
JMA nucleation-growth model could describe the kinetics
of this process. The JMA kinetic exponent extracted from
experimental data was found to be 1.4 < m < 2. Very
similar behavior was reported also by Stojanovi¢ et al. [4]
who found somewhat higher values of the Kinetic expo-
nent 2.2 < m < 3 for crystallization of a-TiOz powder in
non-isothermal conditions. Nevertheless, Zhang and Ban-

* Corresponding author. Tel.: +420-466-036-354;
fax: +420-466-036-361.
E-mail address: jiri.malek@upce.cz (J. Malek)

0040-6031/% — see front matter © 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.tca.2003.12.009

field [5] have found that the JMA model cannot describe the
isothermal experimental data of crystal growth of nanocrys-
talline anatase in a-TiO», obtained by X-ray diffraction and
transmission electron microscopy. They applied a kinetic
model adopting Smoluchowski coagulation approach as
a suitable tool to interpret quantitatively the experimental
data. From their analysis it seems that the crystallization of
amorphous titania is a complex process comprising several
steps such as interface nucleation, crystal growth of anatase
and oriented attachment of surrounding anatase particles.

The aim of this paper is to analyze the applicability of the
JMA model for nanocrystallization process in amorphous ti-
tania using non-isothermal calorimetric measurements. The
kinetic parameters are then calculated by simultaneous anal-
ysis of experimental data taken at different heating rates.
The prediction capability of the kinetic models is tested by
using isothermal crystallization data. The advantage of this
approach is a possibility to reveal a complex crystallization
behavior frequently found in oxide systems [6,7].

2. Experimental
Amorphous titania was prepared by controlled hydrol-

ysis of titanium isopropoxide Ti[OCH(CH3)2]4, supplied
by WAKO Pure Chemical Industries, Ltd., by using two
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different procedures. A stoichiometric amount of redistilled
water was added dropwise to continuonsly stirred solution of
titanium tetraisopropoxide at 25 °C. The precipitated white
TiO» product was washed several times with redistilled wa-
ter then filtered and dried at 120 °C for 90 min. The resultant
partially dried powder sample was ground in an agate mor-
tar and stored in a desiccator. This powder material has been
labeled as sample A. Sample B was prepared by a dropwise
adding of titanium tetraisopropoxide to a larger amount of
stimmed redistilled water at 25 °C. The precipitated powder
was then treated in the same way as described above.

The prepared materials were chamacterized by X-ray
diffraction analysis (XRD) using a Siemens Krystaloflex 4
diffractometer equipped with scintillation counter wtilizing
V-filtered Co radiation (30kV, 20mA) The scans were
performed in the 26 range of 7—50° at 0.03° steps for 4 5.
The morphology of “as-prepared” and crystallized titania
samples was examined by scanning electron microscopy
(SEM) using a JEOL model JSM-3300LV microscope. The
Brunauer-Emmett-Teller (BET) surface area was deter-
mined by a multiple point method. nsing a home-made ni-
trogen adsorption apparatus equipped with a TCD detector.

The behavior of partially dried samples was studied
by thermogravimetry in air atmosphere at heating rate
5Kmin~! ysing a Sarlorius balance BP210S coupled with
programmed R.MI furnace model DXO04T. The tempera-
ture programmed desorption (TPD) of species adsorbed at
the sample surface was measured by a Balzers mass spec-
trometer OmniStar GSD 300 at 10K min™! in helivm and
alse in oxygen atmosphere. The mass spectrometer was
tuned to monitor following mass fragments m/z; 12 (Q), 15
(CH3-), 16 (O). 18 (H20). 27 (CH3C-), 28 (CO; CH3CH-),
32 (Oy) and 44 (CO»).

The differential scanning calorimetry (DSC) measure-
menis of crystallization kinetics under isothermal and
non-isothermal conditions were performed by using a
Perkin-Elmer Pyris 1 in an atmosphere of dry nitrogen.
Samples of about 10 mg were encapsulated in aluminum
sample pans. The instrument was previously calibrated with
In and Zn standards.

3. Resulis

Fig. 1 shows a typical DSC and TG curves of both the
samples A and B on heating at 5K min~! in a dry nitrogen
atmosphere, In both cases. there is a broad endothermic ef-
fect in 80210 “C range followed by the exothermic crystal-
lization peak in 360450 °C range. The endothermic effect
can be associated mostly with the removal of water retained
in partially dried powder. The corresponding weight loss
at the onset of the crystallization peak is about —13.8%
for sample A and —10.6% for sample B. The total weight
loss at 500°C is —14.1 and —10.9%, respectively. The
TPD measurements confirmed that the endothermic effect
corresponds to the water removal and partially also to the

0 Sample A
2 14

Mass loss (%)
Heat flow (W.g")

100 200 300 400 500
Temperature {°C)

1 Sample B |,

Mass loss (%)

100 200 300 200 00
Temperature {°C)

Fig. 1. DSC and TG curves for amorphous TiQ; (samples A and B).

desorption of organic residues. that are present in the sam-
ple, as indicated also by carbon black color of the sample
after DSC scan. These organic residues may strongly affect
the crystallization behavior and. therefore, it is very impor-
tant to remove them from the sample. It was found that the
sample treatment at 230 °C in oxygen atmosphere for 1 his
sufficient for their successful removal and that the sample
still retains its amorphous character The samples A and B
treated in this way were used for all following experiments.

Fig. 2 shows the non-isothermal crystallization data for the
samples A and B (points) obtained by DSC measnrements at
heating rates 8 = 3, 10, 15 and 20 K min~". The crystalliza-
tion peak maximum temperature 7, shifts with the heating
rate for both samples. The value of activation energy £, cor-
responding to the crystallization process can be derived by
using the Kissinger’s method [8] from the slope of In( 8/ Tlf)
versus 1/T, plot. It was found to be 276 + 14kTmol~! for
sample A and 383 £ 30 kJ mol~! for sample B.

Direct isothermal measurements of the crystallization ki-
netics of amorphous oxides prepared by hydrolysis is com-
plicated by the fact that exothermic crystallization process is
partially overlapped with the endothermic effect correspond-
ing to the water (or other solvent) retained in these materials.
Therefore, in order to obtain a reliable isothermal data the
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wad Sample A &

o 5Kmin'
o 10 Kmin"
A 45Kmin"
& 20Kmin'

0.4+

do/clt

500

duod/cit

Temperature (°C)

Fig. 2. Crystallization curves for amorphous 1103, recorded at different
heating rates. The symbols are experimental DSC data evaluated from
Eq. (2). The lines are JMA model predictions caleulated by Eq. (3) for the
kinetic parameters obtained by combined analvsis (solid lines) and NPK
method (broken lines). These parameters are given in Tables 3 and 4.

samplcs were isothermally anncaled in the DSC calorimeter
al 390 C for various period of time. subsequently quenched
to room temperature and then reheated at 10 K min~'. The
enthalpy change A/l,. corresponding to the arca under the
exothermal crystallization peaks of these annealed samples.
is summarized in Table 1.

Table 1
The erystallization enthalpy of “130: samples annealed a1 390 C

1 (min) —AH.(dg 1)

Sample A Sample B

0 133 116
2 105 96
5 % 94
8 62
10 63 54
20 52 11
30 26 13
45 9
(0] 0 1]

Table 2
BET surface area for amorphous and crystalline samples of Ti;

Sample BET surface arca (m?g ')

Amorphous Crystalline

A 277+ 5
B 276 £ 5

G953
121 £1

The fraction crystallized during this isothermal anncaling
was estimated by using the following equation:

Al - AL

a==—or (1

where AJI; is the crystallization enthalpy of amorphous
sample without any anncaling. i.c. Alf; (¢t = 0). This value
found for sample A (Table 1) is similar to the crysitallization
enthalpy for a-TiO reported previously (135£151 g~ 1) [4].

The XRD patterns of as-prepared samples A and B exhibit
very broad halo as typical for amorphous material. Clearly
distinguished but still rather broad diffraction peaks were
observed for fully crystallized TiO; samples. indicating a
very [ine crystallite size of anatase. An average size of these
crystals estimated using the Scherrer formula [9]. from the
corrected half width of (10 1) difraction linc. was found to
be about 24 nm for sample A and 10 nm for samplc B.

Amorphous sample shows typical morphology with
well-scparated grains of about 0.1 pm in size. A morc com-
plex structure consisting of agglomerate grains is scen for
the fully crvstallized sample. The grains are about 10 times
larger than average crystallite size cstimated from XRD
linc broadening. The results of BET mullipoint surface arca
measurements for amorphous and crystalline samples of
TiQ; arc summarized in Table 2.

4. Discussion

The analysis of non-isothermal DSC data is based on three
assumptions. First. it is assumed that the crystallization rate
de/d? is proportional to the measured heat fow ¢b:

du 7&
(E) T Al @

This assumption can be made for small samples and mod-
crate heating rates provided that temperature and heat cali-
brations have been made properly. As ATl is a constant the
crystallization rate can casily be calculated from heat flow
versus temperature data. The fraction crystallized « is then
obtained by partial integration of these data. Sccond assump-
tion concerns the kinctic cquation. For a solid state processcs
it can be cxpressed by a simple differential kinetic equation

du : ;

(clt ) = K- fle) 3)
where f{«r) is an algebraic expression of the kinetic model.
These models have been developed for simplified geome-
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try of the diffusion process. the reaction interface and its
spatial movement or the nucleation-growth processes. The
kinetic data for crvstallization processcs are usually inter-
preted in terms of the JMA model [10-12]. ie. flw) =
m(l — a)|—In(l — &)=Y where m is the kinelic expo-
nent which is a function of the mechanism of crystallization
process. Third assumption is related (o this temperature
dependence of the rate constant. expecting that it follows a
simple Arrhenius form:

o E:l : y
K(!')_A,.cxp(—ﬁ) 4)
where R is the gas constant. .4, the pre-exponential factor
and /-, the apparent activation cnergy. The last two parame-
ters should not depend on the temperature and the fractional
conversion. Egs. (3) and (4) then can be rearranged for the
JMA model in the following form:

(:TT) = Ayesp (_;e_:) m(l —e)]=In(l — ],

(3

Eq. (5) is most [requently used for the descrip-
tion of calorimetric crystallization data. s validity in
non-isothermal conditions is based on several additional as-
sumptions | 13] and. therefore. it should be thoroughly tested
before being applied for the description of calorimetric data.

Probably the most popular testing method for isothermal
data is bascd on the lincarity of In[—In(l — «)] plot as a
function of logarithm of time. A similar testing method has
also been developed for non-isothermal data. 1t can be shown
|14.15]. that the dependence of In|—In(1 — )] as a func-
tion of reciprocal lcmperature should be lincar for the JIMA
model. and the slope of this plot is expressed as

dIn]—In(l — )] o Mm%
a1/ R

Fig. 3 shows these plots for the samples A and B at heating
rate 10K min~!. The plots arc practically lincar in a wide

(6)

- T
“\5?3;%\\}/‘ .
= 04 '("{’}(;;;{\
T
% . =V
= 24 HERen
= Lo,
£ 4 e,
Sample B SRT
6 T T T T
1.40 1.45 1.50 1,66
T 1000/T (K
= o
: L
= =t
E 21 e
o] =
= L]
Sample A
b T T T T
1.40 1.45 150 1,55
1000T (K")

Fig. 3. The double logarithmic plot for non-isothermal crystallization data
of the samples A and BB measured at heating rate 10 Kmin |,

temperature range. which suggests that the JMA model can
be applicd. The values of the Kinetic exponent m estimated
from Eq. () for the /%, obtained by Kissinger’s method were
found to be 1.01 £ 0.01 for sample A and 0.93 £ 0.01 [or
samplc B.

An alternative test is based on the function defined as
2wy = flo) j{',"l 1/f(er)|de. The fraction crystallized at the
maximum of the z(w) function can be obtained from the
condition |dz{e) /da] = 0. For the JIMA model it should be
close to 0.632 [6.7]. Tt has been shown [16] that the z(«)
function can casily be obtained by a simple transformation
of experimental data being proportional to the crystallization
raic and 7%

d -
z{w) x (d—[:) “T (7)

Fig. 4 shows the z(«) plots for the samples A and B
(points) transformed [rom experimental data shown in Fig. 2
by using Eq. (7). These plots are normalized within (0.
1) range to lacilitate the comparison of different data sets.
Overall shape of the z(v) plots seems to be invariant with

JMA
T
104 Sample A
0.8+
0.6+ 3",‘
& oy
N i)
0.4 o5
SKmin | 81
< 10 Kemin :
0.2+ A 45 Kmin| A
© 20 Kimin %
0.0+ T T T T
0.0 0.2 0.4 0.6 08 10

104 Sample B
0.8

0.6+

Z(o)

0.4+

sg“é\ i 5Kmin

02_%@ 10 Kmin
0.0

A 15Kmin
© 20 K.min
0.0 02 0.4 08 08 10

Fig. 4. Experimental data from Fig. 2 transformed by using Eq. (7) and
normalized within (0. 1) interval (points). Solid lines correspond to the
prediction of the JMA model.
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= Table 3
- Sample A The kinetic parameters caleulated by the combined kinetic analysis
Sample m 7y (kImol ') A (min Iy
— 29 A 1.19 84+ 3 (13 = 0.6) % 102
B B 0.99 356+ 6 (3.5 £ 2) x 10%
£ .05
B
o 10 ) of this combined kinetic analysis for the samples A and B,
= g ghmn The optimization procedure vielded m = 1.19 for sample A
454 a 10 Kmin ; ; 99 f " ; . £
’ A 15Kmin’ and m = 0.99 for sample B. The slope and intercept of the
& 20K.min straight line shown in Fig. 5 correspond 1o —/1, /R and In.1,.
201 respectively. These kinetic parameters arc summarized in
: : : able 3 : a-TiOs.
- o Tt T - Table 3 for both sdmplcs_of(l TIQZ _ o _
1000/T (K™ One of the key steps in the kinetic analysis is the third
assumption concerning the (emperature dependence of the
rate conslant. Such assumption can be tested in so called
15 s non-parametric kinetic (NPK) method developed by Serra
% ample B x 1 e G e
4] ct al. |18.19]. In this method. the crvstallization rate is dis-
cretized as a matrix whosc rows correspond to different frac-
05-

In[{doat)fo)]

40 o 5K.min
-1.5 o 10 K.min
A 15 Kmin
20 ¢ 20K.min’
254
T T T T T
1.38 1.40 1.42 1.44 1.46 148

1000/T (K}

Fig. 5. Combined kinetic analysis of data shown in Fig. 2. Selid line
corresponds to the linear regression [it.

respect to heating rate and well corresponds to the theoreti-
cally predicted dependence for the IMA model. i.c. z(v) x
(1 —a)|—In(] —«)]. shown by solid line in Fig. 4. There is
a well-defined maximum located at 0.61 = 0.01 for sample
A and 0.64 £ 0.01 for sample B. These values arc in a rca-
sonable agreement with the theoretical prediction. It seems.
therefore, that this test also confirms the applicability of the
JMA model for non-isothermal crystallization of anatase in
amorphous TiO;,

Recently. a new method of combined kinetic analysis has
been introduced |17]. This method allows a simultancous
processing of crystallization data obtained under different
experimental conditions and it is based on Eq. (5) rewritlen
in the following logarithmic form:

do/dt _ E;
|:m(lfor)|fh1(]fu')|‘_”"‘:|_]nA“ (R'f‘)‘ ®

The plot of the left hand side of Eq. (8) versus the re-
ciprocal of temperaturc yiclds a straight line for the correct
valuc of the IMA kinetic cxponent. This valuc is detcrmined
in the optimization procedure yiclding to the best lincar cor-
relation corresponding lo Eq. (8). Fig. 5 shows the result

tional conversion and whose columns correspond to different
temperatures. The functions f{e) and A(7) are discretized as
column vectors. f and k. The NPK method uses the singular
value decomposition method Lo obtain both these vectors that
contain the information about the kinetic model and allow
to verify whether Arrhenius-type rate constant is applicable.
Fig. 6 shows the elements of vector k plotted in logarithmic
form as a function of reciprocal temperature. 1t is clearly
seen that this plot follows Arrhenius-type dependence. The
slope and intercept of the straight line shown in Fig. 6 cor-
respond to —/<,/f and In.4,. respectively. These kinctic pa-
ramelers are summarized in Table 4 for both samples of
a-TiOs. The kinetic model can be determined from the plot
of vector f as a function of [raction crvstallized as shown
in Fig. 6. This plot is practically lincar in a wide range of o
values indicating that the kinetic exponent is close to m = 1.

