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Abstrakt

Piedkladana habilitacni prace obsahuje uceleny pichled pokroku ve vyzkumu pokrocilych
slinovacich technik, demonstrovaném na slinovacim chovani modelovych materiala oxidovych
keramik AlO3 a Y203 stabilizovaného ZrO; v obdobi 2013-2022. V praci je taktéz uveden
rozvoj experimentalnich technik vtomto obdobi, obzvlast¢ posun ve vysokoteplotni
dilatometrii a z ni odvozenych vypoctovych modeli vyuzivajicich data ziskana
z vysokoteplotni dilatometrie, jako je napf. model Master Sintering Curve a jeho modifikace
pouzivané pro porovnani u¢innosti jednotlivych slinovacich technik. Experimentalni ¢ast prace
je zaméfena na pét souc¢asnych smért pokrocilych slinovacich technik: slinovani za ptitomnosti
dopantt, slinovani pti nizkych teplotach, slinovani vysokymi rychlostmi ohtfevu, slinovani

¢astic se zméneénou povrchovou energii a Slinovani vrstevnatych keramickych kompozitd.

Abstract

The presented habilitation thesis contains a comprehensive overview of the progress in the field
of advanced sintering techniques in the period from 2013 to 2022 year. The advancement of
these techniques is demonstrated on the sintering behaviour of two oxide ceramics: Al.Oz and
yttria stabilized ZrO.. The thesis also presents the development of experimental techniques in
this period, with a special attention to a high-temperature dilatometry and derived
computational models using data obtained from high-temperature dilatometry, such as the
Master Sintering Curve model and its modifications. The experimental part of the work is
focused on five contemporary directions of advanced sintering techniques: sintering at a
presence of dopants, sintering at a low temperatures, sintering by high heating rates, sintering
of particles with modified surface energy, constrained sintering and sintering in the presence of
dopants.



Predmluva

Piedkladana habilitacni prace je uceleny soubor mych péti vybranych védeckych praci
tykajicich se pokrocilych slinovacich technik. Cilem tohoto souboru je popis jednotlivych
slinovacich strategii, jejich vyvoj mezi lety 2013-2022 a jejich porovnani s konven¢ni slinovaci

strategii.

K tématu slinovani keramickych materialii jsem se poprvé dostal pied 15 lety, kdy jsem se pii
studiu oboru Materidlové inzenyrstvi stal technickym pracovnikem Odboru keramiky a
polymert na Ustavu materidlovych véd a inZenyrstvi. Multidisciplinarni materidlové
inzenyrstvi spojuje znalosti rtiznych obori: chemie, fyziky pevnych latek, strojirenské
technologie, atd. Pravé toto multidisciplinarni spojeni védnich oborid mi umoznilo naplno se
vénovat predlozenému tématu. O zvoleni spravného sméru a vyznamnosti tohoto vyzkumu
svéd¢i zvoleni ¢lanku [1], jehoz jsem spoluautorem, v roce 2014 excelentnim vysledkem dle

pilife IT RIV v té dobé platné metodiky.

Uvedené experimentalni vysledky vznikly pfevazné na pidé Vysokého uceni technického
v Brné a to v prostorach Fakulty strojniho inZenyrstvi (Odboru keramiky a polymert Ustavu
materialovych véd a inzenyrstvi) a od roku 2016 i CEITECu (Inovac¢ni technologie v keramice).
Velka ¢ast prace mohla byt také uskutecnéna diky spolupraci s jinymi zahraniénimi pracovisti.
Pievazné se jedna o pracoviité ve Svédsku (prof. James Shen, Stockholm University,
Stockholm), Slovinsku (dr. Andraz Kocjan, Jozef Stefan Institute, Ljubljana) a Slovensku (prof.
Dusan Galusek, FunGlass Centre of Excellence, Trenéin). Na Casti prace se také podileli
studenti VUT (fesitelé bakalarskych a diplomovych praci pod mym vedenim), kterym bych

chtél touto cestou rovnéz podékovat.

Experimentalni ¢ast prace byla vytvotrena zejména diky finan¢ni podpofe nasledujicich

védecko-vyzkumnych projekti:

- Efekt elektro-magnetického pole na slinovani pokrocilych keramickych materiala,
GACR, 13-08717P, hlavni fesitel: Ing. Véaclav Pouchly, Ph.D.

- Vyuziti teoretickych a experimentalnich pfistupt ke slinovani pro ziskani optimalni
mikrostruktury a vlastnosti pokrogilych keramickych materialti, GACR, 15-06390S,
hlavni fesitel: prof. RNDr. Karel Maca, Dr.



Fyzikalni aktivace povrchu keramickych ¢astic jako nastroj pro zlepSeni vlastnosti
jemnozrnné pokro¢ilé keramiky, GACR, 17-05620S, hlavni fesitel: prof. RNDr. Karel
Maca, Dr.

Posilnenie cezhrani¢ného vzdelavacieho potencidlu v oblastiach inovativnych
technologii vyroby a charakterizacie sklenych a keramickych materialov, Ministerstvo
hospodarstva Slovenskej Republiky, 304011U702, hlavni pteshrani¢ni fesitel: Ing.
Vaclav Pouchly, Ph.D. Ing.Paed.IGIP

Vyvoj funkénich keramickych a sklokeramickych materiali ve spolupraci s Centrem
excelence FunGlass, MSMT, LTT18013, hlavni fesitel: prof. RNDr. Karel Maca, Dr.
Optimalizace mikrostruktury keramickych materiald a kompozitd pro zlepseni jejich

mechanickych a funkénich vlastnosti, Fakulta strojniho inzenyrstvi VUT, FSI-S-20-
6292, hlavni fesitel: prof. RNDr. Karel Maca, Dr.



1. Uvod

Jednim z nejvyznamnéjSich a nejstarSich materidli vyrabénych clovékem je keramika.
Keramické materialy jsou z chemického hlediska slouceniny typu oxida, karbidu, nitrid,
boridd, apod. Tyto materialy se vyznacuji silnou kovalentni a iontovou meziatomovou vazbou,
pricemz jde vétSinou o kombinaci téchto vazeb. Diky této vazbé patii k typickym vlastnostem
keramickych material vysoka pevnost v tlaku, tvrdost, chemicka odolnost, odolnost vici
korozi, vysokym teplotim a opotfebeni. Na druhou stranu maji tyto materidly také
charakteristické nevyhody, napi. omezenou moznost plastické deformace a diky tomu nizkou
lomovou houzevnatost a vysokou kiehkost. Diky tomu jsou vlastnosti keramickych materialt
velmi citlivé na strukturni defekty. Tato skutecnost ma za nasledek nutnost precizné zvladnout
vSechny technologické kroky potiebné k piipravé keramickych materiald.

dochazi k pfeméné porovitého polotovaru do finalniho (nejcastéji hutného) vyrobku s jeho
charakteristickymi vlastnostmi. Spravné zvladnuti kontroly celého slinovaciho procesu je
klicové k dosazeni bezdefektniho (vétSinou neporézniho) vysledného produktu s pozadovanou
mikrostrukturou a vlastnostmi. I kdyz je slinovani velice dalezity technologicky krok, nemtze
samotné slinovani odstranit defekty vzniklé diky pfedchozim technologickym kroktim (vyroba
a uprava praskd, tvarovani, atd.). Kvuli nezbytnosti a dilezitosti slinovaciho kroku je vSak
potieba tento technologicky krok umét dobie popsat a kontrolovat, a také sledovat nové
slinovaci trendy. Komplexni popis slinovaciho déje je ovSem velice slozité z divodu vysokého
poctu interagujicich ¢lenti. Z tohoto diivodu se prace zabyva nejenom vyvojem slinovacich
trendd, ale 1 rozvojem analytickych a modelovych metod uré¢enych k popisu slinovani.

V poslednich letech se stale objevuji nové slinovaci techniky, které maji zabezpecit dosazeni
lepsi mikrostruktury vysledného télesa, nebo vyrobeni porovnatelného produktu za podstatné
krat$i ¢as pomoci zmény teplotniho reZimu. Precizni zvladnuti, a tedy kontrola nad dosazenou
mikrostrukturou, je nutnd piedevSim ve Spickovych technologiich nezbytnych napt. pro
optické [2], piezoelektrické [3], multiferoické [4] a jiné pokrocilé keramické materialy.
Jednou z moznosti, jak ovlivnit vyslednou mikrostrukturu keramickych materiald, je vyuziti
dopovani. Dopovani keramickych materidlli umoziuje zmeénit slinovaci cyklus napft. snizenim
slinovaci teploty, nebo vyplnénim port nizko tavitelnou slozkou (slinovani za ptitomnosti
kapalné faze). Pomoci dopovani lze ale pfipravit 1 materidly s vylepSenymi pivodnimi

vlastnostmi, jako jsou napt. mechanické [5] ¢i elektromagnetické [6, 7] vlastnosti, ale i novymi,



jako je napt. luminiscence [8]. Modernim smérem vyvoje keramickych materiala je pfiprava
materialti S kombinaci vice vlastnosti jako jsou napt. optoelektrické materialy [9].

Dalsi moznosti, jak dosdhnout zlepSenych vyslednych vlastnosti, je modifikace teplotniho
cyklu slinovaciho procesu. Obecné se objevuji dvé zakladni teorie, kdy jednou z moznosti je
pomalé slinovani pfi nizkych teplotach, aby se zabranilo rGstu zrn. Druha moZnost spociva
V rychlém slinovéni, které ma velky vyznam pro primysl, a to obzvlasté kvili uSetieni
elektrické energie diky minimalizaci tepelnych ztrat [10], zrychleni a zefektivnéni vyroby a
sluzeb pro zakaznika (napf. u bio keramiky) [11] apod.

Dalsi moznosti, jak ovlivnit slinovaci chovani a tedy i vyslednou mikrostrukturu pokrocilych
keramickych materialti, je zména kvality povrchu (a tedy i povrchové energie) Castic. Této
zmény lze dosahnout nékolika zpisoby. Nejjednodussi, a tedy nejrozsifenéjsi, je aktivace
povrchu ¢astic za pomoci mleti, kdy dochazi k vytvateni novych volnych povrchii, které mohou
vstupovat do chemickych reakci. Pfi této aktivaci povrchu ovSem dochédzi zaroven ke
zmenSovani velikosti ¢astic. Neni tedy jednoduché od sebe separovat a posoudit vliv snizené
velikosti Castic a vliv aktivovaného povrchu. Z tohoto divodu bylo vramci této prace
rozhodnuto pouzit aktivovani povrchu castic pomoci moderni nizkoteplotni plazmové
technologie, kterd neméni velikost Castic, ale pouze ovlivituje jeji povrch pomoci vazani
funkénich skupin [12].

Jednim z rozvijejicich se odvétvi slinovani je slinovani kompozitnich keramickych materialt.
Keramické kompozity se vyuZzivaji nejcastéji pro konstrukéni keramiku, kde spojenim dvou
riznych materiali dochazi ke vzniku vnitiniho napéti [13], coz mtze vést k odklontim trhliny
[14]. Diky tomu dochazi k navyseni vyslednych mechanickych vlastnosti (obzvlasté¢ lomové
houzevnatosti), ale né€kdy i k dosaZzeni vyjime¢nych elektrickych, magnetickych, tepelné
izola¢nich a jinych vlastnosti [15, 16]. Pokrocilé slinovaci techniky a propracované slinovaci
modely umoznuji fidit vznikajici vnitini napéti a dosahovat zvySenych uzitnych vlastnosti
vysledného keramického télesa.

V8emi uvedenymi pokrocilymi slinovacimi technikami se budou podrobnéji zabyvat
nasledujici kapitoly. Navic, pro moznost porovnani jednotlivych slinovacich technik, je v praci
kladen diraz na popis a aplikaci kinetickych modelt pro porovnani jednotlivych slinovacich

technik.



2. Stav souCasného poznani

Nasledujici kapitola se ve zkratce vénuje slinovacimu procesu pokrocilych keramickych
materiald, jako dulezitou soucasti keramické technologie. Tato kapitola také zahrnuje vycet
kinetickych slinovacich modeli, které jsou dilezit¢ pro posouzeni piinosu nékterych

pokrocilych slinovacich technik.

2.1. Slinovaci proces

Slinovani je technologicky proces, pii kterém se z puvodniho poérovitého praskovitého
polotovaru stava aplikaci tepelné energie hutné téleso [17]. Pii slinovani dochazi k aktivaci
difuznich dé&ja, s cilem minimalizovat energii porézniho systému. Ke sniZeni celkové energie
télesa muze piispét jak zména povrchové energie (piechodem z energeticky nevyhodného
rozhrani pevna faze — plynné faze do energeticky vyhodnéjsiho rozhrani pevna faze — pevna
faze), tak i zména celkového povrchu (zhrubnuti ¢astic nebo zrn [18]). V pribéhu slinovani
tedy dochdzi ke zméné velikosti a tvaru porti a €astic (zrn), coz je spojeno se zmeénou délkovych

rozmeéru — smrsténim materialu.

2.1.1. Vysokoteplotni dilatometrie

Vysokoteplotni dilatometrie umoziuje méfit délkové zmény materialu a tim padem i smrsténi
zpusobené slinovacim procesem. Diky in-situ zaznamu smrsténi (a jeho zavislosti na Case a
teploté) je vysokoteplotni dilatometrie pouzivana jako zakladni nastroj pro posouzeni
jednotlivych slinovacich technik a zaroven dilatometricka métfeni vstupuji do vétSiny
vypocetnich kinetickych modeld slinovani.

Pti ptipravé keramickych materialt riiznymi technologiemi ¢asto dochazi ke stavu, kdy maji
keramické polotovary (green bodies) riiznou pocateéni hustotu a tedy i rizny prabéh smrsténi,
i kdyz diky slinovani dosahnou stejné (idealné¢ 100 %) konec¢né relativni hustoty. Samotné
smr§téni materialu je siln¢ zavislé na metod¢€ piipravy materialu [1, 12, 19-21] a pfitomnosti
dopantt [22]. Aby se smrstovaci kiivky takto rizné pfipravenych polotovart daly porovnavat,
je vyhodné prepocitat smrsténi na zhutnovaci kiivky (viz Obr. 1). Pro pfepocet lze vyuzit
nasledujici vztah [23]:

(100+&7max)3
3
(100+¢&(t,T)~CTE(T-Tp))”

p(t,T) = Prinal D)



kde: p je aktualni relativni hustota vzorku, T je teplota, prinai je hustota vzorku dosazena po
ukonceni slinovaciho procesu stanovena metodou dvojiho vazeni, ermax je smrsténi pii dosazeni

porinal, £, T) je smrsténi zméfené dilatometrem, CTE je koeficient teplotni roztaznosti

(zméfitelny ze smrsténi vzorku béhem chlazeni) a t je ¢as.

Vzorec (1) vsak plati pouze pro izotropni smrsténi. Pfi neizotropnim smrsténi je vzorec doplnén

0 koeficienty anizotropie K a Kz [23].

,D(t T) = p; - (100+&rmax) (100+Ermax-K1)-(100+Ermax-K2)
’ f (100+5techn(t’T))'(100+5techn(t:T)'K1)'(100+8techn(t'T)‘K2).

)

Obr. 1 ukazuje ptiklad prepocétu smrstovaci kiivky na kiivku zhutnéni podle rovnice (1).

——————————————————— 100

e ———

—— Density curve
oL | ——— Shrinkage curve

Density [%]

Shrinkage [%]

______________ 450

-20 . n " ! " n . " 1 . " . ! H " " H
0 100 200 300 400

Time [s]

Obr. 1: Vysledek piepoctu kiivky smrsténi na zhutiiovaci kiivku pro Al.Oz [23].

2.2. Slinovaci modely

V pribéhu slinovani dochézi k ptesunu hmoty v tuhé fazi. Nej€ast&jsim mechanismem pienosu
hmoty v tuhé fazi je difuze. Pfi slinovani mize ale také dojit k viskoznimu toku, ktery je Casty
u slinovani s pfitomnosti tekuté faze ¢i pti vysokém tlaku [10]. Dale se pfi slinovani mize
objevit pfenos hmoty zaloZeny na vypafovani-kondenzaci, ten ale nevyuziva pfesun hmoty
tuhou fézi, ale vyuziva pfesunu hmotu pies plynnou fazi. Diky tomu je tento d¢j Casty u
slinovani s pfitomnosti tekuté faze, slinovani iontovych keramik [24], nebo v ptipad¢ nizké
volatility prvka (napt. slinovani pokrocilych keramik na bazi KNaNbO3 [25]). Pro zjednoduseni
se ale casto u vypoctovych modeld viskozni tok a vypatovani/kondenzace zanedbava a pocita

se pouze s difuznimi pochody [26].



Pfi slinovani se uplatituje nékolik druhti difuze a to pirevazné objemova difuze, difuze miizkou
Jelikoz difuze je tepelné aktivovany déj, 1ze na n¢j aplikovat Arrheniovu rovnici, kde vystupuje

aktivacni energie dané¢ho déje Ea:

_EA

D = Doeﬁ, (3)

kde: D je difuzni koeficient, Do je pre-exponencialni ¢len, R je plynova konstanta.

Vétsina vypoctovych modelti zalozenych na datech z vysokoteplotni dilatometrie spociva
V nalezeni aktivacni energie slinovaciho procesu, Ea. Aktivacni energii slinovani mizeme
chapat jako potencialovou (energetickou) bariéru, kterou je nutné pickonat pro uskute¢néni

daného d¢&je (napf. slinovani) [28].

2.2.1. Kineticky model vypoc¢tu aktivacni energie slinovaciho procesu dle Wanga a Raje

Wang a Raj vroce 1990 zformulovali vypocet aktivaéni energie slinovani dle kinetického

slinovaciho modelu vychazejiciho z rovnice pro zménu hustoty v zavislosti na case [29]:

dp _ e Ea/RT f(p)

dt A T Gn'’ )
kde:
2
__ Cyvs
A=== (5)

kde: C je konstanta zavisla na druhu difuze [29], yje povrchova energie, V je molarni objem,

G je stiedni velikost zrn a f(p) je funkce hustoty.

Pokud popiseme vyvoj hustoty jako:

dp dp dT
% arar (6)
Ize kombinaci rovnic (4) a (6) obdrzet nasledujici vyraz:
dpdr\ _ _Ea _
In (T — dt) =——+ ln(f(p)) + InA — ninG. (7

V kratkém casovém useku lze predpokladat, ze pa G je konstantni, je tedy mozné rovnici 7
zjednodusit na tvar pfimky a upravit ji pro vypocet Ea. Podminka nulového ristu zrn

(G = konst.) znamena, Ze tento model nemtze byt aplikovan ve finalni slinovaci casti, kde

10



nastava intenzivni rust zrn. Model umoznuje vypocet aktivacni energie slinovani vzdy v urcité
hustoté (p = konst.) které bylo dosazeno pii riznych rychlostech slinovani dT/dt. Je samoziejmé
mozné tento vypocet provést pro rizné hustoty, ale ¢im vice se model blizi finalni fazi slinovani
(kde se projevuje rist zrn) tim dava tento model zkreslenéjsi vysledky [30].

Pro prakticky vypocet se jednotlivé vzorky slinou riznou rychlou rychlosti ohievu (napft. 2, 5,
10 a 20 °C/min). Poté se pro danou p a piedpoklad G=0 vyjadii leva strana rovnice (7)
Vv zavislosti na 1/T, které bylo dosazeno pro jednotlivé vzorky. Vysledné body se poté prolozi
piimkou, kde smérnice této pfimky je umérna (konstanta imérnosti je 1/R) aktiva¢ni energii
slinovani Ea. Piikladem takto vypoctené aktivacni energie slinovani pro riizné materialy pii

70 % relativni hustoté uvadi Obr. 2.
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Obr. 2: Vypocltené aktivaéni energie slinovani pro materialy Al2Osz (TAI, velikost ¢astic
100 nm), tetragonalni ZrO> (Z3Y, velikost ¢astic 60 nm) a kubicky ZrO> (Z8Y s velikosti
astic 70nm a Z8YSB s velikosti ¢astic 140 nm) pti 70% relativni hustoté (R? v popisu

grafu je korelaéni koeficient) [31].

2.2.2. Univerzalni slinovaci kiivka (MSC - Master Sintering Curve)

Slinovaci model Master Sintering Curve (MSC) byl vytvofen z kombinovaného slinovaciho
modelu [27], ktery zahrnuje dva rtizné difuzni mechanismy: objemovou difuzi a difuzi po

hranicich zrn, viz rovnice 8:

Ldt kT \ G3 Gt )

(8)
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kde: 22 je atomovy objem, k je Boltzmannova konstanta, L je délka vzorku, Dy je koeficient
objemové difuze, Dy je koeficient difuze po hranicich zrn, Jje Sitka hranice zrn a /7 reprezentuje
geometricky faktor, tj. hnaci silu slinovani [32, 33].

V rovnici (8) je nékolik proménnych, jejichz skute¢nou hodnotu je t€Zké experimentalné
naméfit [32]. Rovnici (8) je ovSem mozno zjednodusit pii splnéni dvou podminek. Prvni
podminka uvazuje, ze jeden z difuznich procesti dominuje celému slinovacimu procesu (at’ uz
objemova difuze, ¢i difuze po hranicich zrn). Tato podminka je pravdépodobné splnéna pro
materidly s vysokym pomeérem povrch/objem castic, kde prevlada difuze po hranicich zrn, coz
jsou typicky keramické prasky s velikosti ¢astic pod 1 um [18]. Druha podminka je splnéna,
kdyz vyvoj mikrostruktury (popsany G a 7”) je funkci pouze hustoty (nezavisle na tepelné
historii). Pokud jsou ob& podminky platné, 1ze rovnici (8) piepsat jako rovnici (9), v niz leva

strana je funkci pouze hustoty a prava piedstavuje teplotni historii vzorku s parametrem Ea:

p GEN™ ,  _ tl _Ey
fPo 3pI'(p) dp = J, T exp( RT) at, ®)

k
y.QSDO

kde: n je parametr, ktery nabyva hodnotu 3 (pro objemovou difuzi), nebo 4 (pro difuzi na

hranicich zrn).