The values of kinetic parameters obtained by the NPK
method are similar to those obtained by combined kinetic
analysis. The kinetic exponent m is close to the value ob-
tained from In[—In(1 — )] versus 1/7 plot. The activation
cnergy agrees within the combined error limits with the
Kissinger's method estimation (sce Scction 3) for both sam-
ples A and B. It should be pointed out. however. that these
results are about two times higher than the value reported by
another authors [3-5]. The kinetic parameters summarized
in Tables 3 and 4 can be used to calculate theoretical DSC
curves for the JIMA model. These thearetical DSC curves
arc compared with experimental data in Fig. 2. There is a
fairly good agreement for sample A and also the difference
between the NPK and combined kinetic analysis method are

Table 4

The kinetic parameters caleulated by the XPK method

Sample m k£, (kImol 1y Ay (min 1y

f 1.19 271 + 4 (14 + 1) x 107
13 0.93 LS (4.5 £3) x 100
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204 (b) Fig. 7. The double logarithmic plot for isothermal crystallization data of
the samples A and 13 (Table 1).
1.5 4
i) A convenicenl test of the kinetic model is based on com-
= parison of independently obtained isothermal data and cal-
5 051 culated isothermal curve based on the kinetic parameters
% - extracted from non-isothermal experiments. The isothermal
> . " 0 & i A
= crystallization curve is expressed by the equation obtained
— 05 ) by integration of Eq. (3):
o sample A B Wi
40 o B £
W =mpis do=1—oxp{—|t- Agexp| ——= . 9)
R1
1.5 ‘ T T T T
138 140 142 1.44 L4p a8 Fig. 8 shows isothermal curves calculated for kinetic pa-
1000/T (K)

Fig. 6. NPK analysis of data shown i Fig. 2. (a) The clements of
the vector f (nomalized at o = 0.5) plotted as a lunction of fraction
erystallized. (b) The elements of the vector & plotted in logarithmic form
as a function of reciprocal temperature,

relatively small. Considerably higher differences are found
for sample B indicating that the cryvstallization process prob-
ably has a more complex nature (han implicitly assumed in
the JMA model.

It is interesting to analyze the fraction crvstallized duting
isothermal annealing estimated by Eq. (1) from data shown
in Table 1 (treated at T = 390 “C). As mentioned above one
of the most popular testing method for isothermal data is
based on the linearity of In|—In(1 — «)] plot as a function
of logarithm of time. This plot shown in Fig. 7 reveals that
isothermal data can be approximated by a linear dependence.
The value of kinetic exponent determined from the slope of
this dependence is not so reliable as there is a considerable
scater in experimental data: m = 0.8 £ 0.2 (samplc A).
m = 1.0 £ 0.2 (sample B). However. taking into account
combined crror limits. these parameters are in a reasonable
agreement with the values obtained from non-isothermal
data (sce Tables 3 and 4) and they correspond approximately
1o the first-order process m = 1. Similar behavior has been
observed in the final stage of nanocrystallization of amor-
phous ZrO;z [6].

rameters given in Table 3 (solid lines), Table 4 (broken lines)
compared with the experimental values of o (points) lor
the samples A and B. There is a reasonably good agreement
between experimental data and the prediction of the JMA
model for sample A. Morcover. there is a negligible differ-
ence between the prediction based on the kinetic parameters
given in Tables 3 and 4. This suggests that the JMA model
is capable 1o describe well the crystallization extent in sam-
ple A under both isothermal and non-isothermal conditions
(Fig. 8).

However. the same prediction for sample B largely un-
derestimates isothermal data for ¢ = 0.3 range. Such dif-
ferences in isothermal and non-isothermal kinetics in this
sample clearly indicate that underlving crvstallization mech-
anism might be complex. 1t should also be pointed out that
the average size of nanocrystals formed during the crvs-
tallization process is about two times smaller than that for
sample A. Similar factor can be found between the surface
area ratio of amorphous and crystalline samples. Sample B
also exhibits about 3.2% lower mass loss at the onset of the
crystallization process. probably due to lower residual water
content. These differences clearly indicate that the method
of preparation of a-TiO; is essential for the cryvstallization
behavior. The kinetic model is considered to be consistent
if it provides a reliable description of both isothermal and
non-isothermal data. From this point of view it can be con-
cluded that only sample A can be described consistently by
the JIMA model.

¢.1

48



Publikace ¢.1

D, Svadiak et al./ Thermockimica Acta 414 (2004) 137-143 143

Fraction crystallized

T T T T
0 20 40 60 30 100
Time (min)

Fraction crystallized

Sample B
0.0 P

20 40 60 a0 100 120
Time (min)

o

Fig. 8. Time evolution of fraction crystallized of amorphous TiO: at
390°C. Points correspond to experimental data (Table 1). The curves are
the JMA model prediction caleulated by using Eq. (9) for the kinetic
parameters given in Table 3 (solid lines) and Table 4 (broken lines).
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Abstract

The crystallization of Sb, Sy in the (GeS, )y 2(8by Sz g glass was studied under non-isothermal conditions. The influence of the sample form
on crystallization was studied using bulk sample and two fractions of powder sample. The crystallization process of the sample in the form
of powder was described using autocatalytic model, the crystallization of the bulk sample was described using nucleation-growth model. The

parameters of both the models were determined.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Crystallization kinetics; Chalcogenide glass; Nucleation-growth model; Autocatalytic model

1. Introduction

Some papers dealing with the differential scanning
calorimeter (DSC) study of the Ge-Sb-S glass can be found
in literature. Not only the glass transition area [1] and phys-
ical properties [2] are studied but also the crystallization of
Ge-Sb-S glass is in the center of interest [3]. Probably the
most results were published about the crystallization kinet-
ics of (GeS2)0.3(SbaS3)p.7 composition, The non-isothermal
kinetics was studied on bulk and powders too. The non-
isothermal crystallization of powder was described by auto-
catalytical model AC(M, N) [4], M and N are parameters of
this model. The non-isothermal crystallization of bulk sam-
ple was described by nucleation-growth model JMA(m) for
the parameter m=2 [5] or m=3 [6]. The crystallization of
(GeS2)0.3(Sh283)0.7 glass in the form of bulk under isother-
mal conditions was described by IMA model with the param-
eter m=2 [7] but the isothermal crystallization of sample in
the form of powder can not be described within JMA model
[6].

As is seen there is some uncertainty in pub-
lished description of non-isothermal bulk crystallization

* Corresponding author. Tel.: +420 466 037 179; fax: +420 466 037 068,
E-mail address: pavia.pustkova@upee.cz (P. Pustkova).

0040-6031/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.tca.2005.08.002

of (GeS2)p3(SbaS3)p7 glass. In this paper, the crys-
tallization of ShaSs in slightly different composition—
(GeSq)p2(SbaS3)p g glass is studied under non-isothermal
conditions for samples in the form of bulk and powder. The
DSC is used for these studies. The measured heat flow @ can
be described by the kinetic equation [8]:

@ = AHA exp (;—i) fla) (1

where AM is the crystallization enthalpy: A, the pre-
exponential factor; £, the apparent activation energy; R, a
gas constant and T, the temperature. The function fio) is
an analytical expression of the kinetic model. One of the
most widely used kinetic models is theoretical one-parameter
nucleation-growth model IMA(m) [8]:

fl@) = m(l —a)[—In(l —eay]' =M i

where & is the conversion and the kinetic exponent m reflects
nucleation rate and crystal morphology. The Eq. (2) was
derived for isothermal conditions but Henderson [9] showed
that the validity of this model can be extended to non-
isothermal conditions under two assumptions - first the
growth rate of a new phase is controlled only by temperature
and is independent of time and second the nucleation process
takes place during the early stages of the transformation and

thermochimica
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becomne negligible during the crystal growth. The empirical
two-parameter autocatalytic model AC(M, N) is also used for
description of kinetics processes [8]:

fler=oMi1 -V (3

The value of parameter M is limited to (0, 1) interval. Param-
eters M and N of this model have not ¢lear physical meaning
yet,

Very simple way how to test the applicability of commonly
used models is calculation of function y(er) and z(c) [6]. In
non-isothermal conditions the functions are defined as:
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These functions ¥(er) and z(o) are normalized within the {0,
13 range. The value of conversion corresponding to the maxi-
mum of z{e) function ag" is constant (0.632) for JIMA model.
When the value of conversion corresponding to the maximum
of ¥(or) function oy is lower than a'l;’“‘ the studied process can
be described by IMA model (when the condition for af” is
fulfilled) or by AC model [10].

In this work, first the applicability of commonly used mod-
els for description of non-isothermal SbaS3 crystallization in
(3e82)02(Sb283)u.g glass is tested and then the paramelers
of these models are calculated.

2. Experimental

The glass (GeS2)p2(8b282)p.8 was prepared by conven-
ticnal methoed from pure elements (SN). Weighted elements
in evacuated quartz ampoule were melted and homogenized
at 950°C for 20 h, The melt was quenched in ice-water and
the ingot of glass arose, The amorphous nature of prepared
glass was confirmed by X-ray diffraction. Two types of sam-
ples were prepared from the glass ingot to be able to study
the surface influence on crystallization process of ShaS; in
the glass (GeSz)u.2(Sb282)ps. The bulk samples were in the
form of both sides polished thin plates. The crushed glass in
the form of powder was divided according to the particle size
into two fractions: 250-125 pan and 125-50 pmn. The crystal-
lization process was studied under non-isothermal conditions
using DSC Pyris L (Perkin-Elmer). The instrument was pre-
viously calibrated with six standards (Hg, Ga, In, Sn, Pb and
Zn) for heating rate extrapolated to OK/min. The 10 mg of
the powder sample and ¢a. 30 mg of the bulk sample, respec-
tively, in the standard aluminium sample pans were measured.
The non-isothermal experiments were done in the tempera-
ture range 50300 °C with heating rate 5=30 K/min.

In the case of sample in the form of powder the attention
must be paid to “ageing of prepared powder™ during experi-
mental work. When the bulk is crushed into powder and this
powder is used for crystallization experiments after longer
time the kinetic behaviour as well as the enthalpy change

Temperature /°C

Fig. 1. Non-isothermal erystallization of Ste 35 in (GeS2)g 2(Sba85) 5 glass
in the form of (71} bulk. (&} powder with 250-125 pun and () powder with
125-50 p.m particle size for heating rate 10 K/min.

may be different. This usually indicates necessity w prepare
freshly crushed powder sample.

3. Results

This work is focused on comparisen of bulk and pow-
der non-isothermal crystallization kinetics of SboS3 in the
(GeS2)0.2(5b253 )05 glass. Also the difference, if there is any
in crystallization behaviour of powders with different particle
size is studied.

During the non-isothermal experiments the glass tran-
sition was observed and the value of the glass transition
temperature was determined in the range 230-243°C for all
studied types of sample for heating rate 5-30K/min. The
temperature range of non-isothermal crystallization effects
of bulk sample is 309=393“C for heating rates 5=30 K/min.
The crystallization of both fractions of powdered samples
is shifted towards lower temperatures 303-370°C for used
heating rates. Also the shape of crystallization peak of bulk
and powdered samples is different, Crysiallization peaks of
bulk and both powdered fractions for non-isothermal experi-
ment with heating rate 10 K/min are shown in Fig, 1. The
crystallization peak of powdered fraction 250-125 pm ig
shifted a bit toward higher temperature and is lower com-
paring to fraction 125-50 pm for all usad heating rates. The
crystallization process of powder sample is shifted toward
lower temperature compare to bulk crystallization. This is
probably due to non-negligible surface nucleation in the case
of powder sample.

4. Discussion
First and the most important step in Kinetic analysis of

DSC data is to determine the apparent activation energy. In
the case of non-isothermal experiments, the temperature cor-
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Table 1

Activation energy of  crystallization 7 (kI/mol) of ShyS; in the
{GeS2)02(8haS )0 ¢ glass determined using Kissinger, Ozawa and isocon-
versional method

Table 2

Crystallization enthalpy A and conversion eryy and o corresponding to
the maximumof function y{a ). () for all types of (GeSz)p 2 (ShaS s » glass
samples siudied

Sample Kissinger Ozawa Tsoconversional
method method method

Bulk 178 £9 179 +£8 18044

Powder 250-125 pm 22246 2215 2167

Powder 125-50 pm 227+1 22043 22748

responds Lo the maximum of crystallization peak 7}y is usually
used to calculate £ according Lo Kissinger [11] or Ozawa [ 12].
Isoconversional method, where the value for the same con-
version In &, versus /15, gives the slope —L/R, is applicable
for non-isothermal data too [13]. Table 1 shows the values of
apparent activation energy ol non-isothermal crystallization
determined using all three methods mentioned above. The
plots corresponding o Ozawa method for all studied sam-
ples are shown in Fig. 2. The values of E calculated using all
three methods are similar for each type of sample. The value
of E ol bulk sample is lower than for the samples in the form
of powder. There is no signilicant difference in I between
two [ractions of powder at least within the error limits pre-
sented in ‘Table 1. The values of apparent activation encray of
crystallization determined by Ozawa method were used for
calculations deseribed below.

The sceond step consists in determination of the appro-
priate kinetic model. This can be done by using the function
V(). zle) and the values of conversion corresponding to their
maximum. The experimental data can be simply transtormed
into the functions ¥(o) and z(w) according the Egs, (4) and (5).
InTable 2, there are values of conversion corresponding Lo the
maximum of ¥(«) and z(«) tunction, ¢y and d;" Lrespectively.
The error limil was found (o be 0,02 (standard deviation of
values for all used heating rates) for non-isothermal crystal-
lization of Sba83. As is seen the crystallization experiments
of the glass in the form of bulk fuliil the o condition of

-

In [B/{K.sY]

i

1,56 1,60 1,84 1,68
(1000/T,) /K1

Fig. 2. Determination of activation encragy according 1o the Ozawa method
Tor 88 erystallization in the sample form of (* ) bulk. (&) powder with
250125 pm and ()} powder with 125-50 m particle size.

Sample NI (3/g) ry oy

Bulk =65 0.43 0.63
Powder 250-125 pm —61 O.44 0.55
Powder 125-50 um —61 0.40 0.57

applicability of JIMA model. The crystallizalion process of
samples in the form of powder can not be correctly described
by JIMA model bul the AC model can be used instead. The
illustration of (o) and z{er) function for non-isothermal data
is in Fig, 3.

The information aboul crystallization behaviour of
(GieS2)0.2(SbaS3)os glass is in Table 2 completed with the
values of crystallization enthalpy of SbzS3. The error limit of
crystallization heat is 1.51/g. The crystallization heat of all
studied types of sample increases with heating rate (within
the error limit). The value of AH for bulk sample is higher

1,04 ‘,"‘ R Cy o
s =
g i
0.8+ .
2 °
a’ F
0.6 o P
s ok
= *® 2
041 & 2
6.2+ 4
? A
00— . ) =
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(a) o
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TIx
ct oo A o
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o
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% o e
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£° Ao
]
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024 X ‘:”
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00 0,2 04 06 08 1,0
{b) «

Fig. 3. Normalized y{(w) and zie) function oblained by transformation of
non-isothermal data for the erystallization of ShaSy in (GeSa o2 (ShaS1dog
glass (Fig. 1. The form of sample is shown by peints: (7 2) bulk. (&) powder
with 250-125 pwmoand (. ) powder with 125-50 wm particle size, Solid lines
show the typical interval of rr];" values for the IMA model (0.63 £0.02).
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compare Lo the powder samples because the crystallization
process in bulk is observed at higher temperature.

4.1, Application of autocatalvtic model AC(M, N)

‘The erystallization process of (GeS2)n.2(She82)o.s glass in
the form of powder can be described using empirical AC(M,
N) model. ‘The parameters ol this model can be determined
in a simple way. The conversion corresponds to the maxi-
mum ol y{e) function can be used 1o calculale the quotient
ol parameters M and N | 14]:

M oM

i . 6
N I — ey )

When the activation energy of crystallization is known and
the quotient of parameters M and N is caleulated according
the previous equation all parameters can be determined [rom
the dependence [14]:

£
In {qb exp (?F)] — IN(AHA)+ N In [a"”f”u —a)] )

"This equation is valid in theinterval 0.2 < ¢ < 0.8, The param-
cler N is determined directly trom the slope of this depen-
dence and then the parameter M using 1q. (6). Also the pre-
exponential factor A can be caleulated from the section of the
dependence (7) because the AH value is known (Table 2). In
Table 3 are summarized the values of parameters of AC model
and the pre-exponential factor deseribing the non-isothermal
crystallization kinetics of ShpSz in the (GeSo)o2(8h2S2)5
glass. The AC model describes the erystallization in both frac-
tions of powdered sample under non-isothermal conditions
very well, The comparison of experimental data and calcu-
lated lines is illustrated in Iig, 4 for powder sample with
250-125 pm particle size. Within the error limits the values
of parameter M and N are the same for both the powder frac-
tions. Nevertheless, in the case of parameters describing the
125-50 pm powder the error limits are higher. The possible
interpretation of this higher error limits is that the powder of
size 125-50 pm is slightly “inhomogeneous™ from the crys-
Lallization kinetics point of view. The parameters of AC model
for bulk sample are given in Table 3 for illusiration purpose
only. The crystallization of bulk sample will be discussed in
the next section, The parameter M and N of AC model are
almost two times higher for the powder samples comparing
o bulk., the different value of A is partly influenced by difter-
ence in AH for bulk and powder samples.

Table 3
Parameters of AC(M. N) model describing the ShoS; erystallization in the
(GeBg)p 2 (ShaS s Jo s glass

Sample M N In (Als)

Powder 125-50 pm 0.85£0.11 1.024+0.11 42.0+0.1
Powder 250125 pm 0.79 4 0.04 1.00+£0.02 40.9£0.1
Bulk 0.45£0.03 0.58 £0.03 30.5£0.

30 Kimin
20
15
10
5

[~
1
AL PBOUO

Heat flow / W.g™'

300 320 340 380
Temperature / “C

Fig. 4. Non-isothermal erystallization of Sha S5 in (GeS; k2 (ShaS3)ag pow-
der sample with 250—125 wm particle size Tor different heating rates com-
pared with the calculated dependences {line ) using AC model and parameters
given in lTable 3,

4.2. Application of nucleation-growth model JMA (m)

The IMA model can be used Lo describe the erystallization
behaviour of the bulk sample of (GeS2)p2(8h283)0.¢ compo-
sition. There are two ways how to determine the parameter
A of IMA model. The value of conversion oy corresponding
to the maximum of y(er) function can be used |15] and the
parameler m is calculated as m=[1+1n(] —aw) Using
the ey value for bulk sample given in ‘Table 2 the parame-
ter of IMA model is 2.3 £ 0.2. That is not so far from m =2
(within the limits of experimental errors). The comparison
of experimental data and the caleulated temperature depen-
dence of heat fTow using IMA model with m =2 and the best
fit value of A is in Fig. 5. Tt is seen that the calculated lines
do not correspond very well with the experimental data.

154 | 0o 30Kmin?
& 18
o 5
2
= 1,04
i
2
2
=
g
T 0.5
0,0

et o = i L
320 340 360 380
Temperature / “C

Fig. 5. Non-isothermal erystallization of SbaSs in (GeSa)g2(ShaS 3 hes bulk
for different heating rates compared with the caleulated dependences (line)
for IMA model with #i=2 and In (Afsy=47.2.
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Dwouble logarithm function of conversion can be used to
determine the parameter of IMA model too [8]:

din[—In(l — &} . ﬁ
a1 - R

The linear dependence of this equation is often used as a
method to test the applicability of the IMA model. The dou-
ble logarithm function is not very sensitive and the linear
dependence can be observed even if the conditions of TMA
model applicability are not fulfilled. The parameter m deter-
mined according to the Eq. (8) for SbaS+ crystallization in
bulk sample is 2.8 £ (.2. Based on this method of calculation
the paramater of IMA model can be used as m = 3. The com-
parison of calculated lines for m=3 with the experimental
data gives similar result as in Fig. 5 for ni=2.

Using both the methods of parameter #z determination the
same uncertainty for (GeSy)p2(Sh2Sa)p g composition can
be observed as in the non-isothermal crystallization of SbaS+
in the {GeS2)o.3(Sh2S3)o7 glass [5,6]. The isothermal crys-
tallization of ShaS3 in bulk sample of (GeS2).3(Sh2S1)o7
glass can be described using JMA maodel with #2=2 [7]. The
same result was obtained for isothermal crystallization of
bulk sample of (GeS2)n.2(Sb283 .5 glass [16]. In bath these
compositions the non-isothermal crystallization can be also
described using IMA model, but the parameter nz is between 2
and 3. This range of parameter #7 and difference with respect
to the isothermal crystallization mean that the crystallization
under non-isothermal condition is more complicated process
compared to isothermal crystallization.

(8)

5. Conclusions

The crystallization of ShaSz in the (GeS2)o.2(SbaS3)os
£lass was studied under non-isothermal conditions. The influ-
ence of surface activated nucleation on erystallization kinet-
ics was studied using two types of sample - bulk and powder
divided into two fractions according to the particle size.
The activation energy of crystallization determines using
Kissinger, Ozawa and isoconversional method is the same for
all these methods for each type of studied samples. The value

of E for bulk sample is lower than for the powder sample, there
is no significant difference in E for studied fractions of the
powder. The appropriate model describing the crystallization
process was chosen on the bases of ¥(«) and z(e) functions,
The crystallization of the powder fractions is described using
autocatalytic model, the determined parameters M and N are
not very different for both the fractions, The non-isothermal
crystallization in bulk sample is described using TMA model
with the parameter m between 2 and 3. This uncertainty in
parameter s determination reflects complicated character of
crystallization process under non-isothermal conditions.
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Abstract

The crystal growth kinetics of antimony sulfide in (GeS;)p 3(SbaS3)o.7 glass has been studied by DSC and microscopy. The linear crys-
tal growth kinctics has been observed in the temperature range 271 < T < 310 °C (Eg = 288 = 7kJ mol '), In fact the crystal growth
takes place in the volume of highly viscous (4 x 107 > 5 > 3 x 10* Pa s), supercooled melt. The applicability of standard growth models
has been assessed. From the reduced growth rate plot (i.e., growth rate corrected for viscosity) as a function of supercooling we find that
the most probable mechanism is interface controlled 2D nucleated growth. The non-isothermal DSC data, corresponding to the bulk
sample, can be described by the Johnson-Mehl-Avrami equation that provides a reasonable description of crystallization behavior also
for partially crystallized samples. However, further analysis of DSC data reveals that this equation cannot be applied for the powder

sample even in isothermal conditions.
© 2006 Elsevier B.V. All rights reserved.

PACS: 81.05Kf: 81.10.Jt: 68.55.Ac

Keywords: Crystal growth; Chalcogenides; Optical microscopy; Scanning electron microscopy: Viscosity

1. Introduction

Antimony trisulfide (stibnite) with an orthorhombic
crystalline structure is a highly anisotropic narrow band-
gap semiconductor with a layered structure that belongs
to the orthorhombic system with space group Dy, It con-
sists of infinite ribbon-like SbySs polymers, which are par-
allel to the c-axis. It is an important material in view of its
photosenstivity and thermoelectric properties. It has been
regarded for solar energy conversion because its photosen-
sitivity [1]. Photo-thermal recording experiments in Sb,S;
thin films indicate possible use for the WORM optical stor-
age application [2].

In recent years, the crystallization of Sb,S; has been
intensively studied especially for the possibility to prepare
materials with specifically designed morphologies such as
submicrometer-sized rod bundles, nanorods, dendrite-like

* Corresponding author. Tel.: +420 466 036 554; fax: +420 466 036 361,
E-muail address: jiri.malek@upee.cz (J. Milek).

0022-3093/$ - see front matter © 2006 Elsevier BV, All rights reserved.
doi:10.1016/j.jnonerysol. 2006.02.048

microcrystals, microspheres or nanowires. Several prepara-
tive routes adopting organic precursors or additives were
used for this purpose, such as thermolysis of organometalic
compounds [3], sonochemical method [4], solvothermal
synthesis [5.6]. Dendritic growth of SbyS; has been
observed through the crystallization of amorphous colloi-
dal microspheres, that have been obtained without assis-
tance of organic substances [7].

As far as we know, the crystal growth mechanism or the
crystallization kinetics of Sb,S; in all above-mentioned
cases remains unknown at present. However, there are sev-
eral attempts to study crystallization Kinetics of Sb,S; in
chalcogenide glasses. The analysis of crystallization kinetic
of antimony trisulfide in (GeS,)o.3(SbaS;)07 glass has been
reported in several papers [8—13]. These studies are based
mainly on the analysis of DSC data. The aim of this work
is a microscopic study of the crystal growth kinetics of
Sb,S; in the highly supercooled melt of (GeS,)g 3(SbaS3) 7
composition. Using the data obtained in this study
combined with DSC data [13] and viscosity data [14,15]
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we discuss the applicability of classical phenomenological
theory.

2. Experimental

The (GeSa)o.3(SbaSs)g.rglass was prepared by synthesis
from pure clements (SN purity). A mixture of these ele-
ments (7 g total weight) was placed in quarltz ampoule
(inner diameter 13 mm, length 80 mm). The ampoule was
then evacuated to a pressure of 10 *Pa for 6 h, sealed
and then placed in a rotary furnace. After heatl treatment
and homogenization at 950 °C for 20 h, the ampoule was
rapidly cooled in ice water. The amorphous nature of
quenched glass was examined by X-ray dilfraction analysis
(XRD), optical and scanning ¢lectron microscopy (SEM).
The glass transition temperature, T,, was determined to
be aboul 249 °C at heating rate 10 K min ', This value
agrees reasonably well with those reported previously by
Ticha et al. (252 °C) [16] and Asami et al. (252 °C) [17],

The crystallization behavior in non-isothermal condi-
tions was studied by using a Perkin Elmer differential scan-
ning calorimeter DSC-7 in an atmosphere of dry nitrogen
(40 ml min '). Samples of about 10 mg were encapsulated
in standard aluminum sample pans. Freshly prepared bulk
fragments and powder samples (particle size about 100 pm)
of primary material were used. The instrument was previ-
ously calibrated with In, Pb and Zn standards. Non-iso-
thermal DSC were obtained with selected heating rates in
the range 2 20 K min !, Tsothermal measurements were
performed by using a Perkin Elmer Pyris-1 DSC calori-
meler in atmosphere of dry nitrogen. The instrument was
calibrated with In and Zn standards. Aluminum volatile
sample pans were used for these measurements. The sam-
ples were brought from the room temperature 1o the
temperature selected for isothermal crystallization by fast
heating at the rate of 150 K min .

Optical measurement of crystal growth was performed
by using Olympus BX60 microscope on thin samples of pri-
mary material (about 1.5 mm in thickness) polished to opti-
cal quality. These samples were previously heat-treated in a
computer-controlled lurnace at selected temperatures lor
various times (central hot zone constant to within
+0.5°C) at temperatures 271 310°C. This temperature
inferval represents an optimum choice because outside
the crystal growth rate is cither too high or too slow to
be observed by microscopy. The optical gap of
(GeS2)a.3(5baS3)a7 bulk glass is about I',“;’" >~ 2.04cV [16]
and, therefore, our samples were not optically transparent.
However, because of sizable difference in  reflectivity
between the crystalline and the amorphous phases it was
possible Lo observe erystal growth kinetics in reflected light
for a relatively wide temperature range. All heat-treated
samples were extensively examined, and the sizes of the
well-developed crystals grown in the bulk material were
measured and recorded.

XRD analysis of amorphous and crystallized sample
was performed using a Rigaku X-ray diffractometer RINT

2000 equipped with horizontal goniometer and scintilation
counter, utilizing Ni-Filtered CukK, radiation (40kV,
30 mA). The scans were taken over scaltering angles, 20
from 5° to 100° at the low scanning speed of 0.6%/min.
The composition of partially crystallized samples was ana-
lyzed using cnergy dispersive clectron  microanalyser
KEVEX coupled with the scanning ¢lectron microscope
(SEM).

3. Results
3.1. Optical measurements of crystal growth

We have found that the crystallization process starts
predominantly within the bulk of anncaled glass and the
crystals grow from randomly distributed nuclei (see
Fig. 1(a)). More exactly the crystal growth takes place in
the volume of supercooled melt of (GeSa)pa(SbaS3) 7 com-
position as all anncaling temperatures arc well above the
glass transition temperature. The morphology of growing
crystals is dependent both on temperature and time, At
lower temperatures (271 287 °C) the erystals were predom-

30 pm
—_

0

Fig. 1. Photographs of partially erystallized sample of (GeSa)o 3(8h2Ss) 2
glass after annealing at 271 *C for 18 min (200x) (a) and at 287.5°C for
96 min (500x) (b).
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inantly needle-shaped twins with slightly curved side. How-
ever, there were also more opened structures with consider-
ably lower aspect ratio. Some of these crystals exhibit
star-like branching as shown in Fig. l(b), especially at
longer annealing time or higher temperatures. In a closer
inspection secems to be evident that these opened structures
are composed with an asymmetric radiating array of crys-
talline fibers. This is illustrated in Fig. 2 where SEM pho-
tograph of completely erystallized sample is shown. These
aggregates somewhat resemble spherulitic growth habitat
[18], though radial growth does not proceed uniformly in
all directions giving rise to star-like aggregates. Therefore,
these experimental findings suggest that crystallites follow
one-dimensional (needle-like) growth at ecarly stages of
development (i.c., at low temperatures and rather short
time).

The length of the needle-like crystals (i.e., the length of
crystallite long axis or diameter ol aggregate crystalline
structurcs) was measured by optical microscopy as a func-
tion of time at temperatures in the range 271 310 °C. The
result is shown in Fig. 3. Each experimental point and cor-
responding error bar is a result of at least 10 20 measure-
ments of various crystalline objects found in the sample
under particular experimental conditions. It is seen that
the length of the erystallites increases lincarly with time
at cach temperature. This type of behavior is typical for
crystal growth controlled by interface kinetics. Full lines
shown in Fig. 3 correspond to a least-squares fit to these
data; the slopes and corresponding errors yielding the
growth rates (and their standard deviations). These results
are summarized in Table 1.

When data in Table 1 along with more experimental
results are plotted on a logarithmic scale as a function of
reciprocal temperature, an Arrhenius behavior is observed
in whole range of temperatures. This is shown in Fig. 4.
The optical microscopy data are in a good agreement with

Fig. 2. SEM photograph of completely crystallized {GeSahe 3(ShaSsdo-
glass showing fibrous structure of star-like crystals formed at longer
annealing times.

120

Length of crystal (um)

T
o 50 100 150 200 250
Time (min)

Fig. 3. Time dependence of the length of Sh,S; erystals grown in deeply
superenoled melt of (GeS; s 3(Shz83), 7 composition.

Table 1
The crystal growth rate in (GeSs)o o ShaSq)y 2 supercooled melt
T (°C) w (pmmin )
271.0 0.075 + 0.008
278.0 0.18 +0.01
283.5 031 +0.03
287.5 0.42+0.03
291.5 0.83 +0.08
295.5 1.10 +0.09
300.0 21401
305.0 33405
3100 51+0.7

1.0

0.5-
E
E 0.0-
]

-0.5-
L

-1.0+

-1.5 T T T T

1.68 1.72 176 1.80 1.84 1.88

1000/T (K')
Fig. 4. Arrhenius plot of the erystal growth rate of ShaS; crystals

measured by optical microscopy (I . A) and SEM (W), The solid line
correspond to the least-square {it to experimental data.

the growth rate measurement by SEM. The activation
encrgy of crystal growth obtained from a least-squares fit
to these data was found to be E¢; — 288 = 7kImol .
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3.2, DSC measurement of crystallization kinetics

Non-isothermal DSC curves corresponding to crystalli-
zation of (GeS2)ya(SbaSs)e s powder and bulk glass are
shown in Fig. 5 (points). The exothermal crystallization
peak is observed well above the T, for all heating rates.
Therefore the crystals grow in the highly supercooled melt
of (GeS5)p.3(5b2S;3)6.7 composition. As expected for such a
thermal activated erystallization process, the crystallization
peak maximum temperature T}, shifis with the heating rate,
B. The value of effective activation energy E corresponding
to the overall crystallization process can be obtained from
the Kissinger plot [19] ofln(ﬁ/?"i) versus 1/T},. The straight
lines are noted, and their slopes give E = 246 & 5 kI mol ™
for the powder sample and E= 167 + 12 kJ mol™! for the
bulk sample.

It is assumed that measured heat flow, ¢, is proportional
to the overall crystallization rate:

& = AH . (da/de), (1)

10

Heat flow (W.g)

400 420
1.0
(b}
0.8
% 084
E o 2Kmin'
g 0.4 o 5K.min!
bt A 10Kmin
3 v 15 Kmir
T 5ol ¢ 20Kmin
00 T P T T T - =
300 320 340 360 380 400 4
Temperature (°C)

Fig. 5. Non-isotherimal DSC curves for ervstallization of powder (a) and
bulk (b) sample of (GeS2)qs(S-Ss:)0 7 glass (points). The solid lines were
calculated by Eq. (11) for the SB and JMA equation and the kinetic
parameters given in text.

This assumption can be made for small samples and for
moderate heating rates provided that temperature and
calorimetric calibrations have been made properly. The
proportionality constant Aff. equals to the enthalpy
change during the crystallization process and « is the frac-
tion transformed at temperature T. The crystallization en-
thalpy corresponding to the area under exothermic peaks
was found to be —52+1J g™ for the powder sample
and —56+1Jg! for the bulk sample. As the enthalpy
change is constant the crystallization rate da/dt can easily
be calculated from heat flow data. The fraction trans-
formed is then obtained by partial integration of ¢(T)
CUrves.

Several partially crystallized samples were prepared by
annealing of as prepared glassy material for | h at selected
temperatures. Fig. 6 shows crystallization exotherm of
these annealed samples (subsequent non-isothermal DSC
scan at 10 K min~") and unannealed bulk sample. Tt is seen
that the maximum of the crystallization peak is shifted to
lower temperatures with increasing annealing temperature.
Another important fact following from this figure is that
the symumetry of the DSC crystallization peak also changes
with annealing temperature. These experimental findings
will be discussed later.

The fraction crystallized after annealing can be esti-
mated from the crystallization enthalpy difference of
annealed sample (AH,,) and unannealed sample (AH.),
ie., 45, = (AH, — AH,)/AH.. The results are summarized
in Table 2 for both the powder and the bulk sample.