V rovnici (9) je leva strana rovnice funkci pouze hustoty, a prava strana vyjadiuje tepelnou
historii vzorku. Vztah mezi hustotou p a pravou stranou rovnice (9) (oznacovanou jako 6) je
nazyvan univerzalni slinovaci kiivkou (MSC - Master Sintering Curve). MSC je unikatni pro

kazdy keramicky prasek pfipraveny danou technologii [32].

Pro praktickou konstrukci MSC je potieba provést nékolik dilatometrickych méfeni s riznou
teplotni historii (typicky riznou rychlosti ohfevu). Pokud je koncept MSC spravny, existuje
pouze jedna (spravna) hodnota aktiva¢ni energie slinovani Ea, pro kterou se vSechny teplotni
profily p=f(®) ptekryvaji a tvofi tak jedinou ,,Master” kiivku. Vypocet modelu MSC se tedy
sklada z opakované numerické integrace pravé strany rovnice (9) pro vsechny teplotni profily
pti odhadnuté Ea. Odhad Ea se méni podle toho, jestli se k sobé jednotlivé funkce p = f(®) pro
vzdalenosti mezi jednotlivymi kfivkami p = f(®). Pro posouzeni vzdalenosti mezi jednotlivymi
p=f(@) kiivkami se nejcasteji pouzivaji dveé kritéria: stfedni kolma vzdalenost mezi kiivkami

(Mean Perpendicular Curve Distance — MPCD, ktera byla vyvinuta na pracovisti OKP UMVI
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FSI, aby dobfe vyhovovala sigmoidalnimu tvaru Master kiivek) [34] a metoda nejmensSich

¢tverct (Mean Residual Squares - MRS).
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Obr. 3: Schéma odklonu jednotlivych kiivek p=f(®) podle odhadnuté Ea.

2.2.3. Master Shrinkage Curve

Jednou z podminek teorie MSC je piedpoklad izotropniho smr$téni, umoziujici pievod
relativniho smr$téni (&) na hustotu (p) [34]. Pro nékteré nehomogenné slinujici materialy, jako
jsou napf. kompozitni vrstevnaté materialy, ovSem nelze tento pfedpoklad splnit. Z tohoto
diivodu byla na OKP UMVI FSI zformulovéna teorie Master Shrinkage Curve, ktera misto
objemového zhutnéni vyuziva slinovaciho smrsténi pouze v jednom vybraném sméru [35].
Pomoci modelu Master Shrinkage Curve tedy lze vypocitat aktivaéni energii slinovani
Vv jednotlivych smérech samostatné. Pokud by material slinoval izotropng, namétena aktivacni
energie slinovani by byla ve vSech smérech stejna.

Rovnice Master Shrinkage Curve vychazi ze stejnych piedpokladi, jako MSC, ale neuvazuje

prepocet smrsténi na hustotu [32, 35]. Lze tedy obdobn¢ jako pro MSC odvodit z rovnice 8

rovnici 10:
kK egr(GE)" o1 _Ea
T fo - de =0 = fo - exp( RT) dt. (10)

Vypocet Ea funguje stejné, jako u zakladniho modelu MSC pomoci dosazovani jednotlivych
Ea a hledani nejlepsiho piekryvu. Diky vyuziti relativnino smr$téni Vv riznych smérech je
umoznéno vypocitat napt. smrsténi core-shell kompozitu [36], nebo posoudit jak jednotlivé

vrstvy v lamelarnim kompozitu ovliviiuji slinovaci chovani celku [35].
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2.3. Modely ristu zrn

2.3.1. Kineticky model ristu zrn dle M. Mayo

Obdobn¢ jako je pro slinovaci d&j definovana aktivaéni energie slinovaciho procesu Ea, Ize
definovat i aktivaéni energii ristu zrn Egg jako energii nutnou pro uskute¢néni riistu zrn. Rust

zrn v keramickych materialech 1ze popsat nasledujici rovnici:

G™ — G = Kyt exp (— EGG), (11)

RT
kde G je primérna velikost zrn, Go je puvodni velikost zrn, m je exponent ristu zrn nabyvajici
typicky hodnoty mezi 2 a 4 [17], a Ko je pre-exponencialni faktor. Pro vypocet aktiva¢ni energie
ristu zrn z rovnice (11) je potieba provést experimenty pii né€kolika riznych teplotach T, pfi
niz je aplikovano nékolik ruzné dlouhych prodlev. Rovnice (11) je pak pievedena do tvaru

pfimky:

G™ = koexp (‘E;G) t+Gm, (12)

kde kqexp (_E;G

- ) je konstanta. Poté je potieba za n dosadit ptirozené ¢islo od 2 do 4 a pomoci

metody nejmensich étverct zjistit, ktery zvoleny koeficient vykazuje nejmensi chybovost.
Timto postupem zjistime G;*. V nasledujicim kroku zlogaritmujeme rovnici (12) a opét ji

prevedeme do tvaru ptimky, kde jeji smérnice udava velikost aktivaéni energie rastu zrn:

In((G™—GI") —t)-R= —ETﬁ + InkyR. (13)

Ko lze poté ziskat dosazenim do pivodni rovnice (11).

2.3.2. Master Grain Growth Curve

Pavodni koncept MSC vychazi z Arrheniova vztahu pro difuzi (rovnice 3). Jelikoz se jedna o
obecnou rovnici pro tepeln¢ aplikované procesy, 1ze podobnou konstrukci, jako je MSC, pouzit
i pro jiné tepelné aktivované déje [37]. Jeden z prikladd vyuziti konceptu MSC pro jiny tepelné
aktivovany proces dulezity pro technologii pfipravy keramickych materialt koncept Master
Grain Growth Curve (MGGC [38]) aplikovany na rast zrn. Vysledna velikost zrn v materialu
totiZz vyznamné ovlivituje finalni mechanické, elektrické a jiné uzitné vlastnosti [6]. Obdobné,
jako u MSC vychazejici z rovnice 9 je Ecs nalezena, kdyz vSechny vzorky s hodnotami p, G

padnou do jediné master kiivky vytvofené rovnici 14:
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f(6) = fot exp (— %{’) dt = 0y, (14)

kde: 8,4je oznaceni funkce Master Grain Growth Curve.

2.4. Pokrocilé slinovaci techniky

V poslednich letech se diky zrychlujicimu se rozvoji experimentalnich i analytickych technik
objevuji stale castéji nové slinovaci techniky, které slibuji zjednoduSeni, zrychleni ¢i
optimalizaci slinovaciho déje. Témi nejvyznamnéj§imi pokrocilymi slinovacimi technikami se

budou zabyvat nasledujici podkapitoly.

2.4.1. Dopovani pokrocilych keramickych materiali

Jednou z moznosti, jak ovlivnit vyslednou mikrostrukturu keramickych materiald, je pouziti
dopantli. Obecné neni mozné dosdhnout absolutni Cistoty vstupnich surovin, proto studium
vlivu dopantl ukazuje i na vliv moznych necistot na slinovaci chovani. Jednim z nejznamé;jsich
ptikladti dopovani je dopovani Al2,O3 malym mnozstvim MgO, které zamezi nadmérnému riistu
zrn [39]. Pomoci novych vyzkumi bylo dokonce zjisténo, ze obfi zrna v Al203 (bez piimési
MgO) jsou pravdépodobné zplisobena rozpusténim necistot (napt. SiO2) na hranicich zrn a tim
ovliviiovani povrchové energie [40]. Pravé dopant MgO umoznil snizit vliv necistoty SiO2 na

zhorSeni mikrostruktury [41].

DalSim znamym piikladem dopovéani je vyroba keramik na bazi ZrO,. Diky fazovym
transformacim ¢istého ZrO2 (viz Obr. 4) neni totiz mozné tento material pfipravit konvencni
cestou, protoze pii ochlazovani dojde k transformaci tetragonalniho ZrO2 na monoklinické
ZrO», coz je spojeno s nartistem objemu (o cca 4%), které vede k destrukci materialu. Z tohoto
divodu se ZrO2 dopuje Y203 (nebo i CaO, CeO a jinymi oxidy), které posune fazovou
transformaci k niz$im teplotam [42]. Takovyto material se pak déli na ¢astecné stabilizovany
(tetragondlni t-ZrO2) nebo plné stabilizovany (kubicky c-ZrO2). U c¢aste¢né stabilizovaného
ZrO, dochazi pti Sifeni trhliny kdodani dodatecné energie potiebné k transformaci
Z tetragonalniho na monoklinické ZrO». Diky zvySeni objemu na ZrO: ve Spicce trhliny dochazi
k jejimu uzavirani, coz vede k lomové houzevnatosti t-ZrO, material. Pfi objeveni jevu

transformacéniho zpevnéni byl dokonce t-ZrO; nazyvan terminem ,,ceramic steel* [43].
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Obr. 4: Cast fazového diagramu ZrO; — Y203 [44]

2.4.2. Pomalé slinovaci techniky

Pomalé slinovaci techniky maji za cil dosdhnout zlepsené vysledné mikrostruktury oproti
konven¢nimu slinovani pomoci slinovani na nizkych teplotach po dlouhy ¢as. Tento cil je
obzvlaste¢ dulezity pro konstrukéni, optické a elektrokeramické materidly. Pomalé slinovaci
techniky jsou zalozeny na piedpokladu, ze aktivaéni energie slinovaciho procesu (Ea) a
aktiva¢ni energie rastu zrn (Ece) je rozdilna, proto mtize dojit pii nizsich teplotach ke zvySovani
hustoty bez riistu zrn. Tomuto jevu se také fika kinetické okno slinovaciho procesu. Aby toto

okno mohlo byt ,,oteviené®, je nutné, aby Ea byla mensi, nez Ece.
Two step sintering

V roce 2000 I. W. Chen a X. H. Wang uvefejnili v ¢asopise Nature pokrocCilou slinovaci
techniku Two Step Sintering (TSS). V této publikaci autoti formulovali pifedpoklady vzniku
tzv. kinetického okna a pro potvrzeni této teorie zménou teplotniho rezimu u Y203 potlacili rist
zrn. Samotna technika TSS se skladé z prvniho kroku, kdy material je slinut rychlosti napft. 5-
20 °C/min do stavu 70-90 % teoretické hustoty (dale jen %t.h.), aby doslo k zaniku
nadkritickych port, a poté je prudce zchlazen (napft. rychlosti 25 °C/min a vyssi) na teplotu o
cca 100-200 °C nizsi nez teplotu dosazenou v prvnim kroku. Na této nizsi teploté je vzorek

ponechan desitky hodin, kdy dojde k navySeni jeho hustoty (pfi malém rlstu zrn).

V roce 2010 uvetejnili Maca et al. hypotézu, ze ucinnost TSS se méni v zavislosti na symetrii
krystalové struktury (viz Obr. 5). Cim vys3i je symetrie krystalické miizky (napf. pro c-ZrOy),

tim je obecné jednodussi pro zrna rist, a proto je potlaceni ristu zrn technikou TSS mnohem
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markantnéj$i nez pro materidly s niz§i symetrii, které nevykazuji velky rast zrn ani pii

konven¢nim slinovani (napf. t-ZrO;) [1].
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Obr. 5: a) Porovnani dosazené velikosti zrn pro Al2O3 s riiznou velikosti ¢astic
b) zvétSujici se ucinnost Two Step Sintering se zvySujici se symetrii krystalové

miizky [1].
Pomalé slinovani ve Spark Plasma Sintering/Hot Isostatic Pressing

V roce 2015 uvetejnili K. Morita a kol. ¢lanek, kde je popsan vliv pomalého slinovani na
optické vlastnosti Al203.MgO [45]. Uvadéna technika se sklada z rychlého ohfevu na pocatecni
slinovaci teplotu (napt. 100 °C/min jako typicka rychlost ohfevu pro Spark Plasma Sintering)
nasledovana velmi pomalym ohievem (0,5 — 2 °C/min) na cilovou teplotu. Autoti uvedli, ze
tento postup jim umoznil dosdhnout nizsi vysledné velikosti zrn a zaroven potlacit kontaminaci

uhlikem z grafitové formy.

2.4.3. Rychlé slinovaci techniky

Rychlé slinovaci techniky maji vétSinou za cil dosazeni stejné vysledné mikrostruktury za kratsi
vyrobni ¢as. Tim se nejenom usetii strojni Cas, ale také se snizi ndklady na energie diky mensim
teplenym ztratdm v pribéhu dlouhych prodlev na vysokych teplotach. Graf potencionalnich

energetickych uspor je schematicky znazornén na Obr. 6.
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Obr. 6: Schéma znazornujici typické teploty a ¢asy pouzitych slinovacich technik [46].
Spark Plasma Sintering

Jendou z modernich slinovacich technik je Spark Plasma Sintering (SPS). SPS vyuZziva pro
ohtev vzorku pulsni elektricky proud, ktery prochazi elektricky vodivou (grafitovou) formou a
piipadné vzorkem (pokud je elektricky vodivy). Pro zajisténi elektrického kKontaktu je pfistroj
vybaven hydraulickym pfitlakem, diky kterému tak zaroven pfi slinovani mtize byt na vzorek
vyvijen externi tlak nékolika desitek kN. Externi tlak poté poméaha zhutiiovacimu procesu a
SPS se tak spolu s Hot Pressingem (HP) a Hot Isostatic Pressingem (HIP) fadi mezi

nejpouzivanési techniky slinovani s vyuzitim tlaku jako dalsi hnaci sily slinovani.

Slinovani metodou SPS je i1 pfes mnoho let vyzkumu stale velice debatovanou metodou a o
jejim vlivu na mikrostrukturu ¢i mife uhlikové kontaminace (z grafitovych forem) stale
nepanuje shoda [47]. Obecné Ize ale diky rychlému slinovani a vysokému slinovacimu tlaku

potladit rist zrn a diky tomu pfipravit napt. nanokeramické materialy [48].
Flash Sintering

V roce 2010 uvetejnili M. Cologna a R. Raj pokrocilou metodu slinovani nazvanou Flash
Sintering [49]. Tato metoda spociva v piedehiati vzorku na teplotu cca 850 °C (pro t-ZrOz) a
poté (na ptedem prichycené elektrody ke vzorku) ptivadi elektrického pole v fadech cca 100

V/em™, Schéma usporadani vzorku a zdroje elektfiny je uvedeno na Obr. 7.

Slinovaci smr§téni nastane pii vysokych elektrickych polich béhem nékolika malo sekund,

pravdépodobné diky jevu tzv. thermal runaway tedy Joulovu teplu vznikajicim ve vzorku pfi
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pruchodu elektrického Proudu. Vzorek tak béhem nékolika sekund dosahne vysoké slinovaci

teploty potiebné na rychlé zhutnéni [50].
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Obr. 7: Schéma experimentu Flash Sintering [49].

2.4.4. Fyzikalni aktivace povrchu ¢astic a jeji vliv na slinovani

Vysokoenergetické mleti

Zakladnim a nejpouZzivanéjSim aktivatorem povrchu keramickych ¢astic je vysokoenergetické
mleti. V priibéhu mleti dochazi k vytvareni novych povrchi, které nejsou znecistény a tim
padem jsou pfistupné novym chemickym vazbam. [51]. Vysokoenergetické mleti se Casto

pouziva pro syntézu v pevné fazi [20], dopovani [52], apod.
Plazmova aktivace

Aktivace povrchii pomoci nizkoteplotni plasmy pfedstavuje moderni a dobfe zavedenou
techniku pro ovlivnéni povrchové energie riznych materialti (polymert, keramiky, kovti apod.)
pouzivanou napf. pro zlepSeni pfilnavosti povlaki [53]. Spolecna interakce vysoko
energetickych elektronti, iontl, excitovanych molekul, radikdli a UV zéafeni umoziuje
vytvofeni novych polarnich skupin na pevném povrchu. Pravé zména povrchu (povrchové
energie) ovliviiuje vSechny procesy, které jsou fizeny zménami povrchové energie, jako je napf.

slinovaci proces.
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2.4.5. Slinovani vrstevnatych kompozitnich materiali

Vrstevnaté kompozitni materialy mohou byt pfipraveny raznymi technikami, jako je napft. tape
casting, slip casting, elektroforeticka depozice (EPD) apod. Pfi slinovani vrstevnatych
kompoziti dochazi k tvorb¢ vnitinich napéti, a to ma za nasledek unikatni Sifeni trhlin v takto
pfipraveném vrstevnatém materialu [54]. Vnitini napéti, vnesené V prub¢hu slinovani,
Zpusobuje zmény ve slinovacim chovéni tzv. slinovanim pod napétim. Vnitini napéti ovSem
nevznikaji pouze pfi slinovani (kde se navic piedpoklada jejich relaxace za vysokych teplot),
ale zejména pii chlazeni, diky rozdilu v koeficientu teplotni roztaznosti (o)) mezi jednotlivymi
materialy [55].

Velikost zbytkovych napéti pro kompozit (sloZzeny napi. z Al2O3 a ZrO; sttidajicich se vrstev)
muze byt spocitana pomoci nasledujici rovnice [54, 56]:

1
B (a2r02 —aA|203)-AT Bz, .[14_ erOz . EZ,OZ '(1_UA|203)J

GrZrOZ - 1
—Uzr0,

(13)

ALO, EAI203 -(1- UZrOZ)

kde d je tloustka vrstvy, v je Poissoniv pomér, a E je modul elasticity.
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3. Cile prace

Piedlozena prace ma za cil popsat ptinos uchazeée k vyvoji pokrocilych slinovacich technik
v letech 2010-2022. Jako modelové materialy pro popis piinosu jednotlivych slinovacich

technik byly zvoleny Al,03 a ZrO», jako v praxi nejvice rozsifené materialy.

Specifické cile prace je pak mozné shrnout nasledovné:

- Popsat vliv dopantti na slinovaci chovani

- Prokézat moznosti vzniku tzv. kinetického okna pii pomalém slinovani
- Prokazat vliv rychlého slinovani na aktivacni energii slinovani

- Prokazat vliv zmény povrchové energie na slinovaci chovani

- Popsat slinovaci chovani jednotlivych vrstev U vicevrstvych lamelarnich kompoziti
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4. Experimentalni ¢ast

4.1. Pouzité materialy

Pro experimentalni praci byly pouzity ¢tyfi druhy komeréné dostupnych oxidovych
keramickych materiald. Ptehled pouzitych materiali spolu s jejich znafenim a orientacni

velikosti ¢astic udavané vyrobcem shrnuje Tabulka 1.

Prasek Vyrobce Typ OznaCeni  Velikost ¢astic
(nm)
ZrOz + 3mol.% Y203 Tosoh, Japan TZ-3YS-E TZ3Y 140
ZrO; + 8mol.% Y203 Tosoh, Japan TZ8Y TZ8Y 70
Al;03 Taimeli, Japan TM-DAR TAI 110
Al>O3 Malakoff, USA HP-DBM MAL 470

Tabulka 1: Ptehled pouzitych keramickych prasku

Dopovani praski

Pro zjisténi vlivu dopantd na slinovaci chovani byl zvolen material TAI, diky jeho vysoké
gistot& (99,99%). Dopanty (500 ppm Mg, Y, nebo 250 ppm Zr molarnich k Al,Os3) byly ptidany
do 100 g Al203 pomoci michani s ptislusnym prekurzorem Mg(NO3)2.6H2O (p.a., Lachema
Brno, Ceska republika), nebo CsHsOsZr (p.a., Lachema Brno, Ceska republika), a
Y (NO3)3.6H20 (99,8 % cistota, Sigma Aldrich) rozpusténym v isopropanolu. Takto ptipravena
smés byla homogenizovana kulovym mletim Al2O3 mlecimi koulemi po dobu 20 h. Vysledna
smes byla rozmélnéna v achatové misce a presita ptes 200 um polyethylenové sito a
kalcinovéana na 800 °C/ 1h. Jednotlivé vzorky jsou oznaceny dle odpovidajiciho dopantu AM
(MgO), AY (Y203), AZ (ZrOz). Stejnou upravou (kromé ptidani dopantu) prosel i referencni

prasek oznaceny A.

Z divodu moznosti ovlivnéni vzorkl kalcinaci, ktera by mohla zkreslit vysledky [57], byl
ptipraven prasek AMS pomoci smichani TAI s MgAI204 spinelem a presit pres 100 a 40 um
polyethylenové sito. Stejné byl presit i referencni prasek oznaceny AA. Podrobnosti k pfiprave

jednotlivych prasku jsou uvedeny v [22].

22



4.2. Uprava praski

Uprava povrchové energie praski

Praskové materialy pro kapitolu 5.4. byly pfedem upraveny dle nasledujiciho postupu:
materidly TAIl a TZ3Y byly povrchové aktivovany pomoci difuzniho koplanarniho
povrchového vyboje (DCSBD). Schéma pouzitého zafizeni je uvedeno na Obr. 8. Postup
povrchové plazmové aktivace praska se skladal z opakovaného nanaseni cca 0,25 g praska na
elektrodu. Po naneseni byl prasek aktivovan pfti vykonu generatoru 400 W po dobu 45 s (pro
material TAI), nebo 500 W po dobu 30 s (pro material TZ3Y). Cely proces se opakoval, dokud
nebylo ziskano asi 40 g prasku pro nasledné tvarovani a slinovani. Podrobnosti plazmové

aktivace prasku jsou uvedeny v [12].