Fig. 7 shows isothermal DSC data for crystallization of
powder sample at temperatures 320 °C, 330 °C and 340 °C
(points)., These temperatures represent an optirnum condi-
tion for isothermal measurement. At higher temperatures
the crystallization response is too fast. Consequently, some
part of experimental data may be truncated due to non-
negligible time constant of the DSC instrument, Lower

04 as prepared
< 0.3+
o
=
é 0.2+
]
I
014
0.0 - : T :
340 360 380 400 420
Temperature {"C)

Fig. 6. DSC curves of as prepared bulk sample of { GeS»)g 3(5bsS3)o 7 glass
and partially crystallized samples annealed 1 h at temperatures indicated
next to the curves.
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Table 1
The fraction crystallized for samples annealed at selected temperatures for
1h

Bulk Powder
T (°C) tan T {°C} Tun
320 0.128 200 0.184
325 0.280 203 0.349
327 0.267 108 0.513
328 0.373 310 0.697
330 0.461 215 0.828
335 0.589
337 0.705
339 0.914
340 0.973
0.34 2340°C

A

a2

Lop

s
g 024

f
g B, 330°C
2 0.1
0.0 =

20
Time {min}

Fig. 7. Isothermal DSC curves for crystallization of powder sample of
{GeS;)g 3(8b.8;)y 7 glass (points). Solid lines were calenlated by Eq. (11)
for the SB equation and the kinetic parameters given in text.

temperatures bring another difficulty as the signal to noise
ratio negatively affects the accuracy of the measurement.
The enthalpy change associated with this crystallization
was found to be AH, = —50+2Jg~'. This value is in a
reasonable agreement (at least within combined uncertain-
ties) with the result obtained from non-isothermal
measurement,

3.3, X-rav diffraction analvsis

Fig. 8 shows a typical XRD pattern of as-prepared
amorphous (GeS, ) 5(Sb:83)0 7 glass as well as fully crystal-
lized material after DSC experiments. As-prepared glass
exhibits a broad halo characteristic of an amorphous spec-
imen. All the diffraction lines of fully crystallized sample
after DSC scan are very close to those for the reported data
for Sb,8; (stibnite, JCPDS Card No. 42-1393). No charac-
teristic peaks of crystalline impurities, such as Sb.O3, GeS,
or GeS are found in the diffraction pattern.

JCPDS
#42-1393

\‘ Hl' HHILNI.l s

Intensity (a.u.}

20
Fig. 8 X-ray difiraction pattern of as prepared and crystallized

(GeS2)a(SbaSa) 7 glass. The bar diagram corresponds to the JCPDS file
of crystalline SboS; (Stibnite).

4. Discussion
4.1. Analysis of crystal growth data

As has been anticipated above (Section 3.1), the
growth of 8b,S; crystals in a supercooled melt of
(GeSa)a 3{ 512531y 7 composition seems to be controlled by
crystal-liquid interface kinetics. There are three basic phe-
nomenological models suitable for the description of such
processes: (1) normal growth, (ii) screw dislocation growth
and (iii) 2D surface nucleated growth [20]. For molecularly
complex liguids it can be assumed that reorientation of the
molecule or breaking bonds between atoms at the crystal-
melt interface must precede the incorporation of the mole-
cule into the crystal. This reorientation and bond breaking
in fact controls the crystal growth rate u. It should involve
similar molecular motions to those involved in transport in
melt. Usual assumption is that the temperature dependence
of the interface process can be represented by supercooled
melt viscosity 7 through the Stokes—Einstein relation. Jack-
son et al. [21] has shown that the operative growth mecha-
nism can then be assessed from the reduced growth rate Ug
given by the following equation:

uy
"1 —exp(—ASAT/RTY’

where T is the temperature at which the crystal growth rate
« and the viscosity # is measured, AT is supercooling with
respect to the melting point (AT = T, — T) and ASyis the
entropy of fusion of crystalline phase. The plot of the re-
duced growth rate versus AT gives information directly
about the fraction of preferred growth sites at the interface.
Therefore, for normal growth the Ug versus AT should be
a horizontal line, for screw dislocation growth, where the
interface site factor is linearly temperature dependent, this
plot is expected to be a straight line of positive slope
passing through the origin. In contrast, for 2D surface

Ur (2)
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nucleated growth Uy versus AT plot should be in form of
a curve of increasing posilive slope passing through the
origin.

To replot our experimental data in this way the value of
entropy of fusion and melting point for Sb,S; are needed.
Myers and Felty [22] reported ASYR —7.0+0.5 and
T — 549 + 4 °C. These values were obtained by difleren-
tial thermal analysis. Johnson ¢t al. [23] quoted somewhat
lower different value of ASH/R —5944+£0.03 and T, —
550 °C that were obtained by a drop-calorimetric measure-
ment. These values scem to be more precise and, therefore,
they were used in our calculation. Fig. 9 shows the reduced
growth rate plot caleulated by using our growth rate data
(Table 1) and viscosity data reported for (GeS,),(Sb2S3)y
melts [14,15]. The positive curvature of this plot suggests
2D surface nucleated growth. In this case, the growth rate
can be expressed as [20]

C B
u 7 oxXp ( TA'I')' (3)
where B and C are constants.

According to Eq. (3) the In(uy) versus (TAT) ' plot
should be a straight line with negative slope. This plot is
shown in Fig. 10. [t is seen that predicted lincar dependence
is confirmed for crystal growth of Sb,S; in the whole range
of temperatures. The parameters B — (5.0 £ 0.2) x 10°K?
and In(C/Nm ) —30+2, corresponding to the slope
and intercept of these lines were obtained by using a
least-squares fit. The parameter B is given by [20]

AV mo
.o 4
3kAS; @

where 4 is a molecular diameter, V,, is the molar volume.
The quantity oy is the edge surface free energy of nucleus
that should be equivalent to the crystal melt surface
tension [24], provided there is no marked change in sur-
face structure associated with deformation. Assuming

B

0.06 - O
w
Ly
& 0,044
i o
E
o
=] @]
0.02
o O
O oB
0.00 O : ; ; ;
240 250 260 270 280
AT (°C)

Fig. 9. Reduced growth rate versus supercooling for crystallization of’
Sby8; in highly supercooled (GeSa)y a(SbaS3)g 7 melt.

2l MO
5
£ 4
B o
E
= o)
5
=
6
T T T T
6.6 6.8 7.0 7.2
10°TAT (K?)

Fig. 10. Plot of logarithm (growth rate X viscosity) versus 1/TAT for
crystallization of §haS; in supercooled melt (GeSala st ShaSz)7 of compo-
sition. The solid line corresponds to the least-square fit 1o experimental
data.

that ¥y —735% 10 *m?mol ' and A2 (6Vu/nz)" =
6.15% 10 “m [25] we can estimate from Eq. (4) the
edge surface free energy. This value was found to be
g~ 0.27 Im % Corresponding molar edge free surface
cnergy is apy  ap(NaF2)YY [26] When the resulting
value is compared with the molar heat of fusion we obtain
aem/AT 22 0.98. Nucleation experiments using droplets
indicate opp/AH values 0.4 0.5 for metals and about 0.3
typical for most non-metals [27,28]. Thercefore, our esti-
mated value appears to be more than three times larger.
It might indicate that Stokes Einstein relation implicitly
assumed in Eq. (3) does not necessarily hold in deeply
supercooled melts as has recently been shown for some
small molecule systems [29].

Fig. |1 combines the experimental growth rate data, the
curves calculated by using Eq. (3) for parameters obtained
[rom the In{a) versus (TAT) ! plot, and the viscosity data
taken from Refs. [14,15]. It is seen that optimum condition
for optical observation of Sh,S; crystal growth in super-
cooled melt of (GeS2)y a(SbaSa)y 7 composition is for viscos-
ity range; 4.6 <log(n/Pas)<7.7. Upon quantitative
analysis in terms of 2D surface nucleation model it was
found that even at a large supercooling the calculated
growth rates arc in a rcasonable agreement with experi-
mental data. The maximum growth rate is predicted
around 355 °C. This temperature matches with non-iso-
thermal DSC measurement of crystallization kinetics that
will be discussed in the following section.

4.2, Analysis of DSC data
With very few exceptions the analysis of DSC data
found in the literature has been performed in terms of

the formal theory of transformation kinetics developed
by Johnson and Mchl [30], Avrami [3]1] and Kolmogorov
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412
{10
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&
{6 T
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5
B 4 :(5
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T 40
0+ T N : : ‘-.,‘ 2
240 280 320 360 400

Temperature ("C)
Fig. 11. Temperature dependence of crystal growth rate and viscosity in
supercooled melt of (GeSs)q 3(ShsS3)g 7 composition. Broken line was
calculated by Eq. {3). Solid line corresponds to extrapolated viscosity data
[14.15])

[32]. According to this theory the fraction transformed x
can then written as a function of time ¢ in the following
form:

a1 exp[ (K)"). (5)

Here n reflects nucleation rate and growth morphology,
and K is a function of temperature that depends on both
nucleation rate and growth rate. Usually, it is assumed that
its temperature dependence can be expressed as

K A-exp( E/RT). (6)

where R is the gas constant, A is the pre-cxponential factor
and & is the effective activation energy that should not de-
pend on the temperature and the fraction transformed.
This assumption involves that both nucleation frequency
and growth rate vary in an Arrhenian way with tempera-
ture. Under such circumstances the effective activation
cnergy in Eq. (6) can be expressed as [33]

c BN mbig
E= p h (7
where Ey and Eg are the activation energies for nucleation
and growth. The parameter m depends on the growth
mechanism and dimensionality of erystals. For interface
controlled growth m assumes the values, 1, 2 and 3 for
one-, two-, and three-dimensional growth, respectively.
The rate equation (JMA equation) can be obtained by dif-
ferentiation of Eq. (5) with respect o time

("—“) Kon(l- o) (-« '™ (8)
de

It is very important to emphasize that Egs. (5) (8) have
been derived strictly under isothermal conditions. However,
Henderson [34] has shown that the validity of these equa-
tions can be extended to non-isothermal conditions under
two assumptions. The first assumption is that the growth
rate of a new phase is controlled only by temperature

and it is independent of time (lincar growth kinetics). The
sccond assumption further limits the applicability of
JMA cquation to homogenecous nucleation or heteroge-
neous nucleation at randomly dispersed second phase par-
ticles. Tt has been confirmed (Section 3.1) that for the
crystal growth of SbhaS; in supercooled melt of (GeSs)q s-
{Sb1S1)o7 composition follows a linear kinetics. Morcover,
the crystals apparently grow from randomly distributed
nuclei in the volume of supercooled melt. It seems, there-
fore that the Henderson's assumptions are fulfilled for this
crystallization process, at least for the crystallization of
bulk sample at lower temperatures. This hypothesis now
will be tested for DSC data shown in Figs, 5 and 7,

Probably the most popular method to test the applica-
bility of the IMA model in isothermal conditions is an
inspection of lincarity of the Avrami plot. From logarith-
mic form of Eq. (5) follows that the slope of the
In[ In(l  2)] versus Inz plot equals to the kinetic expo-
nent, . Apparently lincar plots are found for isothermal
data corresponding 1o powder sample. The kinetic expo-
nent obtained from the slope is n2= 3. A similar testing
method has been developed also for non-isothermal data
[35]. In this case, a plot of In[ In{l — )] as a function of
1/T should be linear and its slope equals to  nk/R. These
plots are linear for the bulk sample. The kinetic exponent
obtained from the slope was found to be n—3.0+0.2
(assuming that £~ 167 kImol ' as given in Section 3.2).
On the other hand, clearly non-lincar plots are obtained
for the powder sample. This scems to be in contradiction
with previous finding for isothermal data corresponding
to the powder sample. Nevertheless, it should be taken into
account that a double logarithmic function is not so sensi-
tive to subtle changes Lo its argument. Therefore, one can
be expect that these plots may be lincar even in the casc
that IMA equation cannot be applied. Consequently, this
testing method can lead 1o erroncous conclusions.

A more reliable test is based on the z(2) function that
can casily be obtained by a simple transformation of
DSC data. This function can be defined in isothermal con-
ditions [13],

z2(2) — 1, )
as well as in non-isothermal conditions [13,36]
z(2) ¢ 72, (10)

It can casily be shown [13,36] that the () function is pro-
portional to (1 — 2 In{1 — 2)]for the IMA ¢quation and,
therefore, its maximum should be at 2. — 0.63 = 0.02. This
value is a characteristic “fingerprint’ of the JMA model.
and il can be used as a simple test of the IMA equation,
Fig. 12 shows the normalized =(x) plot for isothermal data
corresponding to powder sample (plotted as points) along
with the JMA prediction. The maximum of this plot is
found at = —0.45+0.04. It is without any doubt that
the IMA equation cannot be applied in this case. There-
fore, the conclusion based only on the double logarithmic
plot would be erroncous. Fig. 13 shows normalized z(x)
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Fig. 12, Normalized =(z) function or isothermal crystallization of powder
sample of (GeS;)q 5 ShaSa)y 7 glass. Points correspond to DSC data shown 1.0 (b)
i Fig. 7 transiormed by Eq. (9). Solid line is a prediction for the JMA . /)«Vﬁ
cquation. &'
0.8+ w
plot for the non-isothermal DSC data (see Fig. 5). Again, it 06+
is seen that the JMA equation cannot be applied lor crys- = i
tallization of powder sample (2. — 0.51 £ 0.01). However, N — I ;
the data I'L?r bulk sample practically correspond to lhc 045 o 5Kmim e
IMA equation (2. — 0.67 £ 0.03). This seems to be consis- : A 10 Kmin &
tent with the conclusion drawn from the double logarith- 0.2 v ARKmin! i
2 i 3 <& 20 K.min” ]
mic plot and also with previously reported results [8 13]. 14
A general kinetic equation suitable for a description of 00 i i . : i . %‘
DSC data can be obtained by combining Egs. (1), (6) 0.0 0.2 04 0.6 0.8 10

and (8):
¢ AMlA-cxp( E/RT)- f(x), (11)

where fla) —n(l [ In(l 9:)]] U for the IMA equa-
tion. Fig. 5(b) shows DSC curves for the bulk sample,
caleulated by Eq. (11) for £—167kImol ', n—2, and
In(A/s ') — 299 4+ 0.2 (solid lines). There is a rcasonable
agreement with experimental DSC data for the bulk sample
especially at lower scanning rates. Nevertheless, the kinetic
exponent differs from the value estimated from the double
logarithmic plot (n — 3). This discrepancy will be addressed
later. As anticipated above, the IMA equation cannot be
used for the description of erystallization behavior of pow-
der sample. The shift of the z(2) plot maximum to lower
values of fraction crystallized (2. < 0.63) indicates a more
complex and aceclerated crystallization process. Such
behavior is usually described by means of a two parameter
Sestdk Berggren (SB) function [37], i.e., flx) — «™(1 o)™,
The kinetic exponents M and N are parameters that define
relative contribution of acceleratory and deceleratory part
of the erystallization process [38]. These parameters are
rather empirical constants, and too much physical signifi-
cance should not be attached to their numerical values
[13]. Fig. 5(a) shows non-isothermal DSC curves for the
powder sample calculated for SB function and follow-
ing parameters: £—246kImol ', M =044 4004, N —
111 +£0.07 and In(4/s ') —41.8+=0.1. The agreement

o
Fig. 13. Normalized z(x) function for non-isothermal crystallization of
powder (a) and bulk (b) sample of [(GeSa)ya(8hoSs); glass. Points
correspond to DSC data shown in Fig. 5 transformed by Eq. (10). Solid
Tine is a prediction for the IMA equation.

with DSC data is better than for JMA function shown in
Fig. 5(b). However, if the same sct of kinetic parameters
is used to caleulate isothermal DSC curve a significant dis-
crepancies are observed, in particular at higher tempera-
tures. This is shown in Fig. 7.

The rehability of the kinetic cquation and calculated
kinetic parameters can be cffectively tested analyzing the
crystallization behavior of partially crystalline samples.
By integration of Eg. (11) under isothermal conditions
the following equation is obtained:

* da P
[] e A1 exp(- EfRT). (12)

The integral in Eq. (12) is equal to [ In(1 ~ «)]' for the
JMA f{z) function. However, 1t has to be calculated numer-
ically for the SB function. Solid lines in Fig. 14 were calcu-
lated by Eqg. (12) for the same sets of kinetic parameters
shown above, corresponding 1o JIMA and SB cquations,
respectively, Points correspond to DSC data of partially
crystallized samples reported in Table 2. There is quite
good agreement between DSC data for the bulk sample
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Fig. 14. Fraction erystallized as a function of temperature for annealed
samples given in Table 2 (points). Solid lines were caleulated by Eq. (12)
for the IMA and SB equation and the kinetic parameters given in text.

and the caleulated curves for the IMA equation, Neverthe-
less, the prediction of SB equation fails to describe DSC
data for the powder sample. The SB equation provides a
reasonable description for non-isothermal data in this par-
ticular case. However, an extrapolation to isothermal con-
ditions leads 1o overestimation of the fraction crystallized.