NN Underside
HV electrodes

Obr. 8: Schématicky nakres DCSBD pouzitého pro aktivaci prasku [12].

4.3. Tvarovani

Lisovani

Pro experimenty suchého tvarovani bylo z vySe uvedenych materidlti navdzeno 12 g prasku.
Navazeny prasek byl dan do pryzové formy a vylisovan v izostatickém lisu (Autoclave
Engineering Inc., USA) tlakem 300 MPa po dobu 5 min. Z takto vyrobenych diski byly
nasledné vytfezany hranoly o hmotnosti cca 1 g a rozmérech cca 7x7x12 mm vhodné pro

vysokoteplotni dilatometrii.

Odlévani
Z prasku TAI a TZ3Y (upravené dle kap. 4.2.) byly pfipraveny suspenze ur¢ené na odlévani
pomoci metody slip casting. Jednotlivé smési praskt a vody byly pripraveny tak, aby se

dodrzelo 37 % obj. plnéni keramickym praskem a bylo ziskano 30 g smési. Pro stabilizaci
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suspenze bylo pouzito 2,2 hm% disperzantu Darvan (Vanderbilt Minerals). Takto pfipravené
smési poté byly homogenizovany bud'to pomoci ultrazvuku (vzorky oznacené US, Sonoplus,
HD2020, Bendelin, Némécko) po dobu 1 minuty pii atmosférickém tlaku a intenzivniho
vodniho chlazeni, nebo za pomoci kulového mleti po dobu 24 hodin (vzorky oznacené BM).
Po dokonceni homogenizace byly suspenze odlity do plastovych misek a suSeny na vzduchu po
dobu 7 dni. Podrobnosti pfipravy téchto polotovari jsou uvedeny v [12] pro nedopované prasky

a ve [22] pro dopované prasky.

Elektroforeticka depozice

Pro kapitolu 5.5 byly elektroforetickou depozici z praski MAL a TZ3Y (viz Tabulka 1)
pfipraveny stfiddnim cca 100 jednotlivych vrstev monolity MAL a TZ3Y a kombinované
kompozity s tloustkami v poméru Al203: ZrO 2:1 (oznacené Z33), 1:1 (oznacené Z50) a 1:2
(oznacené Z67). Samotna elektroforeticka depozice byla provadéna v elektroforetické cele
vmodu konstantniho proudu 5 mA. Vzdalenost mezi korozivzdornymi elektrodami
s efektivnim povrchem 18 cm? byla 26 mm. Pro referenci byly také pfipraveny stejnou cestou
monolity z materialu MAL (oznaceno A) a TZ3Y (oznaceno Z). VSechny depozity byly suSeny
po dobu alespoii 24 hodin za pokojové teploty a nasledné byly predzihany na 800 °C na vzduchu
pro ziskdni manipula¢ni pevnosti. Podrobnosti provedené elektroforetické depozice jsou

uvedeny v [35].

4.4, Slinovani

Konvenéni slinovani probihalo ve vysokoteplotni peci Heraeus (K1700/1, Némecko) a
CLASIC (HT 1780C, Ceska Republika). Vysokoteplotni dilatometrie byla provedena
v dilatometru Linseis (L70/1700, Némecko). Slinovani vzorkt keramickych kompoziti bylo
monitorovano pomoci vysokoteplotni dilatometrie jak v podélném, tak v pfi¢ném sméru pti
rychlostech ohievu 2, 5, 10 a 20 °C/min. Schéma uspofadani slinovani keramickych vzorkt

v dilatometru je uvedeno na Obr. 9.
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Push rod a) Push rod b)

Initial length

Initial length

Obr. 9: Schéma slinovani kompoziti v a) pfiéném a b) podélném sméru monolitickych

materiald A (MAL), Z (TZ3Y) a vrstevnatého kompozitu Z50 [35].

Pro kapitolu 5.3 byly vzorky slinuty v zatizeni SPS (SPS625, dr. Sinter JEOL, Japonsko). Do
grafitové formy o priiméru 12 mm vylozené grafitovym papirem byly nasypany 2 g daného
prasku. V prubéhu slinovani byl udrzovan konstantni uniaxialni tlak o velikosti 50 MPa.
Teplota vzorku byla méfena pomoci optického pyrometru zaméteného na slepou diru vyvrtanou
ve stfedu formy. Vzorky byly nejdiive predehiaty na 800 °C s 1 minutovou prodlevou na této
teploté pro stabilizaci systému a pak zahtaty riznymi rychlostmi ohfevu od 50 do 750 °C/min,

dokud nebylo dosazeno findlni teploty (1450 — 1500 °C).

4.5. Analytické metody

Hustota keramickych polotvard a vyslednych téles byla méfena na analytickych vahach
(Mettler Toledo, XSE 105, U.S.A.) pomoci Archimedova principu metodou trojiho vazeni (EN
623-3) za pouziti vody destilované pro analytické¢ ucely. Pro vypocet vysledné hustoty
materialii byly pouZity teoretické hustoty materiala: 6,08 g/cm® pro ZrO, s 3mol % Y203,
5,99 g/cm® pro ZrO; s 8mol % Y203 a 3,99 g/cm?® pro Al,Os. U kompoziti byla teoreticka

hustota uréena podle smésného pravidla.

Vzorky byly po méfeni hustoty roziezany a vylestény pomoci standartnich keramografickych

postupti pro dalsi pozorovani pomoci SEM.

Velikost zrn byla spoétena pomoci linearni prisec¢ikové metody EN 623-3 za pouziti alespon

péti SEM fotografii.
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4.6. Vypocet aktiva¢ni energie slinovaciho procesu

Pro konstrukci MSC (kap. 5.1, a 5.5) byly pouzity ¢tyfi rychlosti ohfevu a to 2, 5, 10 a
20 °C/min. Pro konstrukci MSC pro rychlé slinovani (kap. 5.2) byly vzorky slinuty v zafizeni
SPS za pouziti rychlosti ohievu 50, 100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600, 650,
700, 750 a 800°C/min. Pro konstrukci MSC byly vzdy vyuzity tfi nejblizsi rychlosti ohfevu
(napft. pro rychlost 500°C/min byly vyuzity rychlosti 450, 500 a 550 °C/min). Pro vytvoieni
MSC pro kompozitni materialy (kap. 5.3) byla pouzita modifikace Master Skrinkage Curve (Viz
kap. 2.2.3.).

Délkova roztaznost vzorkil byla pfepocitdna na zménu hustoty za pouziti vlastniho softwaru
Density (VUT Brno, [23]). Z takto vytvotenych dilatometrickych kiivek pak byla vypoctena

aktiva¢ni energie slinovani za pomoci softwaru Density MSC [30].

4.7. Vypocet aktivacni energie rustu zrn

Pro vypocet aktivacni energie rustu zrn byl pouzit kineticky model popsany v kapitole 2.3.1
[38] a model Master Grain Growth Curve popsany v kapitole 2.3.2. Pro stanoveni aktiva¢ni
energie zrn obéma metodami byl material TZ8Y slinovan na teploty 1400, 1450 a 1500 °C
s prodlevami 1, 5, 10, 20, 40 a 60 hodin.
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5.Vysledky a diskuze

5.1. Ovlivnéni slinovaciho chovani pomoci dopanti

Vliv dopovani na slinovaci chovani bylo testovano na Al,O3 materialu TAI (vit Tabulka 1).
Slinovaci trajektorie jednotlivych dopovanych a referen¢nich vzorkd materialu TAI jsou
zobrazeny na Obr. 10. Z vysledk je patrné, ze u vSech slinovacich rezimt (jejichz detaily uvadi
publikace [22]) dochazi k vyznamnému rustu zrn az nad hustotami 98 %t.h..

Ze slinovacich kiivek byla pomoci kinetického slinovaciho modelu (kap. 2.2.1) vypoctena Ea
az do hustot 95 %t.h.. Aplikace tohoto slinovaciho modelu az do takto vysokych relativnich
hustot mize byt opravnéna, protoze:

- Nedochazi k vyznamnému ristu zrn az do 98 %t.h.

- Pro jednotlivé slinovaci rezimy existuje pouze jedna slinovaci trajektorie [58].
Vypocétené Ea dle kinetického modelu jsou uvedeny na Obr. 10 a Ize je shrnout do nasledujicich
tiech oblasti:

- 60-75 %t.h.: oblast konstantni Ea (730 — 890 kJ/mol podle dopantu)

- 75-85 %t.h.: oblast ménici se Ea

- 85-95 %t.h.: oblast snizené Ea (620 — 750 kJ/mol podle dopantu)

Pro ovéfeni téchto vysledkd byl pouzit i model Master Sintering Curve pro zjisténi aktivaéni
energie slinovaciho procesu pro jednotlivé regiony, tedy pod 75 %t.h. a nad 85 %t.h. (viz
Obr. 11).
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Obr. 10: Slinovaci trajektorie dopovanych a nedopovanych praskt TAI (A, AA -

nedopované prasky, AM - dopovany MgO, AMS - dopovany MgO bez kalcinace,

AY - dopovany Y203, AZ - dopovany ZrO3) [35].
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Pro vypocet aktivacni energie v jednotlivych fazich slinovani je nutné ptivodni model MSC
upravit. Nejjednodussi upravou je rozdéleni MSC modelu do nékolika fazi, pro které se urci

aktivacni energie slinovani samostatné dle nasledujici rovnice:

_t<ty 1 E4 t1 Ea
© =, '-exp (—R—Ti) dt+ft1;exp (—R—TZ) dt, (14)  kde t;

je Cas, kdy se jednotlivé mechanizmy méni.

S takto upravenym modelem nazvany Two-Stage Master Sintering Curve (TS-MSC) [31] Ize

jiz vypoditat aktivacni energii slinovani v jednotlivych fazich samostatné (viz Obr. 11).
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Obr. 11: Aktivacni energie slinovaciho procesu, vypoctena kinetickou metodou (body) a

metodou Master Sintering Curve (kiivky), jako funkce relativni hustoty [35].
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Vypoétené hodnoty Ea pomoci metody MSC jsou uvedeny na Obr. 12. Z vysledki lze vidét, ze

Ea stanovené obéma metodami jsou obdobné.

Postupny pokles Ea v prubéhu zhutiiovani ukazuje, Ze se v prib¢hu slinovani pravdépodobné
méni zhutiiovaci mechanizmus. Pii slinovani Al,O3 jsou nejvyznamnéj$imi slinovacimi
mechanizmy difuze po hranicich zrn a miizkova difuze [59]. Podle doposud publikovanych
slinovacich diagramt lze o¢ekavat, ze difuze po hranicich zrn bude dominovat po celou dobu
slinovani. Mtizkovéa difuze by méla byt dominantni az za extrémné vysokych teplot (cca

2000 °C).
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Obr. 12: Porovnani aktivacnich energii slinovaciho procesu vypoctené kinetickou metodou a

metodou Master Sintering Curve pro jednotlivé materialy [35].

Z tohoto divodu vypada zména slinovaciho mechanizmu velice kontroverzné [18, 60]. S vétsi
pravdépodobnosti dochazi ke zpomalovani slinovacich mechanizmi na zac¢atku slinovani kvili
zapocitani povrchové difuze, ktera nepfispiva ke zhutnéni, ale ubira hnaci silu slinovani [61,
62]. Pii slinovani je potieba také poukazat na rozdil v efektivni oblasti, ktera slouzi jako zdroj
bodovych defekti a také na délku difuzni cesty. MozZny pokles Ea u vyssich hustot totiz mize
byt zplisoben zménou geometrie pord a zrn v priabehu slinovani. V nizkych hustotdch volna
energie rozhrani plyn - pevna faze vyznamné pfispiva k celkové volné energii systému a
povrchova energie e hraje vyznamnou roli [18]. V této fazi slinovani tvofi hranice zrn pouze
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maly zlomek celkového aktivniho povrchu. Hranice zrn jsou pIné dislokaci a defekta, jejichz
pocet urcuje rychlost difuze. Pfi snizeném poctu hranic zrn tim padem dochazi k pomalejSimu
prenosu hmoty a tim padem i ke snizeni rychlosti zhutnovani [28]. Niz$i objem hranic zrn
V pocatecni a stiedni fazi slinovani zhorsuje pfenos hmoty, coz se odrazi ve vyssi Ea. V prubéhu
posledni slinovaci faze je jiz povrch hranic zrn velky, proto k difuzi mize dojit snadné&ji, coz

vede ke snizeni Ea.

V piipadé dopantt je zhutiiovani potlaceno obzvlasté piidanim 500 ppm Y203, nebo 250 ppm
ZrOy, coz je reflektovano vysokou Ea pfi nizkych i vysokych hustotich. Oba dopanty siln¢
segreguji na Al2O3 rozhranich. Diky limitované rozpustnosti v Al,Oz krystalu (~10
hmotnostnich ppm) Y segreguje na AloO3/Al>03 rozhranich [63, 64], coz vede k redukovani
rychlosti zhutiiovani. Dopovani MgO ma na druhou stranu pouze maly efekt na zhutnovani.
Material AM (kalcinovany) dosahl niz§i pocatecni a finalni hustoty, pravdépodobné kvili
ptitomnosti aglomeratt [17]. Materialy AM i AMS dosahuji stejné Ea v nizkych hustotach,
nicméné ve vysokych hustotach byla hodnota Ea materidlu AMS nizsi. Kalcinace tedy
pravdépodobné vedla ke zvétSeni poctu superkritickych port, které se mnohem hiife odstratiuji

[65].
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Zavér kapitoly

Vzorky materialu TAI byly uspésné dopovany Y, Zr a MgO a byly slinovany na razné teplotni
cykly. Vypocty aktivacni energie slinovani (Ea) ukazaly, ze Ea se miize v prubéhu slinovani
zmenSovat. U v§ech zkoumanych dopantii byl pozorovan stejny trend poklesu aktivacni energie
slinovaciho procesu, i kdyz dopanty Y a Zr méli vyznamny vliv na slinovani, a dopant MgO

mél v dané koncentraci na slinovani pouze nevyrazny Vliv.

Publikace uchazece v daném tématu (tu¢né jsou uvedeny clanky, které jsou ptilohou do této

prace):

[21] POUCHLY, V., MACA, K., SHEN, Z. Two-step sintering and spark plasma sintering
of Al203, ZrO2 and SrTiOs Ceramics, Integrated Ferroelectrics, 2008, vol. 99[1], 114-124.
[66] POUCHLY, V., MACA, K. Master sintering curves of two different alumina powder
compacts, Proc. Appl. Cer., 2009, vol. 3[4], 177-180.
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5.2. Dlouhodobé slinovani na nizSich teplotach

Tato kapitola se zabyva experimentalnimi vysledky ziskané aplikaci slinovaci metody
dvojstupiiového slinovani pro tfi keramické materialy. U materidlu TZ8Y je dale ukazan postup

pfi hledani tzv. kinetického okna slinovani.

Vypocet aktivacni energie slinovaciho procesu

Aktivaéni energii slinovaciho procesu pro material TAI vypoctenou pomoci metody MSC
ukazuje Obr. 13. Do grafu je vnesena Ea vypoctena z klasickych dilatometrickych dat,
s rychlosti ohfevu 2, 5, 10 a 20 °C/min, ale také kiivka @ (viz rovnice 10) vypoétena ze
slinovaciho rezimu metodou TSS (podrobnosti slinovaciho reZimu jsou uvedeny v literature
[30]). Z Obr. 13 Ize vypozorovat, ze pii slinovani pomoci metody TSS dochazi k odklonu &
kiivky k niz8im Ea.
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Obr. 13: Odklon experimentu dvojstupniového slinovani (TSS) od pavodni MSC

zkonstruované z béznych, jednostupiiovych slinovacich rezima (SSS) [31].

Zakladni model MSC vychazi z pfedpokladu, Ze jeden difuzni mechanizmus dominuje celému
slinovacimu procesu. Slinovaci proces je ovSem slozen z n¢kolika fazi, pficemz kazda faze
slinovaciho procesu zavisi na jinych parametrech. V tomhle ptipad¢ bylo ale nutné aplikovat
opét rozdéleni MSC na vice fazi, stejné jako v kapitole 5.1. Diky rozdéleni aktivacni energie
slinovani na dva samostatné useky bylo zjiSténo, ze aktivacni energie slinovani se pro nckteré
materialy v posledni fazi slinovani zmensuje, coz je v souladu s vypoétem aktivacni energie i

pomoci Wang&Rajova modelu, coz ukazuje napt. pro material TZ8Y Obr. 14 [31, 58]. Toto
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sniZeni aktivaéni energie slinovaciho procesu lze pozorovat u vSech pouzitych materiala (Obr.
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Obr. 14: a) Vypocet aktivacni energie slinovaciho procesu materialu TZ8Y metodou two-

stage MSC b) Vypocet aktivacni energie slinovaciho procesu kinetickou metodou

[68].
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Vypocet aktivacni energie ristu zrn

Pro ovéfeni moznosti existence kinetického okna slinovani je nutné vypocitat i aktivacni energii
rustu zrn a porovnat ji s velikosti Ea. Pro vypocet aktivacni energie rstu zrn byly zvoleny dvé
vypoctové metody (viz Kap. 2.3.1 a 2.3.2), jejichz vysledky ukazuje Obr. 16. Podle kinetické
metody vypoctu (Obr. 16a) je aktivaéni energie rustu zrn rovna 645 kJ/mol, pfi¢emz pomoci
metody Master Grain Growth Curve (Obr. 16b) 590 kJ/mol. Hodnoty vypoétené aktivacni
energie ristu zrn jsou v porovnani s pramérnou aktivaéni energii slinovani Ea nizsi (770 kJ/mol
—viz Obr. 14a), coz znamena, ze by nemélo dochazet ke zhutfiovan bez rlstu zrn. Dle vysledku
této prace ovSem dochazi v posledni fazi slinovaciho procesu (kde dochazi k nejvétsimu ristu
zrn) ke snizovani Ea a Ea je tedy mensi, nez Ecc. Tento vysledek ukazuje na moznost slinovani
V tzv. kinetickém okné&, tedy moznosti, Ze pii spravné zvolené teploté 1ze slinovat bez ristu zrn.

Moznosti takovéhoto slinovani jsou poté uvedeny v literatuie [68] a [69].
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Obr. 16: a) Vyvoj primérné velikosti zrn pro material TZ8Y b) Vypocet aktiva¢ni energii

rastu zrn metodou Master Grain Growth Curve [68].
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Zavéry kapitoly:

V této kapitole bylo ukazano, ze aktivacni energie slinovani materiala TAI, TZ3Y a TZ8Y se
V posledni fazi slinovani snizuje. Dale bylo pro materidl TZ8Y zjisténo, ze Vv posledni fazi
slinovani (kdy dochazi k ristu zrn) je aktivacni energie rdstu zrn vys$si nez aktivaéni energie
slinovaciho procesu, je tedy teoreticky mozné nalézt kinetické okno slinovani a slinovat bez

rastu zrn.

Publikace uchazece v daném tématu (tucné jsou uvedeny Clanky, které jsou pfilohou této

kapitoly):

[31] POUCHLY, V., MACA, K., SHEN, Z. Two-stage master sintering curve applied to
two-step sintering of oxide ceramics, J. Eur. Ceram. Soc., 2013, vol. 33 [12] 2275-2283.
[70] WANG, L., POUCHLY, V., MACA, K., SHEN, Z. J. Intensive particle rearrangement in
the early stage of spark plasma sintering proces, Journal of Asian Ceramic Societies, 2015, vol.
3, 183-187.

[68] POUCHLY, V., MACA, K., Sintering kinetic window for yttria-stabilized cubic
zirconia, J. Eur. Ceram. Soc.,vol. 2016, 36, 2931-2936.
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5.3. Slinovani vysokou rychlosti ohrevu

Obr. 17 ukazuje dilatometricka méfeni pro obvyklé rychlosti ohievu pfi slinovani materialu
TZ8Y (viz Tabulka 1). Z grafu je patrné, Ze pii pouziti nizsich rychlosti ohfevu jsou stejné
hustoty (napt. 90 a 95 %t.h. vyznacené v grafu) dosazené pii nizsi teploté. Tato skutecnost je
dana delsi dobou, po které téleso setrvava v urCitém teplotnim intervalu, coz je typické chovani

pozorované i u jinych materiala.
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Obr. 17: Zhutiovaci kiivky pro material TZ8Y slinovany konven¢nimi rychlostmi ohfevu 2,

5, 10 and 20 °C/min. Te¢kované ¢ary uvadéji dosazeni 90 a 95 %t.h..

Pokud se ovsem zacne rychlost ohifevu zvySovat vice (viz Obr. 18), tak se teplota, pii které u
vzorki dojde k dosaZeni stejné relativni hustoty (v grafu vyznaceno 90 a 95 %t.h.), za¢ina
chovat rozdiln€. Pii rychlostech ohfevu cca 50 — 450 °C/min jiZ nema zvétSujici se rychlost
ohtevu pfi které je dosazeno 90 a 95 %t.h., zadny vliv a od rychlosti ohfevu 450 °C/min se
dokonce zac¢ina tato teplota snizovat. Vyssi rychlost ohfevu tedy urychluje slinovaci proces. Jak
naznacuji mnohé studie, pti rychlosti ohifevu vyssi, nez je 450 °C/min, mtze dochazet k
preferen¢nimu ohfevu hranic zrn [71, 72]. Pfi vyssi lokalni teploté dochazi ke zrychleni difuze
po hranicich zrn a ke zhutnéni vzorku tak dochazi na nizsi vné&jsi teploté [71].

Pro jednotlivé rychlosti ohfevu byla pomoci metody MSC stanovena Ea. Vysledky vypoctené

Ea jsou ukazany na Obr. 19. Z grafu lze pozorovat, Ze pii zvysujici se rychlosti ohfevu dochazi
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k poklesu Ea. Na Obr. 19 je také ukazana extrapolace Ea slinovani za pfitomnosti tlaku metodou

SPS, ktera se pfi nizkych rychlostech ohfevu blizi k Ea stanovené pro konvencné slinované

prasky.
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Obr. 18: Graf zavislosti, dosazeni 90 (nebo 95) %t.h. pomoci konvenéniho (CS), nebo SPS

slinovani v zavislosti na rychlosti ohfevu pro material TZ8Y.
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Obr. 19: Zavislost vypoctené aktivacni energie slinovaciho procesu (Ea) na rychlosti ohfevu

pro konvenéni slinovani (CS) a Spark Plasma Sintering (SPS) [34].
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Zavéry kapitoly:

Vzorky TAI, TZ3Y a TZ8Y byly slinuty rychlostmi ohfevu 2 — 750 °C/min a byla z nich
vypocitané aktivacni energie slinovaciho procesu pro jednotlivé slinovaci rychlosti. Vysledky
ukazuji, ze pii niz8ich rychlostech ohfevu (5 — 20 °C/min) dochazi ke slinovani pfi vys$Sich
teplotach. Pii vyssich rychlostech ohfevu (450 — 750 °C/min) dochazi ke snizovani slinovaci
teploty pravdépodobné diky lokalnimu ohfevu hranic zrn a tim padem dochazi ke zhutnéni na
niz$i celkové teploté Pfi rychlostech ohifevu (50 — 450 °C/min) pravdépodobné dochazi
k superpozici obou vySe uvedenych déju a proto zde nema rychlost ohfevu na slinovaci teplotu

vyznamny Vliv.

Publikace uchazece v daném tématu:

[48] KOCJAN, A., POUCHLY, V., SHEN, Z. Processing of zirconia nanoceramics from a
coarse powder, J. Eur. Ceram. Soc., 2015, vol. 35, 1285-1295.

[70] WANG, L., POUCHLY, V., MACA, K., SHEN, Z. J. Intensive particle rearrangement in
the early stage of spark plasma sintering proces, Journal of Asian Ceramic Societies, 2015,
vol. 3, 183-187.

[33] DONG, J., POUCHLY, V., BIESUZ, M., TYRPEKL, V., VILEMOVA, M., KERMANI,
M., REECE, M., HU, C. F.,GRASSO, S. Thermally-insulated ultra-fast high temperature
sintering (UHS) of zirconia: A master sintering curve analysis, Scripta Materialia, 2021,
vol. 203, pp.114076.

POUCHLY, V., SPUSTA, T., KALOUSEK, R., MACA., K. Densification behaviour of oxide

ceramics at high heating rates, in preparation.
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5.4. Vliv fyzikalni aktivace povrchu ¢astic na slinovaci chovani

Na Obr. 20 jsou uvedeny vysledky porozimetrie keramickych polotovarti pfipravenych
lisovanim (CIP), nebo odlévanim (SC) s plazmou aktivovanym povrchem ¢astic materidlu TAI
(A), nebo puvodniho TAI prasku (R). Vysledky ukazuji, Ze plazmova aktivace vedla ke
zmenSeni poru a zméné jejich distribuce uvnité keramického polotovaru Vv ptipadé vlhkého

tvarovani (SC), viz Obr. 20a..
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Obr. 20: Praimérna velikost a distribuce port pro material a) TAI (P-plasmou aktivované, R-
referenéni, CIP — lisované, SC-odlévané vzorky) b) TZ3Y (A-aktivované, N-

neaktivované, US- stabilizované ultrazvukem, BM — mleté vzorky [12, 73]).

Vysokoteplotni dilatometric TAI plazmou aktivovanych i neaktivovanych keramik je
zobrazena na Obr. 21. Z vysledkd je patrné, ze pro material TAI nedoslo pfi tvrovani pomoci
izostatického lisovani k vyznamnému posunu slinovaci kiivky (viz Obr. 21a), coz je zfejmé
dusledkem nezménéné mikrostruktury keramického polotovaru (viz Obr. 20b). Pfi lisovani
fyzikaln¢ aktivovaného prasku tedy nedoslo k zddnému zlepSeni slinovatelnosti. Na druhou
stranu ale nedoslo ani k Zadnému zhorSeni, material tedy nebyl pribéhem plazmovani negativné
ovlivnén, ¢i dokonce znehodnocen. Jednou z moZnosti negativniho ovlivnéni je napf. tzv.
iontovy vitr, ktery v prib&hu aktivace dovede posouvat s ¢asticemi aktivovaného prasku a mize
tak dojit k odstranéni nejjemné;jsi frakce, coz by mélo za nasledek horsi slinovaci vlastnosti
[18]. Na zaklad¢ tohoto zjisténi nebyly dale provadény slinovaci experimenty suchou cestou

tvarovaného TZ8Y.

Na slinovaci kiivee pro odlévané vzorky TAI (Obr. 21b) Ize vidét posun slinovaci kiivky

aktitvovaného prasku smérem k niz§im slinovacim teplotdm. Toto sniZeni je o cca 60 °C, coz
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odpovida mensi velikosti porta v keramickych polotovarech pfipravenych z tohoto prasku (Obr.
20a).
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Obr. 21: Slinovaci kiivka referen¢nich (R) a fyzikaln¢ aktivovanych (P) TAI praski
tvarovanymi () lisovanim (b) odlévanim [12].

Porozimetrie plazmou aktivovanych a neaktivovanych odlévanych polotovari materialu TZ3Y
stabilizovanych ultrazvukem (USA, USN) a kulovym mletim (BMA, BMN) je uvedena na
Obr. 20b. Vysokoteplotni dilatometrie je uvedena na Obr. 22. Ze zhuthovacich kiivkek lze
vypozorovat, ze keramické polotovary pfipravené z plazmou aktivovanych praski dosahuji

vysSi pocatecni hustoty, ale ve vysokych teplotach se jiz zhutiiovaci kiivky prekryvaji.
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Obr. 22: Slinovaci kiivky pro material TZ3Y plazmou aktivovany (A) i neaktivovany (N),
stabilizovany ultrazvukem (US), nebo kulovym mletim (BM) [73].
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Obr. 23 uvadi slinovaci trajektorii odlévaného TAI za pouziti referenéniho a oplazmovaného
prasku. Z grafu lze pozorovat, ze i kdyz jednotlivé slinovaci trajektorie zacinaji spolu v nizsich
husotach, tak od hodnot cca 98,5 %t.h. se zacinaji jednotlivé trajektorie od sebe odklanét.
Zatimco u plazmou aktivovanych materialii se primérna velikost zrn zvétSuje jen pozvolna, u
referenCnich vzorkli dochézi k vyraznému zvétSeni primérné velikosti zrn. Pfi porovnani
vzorki s hutotou 99,5 %t.h., vzorek R dosahuje referen¢ni vzorek velikosti zrn 1,15 um a
plazmou upraveny vzorek 0,68 um. Fyzikalni aktivace TAI pomoci plazmové aktivace tedy
vedla ke snizeni vysledné velikosti zrn pii hustoté 99,5 %t.h. o faktor 1,7 [12].

P-CIP a
) oy ® P-SC b) .
R-CIP 5 14f
. ®m R-SC =
Plasma treated = HH i
. ] |
. {

oDome

Reference

08|

06|

Grain size {(um)
5
B J"__L D

Grain size (um)

04 - 0.4 -}_%-‘}_?_<

02} ] 02|
0.0 . . . . ’ 0.0 . . . . .
97.0 97.5 98.0 98.5 99.0 99.5 100.0 97.0 97.5 98.0 98.5 99.0 99.5 100.0
Relative density (% t.d.) Relative density (% t.d.)

Obr. 23: Slinovaci trajektorie pro plazmou aktivovany (P) i referenéni (R) material TAI

pfipraveny a) lisovanim a b) odlévanim s vlozenou referen¢ni hodnotou z literatury
[23].

Obr. 24 uvadi vysledné slinovaci trajektorie pro material TZ3Y. U obou druht stabilizace
(ultrazvukem 1 mletim) lze pozorovat pouze malé rozdily mezi velikosti zrn plazmou
aktivovanych a neaktivovanych vzorkl. Jednotlivé smérodatné odchylky se dokonce
prekryvaji, neni tedy moZno statisticky vyznamné& prokézat pozitivni vliv plazmové aktivace na

vyslednou mikrostrukturu materialu TZ3Y [12].
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Obr. 24: Slinovaci trajektorie pro plazmou aktivovany (A) a referen¢ni (N) material Z3Y a)
stabilizovany ultrazvukem, b) kulové mlety.

Zavér kapitoly

Aktivace keramickych praskt nizkoteplotni plazmou neukézala pfi slinovéni lisovanych praska
(tedy pii suchém tvarovani) TAI zadny vliv na slinovaci chovani. U praska TAIl a TZ3Y
tvarovanych mokrou cestou jiz lze ovSem pozorovat vliv plazmové aktivace na pdrovitost a
hustotu pfipraveného keramického polotovaru. Takto pfipravend télesa z materialu TAI
slinovala rychleji a vysledna velikost zrn pfi stejné relativni hustoté (99,5 %t.h.) byla mensi o
faktor 1,7. U materialu TZ3Y nedo$lo k prokazani vlivu plazmové aktivace na vyslednou

velikost velikosti.
Publikace uchazeCe v daném tématu (tuné jsou uvedeny clanky, které jsou ptilohou této
kapitoly):

[12] POUCHLY, V., RAHEL, J., SPUSTA, T., ILCIKOVA, M., PAVLINAK, D.,
MORAVEK, T., MACA, K., Improved micrtostructure of alumina ceramics prepared
form DBD plasma activated powders, J. Eur. Cer. Soc., 2019, vol. 39, 1297-1303.

[23] MACA, K., POUCHLY, V., BOCCACCINI, A. R. Sintering densification curve — a
practical approach for its construction from dilatometric shrinkage data, Sci. Sinter., 2008, vol.
40[2], 117-122.
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5.5. Slinovaci chovani vrstevnatych kompoziti

Vyslednou mikrostrukturu vSech piipravenych vrstevnatych kompozita Al203/ZrO, shrnuje
Obr. 25. Hustota vSech vyslednych kompozitti piesahla 98 %t.h.. Fotografie mikrostruktury
také ukazuji, Ze rozhrani mezi jednotlivymi vrstvami je hladké, a neobsahuje zadnou

vyznamnou porozitu.

Obr. 25: Mikrostruktura jednotlivych slinutych monoliti a kompoziti: a) MAL, b) TZ3Y c)
Z33 d) Z50 e) Z67 [35].

Obr. 26 ukazuje vysledky slinovaciho chovani monoliti materidli A a Z a vrstevnatych
kompozita Z33, Z50 a Z67. Vzorky byly v dilatometru umistény jak v podélném
(longitudialnim), tak v pficném (transverzalnim) sméru (schéma méfeni viz. Obr. 9).
Z celkového smrsténi jednotlivych materiala 1ze pozorovat, ze v podélném sméru se kompozity
fidi pfevazné smrsténim vrstvy Al2O3, protoze dochazi k tzv. propadani vrstvy Z dovniti
kompozitu. Také pfi¢né slinovani je fizeno vrstvou A, V tomto piipadé diky generovanému
vnitinimu napéti. Na slinovani pod napétim (tzv. constrained sintering [74]) také odkazuji
rychlosti smr$téni (Obr. 27), kdy lze pozorovat rychlejsi slinovani materialu Z oproti Al.Oz a

silné vzdjemné ovlivnéni slinovacich ktivek jednotlivych kompozita.
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Obr. 26: Slinovaci kiivky v a) transversalnim a b) podélném sméru pro materialy A, Z, Z33,
Z50 a Z67 [35].
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Obr. 27: Rychlost slinovaciho smrsténi v a) transversalnim a b) podélném sméru pro
materialy A, Z, 7233, 7250 a Z67 [35].

Vypoétené Ea pomoci modelu Master Shrinkage Curve (rovnice 10) pro jednotlivé kompozity
V piicném i podélném sméru jsou zobrazeny na Obr. 28. Z vysledki vyplyva, Ze aktivaéni
energie slinovani kompozitu (Z50) v podélném sméru je témé&f dvakrat vétsi (960 kJ/mol), nez
pfi pouZiti pouhého priméru aktivacnich energii slinovani pouzitych materiali (A 672 kJ/mol,
Z 564 kJ/mol). V pficném sméru je ovSem aktivacni energie slinovani porovnatelna (A 630
kJ/mol, Z50 640 kJ/mol, Z 562 kJ/mol). V prubéhu slinovani tohoto kompozitu tedy dochazelo
k prednostnimu slinovani Z vrstvy v piicném sméru, ktera slinula dfive a nutila slinovat vrstvu
A pod napétim. V pfi€ném sméru ovSem material napéti vyrelaxoval rozdilnym smrs§ténim
V pficném a podélném sméru, coz potvrdila méteni slinovacich smrsténi v riznych smérech a

%

fotky mikrostruktury obsahujici prodlouzené pory v pti¢ném sméru [35].
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Obr. 28: Porovnani velikosti vypoétené Ea pro jednotlivé kompozity [35].

Zavér kapitoly

Al203 a ZrO2 monolity, stejné jako jejich kompozity se tfemi riznymi konfiguracemi, byly
ptipraveny elektroforetickou depozici a slinovany riznymi rychlostmi ohfevu v pfi¢ném i
podélném sméru. Analyza rychlosti slinovani ukazala, ze u vzorka dochéazelo ke slinovéani pod
napétim, coz meélo za vysledek potlacovani slinovani v podélném sméru, kde material A byl
slinut na vySSich teplotach, nez material Z. Jako nasledek tohoto napéti poté bylo slinovani
materialu Z v pficném sméru urychleno. Model Master Shrinkage Curve byl aplikovan na

vypocet aktivacni energie slinovaciho procesu pro jednotlivé kompozity v obou smérech.

Publikace uchazece v daném tématu (tu¢n€ jsou uvedeny clanky, které jsou piilohou této

kapitoly):

[35] MACA, K., POUCHLY, V., DRDLIK, D., HADRABA, H., CHLUP, Z. Dilatometric
study of anisotropic sintering of alumina/zirconia laminates with controlled fracture
behaviour, J. Eur. Ceram. Soc, 2017, vol. 37, 4287-4295.

[34] POUCHLY, V., MACA, K. Master Sintering Curve — A Practical Approach for Its
Construction, Sci. Sinter., 2010, vol. 42[1], 25-32.

[23] MACA, K., POUCHLY, V., BOCCACCINI, A. R. Sintering densification curve — a
practical approach for its construction from dilatometric shrinkage data, Sci. Sinter., 2008, vol.
40[2], 117-122.
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6. Zavéry

Tato prace shrnuje poznatky o vyvoji pokrocilych slinovacich technik v obdobi 2010-2022.
Ziskané poznatky a vyvojové trendy jsou popsany v jednotlivych kapitolach a vybrané ¢lanky
autora k témto tématim jsou pfidany jako ptilohy. Samotné pokrocilé slinovaci techniky jsou
rozdéleny na popis zmény slinovani pomoci dopovani, dale na pomalé slinovaci techniky,
rychlé slinovaci techniky, ovlivnéni slinovani za pomoci zmény povrchové energie a slinovani
vrstevnatych kompozitt. Prace taktéz obsahuje popis modelu slinovani Master Sintering Curve,
pro ktery habilitant vyvinul vypocetni software. Model MSC byl poté na OKP UMVI dale
rozvijen a modifikovan pro popis nekonvencnich slinovacich technik: pro dvojstupiiové
slinovani model Two-Stage Master Sintering Curve (TS-MSC), a pro slinovani anizotropnich
materiall, jako jsou napf. vrstevnaté keramické kompozity model Master Shrinkage Curve.

Jednotlivé dil¢i zavéry Ize shrnout do nasledujicich poznatk:

- Dopovani materialu TAI pomoci Y a Zr vyznamné ovlivnilo slinovaci proces, ale dopant
MgO mél v dané koncentraci pouze nepatrny vliv na rast zrn.

- Vypocty aktivacni energie slinovani (Ea) ukazaly, Ze Ea se u materiald TAI
(dopovaného i nedopovaného), TZ3Y i1 TZ8Y Vv prubchu slinovani zmenSuje. Toto
sniZzeni miize byt zpisobeno zménou difuzniho mechanizmu, nebo snizenim mnozstvi
mezifazovych rozhrani (délky hranic zrn) v prvni fazi slinovani, které poté brani difuzi
po hranicich zrn.

- U materidlu TZ8Y bylo experimentdlné a aplikaci kinetickych modelti smritovani a
ristu zrn zjiSténo, Ze aktivaéni energie rustu zrn je vys$i nez aktivacni energie
slinovaciho procesu, je tedy teoreticky mozné slinovat bez riistu zrn Vv tzv. kinetickém
okné.

- Vysledky slinovani rychlostmi ohfevu 2 — 750 °C/min (realizovano v zatfizeni SPS, tedy
za pouziti tlaku 50 MPa) ukazuji, Ze pfi slinovani rychlosti ohfevu do 50 °C/min dochazi
k dosaZeni stejné relativni hustoty (v oblasti hustoto 90%t.h. a vyss$i) na nizSich
teplotach pro pomalejsi rychlosti ohfevu, coz je zptsobeno delsi dobou, po kterou je
vzorek vystaven vyssim teploté. U rychlosti ohfevu 50 — 450 °C/min nema vliv rychlosti
ohfevu vliv na to, pii jaké teplot¢ dosahne vzorek dané hustoty. Naopak pii rychlosti
ohfevu vétsi nez je 450 °C/min bylo zjisténo, ze vyssi rychlosti ohfevu vedou ke
zhutnéni pii niZsi teploté vzorku, pravdépodobné kvili preferenénimu ohfevu hranice

zrn. V ptechodové oblasti rychlosti ohfevu 50 — 450 °C/min dochéazi zfejmé
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k superpozici obou vySe zminénych jevi a vliv rychlosti ohfevu zde nema vyznamny
vliv na to, pii jaké teploté dosahne vzorek dané hustoty.

Aktivace keramickych praska nizkoteplotni plazmou neukazala pfi slinovani lisovanych
(tedy pti suchém tvarovani) praskt TAI zadny vliv na slinovaci chovani. U keramickych
praskl tvarovanych mokrou cestou jiz 1ze ovSem pozorovat vliv plazmové aktivace na
porovitost a hustotu pripravené¢ho keramického polotovaru. Takto pfipravena télesa
materidlu TAI slinovala 1épe a vysledna velikost zrn pfi stejné relativni hustoté (99,5
%t.h.) byla mensi o faktor 1,7. U materialu TZ3Y dosSlo k poklesu vysledné velikosti
zrn pii1 pouziti plazmové aktivace prasku, ale snizeni bylo pouze v rdmci smérodatné
odchylky.

Analyza rychlosti slinovani Al203/ZrO; kompoziti ukazala, ze u vzorkl dochazelo ke
slinovani pod napétim, coz melo za vysledek potlacovéni slinovani v podélném sméru.
Model Master Shrinkage Curve byl aplikovan na vypocet aktivacni energie slinovaciho
procesu pro jednotlivé kompozity Vv obou smérech. Model potvrdil pfitomnost

slinovaciho napéti v kompozitech.
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Abstract

Tetragonal (3 mol% Y,03) and two cubic zirconia (8 mol% Y,0s) as well as alumina green bodies were used for the construction of the Master
Sintering Curve (MSC) created from sets of constant-rate-of-heating (CRH) sintering experiments. The activation energies calculated according
to the MSC theory were 770 kJ/mol for Al,O3, 1270 kJ/mol for t-ZrO,, 620 kJ/mol and 750 kJ/mol for c-ZrO,. These values were verified by an
alternative approach based on an analysis of the densification rate in the intermediate sintering stage. The MSCs established from the Two-Step
Sintering (TSS) experiments showed at high densities a significant deflection from those constructed from the CRH experiments. This deflection
was explained by lower sintering activation energy in the closed porosity stage. A new two-stage MSC model was developed to reflect the change
in sintering activation energy and to describe TSS. The efficiency of TSS of four materials under investigation was correlated with their activation

energies during the final sintering stage.
© 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

Zirconia is a polymorphic ceramic material with three
different crystallographic phases: monoclinic (at room tempera-
ture), tetragonal (above 1170 °C) and cubic (above 2370 °C).
The transformation of the tetragonal to the monoclinic
phase is associated with an increase of volume causing
cracking during cooling from the sintering temperature in
polycrystalline dense bulks, which disables pure zirconia to
be effectively manufactured. Common zirconia is therefore
doped with Y;03, CaO, Scy0O3 and other oxides to stabi-
lize its tetragonal or cubic phase. Owing to a transformation
strengthening mechanism the polycrystalline tetragonal zir-
conia (t-ZrO;) reveals the highest fracture toughness among
advanced ceramics and has been widely used in structural

* Corresponding author. Tel.: +420 541143344; fax: +420 541143202.
E-mail addresses: pouchly @fme.vutbr.cz (V. Pouchly),
karel.maca@ceitec.vutbr.cz (K. Maca), shen@mmk.su.se (Z. Shen).
¢ Tel.: +420 541143368; fax: +420 541143202.
4 Tel.: +46 8 162388.