Eq. (11) can be rewrilten in a somewhat different form

[13]
¥x) o -exp(L/RT)

where the term AJf A4 is constant. Therefore, the y(2) plot.
casily obtained by a simple transformation of DSC data, is
proportional to the flz) function. Fig. 15 shows the nor-
malized p(2) plot (points) for the non-isothermal data of
as prepared and partially erystallized bulk sample illus-
trated in Fig. 6. Broken and solid lines correspond to the
i) function for the JIMA cquation (ealculated for n — 3,
2 and 1.5), normalized to the same scale. Obviously, the
value of kinetie exponent estimated from the double loga-
rithmic plot (# — 3) cannot provide a good description of
experimental data corresponding to as prepared sample.
Tt seems, that the f{2) function for n — 2 provides consider-
ably better fit to the experimental data, at least for % < 0.6.
There is a clear deviation from JMA prediction for higher
. Rysavd et al. reported the same value (22 2) for the
crystallization of a bulk of (GeSy)ya(SbyS;)y7 glass in
non-isothermal [8] and isothermal [10] conditions. Never-
theless, the y{z) plot shifts further for a partially crystal-
lized sample. In this case, the kinetlic exponent of 1.5
seems Lo be most appropriate. Again, there is a deviation
from predicted flo) lunction for %> 0.7. Therefore, onc
can expeet that the crystallization process has a more com-
plex nature and its real mechanism can hardly be ¢luci-
dated from DSC data. A decrease of kinetic exponent n
is also indicated by a marked change of DSC peak shape
for partially crystallized sample (see Section 3.2). However,

A A - (). (13)

the y(%) plot reveals this difference more clearly. It is prob-
able that observed decrease of the kinetic exponent is duc
to more pronounced shielding effects of growing crystals.
In fact, long narrow crystallites (such as SbsS; needles)
serves as more cffective blockers. As a consequence the ki-
netic exponent will decrease with extent of transformation
as has been shown by Weinberg and Birnic [39] by numer-
ical simulations.

The cffective activation energy can be obtained from
logarithmic form of Eq. (11). The term AM A - flx) is
expected to be constant for a constant value of the fraction
crystallized. Therefore, the Ing, versus 1/7, plot should
give 4 straight line whose slope is proportional to the effec-
tive activation energy at a given value of 2 [40]. This simple
method can be applied to both isothermal and non-isother-
mal data sets taken at several temperatures or heating
rates. One would expect that the effective activation energy
is constant during the crystallization process and, there-
fore, this plot should be practically independent on the
fraction crystallized. However, this expected behavior was
confirmed in 0.1 € % < 0.7 range only. The average value
of effective activation energy within this interval was found
to be E—166+ 11 kImol ! for the bulk sample and
E— 238 4+ 6 kI mol ! for the powder sample (non-isother-
mal data). Within the combined error limits these values
also agree with the result of the Kissinger peak shift
method (see Section 3.1). Rysava et al. reported very simi-
lar value of cficetive activation energy (160 kJ mol ') for
non-isothermal crystallization [8] and slightly lower value
(150 kI mol ") for isothermal crystallization [10] of the
same bulk sample. A similar value of E has also been
reported by Malek [13] (1634 11 kI mol '), This kinetic
parameter will be discussed in a more detail in the follow-
ing section,

¥(a)

© as prepared sample
O annealed at 320°C
v annealed at 335°C

Fig. 15. Normalized (=) function for non-isothermal crystallization of as
prepared and annealed bulk sample of (GeSa)sz(ShaSs)g 7 glass, Points
correspond to DSC data shown in Fig. 6 transformed by Eq. (13). Lines
cortespond to the JMA equation for n 2 (solid ling) and » 1.5, 3
{broken lines).
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4.3. Comparison of crystal growth and DSC duta

It has been found that experimentally observed growth
of ShaS; crystals in (GeSa)g 3(SbaSa)eq starts from nuclel
randomly distributed in the volume of the bulk specimen.
The time dependence of crystal growth correspond to the
lincar behavior typical for interface controlled kinetics.
Under these assumptions the JMA equation should be
valid even in non-isothermal conditions [34].

Microscopic observations suggest that the completely
crystallized sample is being formed by crystalline aggre-
gates of about 100 pm in size, showing no indication
for a secondary nucleation, Therefore, one can assume
that the nucleation and crystal growth processes are well
separated and that the exothermic heat llow corresponds
praetically to the macroscopic erystal growth kinetics. It
makes possible to negleet a complicated temperature
dependence of nucleation frequency and then from Eq.
(7) follows that E = mkEg/n. We have shown that Sh,S;
crystals follow one-dimensional growth. Consequently,
m assumes the value 1. Therefore, assuming kg —
288 kI mol ! (Section 3.1) and 1.5< n < 2 (Section 4.2),
it is found that 144 < E< 192 kT mol ', The effective acti-
vation energy for the crystallization of the bulk sample
obtained from DSC data malches within this range
(166 11 kImol ).

On the other hand, the crystallization kinetics seems o
be more complex for the powder sample. The erystalliza-
tion exotherm is shifted to considerably lower temperatures
indicating possible increase of surface nuclei density.
Macroscopic crystal growth then exhibits strongly acceler-
ating kinetics and, consequently, the JMA equation cannot
be applied. However, the DSC data can be described by
two-parameter SB cquation. This cquation provides rea-
sonably good description in non-isothermal conditions.
However, it fails to estimate the raction crystallized in iso-
thermal conditions.

The activation energy of crystal growth represents about
60% of the activation cnergy of viscous flow in
(GeSo)o.a(SbaSa)n;  supercooled melt  (F, — 4854+ 8 kJ
mol ') [14.15]. A similar result was reported for crystalliza-
tion of As,Se; in the supercooled melt of the same compo-
sition [41]. Recently, this behavior has also been found for
crystallization of GeS; in the supercooled melt of
Geg 288062 composition [42].

5. Conclusions

The crystal growth kinetics of antimony sulfide in
(GeS2)a.3(5byS3)g 7 glass has been studied by DSC and
microscopy. One dimensional crystal growth has been
observed in the temperature range 271 < 7 < 310 °C. The
crystal growth takes place at randomly distributed nuclei
in the volume of highly viscous supercooled melt
(4% 107 > 5> 3% 10* Pas). Tt has been confirmed that the
crystal length increases linearly with time. This is indicative
of interface controlled crystal growth kinetics, The activa-

tion cnergy of lincar crystal growth was found to be
E—288+£7kImol .

The reduced growth rate plot (i.c., the growth rate cor-
rected for mobilily) versus supercooling suggests that the
most probable mechanism is interface controlled 2D nucle-
ated growth. Estimated value of the edge surface energy of
nucleus was found 1o be considerably higher than typical
for non-metals. It might indicate that Stoke Einstein rela-
tion does not hold in deeply supercooled melt. However,
the 2D kinetic model provides a reasonable prediction of
temperature dependent crystallization rate.

The non-isothermal DSC data, corresponding to the
bulk sample, can be described by the JMA equation
(n = 2) that also provides a reasonable description of crys-
tallization extent for annealed samples. This is indicative
for negligible nucleation [requency during macroscopic
crystal growth (i.c., the condition of site saturation). More
complex crystallization behavior is observed for powder
sample both in isothermal and non-isothermal conditions.
In this case. the IMA equation cannot be used.
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Abstract

The crystal growth kinetics of Sby S5 in (GeS2)y2(SbaS3)ns glass has been studied by DSC and optical microscopy. The linear growth Kinetics
of 8b,S; has been observed in the temperature range 525K < T <556 K (Eg =295 £ 3kI mol ). From the reduced growth rate plot (i.e., growth
rate corrected for viscosity) as a function of supercooling it has been found that the most probable mechanism is interface controlled 2D nucleated
growth. The DSC data, corresponding to the bulk sample under isothermal and non-isothermal. can be described by the Johnson-Mehl-Avrami

equation for the kinetic exponent m = 2.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Antimony trisulphide (stibnite) is an important semiconduc-
tor in view of its photosensitive and thermoelectric properties
[1]. It is used in television cameras, microwave devices and var-
ious optoelectronic devices [2,3]. SbaS3 thin films can also be
used for write-once-read-manytimes (WORM) type optical stor-
age applications [4].

In this paper we attempt to show a direct connection
between our measurements of crystals growth (studied by opti-
cal microscopy) and viscosity and DSC data of crystallization
kinetics in glassy (GeS2)p2(SbaS3)as published recently [5].
Only through viscous flow of undercooled melts it seems to be
effective to completely describe crystallization behavior like-
wise was described in papers by Malek et al. [6,7].

2. Experimental

The bulk glassy samples were prepared by direct synthesis
from germanium. antimony (purity 99.999%) and three times
distilled sulphur in evacuated fused silica ampoules (inside
diameter 16 mm and length 140 mm). Total charge was 12 ¢g.
The ampoule was evacuated to a pressure 10~ Pafor 30 min and
sealed. Then it was placed in a rocking furnace. After synthesis
and homogenization (20 h, 7= 1223 K) the melt was quenched

* Corresponding author.
E-mail address: daniel svadlak @upce.cz (D. évadlzik}.

0040-6031/% — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.tca.2006.05.013

in ice water. The amorphous character was confirmed by X-
ray diffraction (XRD). Optical microscopy was used to verify
homogeneity of prepared materials.

The samples were prepared as a bulk specimen polished
to optical quality. They were about 3mm x4mm in size
and [.5mm thick. These prepared samples were heated
in a computer-controlled furnace at selected temperatures
(525-556 K) for various times. The dominantly growing propor-
tion of the observed crystals was studied by optical microscopy.
The optical microscope Olympus BX60 with reflect light mode
was used. The sizable difference in reflectivity between the
amorphous glassy matrix and the crystalline phase enables the
observation of crystal growth.

The calorimetric experiments were performed by a Perkin-
Elmer differential scanning calorimeter Pyris 1 (calibrated with
standards Hg, Ga, In, Sn. Pb and Zn). The bulk samples (about
30mg) of the studied glass were prepared in the form of thin
plates both-side polished to optical quality. They were mea-
sured in the standard aluminum sample pans. All measurements
were done under dry nitrogen atmosphere. The crystallization
behavior was studied under isothermal (589-601 K) and non-
isothermal conditions (323-673 K, heating rates 5-30 K min ™ By
Heating rate 200 K min~" was used to heat samples to temper-
ature selected for isothermal crystallization measurements.

XRD analysis of amorphous and crystallized sample was per-
formed using a Bruker AXS X-ray diffractometer D8 Advance
equipped by scintillation counter, utilizing Cu Ko radiation
(40kV, 30 mA). The scans were taken over the scattering angles
26 from 5 to 65° at the scanning speed of 0.12° min~!.
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The samples were analyzed by an electron scanning micro-
scope JEOL JSM-5500LV and by electron-dispersive X-ray
analyzer IXRF Systems (detector GRESHAM Sirius 10). The
accelerating voltage of the primary electron beam was 20kV.
The quantitative analysis was performed by using the standards
purchased from C.M. Taylor Corporation, USA.

Viscous behavior of (GeS2)p2(Sh2S3)0.g undercooled melt
in the range of 107-10'3 Pas was studied by penetration vis-
cosimetry using the thermomechanical analyzer TMA CX03R
(R.MLL, Czech Republic). The power in the range of 10-500 mN
was applied on the hemispherical indenter which was pene-
trated into the sample under isothermal conditions. Duration of
these isothermal measurements was between 0.5 and 50 h (cor-
responds to 549 and 483 K). Other details of the used method
and instrument are described elsewhere [8].

3. Results
3.1. DSC measurements of crystallization kinetics

This part of paper deals with crystallization kinetics of SbaS3
measured by DSC method in glassy (GeS2)p.2(Sb2S3)0.s bulk.
The crystallization behavior was observed under non-isothermal
and isothermal conditions. In the temperature range 323673 K
was determined the glass transition temperature T, (about 510K
at heating rate 10K min~') and one exothermal erystalliza-
tion peak. This exothermal peak was found in temperature
range 582-666 K for non-isothermal conditions at heating rates
5-30K min~! (Fig. 1) and in temperature range 589-601 K for
isothermal conditions (Fig. 2). These isothermal temperatures
represent an optimum condition for isothermal measurement.
At higher temperatures the crystallization response is too fast
and due to significant time constant of the DSC instrument
some part of experimental data may be lost. Lower tempera-
tures bring another difficulty because the signal-to-noise ratio

&
(A)
15+
30 K.min™
p=10Kmn' 20 K.min”
= 10 15 K.min”
g 10 K.min™
=z 5 K.min
0.5+
0.0

580 800 620 640 660

Fig. . (A) Typical non-isothermal DSC curve over all the temperature range
of bulk sample (GeS2)i 2(8b281)n 5 for heating rate 10 K min ! (T, is the glass
transition temperature, T}, is the temperature of the maximum of crystalliza-
tion peak). (B) Non-isothermal DSC curves for crystallization of ShyS; in
(GeS2)0.2(ShaS3 )05 bulk sample for different heating rates {pomte) The solid
lines were calculated using Eqs. (5) and (6) for £=180kImol™", m=2 and
In(A/s~"')=30.0+0.1.
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Fig. 2. Isothermal DSC curves for crystallization of ShaS3; in (GeSado
(SbaS3)ps bulk samples (points). The solid lines were calculated using Egs.
(5) and (6) for E=268kImol ', m=2 and In(A/s ")=47.2£0.1.

negatively affects the accuracy of the measurement. The crys-
tallization enthalpy corresponding to the area under exothermic
peaks was found to be —65 £ 2J g~ for non-isothermal condi-
tions and —60 + 11 g~ for isothermal conditions.

The samples were analyzed by X-ray diffraction (Fig. 3)
before and after DSC measurements. The crystallization product
was identified as the orthorhombic form of ShaS; (stibnite).

Next important kinetic parameter is the apparent activation
energy. From data measured under non-isothermal conditions
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Fig. 3. X-ray diffraction pattern of prepared glass and crysiallized material. The

bar diagram corresponds to the JCPDS file of crysialline ShaSs (stibnite).
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we calculated the value of this activation energy using Kissinger
method [9]:

BY _ g —Eosaf L
ln(-T—lg)_uconsl Rx(Tp) (1)

where f is the heating rate, T}, is the temperature of the maxi-
mum of crystallization peak, E is the apparent activation energy.
Dependence of ln(,B/sz} on 1/ T, is the straight line with slope
18044 kJ mol .

The other method for non-isothermal conditions is isocon-
versional method [10]. This method can be used in equivalent
form also for isothermal conditions.

In®, =In[{AH x A x f(a))]— E ® i (2)
R T,

where @ is the heat flow, AH is the crystallization enthalpy, A

is the pre-exponential factor, fle) is the analytical expression of

the kinetic model, ¢ is the conversion ratio and E is the apparent

activation energy.

The plots of In @, versus 1/7, with straight lines for dif-
ferent values of o were obtained. From these slopes were
calculated the values of apparent activation energy. The aver-
age value of this energy calculated in the range 0.2 <o < 0.6
is 268 £ 40kTmol ! for isothermal conditions and 180 44 kJ
mol~! for non-isothermal conditions.

3.2. Viscosity measurements of (GeSz)o.2(80283 )05

The viscous behavior of (GeS2)o.2(SbaS3)o 5 was studied by
penetration viscometry in the range of 107-10 Pas. Obtained
temperature dependence of viscosity is shown in Fig. 4. We
calculated the apparent activation energy E, of viscous flow
from Arrhenius plot (3):

£
0 =n0exp 3)

where 7 is the temperature, 1 is the measured viscosity and g
is a constant. This activation energy £, is 439 £ 6kJ mol~! and
temperature corresponding to viscosity 1012 Pas is 494 K.

log (n /Pa.s)

T —T T

T T T
1.80 1.84 1.88 1.92 196 200 204 208
10° T /K

Fig. 4. Temperature dependence of viscosity of (GeSz)p2(SbyS1)ns under-
cooled melt.

3.3. Optical measurements of crystal growth in bulk
(GeS32)o.2(5b283)o.5 composition

Only one type of crystal morphology within the bulk was
observed by optical microscopy during our measurements. The
X-ray diffraction confirmed that the crystalline phase corre-
sponds to orthorhombic ShyS3 (stibnite). The morphology of
growing crystals was not dependent on temperature and time in
the range of 525-556 K. We found that the crystallization starts
predominantly from randomly distributed nuclei (Fig. 5a). The
oval crystals were predominately observed (Fig. 5b). The lengths
of oval crystals were plotted as time dependence at temperature
range of 525-556 K (Fig. 6). Every experimental point and corre-
sponding error was obtained as a mean from at least 10 different
crystal objects. Time dependences of crystal’s lengths are linear
for all measurements. This type of behavior is typical for crystal
growth controlled by interface kinetics. The crystal growth rates
corresponding to the slope of these dependences are summarized
in Table 1. The logarithm of crystal growth i versus reciprocal
temperature /T is shown in Fig. 7. The full lines correspond to
the least-square fit of these data. The activation energy of crystal
growth Eg=295+3kImol~!' was obtained from the slope of

544 K 36 min

Fig. 5. Randomly distributed crystals of SbyS3 in (GeSz)pa(SbyS3)pg sam-
ple (A) and detail of dominant form of crystals in partially crystallized
(GeS3)n2(5b283)0 4 sample (B). Photographs were made in reverse light mode
of optical microscopy.
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100 4 3.4. X-ray diffracti lysi
p— ray diffraction analysis
O 552K
A 549K Fig. 3 shows typical XRD pattern of amorphous (GeS2)o.2
A 546K (Sb2S3)0.g glass and fully crystallized material. All diffraction
. z gjg? peaks can be assigned to the orthorhombic unit cell of Sh>Sa
2 & 536K (stibnite). No characteristic peaks of other impurities (GeS,
i o 532K GeS») were found. All peaks were assigned by using the JCPDS
3 ® 525K Card 42-1393.
o
5
£ 4. Discussion
2
()
- I S The measured heat flow @ can be described by kinetic equa-
L tion [11]:
—E ‘
0 T T T T T P =AHx Axexp— % fl&) 35
0 50 100 150 200 250 RT

Fig. 6. Time dependence of the length of ShaS; crystals grown in (GeSz )2
(8b283)ns undercooled melt.