0955-2219/$ — see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.jeurceramsoc.2013.01.020

applications.! The stabilization of cubic zirconia (c-ZrO,) by
a higher amount of dopants strongly increases the number
of oxygen vacancies in the lattice. Therefore, stabilized poly-
crystalline c-ZrO; is ionic conductive and is often used as
oxygen sensor>> and solid electrolyte in fuel cells.*> Alu-
mina exhibits good mechanical, optical, electric-insulating
and biologically inert properties. In polycrystalline form
it has found many applications, e.g. as refractories, cru-
cibles, spark-plug insulators, hip replacements and transparent
armours.>®

To improve the mechanical and optical properties of poly-
crystalline ceramics, it is desirable to achieve microstructures
with nearly full density and fine grains with homogenous distri-
bution. Such microstructure refinement has revealed advantages
in increasing of hardness,® flexural strength, 10 wear resistance!!
and optical transparency of bulk ceramics.!?

Along with powder synthesis, consolidation and shaping of
the ceramic green bodies, the optimization of the sintering pro-
cess has been in the focus of attention during the last couple of
decades.'>14

One of the promising methods for the description and
prediction of sintering is the concept of Master Sinter-
ing Curve (MSC).!3> The MSC theory is derived from the
combined stage sintering model proposed by Hansen and
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co-workers.'® This model relates the linear shrinkage rate of
powder compact to microstructural, material and thermody-
namic parameters:

ey

dL _ y$2 (YD, Tp8Dy
Ldt kT \ G3 G+ )’

where, y is the surface energy, 2 is the atomic volume, k is
the Boltzmann constant, T is the absolute temperature, G is the
mean grain size, ¢ is the time, L is the sample length, D,, and D,
are, respectively, the coefficients of volume and grain boundary
diffusion, § is the thickness of grain boundary. I", and I"j, repre-
sents scaling parameters that relate various geometric features,
the driving force for sintering, and the mean diffusion distance
to the grain size.!”

Two diffusion mechanisms (grain boundary and volume
diffusion) are involved in this model. If only one diffusion mech-
anism dominates the whole sintering process (grain boundary or
volume diffusion) and the microstructure evolution (described
by G and I') is a function only of density (regardless of thermal
history), Egs. (1) to (2) can then be rearranged:

n t
k /p (G(p)) dp=/ Lexp <_EA> d, @)
¥$26D0 /5y 30T(p) o T RT

where, Ey4 is the activation energy of the sintering process, Dy
is the diffusion constant, p is the density of the sample, and
parameter n has the value 3 (for volume diffusion) or 4 (for
grain boundary diffusion). The relationship between the right-
hand side of Eq. (2) (denoted 0) and density p is called MSC.
The MSC is unique for a given powder prepared and shaped by
the same technology. For a practical construction of MSC a few
dilatometric sintering experiments with different thermal history
are needed. If the concept of MSC is correct, there must exist
one activation energy for which the functions p = f(0) calculated
for all thermal histories converge onto a single (master) curve.
In practice, the construction of MSC needs repeated numerical
calculations, which are user-unfriendly. Therefore, we devel-
oped simple software that significantly simplifies the creation
of MSC.!8

The concept of MSC was originally designed on the assump-
tion that one diffusion mechanism dominates the whole sintering
process, and that the microstructure evolution (in particular the
grain size) is only a function of the reached density irrespec-
tive of the heating schedule used. Contrary to this assumptions,
the concept of Two-Step Sintering (TSS)'*?? claims that with
an appropriate choice of the heating profile it is possible to
decrease the grain size of sintered samples compared to the
conventional Single Step Sintering (SSS =CRH +dwell). TSS
consists in heating the sample in two steps. In the first step the
sample is heated to a temperature guaranteeing the suppression
of subcritical pores (usually at relative densities higher than 80%
t.d.), then cooled down several tens of degrees and held at this
lower temperature for an extended time, usually a few hours.
Lowering the sintering temperature leads to the suppression of
grain growth and the prolongation of the dwell at lower tem-
perature and provides enough heating energy for promoting full
densification. The TSS concept has so far been tested in many

ceramic systems but with different success. For example, in case
of yttria the grain size was decreased by a factor of 2.3,' in case
of alumina by a factor of 1.3?! or 1.25,%% in case of t-ZrO, by
a factor 2.523 or 1.1,22 in case of ¢-ZrO; by a factor of 7% or
222 and in case of SrTiO3 by a factor of 1.6. Although the
efficiency of TSS is different for different materials, its general
validity would imply that the original MSC concept cannot be
used in the case of TSS. Recently, various authors have shown
that sintering activation energy is not constant for the whole sin-
tering process, and in most cases the activation energy in the
final sintering stage is lower than that in the early stages.?6-28

The main goal of this work is to modify the MSC concept into
two-stage master sintering curve concept suitable for describ-
ing the TSS process. This achievement would contribute to
the explanation of the different efficiency of the TSS process
experimentally observed in different materials.

2. Experimental
2.1. Materials

Four types of commercially available ceramic powders were
used. The details of these powders are given in Table 1. The parti-
cle size Dpgt was calculated from the specific surface area data
established in case of alumina powder by nitrogen absorption
(BET method, ChemBet 3000, Quantachrome, USA) while in
the case of zirconia powders the data were provided by the pro-
ducer. The theoretical densities used for calculating the average
particle size as well as for calculating the relative densities were
3.99 gecm ™3 for TAIL 6.08 gcm ™ for Z3Y, and 5.99 g cm ™3 for
Z8Y and Z8YSB (see Table 1 for the meaning of abbreviations).

2.2. Preparation of ceramic green bodies

Discs of 30mm in diameter and ca. 5Smm in height were
prepared from the above powders by cold isostatic pressing
(CIP). Pressing was carried out in an isostatic press (Auto-
clave Engineering, Inc., USA) at a pressure of 300 MPa with
a dwell time of 5 min. The CIPed samples were pre-sintered at
800 °C/1h, then cut and ground to the shape of prisms of ca.
4mm x 4mm x 15 mm.

2.3. Sintering of ceramic bodies and constructing the MSC

All samples were sintered in a high-temperature dilatometer
(L70/1700, Linseis, Germany). A proper evaluation of dilato-
metric measurements and the creation of the densification curves
were performed by a methodology described elsewhere.?’

To construct MSC, heating rates of 2, 5, 10, and 20 °C/min
were used. Various combinations of used heating rates and dwell
times are summarized in Table 2. In the case of TSS, the tempera-
tures of the first and the second step were chosen according to our
previous experiments with these powders.?? The calculation of
MSC was performed with the help of an automatic procedure'®
which uses a newly proposed criterion, called Mean Perpendic-
ular Curves Distance (MPCD), for estimating the best overlap
of individual curves.
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Table 1
Specification of ceramic materials used.
Powder Producer Grade Abbreviation Dggr (nm)
Al O3 Taimei Chemicals, Japan Taimicron TM-DAR TAI 100
Zr0O; (+3mol% Y,03) Tosoh Corporation, Japan TZ-3YB 73Y 60
ZrO; (+8 mol% Y,03) Tosoh Corporation, Japan TZ-8Y 78Y 70
Zr0O; (+8 mol% Y,03) Tosoh Corporation, Japan TZ-8YSB Z8YSB 140
Table 2
Heating schedules used and final densities obtained.
Material Heating rate (°C/min) SSS (°C/min) TSS (°C/°C/h) Prel (%t.d.) s/n (%t.d./-)
2 1500/0 99.67 0.07/12
5 1500/0 99.63 0.10/09
TAI 10 1500/0 99.59 0.10/09
20 1500/0 99.59 0.14/12
5 1328/1228/15 99.22 0.07/12
2 1500/0 99.92 0.10/12
5 1500/0 99.92 0.09/15
73y 10 1500/20 99.99 0.04/12
20 1500/20 99.92 0.11/09
5 1350/1300/10 99.51 0.16/12
5 1330/1275/15 99.23 0.07/12
2 1500/0 99.62 0.06/09
5 1500/0 99.54 0.05/09
73Y 10 1500/10 99.63 0.04/09
20 1500/60 99.72 0.10/09
5 1330/1270/15 99.83 0.08/09
2 1500/0 98.81 0.07/12
5 1500/0 98.08 0.05/12
10 1500/0 97.27 0.07/12
Z8YSB 20 1500/0 96.41 0.08/12
5 1440/1340/10 99.26 0.09/12
5 1440/1325/10 99.25 0.06/09

Note: s is standard deviation, n is number of measurements.

The final density of samples after sintering was measured
by the Archimedes method with distilled water as the liquid
medium (EN623-2). At least 9 measurements were performed
for each sample.

2.4. Calculation of sintering activation energy from CRH
experiments

For comparison, the activation energy of the sintering process
was also calculated using a different approach. Wang and Raj*°
expressed the densification rate by the following equation (3):

dp e EA/RT f(p)
where,
Cyv?/3
A=V 4)

R

In Egs. (3) and (4) C is a constant, V is the molar volume, and
f(p) is a function of density alone. Other variables have the same
meaning as in Egs. (1) and (2). By modifying Eq. (3) we obtain:

In <Td'0dT> :—%—i—ln(f(p))—i—lnA—nlnG. )

At a constant value of p and G the plot of the left side of Eq.
(5) in dependence on 1/T would be a line whose slope gives the
value of E4. The assumption of no grain growth (G =const.)
means that this model can be applied only in the early and
intermediate stage of sintering; therefore we compared the densi-
fication rates (dp/dr) at the constant value of relative density 70%
t.d. for all used heating rates (d7/dt). This density is definitely
inside the intermediate stage of sintering, where grain growth
is limited.'33! For these calculations we utilized sets of experi-
mental data which were previously used for the construction of
MSCs.
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Fig. 1. (a) MSC and MPCD (inset) of TAI calculated from SSS experiments. (b) MSC and MPCD (inset) of Z3Y calculated from SSS experiments. (¢) MSC and
MPCD (inset) of TZ8Y calculated from SSS experiments. (d) MSC and MPCD (inset) of Z8YSB calculated from SSS experiments.

3. Results and discussion

3.1. Activation energy of sintering process calculated from
MSC concept

Table 2 shows the heating schedules of all SSS experiments
as well as the final densities of the TAI, Z3Y, Z8Y, and Z8YSB
samples. It can be seen that all materials were sintered to a final
relative density higher than 99%t.d. Since the sintering was per-
formed in the high-temperature dilatometer, it was possible to
construct MSCs of all materials (see Fig. 1(a)—(d)). The Mean
Perpendicular Curves Distance as a function of activation energy
(insets of Fig. 1(a)—(d)) contained in all cases a single minimum,
and the established activation energies were 770, 1270, 750 and
620kJ/mol for TAI, Z3Y, Z8Y and Z8YSB, respectively. The
E established from the MSC concept is commonly referred to
as apparent activation energy for the mechanism that controls
sintering.3> The published values of sintering activation ener-
gies vary very strongly (Al,03: 342-1064 kJ/mol3*34; t-ZrO,
310-935kJ/mol?®; ¢-ZrO, 94-680 kJ/mol).>"->> This could be
caused by the different experimental methods, level of impuri-
ties, temperature range, and also by the model applied. Therefore

we tried to verify acquired activation energies also using a dif-
ferent approach.

3.2. Activation energy of sintering process calculated from
CRH experiments

The MSCs presented in the previous paragraph were estab-
lished from SSS experiments, implying that each material was
heated using several constant heating rates. These measure-
ments can therefore be used also for the calculation of activation
energy from the densification rate (see Section 2.4). The depend-
ence of the natural logarithm of the product of temperature 7T,
densification rate dp/dt and heating rate d7T/dt (all taken at a
relative density of 70%t.d.) on 1/T is given in Fig. 2. It can
be seen that the dependence is (according to the model) lin-
ear, and the activation energies of sintering calculated from
the line slopes were 825 kJ/mol for TAI, 1220kJ/mol for Z3Y,
750kJ/mol for Z8Y, and 620kJ/mol for Z8YSB. These cal-
culated activation energies are in good agreement with the
activation energies calculated from the MSC concept (see also
Table 3).
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Fig. 2. Sintering activation energies of TAI, Z3Y, Z8Y and Z8YSB established
at a relative density of 70%t.d. from CRH experiments.

Table 3

Summary of activation energies obtained in this work and efficiency of TSS.
Material Ea; (kJ/mol) Ea» (kJ/mol) Ea3 (kJ/mol) Gsss/GTss
TAI 825 770 570 1.25%2
73Y 1220 1270 650 112

73Y 770 750 460 2.12
Z8YSB 620 620 430 2.0%

Note: Ea: activation energy established from densification rate at 70%t.d.
E a2 activation energy established by MSC in low-temperature region.
Eaj3: activation energy established by MSC in high-temperature region.
Gsss/Grss: efficiency of TSS (ratio of grain sizes after SSS and TSS).

2 Unpublished results

3.3. MSC applied to TSS experiments

As the next step, we incorporated TSS heating profiles into
MSCs created from SSS experiments. It was tested whether the
TSS regimes will fall into the same (master) curve. It can be seen
from Fig. 3(a)—(d) that the TSS regimes had the same progres-
sion during the first step of TSS, but they showed considerable
deflection during the second step of TSS.

These observations revealed that the original MSC concept
cannot be used directly for describing the TSS experimental
results. This is not surprising because the results published so
far have shown that TSS leads to a refined microstructure (in
comparison with the conventional SSS). Obviously, for the TSS
process one of the basic assumptions of the MSC concept is not
fulfilled, namely the assumption that for a given compact the
resulting grain size is the function of density alone, irrespective
of the heating profile used.

Since MSC is a very useful tool, e.g. for sintering
prediction, 83937 it is desirable to modify the MSC concept
such that it can describe also TSS. One possible way how to
modify MSC was proposed by Robertson et al.’®. They suggest
that the MSC equation should be modified by taking into account
the grain growth (6):

5 l/tl Eal 4 (©6)
= — —exp | —— ,
G Jo TP\ "Rt

where, § is the modified 9, and G is the grain size.

Literature data show that TSS regimes are favorable for
obtaining a smaller grain size in comparison with the constant
heating rate schedule, i.e. smaller values of G will change § to
higher values. However, in this work we obtained lower 6 values
using the TSS regime (see Fig. 3(a)—(d)). In addition, our previ-
ous results with the same powders?? showed that the difference
in final microstructure (including grain sizes) varied with the
used powder. The efficiency (defined as Gsss/GTss) of TSS was
1.1, 1.25, 2.1 and 2.0 for Z3Y, TAI, Z8Y and Z8YSB, respec-
tively (see Table 3). According to these results, we expected that
a significant deviation might be observed only in the case of Z8Y
and Z8YSB, but it appears in all the studied materials.

Another way of upgrading the MSC concept is to accept the
experimental evidence that there might be more than one diffu-
sion mechanism in action during the whole sintering process, i.e.
different sintering mechanisms may be active in different sinter-
ing stages. Song at al.”” proposed a solution in dividing MSC
into high-density and low-density regions. Kiani et al.> sepa-
rated the MSC of stainless steel even into three parts. In these
two attempts to split MSC the fitting of experimental data by a
numerical sigmoidal function was used.*" In this work we tried
to divide the 6 function into two separate parts (with different
activation energies) according the following formula (7):

=h E a1 "1 Ea>
o= —exp(—A) dr+ [ cexp(—"22) a4, (1)
oy T RT W T RT

where ?1 is the time when the second step of TSS is applied.

With this model (referred to as two-stage master sintering
curve and abbreviated to TS-MSC henceforth) we re-evaluated
the results of our experiments performed with the TAI, Z3Y,
Z8Y and Z8YSB ceramics. While the activation energies in
the low-temperature region remained practically unchanged, the
application of the TS-MSC concept in the final sintering stage
(t> 1) revealed a significant decrease of sintering activation
energies for all investigated materials (see Fig. 4(a)—(d)). A sum-
mary of the activation energies obtained in this work is given in
Table 3.

The decrease of sintering activation energy during sintering
was already presented in the literature by Bernard-Granger and
Guizard,26 who divided the densification of t-ZrO; into low-
density and high-density regions. They suggested that below
70%t.d. the appearance of point defects was limited, and there-
fore the sintering activation energy was quite high — 935 kJ/mol.
When density increased above 90%t.d, the activation energy
decreased to 310 kJ/mol. They referred this decrease of activa-
tion energy to grain boundary diffusion of Zr**. In this work we
obtained at high-density region sintering activation energy of t-
ZrO;, 650 kJ/mol which is similar to reported activation energy
of grain boundary diffusion for t-ZrO, ranging from 610 to
650 kJ/mol.*1:42

In case of c-ZrO, analogous decrease of activation energies
during sintering was observed by Song et al.?’ They worked
with same powder as it was used in this work (Z8Y). They
separated the MSC curve into two parts: with activation ener-
gies 730kJ/mol at density range 50-60%t.d. and 580 kJ/mol
at densities 60-92%t.d. They attributed high activation energy
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Fig. 3. (a) MSC of TAI constructed from SSS and TSS experiments. (b) MSC of Z3Y constructed from SSS and TSS experiments. (c) MSC of Z8Y constructed
from SSS and TSS experiments. (d) MSC of Z8YSB constructed from SSS and TSS experiments.

established in low-density region to the effect of surface dif-
fusion and/or limited point defect formation. Their determined
activation energy in this region is comparable with our estimated
value 750 kJ/mol. Activation energy established in our work for
high density region (460 kJ/mol) is the same as it was reported
by Taylor et al. for lattice diffusion in c-ZrO,.*3

It seems to be that the higher sintering activation energy in
low-density region is a consequence of surface diffusion acting
at low temperatures and hindering the densification. This prob-
lem can be overcome with using of external mechanical energy
(so-called pressure-assisted sintering). We observed big drop of
sintering activation energy of t-ZrO; at low densities in case of
SPS sintering. This will be the topic of the following paper.

It is interesting that all SSS regimes exhibited good overlap
of MSCs in the final sintering stage with higher as well as lower
activation energy (see Fig. 5). This indicates small sensitivity
of MSC to the value of activation energy at high densities. The
necessity of using a lower sintering activation energy in the final
sintering stage was revealed here using the TSS heating profile,
which s quite different from conventional SSS profile. The lower
activation energy during sintering in the final stage of sintering
is in good agreement with the TSS concept. The authors of TSS
assume'? that even after a temperature decrease in the second

sintering step, the densification mechanism (e.g. grain bound-
ary diffusion) remains active. In this regard, a low sintering
activation energy enables densification even at low tempera-
tures. The problem can occur when full density is needed. Many
researchers’?2? did not achieve with TSS such high densities
as with SSS even after dwell times in the order of tens of hours.
The low temperature in the final sintering stage did not probably
allow the elimination of remaining supercritical pores without
grain growth.

As mentioned above, the same ceramic materials (shaped by
exactly the same technology) as in this research has recently
been studied from the point of view of TSS efficiency. It was
found that the highest efficiency of TSS was reached with both
c-ZrO; samples and the lowest with t-ZrO; (see Table 3). It is
interesting that the efficiency of TSS decreased with increas-
ing sintering activation energy in the final sintering stage (see
Fig. 6). The literature review shows the activation energy of grain
growth to be in the range of 420-690 kJ/mol*** for alumina,
540-584 kJ/mol*®*#7 for t-ZrO, and 252-400 kJ/mol*° for c-
Zr0O;. These values are similar to the activation energy of the
final stage of sintering, and therefore sintering can proceed but
the grain growth is inhibited (the conditions of so-called “kinetic
window”19-21:30) 1t should be noted that the literature values of
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Fig. 4. (a) TS-MSC and MPCD (inset) of TAI calculated from SSS and TSS experiments. (b) TS-MSC and MPCD (inset) of Z3Y calculated from SSS and TSS
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TSS experiments.

activation energy of grain growth were measured in the temper-
ature range 1400-1650 °C, while the second step of TSS was
performed in this work at temperatures of 1228-1340°C (see

Table 1).
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Fig. 5. Small sensitivity of MSC in the final sintering stage on the value of
activation energy for SSS heating regimes for TAIL

The results of this research can contribute to the better
understanding of the processes occurring during Two-Step
Sintering. The better description of the sintering with two-
stage Master Sintering Curve will also allow the valuable
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Fig. 6. The dependence of TSS efficiency on sintering activation energy in the

final sintering stage.
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prediction of Two-Step Sintering. This will be the goal of our
next work.

4. Conclusion

The Master Sintering Curve was successfully constructed for
t-ZrO;, c-ZrO, as well as for Al,O3 sintered by Single Step
Sintering. The calculated activation energies were 770 kJ/mol
for Al,0O3, 1270 kJ/mol for t-ZrO,, 620 kJ/mol and 750 kJ/mol
for c-ZrO; ceramics. These values were in good agreement with
the sintering activation energies calculated from densification
rates in the intermediate sintering stage. The application of MSC
for samples sintered by Two Step Sintering showed the necessity
to split MSC into a low-density part with the same sintering
activation energy as was calculated for the SSS experiments, and
a high-density part with a lower activation energy. An increase
in TSS efficiency with decreasing of sintering activation energy
in the final stage of sintering was observed.
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Abstract

The influence of various dopants (500 ppm MgO and Y, 03, 250 ppm ZrO,) on sintering of fine-grained alumina ceramics was evaluated by high-
temperature dilatometry. The apparent activation energy of sintering was estimated with the help of Master Sintering Curve and a model proposed
by Wang and Raj. The densification kinetics was controlled by at least two mechanisms operating at low (higher activation energy) and high (lower
activation energy) densities. Good agreement between the activation energies calculated with both models was observed for low as well as for
high densities. The lowest value of activation energy exhibited undoped alumina; the addition of MgO resulted in slight increase of the activation
energy. Y,0j; and ZrO, significantly inhibited the densification, which was reflected in the higher sintering activation energies. The low activation
energies in the final sintering step indicates the importance of proper choice of sintering temperature, namely in the two-step sintering process.

© 2014 Elsevier Ltd. All rights reserved.

Keywords: Sintering; Alumina; Activation energy

1. Introduction

Microstructure refinement in advanced ceramic materials
is frequently associated with improved mechanical properties,
especially hardness,' flexural strength”? and wear resistance.”*
Moreover, it often provides additional functionalities, such
as transparency in the visible wavelength range, as was also
documented for polycrystalline alumina with submicron grain
size.>® A range of densification techniques including pres-
sure assisted processes such as hot pressing,” hot isostatic
pressing,® spark plasma sintering”~! ! or pressure-less techniques
such as microwave assisted sintering'” and two-step sintering
(TSS)'3~1 were therefore applied with the aim to prepare fully

* Corresponding author. Tel.: +420 54114 3344.
E-mail addresses: maca@fme.vutbr.cz, karel.maca@ceitec.vutbr.cz
(K. Maca).

http://dx.doi.org/10.1016/j.jeurceramsoc.2014.06.030
0955-2219/© 2014 Elsevier Ltd. All rights reserved.

dense polycrystalline alumina, and at the same time to sup-
press or completely eliminate grain growth in the final stage of
sintering. Among them, the two-step sintering'® is of particu-
lar interest due to its simplicity and the possibility of achieving
complete densification at relatively low temperatures without
application of pressure; its capacity has been demonstrated for
a range of various systems.'”>? Only few works dealing with
the two-step sintering of alumina report on some refinement of
microstructure in comparison to conventionally sintered refer-
ence materials.'*>*

The addition of various metal oxides at ppm level, which
are known to alter the behaviour of alumina during its solid
state sintering, represents another opportunity for microstruc-
ture refinement. The effect is often associated with the change
in the activation energy of both the grain boundary diffusion
and the grain boundary motion, and hence also densification
and grain growth. The effect of yttria, zirconia, and magnesia
on microstructure refinement during the two-step sintering”
and spark plasma sintering followed by hot isostatic pressing
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of doped polycrystalline alumina with submicron grains”®

demonstrated.

In conventional sintering, MgO is considered to be the most
frequently used and most efficient grain growth suppressor. The
effect of magnesia is often attributed to solute drag (or pin-
ning) mechanisms; it is proposed that MgO reduces the grain
boundary mobility as a solute in the corundum crystal or seg-
regated preferentially in the grain boundaries.”’ On the other
hand, Jo et al.”® attribute the effect of magnesia to change in
the interface structure of alumina grains. Atomically smooth
faces of alumina crystals became rough when heated in MgO-
containing atmosphere. Then grain growth is not controlled by
interface reaction but by diffusion, and the number of grains
that can grow increases to such an extent that they impinge on
each other. The roughening of atomically smooth surfaces also
explains the enhanced densification rate. Diffusion in a system
with disordered grain boundaries is expected to be easier, with
corresponding increase in surface and grain boundary diffusion
rates.”®

Another group of dopants is represented by other metal oxides
such as yttria and zirconia. Both these dopants have limited
solubility in alumina and therefore they segregate at grain bound-
aries. This can significantly hinder diffusion and therefore also
densification and grain growth.

Since various dopants influence the sintering behaviour
in a different way, some quantification of their influence
on sintering kinetics is desirable. One of the promising and
practical approaches describing sintering behaviour during the
whole sintering process is the Master Sintering Curve (MSC).
The MSC was derived by Su and Johnson.”” Into the sintering
model by Hansen et al.*" they introduced two assumptions: (1)
the microstructure evolution (grain size and shape) is function
only of density and not on thermal history and (2) the sintering
is controlled by only one dominating diffusion mechanism.
After a few rearrangements and mathematical operations they
obtained Eq. (1):

o t
k G(p))" 1 E
(Gp) dp = /—exp _-A dt, (1)
y§26Do ) 3pI(p) T RT
PO 0

where k is the Boltzmann constant, y is the surface energy, §2
is the atomic volume, § is the grain boundary thickness, Dy
is the diffusion constant, p is the density of the sample, G is
the mean grain size, the value of parameter n is 3 (for volume
diffusion) or 4 (for grain boundary diffusion), I" represents the
scaling parameter that relates various geometric features as the
driving force for sintering and the mean diffusion distance to
the grain size, ¢ is the time, T is the absolute temperature, E4
is the activation energy of sintering process and R is the gas
constant. MSC is a function of density plotted vs. the logarithm
of the right side of the Eq. (1) (usually denoted as ®). In
practice, the MSC is empirically derived from the data obtained
from dilatometry measurements at different heating rates
(and/or various sintering temperatures) by fitting all data with
different E4 values, until they converge onto a single (master)
curve.

was

Till now, the MSC has been constructed for many
materials mainly including ceramic oxides (Al,O3,”%"!
Zr0,,3132 Ti0,,?3 and BaTiO334), and metals (stainless steel,
molybdenum, and tungsten’”). Many attempts have been made
to refine the basic MSC model in order to suit some particu-
lar requirements. An and Han*° extended the MSC model to
pressure-assisted sintering. Enneti et al. extended the applica-
bility of the MSC to field-assisted sintering.’’*® An et al.*
constructed sintering diagrams from MSC for easy prediction of
sintering behaviour at certain temperatures, Raether and Horn*’
compared the MSC and kinetics diagrams. Kiani et al.*' and
Blaine et al.*> simplified the MSC model by describing it by
the finite elements method and by linearization, respectively.
Robertson and Schaffer*” extended the basic MSC model by
introducing grain growth during sintering. Diantonio et al.*’
applied the MSC for decomposition of organics and Wang
and Teng** scaled up their work by formulating the MSC the-
ory for all processes described by Arrhenius type equations.
Song et al.* and Pouchly et al.*® assumed that the diffusion
mechanism during sintering could change, which resulted in a
two-stage MSC.

The change in the activation energy during the sintering pro-
cess was also observed if a different model by Wang and Raj was
used.*’ This model combines two different equations describ-
ing the shrinkage during sintering. After rearrangements, Eq. (2)
was obtained:

dp dT E4
In (TdT dt) = RT+ln(f(p))+lnA nlnG, 2)
where A is a constant defined elsewhere,*’ and G is the grain
size. At different heating rates d7/dt and at a constant value
of p the plot of the left side of Eq. (2) against the reciprocal
temperature 1/T would be a straight line with the slope which
gives the value of E4. It should be noted that this is valid only
if the grain size remains constant during sintering or, at least if
the grain size is only a function of density (i.e. independent of
heating schedule).*®

The goal of this work is to describe the sintering behaviour of
both doped and undoped aluminas by dilatometry. Two different
models (Wang and Raj model and MSC) were used to describe
sintering kinetics. The first is used to reveal possible changes of
densification mechanisms associated with change of activation
energy during densification and the second one to verify the
obtained values.

2. Experimental
2.1. Materials

High purity commercial submicron alumina powder Taimi-
cron TM-DAR (Taimei Chemicals Co., Ltd., Tokyo, Japan)
was used in all experiments. The characteristics of the pow-
der, as given by the producer, are as follows: purity 99.99%,
the mean particle size 150 nm. The dopants (500 ppm (mole) of
Mg, Y or 250 ppm of Zr with respect to Al,O3) were added by
mixing 100 g of the alumina powder with calculated amounts
of suitable precursors Mg(NO3),-6H>O (p.a., Lachema Brno,
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Czech Republic), zirconium acetate (p.a., Lachema Brno, Czech
Republic), and Y(NO3)3-6H>0 (99.8% purity, Sigma—Aldrich),
dissolved in isopropanol. Zirconia was added in lower amount
than the other two dopants because zirconia secondary phase in
the form of discrete particles was already observed at 500 ppm
addition.”>*° The presence of second phase is undesirable in
term of prospective application for preparation of fine-grained
transparent alumina, and introduces another parameter influ-
encing densification kinetics, i.e. grain boundary pinning. The
mixture was homogenized by ball milling with high purity alu-
mina milling balls for 20h in a polyethylene jar. Ammonia
solution was added to precipitate the respective hydroxides,
the mixtures were further homogenized for 4 h to complete the
hydrolysis, and the solvent was removed in a vacuum evapo-
rator. The powders were crushed with pestle in agate mortar,
sieved through a 100 wm polyethylene sieve, calcined for 1h
at 800 °C in air to convert hydroxides to the respective oxides,
and sieved again to obtain a reasonably free flowing powder.
The specimens containing MgO, Y,03 and ZrO, are denoted
AM, AY, and AZ, respectively. The reference alumina powder
(denoted as A) was treated in the same way (including milling in
isopropanol, calcination, and sieving) to ensure similarity with
the doped powders.

In order to avoid calcination, which was found to impair
densification,’” the MgO-doped sample denoted as AMS was
prepared also by mixing the alumina powder with MgAl,O4
spinel (Baikalox S30CR, Baikowski, France). The specific sur-
face area of the spinel powder, as provided by the producer,
was 30m? g~! (BET), which corresponds to the mean particle
size of ca 60nm.”' The solvent was removed in the vacuum
evaporator and dried powder was sieved through 100 and 40 p.m
polyethylene sieves.

Untreated alumina powder (denoted as AA) was used as the
reference.

2.2. Methods

Green pellets with a diameter of 25 and 5 mm thick were
prepared by uniaxial pressing at 100 MPa in a steel die, followed
by cold isostatic pressing at 250 MPa.

The pellets were cut and ground to the shape of prisms
of ca. 4mm x4 mm x 15mm for dilatometry experiments
(L70/1700, Linseis, Germany), or ca. 8 mm x 10 mm x 10 mm
for sintering in a superkanthal resistance furnace (K1700/1,
Heraeus, Germany). The sintering in the dilatometer was car-
ried out at four different heating rates 2, 5, 10 and 20 °C/min
up to the maximum temperature of sintering. The recorded
temperature—shrinkage curves were converted to densification
curves by a procedure described elsewhere.”” The used heating
schedules are summarized in Table 1.

The final relative densities of samples were determined on the
basis of Archimedes’ principle (EN 623-2) taking 3.99 gcm ™3
as the theoretical density (t.d.) of all samples and with distilled
water as the liquid medium. The microstructure of sintered spec-
imens after all experiments was examined by scanning electron
microscopy (JEOL JSM-7600F, Japan). The mean grain size
was determined both from polished and thermally etched cross
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Fig. 1. Densification curves of all doped and undoped alumina.

sections as well as from fracture surfaces. The temperature of
thermal etching was adjusted in order to ensure delineation of
grain boundaries without grain growth, but at the same time to
take into account the influence of dopants which, especially in
the case of ZrO, and Y, O3, significantly impaired both densifi-
cation and grain growth.”>?® The mean size of alumina matrix
grains was determined by the linear intercept method according
to the ASTM STP 839 standard, using a correction factor of
1.56.%3 As prescribed by the standard, a minimum of 200 grains
were measured for each material, in order to obtain a statistically
robust set of data.”*

2.3. Evaluation of the activation energies of sintering

For the construction of MSC, the dilatometric curves
recorded at four heating rates 2, 5, 10 and 20 °C/min were used.
The values of activation energy of sintering were found by min-
imizing the mean perpendicular curve distance criterion, which
is described elsewhere.’! Identical heating rates were also used
for the determination of the activation energy of sintering with
the use of the model by Wang and Raj.

3. Results
3.1. Densification curves

The conditions of the dilatometry experiments green and
final relative densities of sintered materials are summarized
in Table 1. The green densities of all samples prepared from
calcined powders were lower (54.3-55.1%t.d.) than the green
densities of all samples prepared from uncalcined powders
(57.0-57.7%t.d.), in both cases irrespective of the dopant type.
The densification curves recorded at a heating rate of 5 °C/min
are shown in Fig. 1. The samples prepared from as-received
powders AA and AMS (i.e. those prepared without calcination
required to convert hydroxides to respective oxides) reached the
highest green and final densities. They also sintered at lower
temperatures than their calcined counterparts. Other four pow-
ders were calcined at the temperature of 800°C for 1h. The
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Table 1
The summary of heating schedules and obtained final densities and grain sizes.
Material Heating rate (°C/min) Heating schedule (°C/min) Pgreen (%t.d.) p (%t.d.) sin Gp (pm) sin Gyt (pm) sin
2 1500/0 54.7 99.39 0.09/9 3.30 0.70/210  2.14 0.17/200
A 5 1500/0 54.4 99.21 0.15/9 2.60 0.50/250  2.06 0.24/210
10 1500/0 54.7 99.12 0.07/12 1.80 0.40/200 1.77 0.18/220
20 1500/30 54.3 99.32 0.12/9 3.30 0.80/230  2.16 0.22/260
2 1500/0 57.5 99.40 0.21/9 3.80 0.50/200 3.60 0.82/230
AA 5 1500/0 57.7 99.60 0.10/12 3.30 0.50/220  2.60 0.63/210
10 1500/0 57.5 99.40 0.15/9 3.00 0.60/210  2.37 0.39/210
20 1500/30 57.6 99.46 0.17/12 3.50 0.80/240  2.54 0.53/210
2 1500/0 54.7 99.42 0.24/12 1.30 0.20/230  0.89 0.21/240
AM 5 1500/0 54.6 99.24 0.21/9 1.10 0.20/200  0.85 0.19/230
10 1500/0 54.7 99.36 0.10/12 0.95 0.21/210  0.81 0.09/220
20 1500/0 54.8 99.24 0.27/12 0.76 0.20/210  0.78 0.16/220
2 1500/0 57.0 99.84 0.11/9 1.30 0.40/260 1.10 0.24/200
AMS 5 1500/0 57.1 99.70 0.10/12 0.95 0.18/200  0.84 0.11/200
10 1500/0 57.3 99.60 0.04/9 0.91 0.16/210  0.83 0.16/210
20 1500/30 57.3 99.73 0.16/12 1.40 0.30/250  0.88 0.16/200
2 1500/0 54.8 99.39 0.10/9 1.50 0.40/200  0.94 0.18/230
AY 5 1500/0 54.7 99.20 0.09/9 1.15 0.18/210  0.77 0.10/230
10 1500/0 55.1 98.97 0.07/9 1.00 0.20/210  0.80 0.18/200
20 1500/0 54.7 99.53 0.10/9 2.30 0.60/200 1.80 0.30/210
2 1500/0 55.1 99.45 0.18/9 1.50 0.40/240 1.48 0.31/250
AZ 5 1500/0 55.1 98.94 0.14/12 1.30 0.30/220  0.97 0.22/200
10 1500/0 55.0 98.63 0.17/9 0.99 0.19/200  0.87 0.23/210
20 1500/30 54.0 99.29 0.14/12 1.90 0.40/210 1.69 0.25/200

Note: s is standard deviation, n is number of measurements, G, is mean grain size evaluated from polished surface and Gy is mean grain size evaluated from fracture

surface.

calcination influenced both the green densities and the sinter-
ing characteristics negatively. The calcination led to formation
of aggregates, which impaired densification, as observed in our
previous work on sintering of undoped alumina prepared by uni-
axial pressing from calcined alumina powders.”" Application of
cold isostatic pressing at markedly higher pressure destroyed
the aggregates to a certain extent. However, slower densification
of calcined samples reported in this work indicated that aggre-
gates could not be fully eliminated even by isostatic pressing
at 250 MPa. Additions of yttria and zirconia had no observ-
able influence on green density, but their densification retarding
action was obvious and comparable, despite of different amounts
of individual dopants added. This was explained by segrega-
tion of the yttrium and zirconium ions into grain boundaries,
with resulting inhibition of grain boundary mobility,”>*° and
expected increase of the activation energy of grain boundary
diffusion.

3.2. Microstructure evolution

The results of evaluation of the grain size of sintered materials
and the sintering trajectories of all studied materials are shown
in Fig. 2. The mean grain sizes evaluated from fracture surfaces
are in good agreement to those determined by the linear inter-
cept method on polished and thermally etched cross sections.
Any differences were well within the range of the statistical
deviation of the grain size evaluation. Although this deviation
increased with the increasing grain size, we did not observe

abnormal grain growth. It should be also noted that significant
grain growth occurs at relative densities higher than 98%t.d. for
all materials under investigation. The sintering trajectory was
fitted according to German model”> by linearly increasing func-
tion up to the relative density of 97-98%, and then by inverse
square-root function of the residual porosity. The results show
that the model agrees well with the experimental data (Fig. 2).

3.3. Model by Wang and Raj

As mentioned above, virtually no grain growth was observed
at relative densities lower than 98%t.d. (see Fig. 2). This
facilitated the application of the model by Wang and Raj
almost for the whole sintering process. The values of apparent
activation energies calculated according to this model for the
relative densities ranging from 60 to 95%t.d. are shown in
Table 2 and Fig. 3. The values of apparent sintering activation
energies changed in the course of sintering, being higher at
low densities and lower at high densities. The decrease was
observed for all tested compositions. For the A, AA, AM and
AMS materials the apparent activation energies of sintering
ranged from 720 to 770kJ/mol at relative densities lower than
75%.d. For relative densities higher than 85%t.d. the activation
energy ranged from 620 to 670kJ/mol. For the AY and AZ
materials the activation energies were higher, ranging from
860 to 890kJ/mol at the relative densities lower than 75%
t.d., and 740-750kJ/mol for the densities higher than 85%t.d.
The higher activation energy of sintering of the materials AY
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Fig. 2. Sintering trajectories of all doped and undoped aluminas sintered at four different heating rates: (a) calcined alumina (A), (b) non-calcined alumina (AA),
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(AY) and (f) calcined alumina doped by 250 ppm ZrO; (AZ).

Table 2

Activation energies of all studied materials evaluated by two different methods.

Material Owang Owmsc OWang Omsc
p=60-75%t.d. (kJ/mol) 0 <75%t.d. (kJ/mol) 0 =85-95%t.d. (kJ/mol) p>85%t.d. (kJ/mol)

A 760 770 640 630

AA 730 730 620 610

AM 750 760 670 670

AMS 750 760 640 630

AY 890 890 750 760

AZ 860 830 740 750
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mined from the model of Wang and Raj (where: y, is the solid—gas surface
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and AZ corresponds to the higher temperatures required for
sintering and densifications of these materials (Fig. 1).

3.4. Model of master sintering curve

Based on the results obtained using the model by Wang and
Raj, the MSC was also divided into two stages. The separa-
tion of MSC into low and high density stages was described by
the two-stage MSC model, as already proposed e.g. by Song
et al.* and Pouchly et al.*® The results of such separation are
shown in Fig. 4. The Mean Perpendicular Curves Distance as
a function of activation energy (insets of Fig. 4) contained in
all cases a single minimum, thus the activation energy of sin-
tering can be clearly identified for all materials and sintering
stages. In excellent agreement with the model by Wang and Raj,
the MSC model yielded higher activation energies in the low-
density region, with a marked decrease of the activation energies
of sintering at the high-density stage. Moreover, the activation
energies of sintering determined by the two methods were simi-
lar for all the studied materials, and both in low and high density
regions (Table 2).

4. Discussion

The MSC model is based on the assumption that microstruc-
ture evolution (i.e. grain size and shape) depends only on density
and not on thermal history. Fig. 2 shows the sintering trajecto-
ries (the grain size dependence on density) for all used heating
regimes. It can be seen that all points fall into a single line,
documenting that the assumption for construction of the MSC
mentioned above is fulfilled for all studied materials in the whole
range of relative densities.

Another assumption required for construction of the MSC is
that there exists a single diffusion mechanism dominating the
whole process of sintering. As can be seen from the analysis
based on the Wang and Raj model, this assumption is not valid
in this case (Fig. 3).

In this work, the Wang and Raj model was used for the first
time up to high densities (95%t.d.). The application of this model
also in the final stage of sintering can be justified as follows:

- no relevant grain growth was observed up to 98%t.d. (Fig. 2),

- for all the heating regimes used, there exists a single sintering
trajectory for each material, i.e. for the given relative density
the grain size is constant irrespective of the heating rate.”®

Due to the broad interval where the activation energies
of sintering were evaluated, three different regions could be
distinguished:

- 60-75%t.d.: constant value of the apparent activation energy
of sintering (730-890 kJ/mol depending on the doping),

- 75-85%t.d.: transition region with decreasing activation
energy of sintering,

- 85-95%t.d.: constant value of the apparent activation energy
(620-750 kJ/mol depending on the doping), i.e. lower than the
activation energy in the low density region 60—75%t.d.

The results revealed that the MSC should be divided into two
regions and the so called two-stage MSC should be constructed.
This attitude was already utilized by Song et al. for c-ZrO; S and
by Pouchly et al. for Al,O3, t-ZrO; and c-Zr0,.% The question
naturally arises where to split the MSC. Whereas Song et al.
divided their MSC more or less arbitrarily at 60%t.d. (to separate
the early and the second stage of sintering),”> Pouchly et al.*®
used the two-stage MSC model to interpret the results of two-
step sintering, and divided the process at the start of the final
sintering step.

The results obtained in this work with the use of the model
by Wang and Raj show that the transition region, where the
activation energies change, lies in the range between 75 and
85%t.d. (Fig. 3). A noticeable decrease in activation energies
(calculated from the Wang and Raj model) was also observed
by Bernard-Granger and Guizard>® in the case of t-ZrO; in the
relative density region between 73 and 91%t.d. According to our
results we applied the two-stage MSC in two distinct regions —
below 75%t.d. and above 85%t.d. The values of apparent activa-
tion energies calculated by the MSC are in excellent agreement
with the values acquired by the Wang and Raj model for all stud-
ied materials and in both relative density regions (i.e. <75 and
>85%t.d.).