Table 1
The crystal growth rate of ShaS3 in (GeSa o 20Sb283)0 5 undercooled melt

Temperature (K) Growth rate (ummin~ 1y

556 225
552 1.48
549 1.05
546 0.79
544 .56
540 0.35
536 0.20
532 0.13
525 0.06

this plot, premising the Arrhenius behavior (4).
Eg
w(T) = Ag x e & 4)

where T is the temperature, u is the crystal growth rate, Ag is the
pre-exponential factor from growth data and Eg is the apparent
activation energy of the crystal growth.

F24

764
-804

8.4

log (u fm.s”)

-8.84

924

T
1776 1.800 1.825 1.850 1.875 1.900
10° T' /K

1
1.925

Fig. 7. Arrhenius plot of the crystal growth rate measured by optical microscopy.
The line corresponds to the least-square fit of these data.

where AH is the crystallization enthalpy, A is the pre-exponential
factor and E is the apparent activation energy. The function fla)
is an analytical expression of the kinetic model. One the most
widely used kinetic model is Johnson—-Mehl-Avrami nucleation-
growth model JIMA (m) [11]:

Ffle)=mx (1 —a) % [~In(] —ay)'~1m (6

where & is the conversion and m is the kinetic exponent which
reflects nucleation rate and crystal morphology.

Determination of kinetic model is based on the z(«) and y(«)
functions. These functions can be easily obtained by a simple
transformation of DSC data. They can be defined under non-
isothermal conditions [10]:

E
o) = P x exp

RT @
)= x T? (®)
and under isothermal conditions [10]:
ya)y= & 9)
Ha) =@ xt (10)

The z(ee) and y(er) functions normalized within range (0; 1)
under non-isothermal conditions for bulk samples are shown
in Fig. 8 (assuming that £ 180kITmol™"). The maxima of
these dependences were found at o, (max)=0.63 +0.03 and
oy (max)=0.43 £+ 0.02. Under isothermal conditions are shown

z(e) and y(o) normalized functions in Fig. 9. The maxima of

these dependences were found at @, (max)=0.63 £ 0.01 and o,
(max)=0.34 £+ 0.03. Characteristic value of maximum of z{ec)
function for IMA(m) kinetic model is 0.632 [10]. The crystal-
lization process of SbyS3 in the bulk form of (GeS2)o.2(Sb2S3)o.8
can be described by JMA model under non-isothermal and
isothermal conditions. This model has been used in subsequent
analysis. The value of parameter m was calculated from equation
[12]:

o= [+ In(l — e, (max))] ! (11)

The value of parameter m is 23402 under non-iso-
thermal conditions and 1.7 £ 0.2 under isothermal conditions.
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Fig. 8. Normalized z(¢) and y(e) function for non-isothermal erystallization of
bulk samples of (GeS2)n2(Sb2S3)ps undercooled melt, Points correspond to
DSC data transformed using Eq. (7) and (8). Solid line is a prediction of IMA
equation for m=2.

For next kinetic analysis was used Johnson-Mehl-Avrami
model with average parameter m=2. Fig. 1 (solid lines)
shows non-isothermal DSC curves, calculated by Eq. (5) for
E=180kImol~!, m=2 and In(A/s~1)=30.040.1. In Fig. 2
(solid lines) are shown isothermal DSC curves, calculated by
Eq. (5) for E=268kImol~', m=2 and In(A/s~')=47240.1.
The pre-exponential factor was variable and other parameters
were constant.

It has been anticipated above that optical measurements
reveal features typical for crystal growth controlled by interface
kinetics. In this case there are three basic phenomenological
models suitable for description of crystal growth in undercooled
melt [13]:

- normal growth;
- screw dislocation growth;
- 2D surface nucleated growth.

For molecularly complex liquids can be assumed that reori-
entation of the molecules or breaking bonds between atoms
must precede the incorporation of the molecule into the crys-

Fig. 9. Normalized z(w) and y(w) function for isothermal crystallization of bulk
samples of (GeS3)y2(5b283)0s undercooled. Points correspond to DSC data
transformed using Eq. (9) and (10). Solid line is a prediction of JMA equation
form=2.

tal. This reorientation and bond breaking in fact controls the
crystal growth rate u. The usual assumption is that the temper-
ature dependence of the interface process can be described by
undercooled melt viscosity 1 using the Stokes—Einstein relation
[13,14]. Jackson et al. [15] has emphasized the importance of a
bulk thermodynamic property (as the entropy of fusion AS¢) on
the crystallization processes and on the nature of crystal-liquid
interface in undercooled melts. The operative growth mecha-
nism can be then assessed from the reduced growth rate Uy
given by the following equation [13]:

wxn

Ug =
1 —exp(—ASy x AT/RT)

(12)

where T is the temperature at which the crystal growth rate u are
measured and the viscosity 7 are extrapolated, AT is undercool-
ing with respect to the melting point (AT=T,;, — T) and ASs is
the entropy of fusion of crystalline phase.

The temperature dependence of Ug gives information directly
about the growth sites at the interface. In terms of the stan-
dard kinetic models, Ug versus AT relation for normal growth
would be a horizontal line, for screw dislocation growth a line of
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Fig. 10. Reduced growth rate vs. undercooling for crystallization of Sba83 in
undercooled {GeSa ki 2(SbaS3)o s melt.

positive slope passing through the origin, and for surface nucle-
ation growth a curve passing thought the origin which would
exhibit positive curvature. In our calculations we used the value
of entropy of fusion AS;=49.39 Tmol~! K~! and melting point
of SbaS; T, =823 K [16]. Fig. 10 shows the reduced growth
rate calculated from experimental growth rate (Table 1) and vis-
cosity data (Fig. 4). The positive curvature of this plot denotes
2D surface nucleated growth. In this case, the growth rate can
be expressed as

C B
u=—exp|—5——0
n T x AT

where B and C are constants [13].

Fig. 11 shows the dependence of In(u > ) on (T x ATy~
obtained from our experimental data (points). Solid line corre-
sponds to the least-square fit of these data. It is apparent that
the predicted linear dependence is confirmed for crystal growth
ol §by53 in whole temperature range. We obtained parameters
B=(53+0.2) x 10°K? and In(C/Nm~")=34.1 % 1.2.

(13)

0.5 .
0.0
; 0.5
=
S
£ 40
154
T T T T 1
63 64 6.5 656 67 6.8
10%T.ATY K
Fig. 11. Plot of logarithm (growth rate x viscosity) vs. (T x AT)™! for erys-

tallization of 8bsSs in (GeS: ) 2(Sb2S3)ys undercooled melt. The solid line
corresponds to the leasi-square fit of experimental data.

Fig. 12. Temperature dependence of crystal growth rate and viscosity in
(GeSa))2(5ba83)n5 undercooled melt. The dash dotted line corresponds to the
calculated data by Eq. (13). Solid line corresponds to extrapolated viscosity data.

In Fig. 12 are plotted the viscosity data (7 < log(n/Pas)< 13),
the experimental growth rate data (Table 1) and data cal-
culated by using parameters B and C obtained from the
In(ux1) versus (TxAT)™! plot (dash dotted line). The opti-
mal conditions for optical observation of Sb>S3 erystal growth
in (GeS2)p2(Sb283)pg undercooled melt were for viscosity:
6.9 <log{n/Pas)<9.2. The maximum of crystal growth was
approximately estimated around 619 K. From Fig. 12 is apparent
that the calculated growth rates are relatively in reasonably good
agreement with experimental data at a large range of undercool-
ing, although we extrapolate the viscous data.

The observed growth of Sb2S3 crystal in undercooled melt
of (GeS3)y2(SbaS3)gg composition by optical microscopy
takes place at lower temperature than was detected by DSC
method under isothermal conditions. We calculated the crys-
tal growth rates will be about 30 wm min~! at 589 K and about
50pummin~' at 601 K. These values of crystal growth for
isothermal conditions are too fast and out of observed limits
by optical microscopy in our case. The average apparent acti-
vation energy for isothermal conditions obtained by isocon-
versional method is 268 £40kJI mol~! and 180 =4 kJ mol !
for non-isothermal conditions. The activation energy calcu-
lated by Kissinger method for non-isothermal conditions is
1804 4kImol~!. The activation energy obtained from opti-
cal measurements is Eg =295+ 3kJmol~!. This value is in
the error limits close to activation energy calculated by iso-
conversional method at isothermal conditions. The activation
energies determined by using Kissinger and isoconversional
method for non-isothermal conditions are close in the error
limits too. The maximum of crystal growth was approximately
estimated around 619 K with crystal growth rate 69 wmmin~!
The activation energy obtained for viscosity measurements is
E,; =439+ 9kJmol™ !, Temperature corresponds to viscosity
10'2 Pas is 494 K and the temperature glass transition from DSC
is about 510 K.

The activation energy of crystal growth represents about 2/3
of the activation energy of viscous flow. A similar result was
found for crystallization in (GeS2)p3(SbaS3)p7 undercooled

71



Publikace ¢.4

D, Svadldk et al. / Thermockimica Acta 446 (2006) 121-127 127

melt [6]. The ratio EG/E, = 1/2 was found for crystallization
in another chalcogenide systems (7,171,

5. Conclusions

The crystal growth kinetics of SbaSx in (Ge82)o 2(SbaSs)o s
undercooled melt has been studied by DSC and optical
microscopy. Following conclusions can be formulated.

At the studied range 323-673 K was detected one exother-
mic peak comesponding to crystallization of SbzS8z (stib-
nite). The crystallization hehavior was described by the
Johnson—-Mehl-Avrami model with parameter st =2 under non-
isothermal and isothermal conditions.

Two-dimensional crystal growth was observed by optical
microscopy at the temperature range of 525K < T < 556 K, The
activation energy of linear crystal growth is 295+ 3kJmol !,
Only the orthorhombic Sb285 crystals were observed.

The interface controlled 2D nucleated growth was deter-
mined from the plot of reduced growth rate versus undercooling.
The optimal conditions for optical observation of SbpS3z crystal
growth are for viscosity: 6.9<log(x/Pas) <9.2. The maximum
of crystal growth was approximately estimated around 619K
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Abstract

The crystal growth kinetics of antimony trisulfide in (GeSa)g 1(Sb2S4)ag glass has been studied by microscopy and DSC. The linear
crystal growth kinetics has been confirmed in the temperature range 492 < 7' < 515 K (£g = 405 = 7 kJ mol™'). The applicability of
standard growth medels has been assessed. From the crystal growth rate corrected for viscosity plotted as a function of undercooling
it has been found that the most probable mechanism is interface controlled 2D nucleated growth. The non-isothermal DSC data, cor-
responding to the bulk sample, can be described by the Johnson-Mehl-Avrami equation.

© 2008 Elsevier B.V. All rights reserved.

Kevwords: Crystal growth: Nucleation; Optical microscopy: Calorimetry

1. Introduction

Antimony trisulfide (stibnite) is a highly anisotropic nar-
row band-gap semiconductor that has been intensively
studied for its interesting physical properties. It has been
regarded for solar energy conversion because its photosen-
sitivity [1] and also due to its photo-thermal recording pos-
sibilities [2]. In recent years, the preparation of specifically
designed crystalline morphologies of Sb,S; has been inten-
sively studied [3-6].

The crystallization kinetics of antimony trisulfide in
(GeS,).(SbsS3), — . glasses (x=0.3 and 0.2) has been
reported recently [7.8]. These studies combine standard
analysis of DSC data of overall crystallization process,
the microscopic study of the crystal growth kinetics and
viscosity behavior of undercooled melts of the pseudobi-
nary system of GeS,-Sb,S; composition. The aim of this
work is a similar study for (GeS1)y1(SbyS3)g ¢ glass.

" Corresponding author. Tel.: +420 466 036 550; fax: +420 466 036 361.
E-mail address: svadlak@centrum.cz (D. Svadlik).

0022-3093/% - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.jnonerysol.2008.01.029

2. Experimental

The (GeSa)p.1(SbaS3)yo glass was prepared by synthesis
from pure elements (5 N purity). A mixture of these ele-
ments (12 g total weight) was placed in a quartz ampoule
(inner diameter 16 mm, length 140 mm). The ampoule
was then evacuated to a pressure of 107" Pa for 0.5 h,
sealed and then placed in a rotary furnace. After heat treat-
ment and homogenization at 1223 K for 20 h, the ampoule
was rapidly cooled in ice water. The amorphous nature of
quenched glass was examined by X-ray diffraction analysis
(XRD), optical and scanning electron microscopy (SEM).

Freshly prepared bulk specimens of primary material
(about 3 x 4 mm in size and 1.5-2 mm thick) polished to
optical quality were used. These samples were annealed
in a computer-controlled furnace at selected temperatures
for various times (central hot zone constant to within
+0.2 K). Optical measurement of crystal growth was per-
formed by using Olympus BX60 microscope in reflected
light mode. The sizable difference in reflectivity between
the amorphous glass and the crystalline phase enables
direct observation of crystal growth. All heat treated sam-
ples were extensively examined, and the sizes of the well-

Please cite this article in press as: D. Svadlak et al., J. Non-Cryst. Solids (2008), doi:10.1016/j.jnoncrysol.2008.01.029
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developed crystals grown in the bulk glassy material were
measured and recorded.

The calorimetric experiments were performed by using a
Perkin Elmer Pyris 1 differential scanning calorimeter cou-
pled with 2P intracooler and calibrated with Hg, Ga, In,
Sn, Pb an Zn standards. The bulk samples of the studied
glass were prepared in the form of thin plates (about
0.8 mm thick) both-side polished 1o optical quality. They
were measured in standard aluminum sample pans under
atmosphere of dry nitrogen (flow rate about 20 ml min ).
The crystallization behavior was studied under non-iso-
thermal conditions. The samples were brought from the
room temperature 1o the temperature 373 K and then
heated by heating rates 2 20 Kmin ' up to 653 K. The
calorimetric glass transition temperature, T, was deter-
mined 1o be about 504 K at heating rate 10 K min ', This
value is in a reasonable agreement with those reported pre-
viously by Asami et al. (505 K) [9].

XRD analysis of amorphous and crystallized sample was
performed using a Bruker AXS diffractometer D§ Advance
equipped with horizontal goniometer and scintillation
counter, utilizing CuK, radiation (40 kV, 30 mA). The
scans were laken over scattering angles, 20 from 5° to 65°
at the low scanning speed of 0.12° min' . The samples were
analyzed by an clectron scanning microscope JEOL JSM-
5500LV and by X-ray analyzer IXRF Systems (detector
GRESHAM Sirius 10). The accelerating voltage of primary
clectron beam was 20 kV, The quantitative analysis was
performed by using the standards purchased from C.M.
Taylor Corporation, USA. Selected arca electron diffrac-
tion (SAED) and high resolution transmission electron
microscopy (HRTEM) were carried out on a JEOL model
JEM 3010 transmission electron microscope. The sample
{about 50 pum in sizc) was ulirasonically dispersed in cthanol
and transferred to a carbon-coated copper grid.