The gradual decrease of the apparent activation energy dur-
ing densification indicates the change in controlling mechanism
of densification. In the sintering of alumina, two basic densi-
fication mechanisms providing transport of material from the
grain boundaries to the necks come into consideration: grain
boundary and lattice diffusion. The first one acts along the
grain boundaries, the second one through the lattice. Accord-
ing to the published sintering diagrams of alumina,”’>® it
can be expected, considering the grain size and the applied
temperatures of sintering, that the grain boundary diffusion dom-
inates almost whole densification process. The lattice diffusion
becomes active at very high temperatures especially for fine
grained alumina (~2000°C).’”*® Therefore some published
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Fig. 4. The two-stage master sintering curves and MPCD (insets) of all used materials (a) calcined alumina (A), (b) non-calcined alumina (AA), (c) calcined alumina
doped by 500 ppm MgO (AM), (d) non-calcined alumina doped by 500 ppm MgAl,04 (AMS), (e) calcined alumina doped by 500 ppm Y203 (AY) and (f) calcined

alumina doped by 250 ppm ZrO; (AZ).

explanations of sintering activation energy decrease due to the
mechanism change from grain boundary to lattice diffusion seem
to be controversial.””-°C More probable explanation for enhanced
apparent activation energy at the beginning of densification is
surface diffusion, which is known to decrease the driving force of
densification and therefore to increase the apparent activation
energy, yet does not facilitate densification.*>-°! This assumption
could be supported also by fact, that apparent activation energy
calculated from constant heating rate dilatometric dependences
was reported to be increased when lower heating rates were used

for calculation.’” The reason for the observed change of the acti-
vation energy is not clear at present: additional experiments have
to be carried out to clarify the situation.

However, if we discuss diffusion processes, differences in the
effective area, which serves as the source of ions/point defects,
as well as the length of diffusion path for mass transport, should
be also taken into account. Further possible explanation for the
observed gradual decrease in activation energy of sintering at
high densities is the change of grains and pores geometry during
sintering.®” In the low-density region, the solid—gas interfaces
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contribute significantly to the free energy of the system, and
the surface energy y; plays an important role.”’ At this stage,
grain boundaries represent relatively low fraction of the total
surface area of the grains. The grain boundaries are composed
of mismatched crystallographic planes of adjoining grains,
containing numerous dislocation and point defects. It is well
known, that the presence of the defects allows diffusional mass
transport to take place; the defects control the rate at which
matter is transported and also the rate of densification.®® Lower
specific grain boundary area in the low density region (inter-
mediate stage of sintering) makes the material transport more
difficult with correspondingly higher apparent activation energy.
In the final sintering stage the total area of grain boundaries
increases significantly. The grain boundary diffusion therefore
proceeds much easier, which can also contribute to lowering of
the apparent activation energies values.

Concerning the influence of dopants, the densification was
markedly inhibited especially by the addition of 500 ppm of
Y03 or 250 ppm ZrO;, which was also reflected in the higher
values of the activation energies of sintering, both in low and
high density regions (Table 2). Both dopants strongly segregate
at alumina-alumina interfaces. Due to its limited solubility in the
alumina crystal lattice (~10 atomic ppm) yttria segregates to alu-
mina/alumina interfaces.®**> Large yttrium cations segregated
at the interfaces block the motion of AI** and O?~ ions along
the grain boundaries, which results in reduced grain-boundary
diffusivity and decreased densification rate.

On the other hand, the doping by MgO had only minor
influence on densification (Fig. 1). The MgO-doped materials
were prepared using two different routes. The first one used
Mg(NO3),-6H;0 as the source of MgO. The procedure included
conversion of the nitrate to hydroxide through hydrolysis reac-
tion with ammonia, with final 1 h calcination at 800 °C resulting
in decomposition of the hydroxide and formation of MgO (pow-
der AM). The second procedure included simple wet mixing of
alumina and MgAl,O4 spinel powders therefore no calcination
was needed (powder AMS). The material AM prepared from
the calcined powder had lower green and final density, probably
due to the presence of agglomerates.”’ Such materials can con-
tain, after shaping, two different populations of pores — smaller
intraagglomerate pores and larger interagglomerate ones.?® The
interagglomerate pores often form the so-called supercritical
pores, which can be removed from the body in the final sinter-
ing stage only by the growth of surrounding grains. As shown in
Table 2, the samples AM and AMS had identical activation ener-
gies of sintering in the low-density region. However, in the final
stage of sintering the activation energy of the sample AMS pre-
pared without calcination was lower. Higher activation energy
determined for the samples prepared from calcined powder could
be explained by higher amount of supercritical pores. More-
over, the suppression of grain growth due to magnesia doping
(Fig. 2) makes elimination of the supercritical pores even more
difficult. This problem was overcome by the alternative way of
MgO doping without calcination. Therefore, the focus of our
next experimental work will be on finding an alternative way of
doping without calcination also for yttria- and zirconia-doped
alumina.

5. Conclusions

In order to optimize the effect of various dopants on the
microstructure evolution of fine grained alumina ceramics, the
densification of pure and MgO, ZrO; and Y,03 doped alumina
was evaluated by two theoretical models, namely the two-stage
Master Sintering Curve and the model by Wang and Raj. The
grain growth of both the doped and undoped alumina ceramics
was found to be negligible up to relative densities of 98%t.d.,
which justifies the applicability of the model by Wang and Raj
up to the final stage of sintering. As both applied models exhibit
similar activation energies, being higher in low-density region
(<75%t.d.) and lower in high-density region (>85%t.d.), we can
assume that the sintering activation energies established by these
approaches are correct.

Inall studied cases, the apparent activation energy determined
in the low density region was approximately 100 kJ/mol higher
than that in the high density stage. The absolute values were
influenced by the presence of dopants. Whereas MgO addition
affects the densification of alumina only slightly, with a min-
imal change in the activation energy, marked retarding action
of ZrO; and Y,03 addition was observed manifesting itself in
noticeably higher values of activation energy of sintering. The
results of present work are prerequisite for further study deal-
ing with suppression, or complete elimination of grain growth in
fine grade aluminas. The very important outcome of our theoret-
ical conclusions is that the low sintering activation energy in the
final sintering stage indicates high sensitivity of densification
on sintering temperature. Therefore sintering conditions in the
final sintering step has to be precisely adjusted in order to ensure
complete densification without the grain growth especially in the
case of two-step sintering.
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1. Introduction

The preparation of advanced ceramic materials with improved
properties is one of the most desirable goal in ceramic processing.
Such enhancement is usually achieved with reaching the maximum
density of ceramics accompanied by the minimum grain size. These
parameters have overwhelming influence on the strength [ 1], hard-
ness [2], toughness [3] and optical transparency [4,5] of ceramics.
However, the increase of relative density of ceramic materials is
mostly obtained via high-temperature sintering process. Unfortu-
nately, elevated temperature simultaneously leads also to the grain
growth. Chen and Wang [6] published a novel approach called two
step sintering (TSS) and by this method they successfully sintered
Y, 03 to full density without grain growth. TSS consists of two sub-
sequent steps. In the first sintering step the material is heated with a
constant heating rate until all pores become subcritical and unsta-
ble against shrinkage (75-92% of relative density). In the second
step the temperature is decreased by tens, or even hundreds of
°C and the sample is further sintered for a period of about tens of
hours to full density. The temperature of second step of sintering
must be adjusted to the value when the densification still proceeds,
but the grain growth is frozen. Sintering without grain growth can
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be obtained due to the difference between the activation energy of
sintering (Qs) and activation energy of grain growth (Qgg). The tem-
perature interval, where Qs is lower than Qg (i.e., sintering is active,
while grain growth is limited), is called sintering kinetic window
[7.8].

The TSS concept has so far been tested in many ceramic systems
with different success rate. The c-ZrO, system was chosen for this
study due to the highest reduction of grain size in available litera-
ture by a factor of 7 [9] or 2 [10,11], while for example TSS of t-ZrO,
or Al 03 lead to a reduction of the final grain size by a factor of 1.1
[10] or 1.3 [7], respectively. The aim of this work is to evaluate Qs
and Qgg for c-ZrO; and to discuss the existence of kinetic window
for this material.

2. Theoretical background
2.1. Master sintering curve

For the evaluation of Qs most often the master sintering curve
(MSC) [12] and the model of Wang and Raj [13] are used. MSC was
derived by Johnson and co-workersin90’s [12,14| from the physical
sintering models and is expressed by the following formula:

d.  yQ <ryuv+rbanb)’ )

CLdt kT \ 3 G4

where y is the surface energy, 2 is the atomic volume, k is the Boltz-
mann constant, T is the thermodynamic temperature, G is the mean
grain size, D is the coefficient of diffusion process (v for volume, b
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Fig. 2. Activation energy of sintering calculated from the model of Wang and Raj [13].

for boundary diffusion), I" represents the scaling parameters that
relate various geometric features, the driving force for sintering and
the mean diffusion distance to the grain size, t is the time, § is the
width of grain boundary and L is the length of the sample.

In Eq. (1) two diffusion mechanisms are involved. If we assume
that only one diffusion mechanism dominates the sintering process
and the microstructure development (described by G and I') is a
function of density only (regardless of used heating profile), then
Eq. (1) can be rearranged to Eq. (2):

14 t

kK [(G) 1 A
yQSDO/apF(p)d":/TEXP (~7r)at=6. (2)

Po 0

where p is the sample density, Dy is the coefficient of the diffusion
process (only one dominant diffusion process is assumed) and n
has the value of 3 (for volume diffusion) or 4 (for grain boundary

diffusion). The temperature/time dependence of density expressed
in Eq. (2) is called master sintering curve (MSC). MSC is unique for
a given powder which is shaped by the same technology.

Qs can be calculated from Eq. (2) by measuring few densification
curves with different heating schedules. If the concept of MSC is
valid, there should exist only one Qs for which all curves p; =f(®;)
overlap and create one “master curve” for all heating schedules i.

2.2. The Wang & Raj model

The model of Wang & Raj is based on the model of Young and
Cutler [15]. According to their model the densification rate can be
expressed by Eq. (3):

dp e %/ f(p)
a _A T G” ) (3)
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where

C V2/3
A= (4)

and C is a constant, V is molar volume and f (p) is a function of
density only. The densification rate can be also expressed as:

dpo dpdT
a ~drde )
Combining and taking a logarithm of Egs. (3) and (5), we obtain
Eq. (6):
dp dT
In (Tﬁa) =—RT

If the left-hand side of the Eq. (6) is plotted against 1/T, the slope
of the line determines the activation energy of the sintering. How-
ever, the evaluation of Qs is valid only if no grain growth occurs.

Qs

+In(f(p))+InA—-nInG. (6)

Nevertheless, this model can still be applied to the higher densities,
where grain growth is inconsiderable [16].

2.3. Grain growth kinetics

The Qg can be calculated from the grain growth kinetics equa-
tion, which is characterized by Eq. (7) [17]:

g
RT 7

G — GI' = Kot exp (—%) ,
where G; is the average grain size, Gy is the initial grain size, mis the
kinetic grain growth exponent (typically between 2 and 4 accord-
ing to grain growth mechanism [17]) and Kj is a pre-exponential
constant.
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The other approach of calculating Qgg, is a method of grain
growth master curve (GGMC) [18]. Similar to MSC theory, the Qgg
can be obtained from Eq. (7):

t
£(G) = /exp (_%> dt = Ogg. 8)
0

The Qgg may be found when all grain sizes G; for all samples j
are located at one curve f(®gg;).

3. Experimental
3.1. Materials
ZrO, powder with 8 mol.% of Y,03 (TZ8Y grade, Tosoh, Japan)

was used for all experiments. The particle size for TZ8Y was esti-
mated as 70 nm (BET method, ChemBet 3000, Quantachrome, USA)

—

with the assumption of unimodal spherical particles and taking
5.99 g cm~3 for the theoretical density of c-ZrO;.

3.2. Preparation of ceramic green bodies

Discs with diameter 30 mm and ~5mm in height were pre-
pared via cold isostatic pressing (CIP). Pressing was carried out in
an isostatic press (Autoclave Engineering, Inc., USA) at a pressure of
300 MPa with a dwell time of 5 min. The CIPed samples were pre-
sintered at 800°C/1 h, than cut and ground into the shape of prisms
with dimensions 4 x 4 x 15 mm.

3.3. Sintering of ceramic bodies
TSS and conventional single-step sintering (SSS) experiments
were performed in a superkanthal resistance furnace (K1700/1,

Heraeus, Germany) with the heating rate of 10 °C/min up to 800°C
and then 5°C/min up to the sintering temperature. In the case

modified S55

1 pim

Fig. 6. Microstructure of samples sintered by SSS, TSS and modified SSS (the relative density of all samples was 99.6% of t.d.).
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Table 1
Microstructure properties of selected samples sintered by SSS and TSS.

Single-step sintering

Two-step sintering Reduction factor

Sintering [*C/h] Prer [% t.d.] D [pm] s/n [pm/-] Sintering [*C/ °C/h] Prer [% t.d.] D [pm] s/n[pm/-] Dsss/Drss [-]
1500/0 99.07 1.56 0.32/25 1330/1270/5 99.21 0.63 0.09/25 2.5
1530/0.17 99.65 2.83 0.39/25 1330/1270/10 99.61 0.78 0.09/25 3.6
1500/2 99.86 3.15 0.58/25 1330/1300/15 99.91 145 0.13/25 22

Note: s is standard deviation and n is number of measurement.

of TSS, the cooling rate between the first and second step was
60 °C/min.

3.4. Calculation of activation energies

To obtain a data for the calculation of Qs, the samples were
sintered in a high-temperature dilatometer (L70/1700, Linseis,
Germany) with a heating rate 2, 5, 10 and 20°C/min in air atmo-
sphere. The shrinkage curves were recalculated to the densification
profiles. The details of such recalculation are described elsewhere
[19]. The construction of MSCs were provided by a specialized
software Density MSC with the use of Mean Perpendicular Curve
Distance as a criterion for finding the optimal Qs [20]. The calcula-
tion of the values of Qs according to Wang & Raj model is described
elsewhere [21]. The EXCEL® was used for the calculation of Egs. (7)
and (8).

3.5. Microstructural characterization of sintered samples

The final relative densities of samples (o) were determined on
the basis of Archimedes’ principle (EN 623-2) with distilled water as
aliquid media. The samples were then ground and polished by stan-
dard ceramographic methods and thermally etched to expose the
grain boundaries. The microstructure of samples was studied using
scanning electron microscopy (Philips XL 30, the Netherlands). The
grain size was estimated by the linear intercept method (EN 623-3)
using the correlation factor of 1.56.

4. Results
4.1. Effect of two-step sintering on final microstructure

The temperature of the first step of TSS was determined from
dilatometric measurements in the temperature range from 1300
to 1360°C, where the samples can reach the required 75-92% of
theoretical density. The temperature of SSS was set with the aim to
obtain the same relative densities as with TSS regimes, but the dwell
time was limited to max. 2 h. The selected sintering temperatures,
dwell times and obtained densities and grain sizes are summarized
in Table 1. The results show that for the same relative densities
significant reduction of final grain size was obtained by TSS, e.g.,
for the samples with the highest relative density (99.9% t.d.) it was
by the factor of 2.2.

Table 2
Overview of calculated activation energies.

4.2. Determination of the activation energy of sintering

For the evaluation of Qs the two stage master sintering curve
(TS-MSC) was performed [22]. The MSC was split into two regions
below and above the temperature of the first step of TSS (1330°C).
The result of constructed TS-MSC is shown in Fig. 1. The value of Qs
was 750k]J/mol for the low density region and 460 kJ/mol for the
high density region.

The results of Qs calculated from Wang & Raj model are shown
in Fig. 2. The obtained Qs can be divided into three regions. In the
low temperature region (up to 70% t.d.), the Qs is 770 kJ/mol, in the
transition region (70-90% t.d.) the Qs linearly decreases, and in the
high density region (90-96% t.d.) the Qs is 560 kJ/mol.

4.3. Determination of grain growth kinetics

To obtain data for the determination of Qgg, the sintering was
carried out at 1400, 1450 and 1500°C with dwell times 1, 5, 9, 20
and 60 h. The obtained grain sizes after sintering for different tem-
peratures and dwells are shown in Fig. 3. It is evident that the grain
growth was fast in the first 5h of dwell at all temperatures. After
9 h of dwell the grain growth rate decreased.

First the grain growth data were fitted by the grain growth
kinetic model (according to Eq. (7)) in order to obtain the grain
growth exponent m. The value of m=3 was obtained, which cor-
responds to grain growth in the presence of solutes [17]. This can
be explained by the solution of Y3* ions in ZrO, matrix. Using this
value of m in Eq. (7) the activation energy Qg was calculated as
645 kJ/mol.

The grain growth data fitted by the model of grain growth master
curve (see Eq. (8)) are shown in Fig. 4. The activation energy Qgg
established from GGMC model was 590 kJ/mol.

5. Discussion

The differences in grain sizes after sintering of Z8Y powder by
SSS or TSS method are summarized in Table 1 and the results show
that smaller grains were obtained by TSS. The decrease of grain size
by a factor of 2.2 is comparable with the factor of 2.0 obtained in
our previous work for ¢-ZrO, with double particle size (140 nm)
[10]. Such decrease of final grain size after TSS indicates that most
probably we have found the area of kinetic window. The reason why
the TSS method is effective especially for cubic systems [6,9,11] is
still not clear. One of the possible explanation can be the existence
of faceted boundaries in such symmetric systems [23].

Density region

Qs (kJ/mol)

Master sintering curve

Wang and Raj model

Qgg (kJ/mol)

Grain growth master curve

Grain growth kinetic equation

Low density 750 770
High density 460 560

645 590
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In this work we have tried to describe the existence of kinetic
window by the comparison of Qs and Qgg, which were calculated
always by two independent models (Table 2). The results of both
applied sintering models indicate that the Qs in high density region
is lower than in low density region. Such decrease of Qs in a final
stage of sintering was already observed by Bernard-Granger and
Guizard [24] and by Song et al. [25]. The activation energies of sin-
tering obtained in this work (Table 2) are in good agreement with
the values firstly published by Song et al. [25]. In this work we verify
these results also by another model (Wang & Raj).

Based on our results we believe that application of TS-MSC bet-
ter reflects the densification mechanisms than elementary MSC.
The Qs at the lower densities can be influenced by surface diffu-
sion, which is decreasing the driving force of densification [25,26].
On the other hand in the final stage of sintering (high densities)
the total area of grain boundaries increases significantly, therefore
diffusion processes proceed along shorter diffusion path which can
also contribute to the decrease of the Qs [16]. This hypothesis is
fully supported by the results of Qs evaluated by Wang & Raj model.
Moreover, the determined Qs in the high density region is in agree-
ment with the activation energy of lattice diffusion of Zr ions in
c-ZrOy [27].

The Qs evaluated for high density region is lower than Qgg. The
observed difference in activation energies corroborates with the
existence of kinetic window of this material, since the densifica-
tion was provided by TSS, but the grain growth was hindered. The
sintering and the grain growth mechanisms are both diffusion con-
trolled processes with Arrhenius-type dependency with respect to
the temperature. In the diffusion-controlled processes the kinet-
ics is determined by the slowest, rate-limiting step i.e., atoms/ions
movement along the fastest diffusion path [28]. To exploit the
kinetic window, it should be enough to reduce the sintering tem-
perature to the level, where thermodynamics conditions will not
allow grain growth, but will be still sufficient for densification.
Based on this knowledge, in our following experiments we sin-
tered TZ8Y green bodies via SSS, but employing lower sintering
temperatures and longer dwell times. The sintering temperatures
were comparable to the temperatures used for the second step of
TSS, however, the dwell times were prolonged up to 60 h to obtain
comparative densities as via TSS. The results of these sintering
experiments are shown in Figs. 5 and 6.

Using this modified SSS sintering we have achieved same
decrease in the final grain sizes as in the case of TSS. Evidently, mod-
ified SSSis benefitted from the same kinetic window. These findings
do not neglect the benefit of the TSS procedure, but it informs about
the decreased temperature at second step of TSS which is more
important than entire first step of TSS. The TSS sintering has the
advantage to obtain the same microstructures much faster due to
the first preheating step, during which the grain growth is still sup-
pressed on the account of the presence of the pores along grain
boundaries and the pore pinning effect.