3. Results
3.1. Optical measurements of crystal growth

Tt has been confirmed that the crystallization process
starts predominantly within the bulk of annecaled glass

and the SbyS; crystals grow in the volume of undercooled
melt of (GeS;)q1(SbaSs)uo composition. The morphology
of growing crystals does not change significantly with tem-
perature and time. The oval crystalline aggregates some-
what resemble spherulitic growth habitat [10] composed
with an asymmetric radiating array of crystalline fibers.
This is illustrated in Fig. 1(a) where SEM photograph of
completely erystallized sample is shown. Optical micropho-
tograph (Fig. 1(b)) reveal oval envelope of crystalline fiber
aggregates. The length of these crystalline structures (i.c.,
the longer axis of oval crystalline aggregates) was measured
by optical microscopy as a function of time at temperatures
in the range 492 515 K. The result is shown in Fig. 2.
Every experimental point and corresponding error bar is
a result of at least 10 measurements of various crystalline
objects found in the sample under particular experimental
conditions. It is scen that the length of the crystallites
increases linearly with time at cach temperature. This type
of behavior is typical for crystal growth controlled by inter-
face kinetics. Solid lines shown in Fig. 2 correspond to a
least-squares fit to these data; the slopes and corresponding
errors yielding the growth rates (and their standard devia-
tions). These results are summarized in Table 1. These data

515K
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Fig. 2. Time dependence of the length of $hoS; crystals grown in deeply
undercoolked melt of (GeSalg 1(8baSslee composition.,

Fig. 1. SEM (a) and optical microphotograph (500} and (b) showing crystals of 8h,S; in (GeSa)g (8h:8;)0 sample after anncaling at 499 K for 67 min.
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Table 1 1.4
The crystal growth rate in (GeSs)y 1(Sb>S4)g 9 undercooled melt a8 o & 20Kmin’
T(K) u (pm min~") e "y
04 exo

492 0.10 +0.01 1.0 4
493 0.11 £ 0.01 02
497 0.23 £ 0.04 £ 0B | foKmn Te
499 0.39 £ 0.02 ; i)
502 0.67 +0.03 < 0.6 am 4z 73 S8 73 628 E7s
504 0.96 £ 0.07 & L
507 1.90 £ 0.18 0.4
511 T2
515 7.8 0.2

# In this particular case, the crystal growth rate was determined from el
two data points only. T T T T T T

along with more experimental results are plotted on a log-
arithmic scale as a function of reciprocal temperature in
Fig. 3. As evident, an Arrhenius behavior is observed in
whole range of temperatures. The activation energy of crys-
tal growth obtained from a least-squares fit to these data
was found to be Eg =405 + 7 kJ mol™".

3.2. Calorimetric measurement of crystallization kinetics

The inset of Fig. 4 shows a typical DSC curve of
(GeS3).1(SbaS3)pe bulk glass. There is a non-negligible
change of heat capacity during the crystallization process.
Therefore a non-linear (polynomial) baseline has to be sub-
tracted to calculate normalized heat flow data. These data
corresponding to crystallization at heating rates 2-
20 K min~" are shown in Fig. 4 (points). Selected range
of heating rates represents an optimum condition for
non-isothermal measurement. At higher rates the crystalli-
zation response is too fast. Consequently, some part of
experimental data may be distorted due to non-negligible
time constant of the DSC instrument. Lower temperatures
bring another difficulty as the signal to noise ratio nega-
tively affects the accuracy of the measurement.

0.0

log (u/um.min’)

0.5 -

T T T T T T
1.94 1.96 1.98 2.00 2.02 2.04

1000/T (K”)
Fig. 3. Arrhenius plot of the crystal growth rate of Sb:S; measured by

optical microscopy. The line corresponds to the least-square fit of these
data.

550 560 570 580 590 600 610 620
TIK)
Fig. 4. DSC curves for crystallization of (GeSa)y1(SbsSs)go bulk glass

(points). The solid lines were calculated by Eqg. (10) for the JIMA equation
and kinetic parameters given in text.

The exothermal crystallization peak is observed well
above the T, for all heating rates. Therefore, the crystals
grow in the highly undercooled melt of (GeS2)o.1(SbaSs)os
composition, The value of effective activation energy E cor-
responding to the overall crystallization process can be
obtained from the Kissinger plot [11] of In(#/T7) versus
1/T,. The straight line is noted, and its slope gives value
E=254+7kImol ",

It is assumed that measured heat flow, ¢. is proportional
to the overall crystallization rate

& = AH (da/dr). (1

This assumption can be made for small samples and for
moderate heating rates provided that temperature and
calorimetric calibrations have been made properly. The
proportionality constant AH. equals to the enthalpy
change during the crystallization process and = is the frac-
tion transformed at temperature 7. The crystallization
enthalpy corresponding to the area under exothermic peaks
was found to be —61 =2Tg ', As the enthalpy change is
constant the crystallization rate da/dr can easily be calcu-
lated from heat flow data. The fraction transformed is then
obtained by partial integration of ¢(T) curves.

3.3. X-ray diffraction analysis

Fig. 5 shows a typical XRD pattern of as-prepared
(GeS1)0.1(SbsS3)0.9 glass as well as fully crystallized mate-
rial after DSC experiments. As-prepared glass exhibits a
broad halo characteristic of an amorphous specimen. All
the diffraction lines of fully crystallized sample after DSC
scan can be indexed as those for the reported data for
orthorhombic antimony trisulfide (Stibnite, JCPDS Card
No. 42-1393) [12].

3.4. High resolution TEM

High resolution transmission electron microscopy per-
formed on a crystallized (GeS:)p1(SbsS3)ge sample
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Fig. 5. X-ray diffraction pattern of as prepared (a) and Tully erystallized
{GeSa)a 1 (ShaSadpe  glass. Numbers correspond to (Ak) symbols for
orthorhombic Stibnite [12].

revealed the existence of crystalline domains with various
crystallite orientation and interplanar distance. Fig. 6(a)
shows overlapping of two crystallites. One 1s oriented along
[002] direction as evident from SAED pattern shown in
Fig. 6(b). The other crystallite is parallel to (211) planes
of orthorhombic stibnite (d — 0.305 nm).

4. Discussion
4.1. Analysis of crystal growth data

As has been anticipated above (Section 3.1), the growth
of  Sb.S; crystals in  a undercooled melt of
(GeSa)o.1(Sb2S3)0.9 composition scems Lo be controlled by
crystal liquid interface kinetics. There are three basic phe-
nomenological models suitable for the description of such
processes: (i) normal growth, (i) screw dislocation growth
and (iii) 2D surface nucleated growth [13]. For molecularly

Fig. 6. HRTEM (a) and SAED (b} pictures of fully crystallized
(GeSa)o 1 ShoSa)y o glass.

complex liquids it can be assumed that reorientation of the
molecule or breaking bonds between atoms at the crystal
melt interface must precede the incorporation of the mole-
cule into the erystal. This reorientation and bond breaking
in fact controls the erystal growth rate w. It should involve
similar molecular motions to those involved in transport in
melt. Usual assumption is that the temperature dependence
of the interface process can be represented by undercooled
melt viscosity 5 through the Stokes Einstein relation. Jack-
son ¢t al, [14] has shown that the operative growth mecha-
nism can then be assessed from the reduced growth rate Uy
given by the following equation:
uy
1 exp( AS/AT/RT)’
where T is the temperature at which the crystal growth rate
u and the viscosity i is measured, AT is undercooling with
respeet Lo the melting point (AT — Ty, T) and ASris the
entropy of fusion of crystalline phase. The plot of the re-
duced growth rate versus AT gives information dircetly
about the fraction of preferred growth sites at the interface.
Thercfore, for normal growth the Uy versus AT should be
a horizontal line, for screw dislocation growth, where the
interface site factor is lincarly temperature dependent, this
plot is expected 1o be a straight line of positive slope pass-
ing through the origin. In contrast, for 2D surface nucle-
ated growth Uy versus AT plot should be in form of a
curve of increasing positive slope passing through the
origin.

To replot our experimental data in this way the value of
entropy of fusion and melting point for Sb,S; reported by
Johnson et al. [15] have been taken (AS/R — 5.94 £ 0.03,
Tn — 823 K). Fig. 7 shows the plot of Uy versus AT caleu-
lated by using our growth rate data (Table 1) and viscosity
data reported for (GeS;),(SbaS3); . melts [16], A positive
curvature of this plot suggests 2D surface nucleated
growth. In this case, the growth rate can be expressed as

[13]

Un (2)

B
1400 i, -
.y =&
a L
1200 4% Ty
2 L
ch “@\J’
.
E 1000 4 ]
= : L]
« €12 616 G0 G2 Lived 6ag ™
o5 800 4 10HT.AT) (K?)
[
600 A s "
400 4 [ ] L]
T T T T T
305 310 315 320 325 330 335
AT (K)

Fig. 7. Reduced growth rate versus undercooling. Inset shows plot of
logarithm (growth rate x viscosity) versus 1/7AT. The solid line corre-
sponds to the least-square fit to experimental data.
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" C " B 3) optical observation of SbaS; crystal growth in undercooled
—8 =l 3 i il 4 p s

" P TAT melt of (GeSa)y1(SbaS3)pe composition is for viscosity

where B and € are constants.

According to Eq. (3) the In(un) versus (TAT) ! plot
should be a straight line with negative slope. This plot is
shown in the inset of Fig. 7. It is scen that predicted linear
dependence is confirmed for crystal growth of $h,S; in the
whole range of temperatures. The parameters B — (7.3
+0.6) % 10°K? and In(C/Nm ') — 52 + 4, corresponding
to the slope and intercept of these lines were obtained by
using a least-squares fit. The parameter B is given by [13]

TAY s

B —.
3KAS;

(C
where 4 is a molecular diameter, V,, is the molar volume,
The quantity oy is the edge surface free energy of nucleus
that should be equivalent to the crystal melt surface ten-
sion [17], provided there is no marked change in surface
structure associated with deformation. Assuming that
Voo =735% 10 "mmol ' and i (()l/"_.y,"/:rtZ)]"3 =6.15
% 10 " m [12] we can estimate from Eqg. (4) the edge sur-
face free energy. This value was found to be op-
0.33Im 2, Corresponding molar edge free surface
energy is Gpm — GR(NA V)" [18]. When the resulting va-
lue is compared with the molar heat of fusion we obtain
opm/AH; = 1.18. Nucleation experiments using droplets
indicate aem/AH; values 0.4 0.5 for metals and about 0.3
typical for most non-metals [19,20]. Therefore, our esti-
mated value appears to be nearly four times larger. It might
indicate that Stokes Einstein relation implicitly assumed in
Eqg. (3) does not necessarily hold in deeply undercooled
melts as has recently been shown for some small molecule
systems [21].

Fig. 8 combines the experimental growth rate data, the
curves calculated by using Eq. (3) for parameters obtained
from the In(u) versus (TAT) ! plot, and the viscosity data
taken from Ref, [16]. Tt is seen that optimum condition for

35000 , b
# h>’
30000 i e
~6
25000 | A T
—~ i / 5
= | o
£ 20000 2 [FeRa
£ | el :
= 15000 "Tan wn w0 b o @a [8 B
=] Temperature (K} C
10000 L4
5000 | —
3 =onscneizo [ °
Ry
0 - 7 o

650 700 750 800
Temperature (K)

Fig. 8. Temperature dependence of erystal growth rate and viscosity in
{GeSa)g.1(8ha84)n o undercooled melt. The dash dotted line correspond Lo
calculated data by Eq. (3). Solid line corresponds to extrapolated viscosity
data.

range: 9.5 < log{y/Pa s) < 11.9. Upon quantitative analysis
in terms of 2D surface nucleation model it was found that
even at a large undercooling the calculated growth rates are
in a reasonable agreement with experimental data. Tt is
interesting that non-zero crystal growth rate can be mea-
sured even below calorimetric T,. Extrapolated maximum
growth rate is predicted around 607 K. This temperature
matches with the crystallization range found by DSC mea-
surement that will be discussed in the following section.

4.2. Analysis of DSC data

With very few exceptions the analysis of DSC data
found in literature has been performed in terms of the for-
mal theory of transformation kinetics developed by John-
son and Mehl [22], Avrami [23] and Koelmogorov [24].
According to this theory the fraction transformed =z can
be written as a function of time 7 in the following form:

expl - (K1) (5)

Here r reflects nucleation rate and growth morphology,
and K is a function of temperature that depends on both
nucleation rate and growth rate. Usually, it is assumed that
its temperature dependence can be expressed as

K — A-exp( E/RT), (6)

=1

where R is the gas constant, A is the pre-exponential fac-
tor and £ is the effective activation energy, that should not
depend on the temperature and the fraction transformed,
This assumption invelves that both nucleation frequency
and growth rate vary in an Arrhenian way with tempera-
ture. Under such circumstances the effective activation
cnergy in Eq. (6) can be expressed as [25]
B Ex | m[:'(-,. (7)
where Fy is the activation energies for nucleation and m
depends on the growth mechanism and dimensionality of
crystals. For interface controlled growth m assumes the
values, I, 2 and 3 for one-, two-, and three-dimensional
growth, respectively. The rate equation (JMA equation)
can be obtained by differentiation of Eq. (5) with respect
1o time

(%) K n(l )| In(l I)]l 1in -

n

It is very important to emphasize that Egs. (5) (8), have
been derived strictly under isothermal conditions. Hender-
son [26] has shown that the validity of these equations
can be extended to non-isothermal conditions under two
assumptions: (i) the growth rate of a new phase is con-
trolled only by temperature and it is independent of time,
L.¢. linear growth kinetics, (ii) homogencous nucleation or
heterogencous nucleation at randomly dispersed second
phase particles takes place, It has been confirmed (Section
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3.1) that in an undercooled melt of (GeS,)g,(SbaS3)p.0 com-
position the crystal growth of $b,S; follows a linear kinet-
ics. Morcover, the crystals apparently grow from randomly
distributed nuclei in the volume of undercooled melt. It
seems, therefore that the Henderson's assumptions are ful-
filled for this crystallization process, at least for the crystal-
lization of bulk sample at lower temperatures. This
hypothesis now will be tested for DSC data reported in See-
tion 3.2,

A convenient testing method is based on the z(z) fune-
tion that can be obtained by transformation of non-iso-
thermal DSC data. This function can be defined as
follows [27.28]:

VACH N ©

The z(x) function is proportional to (1 #)[ In{1 )]
for the IMA ecquation [27] and. therefore, ils maximum
should be at «, 2 0.63. This valuc is a characteristic ‘finger-
print’ of the JIMA model, and it can be used as a simple test
of the IMA equation. Fig. 9 shows the normalized =(x) plot
for non-isothermal data (plotted as points) along with the
IMA prediction. The maximum of this plot is found at
%, — 0.62 £ 0.04 which is close to the value predicted for
the JIMA model. Therefore, it seems that this model can
be applied for the description of DSC crystallization data.

A general kinetic equation suitable for a description of

DSC data can be obtained by combining Egs. (1}, (6),
and (8)

¢ Alld-exp( E/RT) - f(2). (10)

For the JMA equation the kinetic function can be writ-
ten as flz) — (1 %) [ In(l %] ' Fig. 4 shows DSC
curves for the bulk sample, calculated by Egq. (10) for
E—254kImol !, n=2, and In(Afs) —47.24+0.2 (solid
lines). There is a reasonable agreement with experimental
DSC data for the bulk sample espeeially at lower scanning
rates.

1.0 -
08 -
06 -
= o 2Kmin'
N K.min!
a4 4 © 5K.min
A 10 K.min®
v 15 K.min'
92 4 ¢ 20Kmin’
0.0 T T T T 1
00 02 0.4 06 08 1.0

o

Fig. 9. Normalized z(z) function for non-isothermal erystallization of

(GeS; ) 1(8h,83)0 0 bulk glass. Points correspond to DSC data shown in
Fig. 4 transformed by Eq. (9). Solid line is a prediction for JMA model.

The effective activation energy can be obtained from
logarithmic form of Eq. (10). The term Al A - flx) is
expected to be constant for a fixed value of the fraction
crystallized. Therefore, the Ine, versus 1/T, plot should
give a straight line whose slope is proportional to the cffec-
tive activation energy at a given value of 2. One would
expect that the effective activation energy is constant dur-
ing the crystallization process and, therefore, the plot
versus 2 determined in this way should be practically inde-
pendent on the fraction crystallized. However, this
expected behavior was confirmed in 0.3 < 2<0.7 range
only (Fig. 10). The average value of cffective activation
energy within this interval was found to be ££— 270+
17kImol ! for the bulk sample. Within the combined
error limits this value also agrees with the result of the Kis-
singer peak shift method (see Section 3.2).

Eq. (10) can be rewritten in a somewhat different form
[13]

Y(x) ¢-exp(E/RT) - AlLA - f(2), (11)

where the term AH A is constant. Therefore, the y(%) plot,
obtained by a simple transformation of DSC data, is pro-
portional to the fix) function. Fig. 11 shows the normalized
(=) plot (points) for the DSC data illustrated in Fig. 6 and
E =254 kI mol ', Broken and solid lines correspond 1o the

A=) function caleulated for kinetic exponent n — 1.5 and

n — 2, respectively. The experimental data range within
those limits which mean likely change of kinetic exponent
during the crystallization process. That becomes less
apparent for higher heating rates (§ = 15 K min ). Tt is
probable that observed decrease of the kinetic exponent
is due to more pronounced shiclding cffeets of growing
crystals. In fact, long narrow crystallites (such as Sb;S;
needles) serve as more cffective blockers as has been
pointed out by Weinberg and Birnie [29].

400
350 |
T .
E *e
=2 .
©
W 200
150
100 . . - T
0.0 02 0.4 06 08 10

o

Fig. 10. The effective activation energy as a function of {raction
erystallized caleulated from DSC data shown in Fig. 4. Broken line
correspond to an average value of £ caleulated in the 0.3 £ 2 < 0.7 range.
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Fig. 11, Nermilizd 1(2) function (o non-isothermal erystallization of

((;—cs,)u 1(ShaS3)ns bulk glass. Points correspond to DSC data shown in
Fig. 4 transformed by Eq. (10) for 7 254 kJmol . Lines correspond to
the IMA equation for a2 (solid line) and n - 1.5 (broken ling).

4.3. Comparison of crystal growth and DSC data

It has been found that experimentally observed growth
of SbaS; erystals in (GeSa)g 1(SbaS3)ye starts [rom nuclei
randomly distributed in the volume of the bulk specimen.
The time dependence of crystal growth corresponds to
the lincar behavior typical for interface controlled kinetics.
Under these assumptions the IMA equation should be
valid in non-isothermal conditions [26].

Microscopic observations suggest that the erystallized
sample is being formed by crystalline aggregates of about
24 pm in size, showing no indication for a secondary nucle-
ation. Therelore, one can assume that the nucleation and
crystal growth processes are well separated and that the
cxothermic heat flow corresponds practically to the macro-
scopic crystal growth kinetics. It makes possible to neglect
a complicated temperature dependence of nucleation fre-
quency and then from Eg. (7) follows that E = mEg/n.
SEM microscopic observation reveals that spherulite type
aggregates are composed with ShaSs needle erystals that
follow one-dimensional growth, ie. m — 1. Therefore,
assuming F¢; — 405 kJ mol ! (Section 3.1) and 1.5< <2
(Section 4.2), it is found that 203 < £ < 270 kJ mol . This
range is comparable with the variation of ellective activa-
tion energy with fraction erystallized as found by isocon-
versional method (see Fig. 10).

The activation energy ol erystal growth represents about
79% of the activation cnergy of viscous flow in
(GeSa)o(ShaSa)us undercooled melt
(£, = 51348 k]l mol h [16]. A lower ratio (about 59%)
has been reported for crystallization of glassy AsaSes [30]
and (GeSs)ys(SbaSs)u7 glass [7].

5. Conclusions

The crystal growth kinetics of antimony trisulfide in
(GeSa)y (SbaSajpe glass has been studied by DSC and

microscopy. The crystal growth has been observed in the
temperature range 492 £ T« 515K, taking place at ran-
domly distributed nuclei in the volume of highly viscous
undercooled melt (8 x 10 = =3 x 10” Pa s). It has been
confirmed that the crystal length increases linearly with
time. This is indicative of interface controlled crystal
growth kinetics. The activation energy of lincar erystal
growth was found to be Eg — 405 +7 kJ mol ',

The reduced growth rate plot (i.e.. the growth rate cor-
rected for mobility) versus undercooling suggests that the
most probable mechanism is interface controlled 2D nucle-
ated growth. Estimated value of the edge surface energy of
nucleus was found to be considerably higher than typical
for non-metals. However, the 2D kinetic model provides
a reasonable prediction of temperature dependent crystalli-
zation rate.

The non-isothermal DSC data. corresponding to the
bulk sample, can be described by the IMA equation
(n==2). This 1s indicative for negligible nucleation fre-
quency during maeroscopic crystal growth (i.c., the condi-
tion of site saturation). Thus it is not surprising that the
cffective activation energy is comparable to activation
energy ol crystal growth corrected for crystal growth
morphology.
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Prilohac.1

1 Rist krystali v podchlazené kapali@ o slozeni

(Ge)0,4(SS3)06

Krystaly rostouci v podchlazené kapdlim sloZzeni (GeSo4ShSs3)oe netvai
slozZity krystalovy motiv, ale jsou jiz zcela jeldidtého tvaru (obr. 14). V porovnani
s predchozimi systémy s niz§im obsahem 5@&S Stka jednotlivych jehlic daleko
mensi. Tvorba krystalickych mofivtohoto slozZeni j€etrgjSi nez u pedesSlych slozeni
a je sledovan zvySeny vyskyt jehlicovitych usmtani. Zmsna délky jehkkky nacase
byla pozorovana optickym mikroskopem na vzorciaghgerovanych v rozmezi teplot
293 °C az 327,5 °C. VSechny tyto zavislostieeyn délky krystalického motivu néase
byly linearniho charakteru (obr. 15). Jednotlivéhipsti fistu krystah jsou uvedeny
v tabulce VI. Krystalicka faze $8; byla potvrzena pomoci rentgenové diffak
analyzy (RDA).

L]

22,78+ 2.01pm 21,67+ 1.94pum

\ = - i

Opticky mikroskop

(odrazené s¥tlo)

Obr. 14: Obrazky p#izené pomoci SEM (rezim sekundarnich elektyoa optického
mikroskopu na desite temperovanéipteplot 297,5 °C po dobu 225 minut o sloZeni
(GeS)o.4ShSs)o,6.

Tabulka VI: Hodnoty rychlosti linearnihaistu krystah SbS; v zavislosti na teplét
podchlazené kapaliny o slozeni (GRIASS3)o0.6

teplota [°C] rychlost fistu umimin']

293 0,06 + 0,01
297,5 0,11 £0,01
301,5 0,16 £ 0,02
305,5 0,26 + 0,03
310,5 0,44 £0,02
312,5 0,50 + 0,06
318 0,73 £0,02
320,5 0,95 +0,10
323 1,63+£0,18
327,5 1,78 *

*rychlost nistu krystal stanovena pouze ze dvou tempéndch ¢asi
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Obr. 15: Zavislost délky krystdl SbhS; na case temperance v podchlazené kapabin
sloZeni (GeBo 4(ShS3)0 6pro teploty 293 °C az 327,5 °C.
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2 Rist krystali v podchlazené kapali@ o slozeni
(GeS)os(ShSs)o5

U tohoto sloZeni bylo pozorovani provedeno v praefiéim s¥tle. Shodnost
odetu délek krystal v prochazejicim a odrazenémedeg bylo provedeno na vzorcich
temperovanych pro teploty 362,5 °C a 364 °C (ol8). V obou pipadech byla
pozorovana fevazna tvorba dvou jehlic a ¢érdicovitych usptadani (obr. 17). Délky
jehlicek byly odeitany do doby, dokud mohly vainrast a nedotykaly se ostatnich.
Pokud bylo ve vzorku fevazné mnoZstvi jiz se dotykajicich nebo prorohtlyc
krystalickych motivi, bylo nefeni ukoreno. Zngna délky krystalickych motiv
nacase byla pozorovana optickym mikroskopem na vzhrtémperovanych v rozmezi
teplot 331,5 °C az 364 °C (obr. 18). Jednotlivéhtgsti ristu krystal jsou uvedeny
v tabulce VII. Krystalickd faze $8; byla potvrzena pomoci rentgenové diffak
analyzy (RDA). U vice krystalickych vzaildochazelo k vzajemnému piistani jehlic,

coZ je patrné i z uvé&dych snimk.

654 A 364 T (prochazejici sv étlo) u = 1.78 ym.min™

60 O 364 <C (odrazené svétlo) u = 1.77 um.min™
55 -
50 —
'E 454
=
3 40
< ]
8 354
< ]
S 30
\B -
O 25+ . -
1 A 362,5 C (prochazejici sv étlo) u = 1.56 um.min
20 0 362,5 T (odrazené sv étlo) u = 1.53 pm.min™
15 4
10 T T T T T T T T T T T T T 1
5 10 15 20 25 30 35 40

Cas [min]

Obr. 16: Zavislost délky krystdl SbS; na ¢ase temperance v podchlazené kapalin
o0 slozeni (GeSo s(ShSs)o 5 pro teploty 362,5 °C a 365 °C pro prochazejici eabené
swtlo optického mikroskopu.
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Obr. 17: Obrazky ptizené pomoci SEM (rezim sekundarnich elektyoa optického
mikroskopu (prochazejici &tto) na destice temperovanéipteplo 335,5 °C po dobu
175 minut o slozeni (Gef 5(SSs)0 5.

31,06pum

34,76+ 3.49um

Opticky mikroskop
(prochéazejici sitlo)

Tabulka VII: Hodnoty rychlosti linearnihoustu krystal v zavislosti na teplét
podchlazené kapaliny o sloZeni (GRE(ShSs)0,s. PouZity reZzim optického mikroskopu
je vyzna&en.

(prochéazejici sétlo) (odrazené sitlo)
Teplota [°C] Rychlost fistu [ummin™] Teplota [°C] Rychlost fistu ummin™]

331,5 0,09 + 0,004 362,5 1,58 +0,16
335 0,13+0,01 365 1,77 £ 0,04
338,5 0,19+0,01

339,5 0,20 £ 0,01

341,5 0,24 £ 0,02

344,5 0,33+£0,02

350,5 0,54 £ 0,02

352 0,65+ 0,01

354 0,72+ 0,07
355,5 0,84 £ 0,08
359,5 1,23+0,12
362,5 1,56 +0,15

364 1,78 +0,18
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Obr. 18: Zavislost délky krystél ShS; na case temperace pro izotermnicieni
v podchlazené kapabiro sloZzeni (GeSo s(ShSs)ospro teploty 331,5 °C az 364 °C.
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3 Kinetick& analyza rastu krystali v podchlazené kapalig o

slozeni (Ge9o AShSz)o,6 a (GES)o 5(SS3)0,5

Pro systémy o sloZzeni (G8&(ShSs)os a (GeQ)os(SkSs)os byla provedena
analyza dat ustu krystah v podchlazené kapalin Prvnim krokem této analyzy je
ziskani aktivani energie istu krystah Eg, kterd je vyznamnym kinetickym
parametrem. Teplotni chovani rychlogistu krystal na rozhrani krystal-podchlazena
kapalina, nizeme popsat zaiedpokladu Arrheniovského chovani v podaiovnice
(29). Ze zavislostiog(u) nal/T miZzeme ziskat hodnotu akti@ energieiistu krystah
Es. Tato zavislost je znadzama pro ok sloZzeni na obr. 19. Ani u jednoho slozeni

nedochazi k odchyleni od linearnihdlpthu, coz potvrzuje platnost rovnice (29).

7,2 1
7,6 -

-8,0 1

(GeS,), (Sb,S,)

2-3/0,6
-8,4 1

log (u /m.s™)

-8,8

(GeS,), (Sh,S.) N

23705

-9,2 4

T T T T T T T T T 1
1,55 1,60 1,65 1,70 1,75 1,80

1000/T [K]

Obr. 19: ZAavislost logaritmu rychlostitastu krystali u na teplot T pro slozeni
(GeS)oAShhs)os a (Ge)os(ShSs)os Hodnota aktivénich energiiEg ziskané ze
smernice linearni zavislosti je 274 + 7tbl™ pro (Ge$)o (ShSs)os a 293 + 3 kinol™

pro (Geg)os(SSs)o s

K dalSimu popisu rozhrani krystal-podchlazena kapalze pouZzit redukované
rychlosti fistu Ur definované vztahem (8). Zi&hu této redukované rychlosti
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na podchlazeni systémdTl jsme schopni @it standardni itstovy model. K vypétu
redukované rychlosti tstu jsou paeba hodnoty viskozit podchlazené kapaliny
pro teploty, pi kterych byla sledovana rychlosistu krystah. Hodnoty viskozit skel
(GeD)0.4(ShSs)osa (Ge)os(ShhSs)o 5 publikované Shatovou a Kogalem [165] byly
uréeny @i nizSich teplotach, nez provedené sledovdstur krystal. Proto hodnoty
dynamické viskozity podchlazené kapaliny byly zisk&extrapolacilog 7 vs. 1/T
linearni zavislosti podle vztahu (11). Dale pro a§gt hodnoty redukované rychlosti
rastu Ug potrebujeme znat hodnotu teploty taniSda entropii tani Si&s. Johnson [56]
stanovil ol pottrebné hodnoty § = 550 °C ASy = 49,38 dnol 'K ™.

Ze zavislosti redukované rychlostistu Ug na podchlazendT ziskame informaci
0 pcitu aktivnich mist na rozhrani krystal-kapalina vigkpsti na teplat. Z této
zavislosti nizeme pedukit rastovy model a naslednurtit jeho parametry. Rbéh
redukované rychlosti istu na podchlazeT je pro slozeni (Gedp 4(SSs)oe
a (Ge%)os(ShSs)o 5 zobrazen na obr. 20. Linearni zavislost redukovgnBlosti rtistu
Ugr na podchlazenidT poukazuje dle Ulhmanna [5] na Sroubéwutislokani model
definovany rovnici (1) a parametrédnayjadcenym pomoci rovnice (4)fPprolozeni dat
timto modelem se hodnotgarametru pohybovala v rozmezi 0,043 aZz 0,05Gloieni
(GeS)o 4ShSs)06a 0,035 az 0,045 pro slozeni (GRESHS:)0 s Byla nalezena velka
diference mezi experimentalnimi a vypenymi daty. Na zakladpiedchozich analyz
sloZeni s menSim obsahem Gdfyl na tyto systémy aplikovan povrclonukleani
rastovy model vyjateny rovnici (5) s parametB acC.

Hodnoty parametrB a C povrcho¥ nuklea&niho modelu byly ziskany z lineéarni
zavislostiIn(uz) na 1/(TAT) (obr. 21). Tyto parametry jsou pro jednotlivd sloize
uvedeny v tabulce VIII. Dle vztahu (5)idXeme z takto ziskanych paranieB a C
ziskat teoretické iikvky rychlosti fistu krystal a porovnat je s natfenymi daty.
V tomto @ipad je jiz shoda experimentélnich a vypenych dat pro abslozeni velmi
dobra, jak mMiZeme vidt na obr. 22 a obr. 23. Pro nazornost jetasti tchto obrazi i

teplotni zavislost viskozit publikované Skovou a Kogalem [165].

Tabulka VIII: Hodnoty parametr B a C povrcho¥ nukleaniho ristového modelu
ziskané pro skla o slozeni (GRS(ShSs)06 a (Ge)o 5(SS3)0 5.

sloZeni ‘ C x16 In B } R }
X [K?] INmY]
‘ 0.4 ‘ 25+0,1 ‘ 147+0,8 } 0,992%3
0,5 1,5+0,1 59+03| 0,997
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Obr. 20: Zavislost redukované rychlostigtu Ug na podchlazendT pro vzorky o
slozeni (Ge§o 4SrSs)o,6 2 (GeY)o,s(SSs)o 5

(GESZ)0.4(SbZS3)O.6
@

~ -4 N
"o

£

(70}

@

o

5

S -6 (GeSZ)OAS(SbZS‘?)O.5

c

-8 T T T T T T T T T T 1
6,8 7,2 7,6 8,0 8,4 8,8

10°%(T.AT) [K?]
Obr. 21: Zavislost In(u/zj) vs. 1/(T/AT) pro povrcho¥ nuklea&ni model. Hodnoty

smeérnic (parametrC) a Usek (parametrB) linearniho pitbéhu (plnacara) jsou pro
jednotliva slozeni uvedeny v tabulce VIII.
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Obr. 22: Teplotni zavislost rychlosti tstu krystai a viskozity pro sloZeni
(GeS)o 4(ShSs)06 Teoreticky piibéh pro model povrchav nukle&niho ristového
modelu s parametry uvedené v tabulce VIII je zobn&erchovanokarou. Extrapolace
viskozit dle vztahu (11) je zobrazena pln@uou.
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Obr. 23: Teplotni zavislost rychlosti tstu krystah a viskozity pro slozeni
(GeS)os(ShhSs)os Teoreticky piibéh pro model povrchay nukle&niho fristového
modelu s parametry uvedené v tabulce VIl je zobn&erchovanowarou. Extrapolace
viskozit dle vztahu (11) je zobrazena pln@uou.
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Zawrem muzeme fici, Ze pestoZze jsme pouZili pro extrapolaci viskozity
na reciproké hodnétteploty linearni zavislost (rovnice(11)) dosakine @i prolozeni
rastovych dat uspokojivych vysletlk Vyjadreni teplotni zavislosti viskozity pomoci
jingch modeti, nagiklad Adama a Gibse [166,167], nebylo mozné vzhiede
k negesnému stanoveni hodnoty tepelné kapacitprgvenych skel. DalSi moznou
alternativou pro vyjaieni teplotni zavislosti viskozity je pouzffpgarametrovy model
Vogel-Fulcher-Tamman (VFT) (rovnice (10)) [89-98)odel VFT je vhodny pro Sirsi
rozsah mitenych viskozit, v opmém gipadct selhava a ijgchazi v dvouparametrové
vyjadieni v podob rovnice (11), coz je pozorovano i pro oba zkounsystemy.

PokouSeli jsme se vyhodnotit data s pouZzitim akichl dat teploty taniy
odeitenych gimo z DSC kivek pro jednotliva sloZeni, nebe predeslych publikacich
je brana teplota tanfistého SbS; bez ohledu na sloZzeni skelné matrice. | v tomto
piipadt  zavislosti redukované rychlostg na podchlazenidT poukazuji také
na Sroubovico¥ dislokani model, ale P aplikaci tohoto modelu (ani povrchév
nukleziniho modelu) nebylo vysledné prolozZeni dat tolilkgmé, jako uvashé vysledky
s teplotou tani Si$; 550 °C.

Zawrem nuzemetici, Ze kinetika istu krystal na rozhrani krystal-kapalina pro
chalkogenidovy systém o sloZzeni (GRIASHS3)os a (Ge)os(SSs)os Ize popsat
povrcho¥ nukle&nim modelem i festoZze zavislost redukované rychloststu Ug
na podchlazeni systéndll poukazuje na Sroubovicédislokani model. Tento model

byl pouZit i pro fi predchozi sloZzeni s menSim obsahemGeS
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