6. Conclusions

Cubic ZrO, powder doped with 8 mol.% of Y,03 was sintered
via single-step sintering (SSS) and two-step sintering (TSS) tech-
niques. The results show that the final microstructure of c-ZrO, is
sensitive to the used heating profile. Choosing the heating profiles
with lower sintering temperature and longer dwell led to the finer
final microstructure of c-ZrO, regardless if SSS or TSS were used.
These results were supported by finding the sintering kinetic win-
dow through the evaluation of the activation energies of sintering
by the master sintering curve model and Wang & Raj model. The
activation energy of grain growth was determined using the grain
growth kinetic model and grain growth master curve model.
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Al;05 and ZrO, monoliths as well as layered Al,03/ZrO, composites with a varying layer thickness ratio
were prepared by electrophoretic deposition. The sintering shrinkage of these materials in the transversal
(perpendicular to the layers, i.e. in the direction of deposition) as well as in the longitudinal (parallel
with layers interfaces) direction were monitored using high-temperature dilatometry. The sintering of
layered composites exhibited anisotropic behaviour. The detailed study revealed that sintering shrinkage
in the longitudinal direction was governed by alumina (material with a higher sintering temperature),
whilst in the transversal direction it was accelerated by the directional sintering of zirconia layers. For
interpretation of such anisotropic sintering kinetics, the Master Shrinkage Curve model was developed
and applied. Crack propagation through laminates with a different alumina/zirconia thickness ratio was
described with the help of scanning electron microscopy and confocal laser microscopy.
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1. Introduction

Layered ceramic composites (laminates) can be prepared by var-
ious techniques like tape casting, slip casting, or electrophoretic
deposition (EPD). EPD is an experimentally simple and cheap
method enabling the formation of deposits from stable suspen-
sions. EPD is a powerful method for the preparation of ceramic
laminates [1,2], but also of monoliths [3] or structural composites
such as particle mixed composites and functionally gradient mate-
rials [4-6]. In the last decades, ceramic laminates have been one of
the main areas of focus for material scientists particularly for their
crack deflection behaviour [7,8].

Internal stresses are responsible for unique crack propagation
in ceramic laminates [9]. The tension arising during sintering is
usually described by the constrained sintering model. Unfortu-
nately, this model is designed for the sintering of one layer on
a rigid substrate [10]. However, laminate composites consist of
hundreds of individual layers supporting each other. Constrained
sintering causes hindering of sintering and very often the gener-
ation of cracks, or crack like defects [11,12]. Additionally, internal
stresses that are due to a mismatch in the coefficient of thermal
expansion (CTE) are generated during cooling as well [11].

* Corresponding author at: CEITEC BUT, Brno University of Technology, Purkynova
123, 61669 Brno, Czech Republic.
E-mail address: karel.maca@ceitec.vutbr.cz (K. Maca).
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The magnitude of residual tensile stress (o) in the ZrO, layer
can be calculated using the following relation [9,13].

(@zr0, — %an0,) - AT - Ezo,
1- UZr02

A1 erOz . EZrOz ) (1 B UA’ZOEI ) ) -
dano;  Ealo, - (1= Vz0,)

where d is the layer thickness, « is the coefficient of linear ther-
mal expansion, AT is the difference between the sintering and the
current temperature, v is Poisson’s ratio, and E is the modulus of
elasticity. Stress in the Al, O3 phase can be obtained analogously. In
contrast with ZrO,, stress in the alumina layer is compressive. The
stresses are directed parallel with the interfaces.

For a better understanding of the fracture properties of ceramic
laminates, the detailed study of crack propagation in laminates with
various values of internal stresses appears appropriate. It follows
from Eq. (1) that internal stresses can be designed by the proper
choice of thicknesses ratio of individual layers. To tailor the thick-
nesses of the layers in the final laminate, the exact control of the
deposition kinetics as well as sintering shrinkage is needed. Since
the detailed study of deposition kinetics was presented in our pre-
vious papers [1,14], the goal of this work is the study of sintering
behaviour carried out with the help of high-temperature dilatom-
etry [15].

The concept of Master Sintering Curve (MSC in the following) is
a good engineering tool for optimizing and predicting the sintering

01210, =

(1)
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process which can also be used for the determination of sintering
activation energy [16]. The MSC model was derived under condi-
tions of validity of some geometrical and physical conditions [16]
and it is used in the form of relation between density and function
® (describing the thermal history of the sintering with the help of
parameter Q):

0 t
k () _[1 _ Q=6
muo/ Wd":””)‘/ o () d=0. @
Po 0

where v is the surface energy, Q2 is the atomic volume, k is the
Boltzmann constant, R is the gas constant, T is the thermodynamic
temperature, G is the mean grain size, Dy is the coefficient of a dif-
fusion process (only one dominant diffusion process is considered),
I' represents scaling parameters that relate different geometric
features as the driving force of sintering and the mean diffusion
distance to the grain size, t is the time, p is sample density, Q is the
activation energy of sintering, and n has a value of 3 (for volume
diffusion) or 4 (for grain boundary diffusion).

Not only does the construction of MSC require several sinter-
ing experiments performed at different heating schedules, but also
time consuming mathematical iteration. Recently, some mathe-
matical approaches enabling the easy construction of MSC from few
dilatometric sintering experiments have been published [17,18],
shown by the dramatic rise of references being made to MSC in the
literature. The basic MSC model has already been modified for many
special purposes. An and Han [19,20] extended the MSC model to
pressure-assisted sintering and Enneti et al. to field-assisted sin-
tering [20,21]. An et al. [22] and Raether et al. [23] used the MSC
model for construction of sintering kinetics diagrams. Di Antonio
etal.[24] and Wang et al. [25] showed that MSC can be extended to
all Arrhenius type equations. Recently, Song et al. [26] and Pouchly
et al. [27] showed that MSC can also be used for the description of
sintering behaviour when the change of the controlling sintering
mechanism has to be taken into account.

The limitations of the MSC model arise when a more compli-
cated sintering material is examined. For example, in the case of a
lamellar composite, the shrinkage is not isotropic [28], and there-
fore the geometrical assumption of the MSC model is not fulfilled
[29]. The densification curve of the sample cannot be calculated
from one-dimensional dilatometric shrinkage. Hence, the second
goal of this work is modification of the MSC model from density
related to shrinkage related. Such a modified MSC can then be
applied to lamellar composites with the aim to use the results of
such analysis for the description of processes which occur during
sintering.

For this study, the Al,03/ZrO, laminates prepared by EPD were
chosen since the authors have much experience with the prepara-
tion of these laminates with strongly bonded layers. Using sintered
composites with various layer designs, the crack propagation was
demonstrated and discussed.

Table 2
Characteristics of deposited and sintered samples.

Table 1
Ceramic powder materials used for electrophoretic deposition.

Material Manufacturer Grade Mean particle size? [um]
Al,03 Malakoff Ind., USA HP-DBM 0.47
ZrO, Tosoh, Japan TZ-3YS-E 0.14

3 Values were calculated from specific surface area given by the producer.

2. Experimental
2.1. Electrophoretic deposition

For preparation of ceramic monoliths and laminates, alumina
and tetragonal zirconia (stabilized by 3 mol% of Y,03) powders
were used. Detailed information about ceramic powders is shown
in Table 1. Suspensions contained 15 wt.% of alumina or zirconia,
12.75 wt.% of monochloroacetic acid (99%, Aldrich, Germany) used
as astabilizer and 72.25 wt% of the dispersion medium - 2-propanol
(p.a., Onex, Czech Republic).

Electrophoretic deposition was performed in an electrophoretic
glass cell with the constant current mode of 5mA. The distance
between stainless steel electrodes with an effective area of 18.2 cm?
was set to 26 mm. In order to prevent particles from settling on the
bottom of the EPD cell, the suspension was repeatedly stirred every
5min during electrophoretic deposition. The repeated transfer of
the deposition electrode from the alumina to the zirconia suspen-
sion (and vice versa) enabled the preparation of ceramic laminates
with about 100 alternating alumina and zirconia layers with a
thickness ratio of 2:1, 1:1, and 1:2 (denoted as Z33, Z50, and Z67,
respectively). The precise control of deposition kinetics enabled the
preparation of ceramic laminates with well defined thicknesses of
individual layers [30]. For comparison, alumina (denoted as A), and
zirconia (denoted as Z) monoliths were prepared during 90 min
and 140 min long depositions, respectively. A detailed description
of all prepared deposits is given in Table 2. All deposits were dried
after the deposition for at least 24 h at room temperature. After the
drying, the deposits were annealed at 800°C/1 h in air.

2.2. Sintering of ceramic samples and constructing of the
modified MSC

The sintering of the test samples was done in a contact high-
temperature dilatometer (L70/1700, Linseis, Germany), where the
sample shrinkage was in-situ monitored both in the transversal
direction (perpendicular to alumina/zirconia interfaces, i.e. parallel
to the direction of deposition) as well as in the longitudinal one
(parallel to alumina/zirconia interfaces, i.e. perpendicular to the
direction of deposition). Samples were cut from the deposits in the
shape of prismatic bars, with a cross-section ca 4 x 4 mm, height ca
10 mm (longitudinal sample) resp. ca 5 mm (transversal sample).

The coefficient of thermal expansion (a) of all the samples was
calculated according to Eq. (3):

Eroom — €T max (3)

o= ,
(Troom - Tmax) : 100

Laminate Al,03/ZrO; thickness Zr0O, content Green density Final density Grain size Final shrinkage
[pm/pwm] [vol%] [%TD] [%TD] Al;03/ZrO; [pwm/pm]

T [%] L[%]
A 50/0 0 62.0 99.40 1.3/- 17.5 14.2
733 50/25 333 57.3 99.20 1.6/0.6 22.7 149
750 50/50 50.0 55.0 99.57 1.2/0.4 24.2 15.4
767 25/50 66.7 52.7 98.02 1.6/0.6 27.2 16.1
Z 0/50 100 48.0 99.92 -/0.3 224 214

Note: T=transversal, L =longitudinal.
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Fig. 1. Microstructure of sintered materials a) A, b) Z, ¢) Z33 d) Z50 e) Z67. In the case of composites, the bright layers consist of zirconia and the dark ones of alumina.

where €r0om is the shrinkage after cooling, erpmqy is the shrinkage
at the end of the dwell, Troom is the temperature after cooling, and
Tmax is the temperature at the end of the dwell.

Knowing the values of «, the sample length changes caused
by thermal dilatation can be eliminated which leads to so called
sintering shrinkage:

8(t, T) = ginstant(t’ T) —«a-100- (T - Troom)a (4)

where €j,5¢ane (,T) is instantaneous measured shrinkage, t is time,
and T is actual temperature.

The sintering was performed at 1500°C and 2 h dwell with a
heating rate of 10°C/min and a cooling rate of 5°C/min. In order
to obtain different heating profiles for MSC construction, samples
A, Z50, and Z were also sintered with heating rates of 2, 5, and
20°C/min. All calculations associated with the modified MSC model
were performed with the help of an automatic procedure which
uses Mean Perpendicular Curves Distance (MPCD) for estimating
the best overlap of individual curves [17]. This procedure was in
this work adjusted for analysis of sintering shrinkage. The 95% con-
fidence interval for sintering activation energy Q was established
by fitting of MPCD =f(Q) dependence using the weighted nonlinear
regression.

2.3. Microstructure of sintered samples

Green as well as final densities of layered monoliths and com-
posites were determined using Archimedes’ method (EN 623-2)
with distilled water as a liquid media. The theoretical densities
(TD) used for the relative densities calculation were 3.99 g cm~3 for
alumina and 6.08 g cm~3 for zirconia. Theoretical densities of lami-
nates were calculated by a rule of mixtures according to the volume
fractions of alumina and zirconia. The samples were ground and
polished by the standard ceramographic methods and then ther-

mally etched at 1400°C for 5min (heating rate of 20°C/min) to
expose the grain boundaries. The microstructure of the samples
was examined using scanning electron microscopy (Lyra 3, Tescan,
Czech Republic). The grain size was estimated by the linear inter-
cept method (EN 623-3) with a correction factor of 1.56. Minimum
of 250 grains were measured at magnifications 15kx and 30kx for
alumina and zirconia, respectively.

2.4. Fracture behaviour of laminates

Crack propagation in laminates was observed on the fracture
surfaces of fracture toughness experiments using the Single Edge
V-Notch Beam (SEVNB in the following) technique. The test sam-
ples had a shape of bars with a rectangular cross-section and a
starting notch was prepared using a razor blade and subsequent
application of diamond paste. The typical notch radius reached
by described technique was about 10 wm. Note that notch radius
had no influence on subsequent crack propagation. The loading of
the samples of nominal dimensions 2 x 1.6 mm was conducted in a
three point bending configuration with the span of 10 mm aiming to
have a controlled stress field in the vicinity of the notch. A confocal
laser microscope (LEXT OLS 3100, Olympus, Japan) was employed
for the fractographic observations, 3D surface reconstruction, and
measurements.

3. Results and discussion
3.1. Microstructure properties of sintered materials

Fig. 1 shows the microstructure of sintered ceramic samples
A, Z33, Z50, 766, and Z. The final relative densities of all samples

exceeded 98%TD. The interface between individual layers after sin-
tering is smooth and does not contain any extra porosity. In this
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Fig. 3. Sintering shrinkage rate of all samples in the a) transversal and b) longitudinal direction.

regard, EPD was found as the more promising method in prepara-
tion of laminate composites than the commonly used methods of
tape-casting [31,32], sequential slip casting [33], centrifugal casting
[34], or screen printing [35].

Generally, ceramic laminate materials can be separated into two
types. The first ones are laminates with weakly bonded layers.
Typically, these laminates have fracture behaviour under load-
ing known as delamination. The second types of laminates have
interfaces between individual layers strongly bonded resulting in
internal stresses. The crack path during loading is, therefore, influ-
enced by tensile or compressive stresses developed during cooling
from the sintering temperature. The interfaces between individual
layers in presented laminates are flat and strongly bonded.

3.2. Dilatometric analysis of sintering shrinkage

The sintering shrinkage of all deposits, measured in transversal
as well as longitudinal directions, is given in Fig. 2. It can be seen
that sintering shrinkage of the alumina monolith is smaller than
that of the zirconia (refer to Fig. 2a for transversal direction, resp.
Fig. 2b for longitudinal). The reason is the lower green density of the
zirconia green body (48%TD for zirconia, resp. 62%TD for alumina).
The difference of green densities may be caused by particle size
and shape, orientation of particles in the electrical field, capillary
forces, etc. [36]. Fig. 2a, resp. b, and Table 2 also show different
sintering shrinkage in the longitudinal and transversal directions of
alumina (difference in the final shrinkage of 3.3%) as well as zirconia

(difference in the final shrinkage of 1.0%) monoliths. The possible
explanation of sintering shrinkage anisotropy of both monoliths
can be preferential packing during the EPD [37]. This hypothesis
is strengthened by the fact that shrinkage anisotropy is larger for
alumina with oval (anisotropic) initial powder particles.

In the case of shrinkage in the transversal direction (see Fig. 2a),
one could expect that laminates shrinkage in this direction will
be the superposition of alumina and zirconia shrinkages and after
sintering it will reach a value between 17.5% (final transversal
shrinkage of alumina monolith) and 22.4% (final transversal shrink-
age of zirconia monolith). In reality, the final sintering shrinkage
of all three composites was higher: 22.7% for Z33, 24.2% for Z50,
and even 27.2% for Z67 (refer to Table 2). To explain this apparent
disproportion, we need to heed the sintering shrinkage in the lon-
gitudinal direction. As can be seen in Fig. 2b, in this direction the
sintering shrinkage of all laminates is very similar to the shrink-
age of the alumina monolith, therefore zirconia layers are forced
to densify preferentially in the transversal direction [1,32]. This is
supported by the observation of an increasing degree of shrinkage
anisotropy with an increasing content of zirconia (see Table 2).

The shrinkage rate of both monoliths and their laminate com-
posites is shown in Fig. 3. It is well known [38] that with decreasing
particle size the sintering temperature decreases as well. In our
case, the maximal shrinkage of zirconia (particle size 140nm)
occurred at ca 1340°C, whilst that of alumina (particle size 470 nm)
was at ca 1410°C. This fact, together with the strong bond between
alumina and zirconia layers, is probably responsible for the high
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degree of anisotropy of the laminates. Zirconia layers tend to shrink
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Fig. 4. Master Shrinkage Curves of samples: (a, b) A, (c, d) Z50, and (e, f) Z in the longitudinal and transversal directions.

at temperatures of around 1300°C, but in the longitudinal direc-
tion they are bound at inter-layers by alumina which is still rigid
at this temperature. Therefore, zirconia shrinks particularly in the
transversal direction. It can be seen in Fig. 3b that the maximal
shrinkage rate of laminates in the longitudinal direction is shifted
to temperatures of about 1400 °C, which is the temperature appro-
priate for the sintering of alumina. Therefore, the sintering of the
composite in the longitudinal direction is controlled by the material
with a higher sintering temperature. As a consequence, the sinter-
ing shrinkage of the zirconia layers is smaller in the longitudinal

direction than without this constraint. The degree of the sintering

anisotropy of the zirconia increased with its increasing volume con-
centration and it is necessary to take into account this effect when
we design a laminate with precise thickness of individual layers.

3.3. Modified Master Sintering Curve — Master Shrinkage Curve

The model of MSC can be used for the calculation of activation
energy of sintering, which allows a deeper view into the physical
background of the sintering process. However, the results in the
previous chapter showed that the sintering of ceramic laminates
exhibits a significant degree of anisotropy, so the utilization of MSC
in its original form is not possible. The following part shows the
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way to modify the MSC model to make it suitable for describing
anisotropic sintering.

Hansen and co-workers [39] formulated the model of sinter-
ing in the open and closed porosity stage which relates the linear
shrinkage rate of a compact to grain boundary and volume diffusion
coefficient, surface tension, and microstructure variables
de  yR (Fynu N Fbsob)

Sdt kT \ &3 G4 (3)
where Dy resp. D;, are the coefficients of volume, resp. grain bound-
ary diffusion, Iy and I'}, represent scaling parameters that relate
different geometric features as the driving force of sintering and
the mean diffusion distance to the grain size, and & is the grain
boundary thickness.

Assuming that
e the grain size evolution in the course of sintering is independent
of thermal history and it is only a function of density; and

¢ one sintering mechanism dominates the whole sintering process,

we can rearrange Eqgs. (5) to (6)

Sf t
—k GeEy' . o 1 Q
yQDO/ Forde=0= [ Fex (—ﬁ) dt, 6)
0 0
which relates microstructural parameters with thermal history of
the sample.

The modified Master Sintering Curve (Master Shrinkage Curve)
is now defined as a relationship between ¢ and the right side of Eq.
(6). If the concept of Master Shrinkage Curve is correct, there must
exist one activation energy Q for which all functions of € =f{®) (cal-
culated for all used heating profiles) converge onto a single (master)
curve. The criterion of Mean Perpendicular Curve Distance (MPCD)
[20] can be used to find the best overlap of individual curves. Both
monoliths and one laminate (Z50) were sintered with heating rates
of 2, 5,10, and 20°C in transversal as well as in longitudinal direc-
tions and the constructed Master Shrinkage Curves are shown in
Fig. 4.

Fig. 4a-f show a good overlap of individual curves and the MPCD
criterion exhibits a single sharp minimum. The values of activation
energies established from the Master Shrinkage Curve model can
be seen in Fig. 5.

The sintering activation energy established from the MSC
concept is commonly interpreted as apparent activation energy
for the mechanism that controls sintering [40]. The published
values of sintering activation energies vary through the liter-
ature very strongly (Al,O3: 342-1064 KkJ/mol [41-43]; t-ZrO,
310-1220Kk]/mol [27,44]), which is probably caused by the differ-
ent processing methods, level of impurities, temperature range, and
also by the used models. For this given experimental procedure, the
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Fig.5. Activation sintering energies of alumina monolith, Z50 laminate, and zirconia
monolith.

activation energies of sintering of alumina and zirconia monoliths
are in the range presented by other authors and they do not exhibit
either no (for zirconia) or minimal (for alumina) difference between
the transversal and the longitudinal direction.

Despite the final longitudinal shrinkage of the Z50 composite
being similar to alumina, the sintering of Z50 laminate is charac-
terized by a significant increase of the sintering activation energy in
the longitudinal direction. The increase of activation energy of sin-
tering shrinkage was expected due to a constrained sintering [45]
which influences the shape of the shrinkage curves (see Fig. 2b). In
view of the dilatometric analysis of sintering shrinkage performed
within this work, we believe that the increase of sintering activa-
tion energy of the composite can be caused by preferential sintering
of zirconia in the transversal direction (see Fig. 6) which resulted
in the deformation of the originally isotropic pores (see Fig. 7).

3.4. Crack propagation through the laminates with different layer
thickness ratio

The crack propagation through laminates with a different alu-
mina/zirconia thicknessratio (namely 2:1,1:1,and 1:2) was studied
by SEM and confocal laser microscopy. SEM microphotographs in
the upper part of Fig. 8 show the side surface view of the fracture
surface in the central part of the crack propagating from the notch
after fracture toughness experiments using the SEVNB technique.
The 3D reconstructions of fracture surfaces together with their
height profiles showing variations in the crack deflection accord-
ing to the layer are given in the middle, resp. bottom part of Fig. 8.
Note that the darker phase is alumina and the brighter one is a
zirconia layer, and that crack propagation direction is along the X-
axis. It clearly follows from Fig. 8 that the declination of the crack
propagation from its original direction is strongly influenced by the
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Fig. 6. Scheme of sintering shrinkage in alumina/zirconia laminates in the a) transversal and b) longitudinal direction. Arrows indicate preferential shrinkage.
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Fig. 7. SEM evidence of elongated pores in zirconia layer.

laminate design (see declination angles in Fig. 8). The highest crack
declination was reached in sample Z67 (Fig. 8c), where the crack
was deflected by about 550 pm at a distance of 250 pwm, whilst in
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733 laminate (Fig. 8a) it was only 30 um at the same distance. The
fracture behaviour of the laminates prepared by the optimised sin-
tering of the EPD green bodies that have strong bonds is influenced
by the developed internal stresses within the layers during cool-
ing from the sintering temperature. The stresses retained in the
material as a consequence of constrained sintering are negligible
compared to previous ones (due to a difference of two orders of
magnitude) [11]. The values of internal stresses calculated accord-
ing to Eq. (1) and given material constants [13,46] are listed in
Table 3.

Due to the higher thermal expansion of zirconia [46], tensile
stress is present in zirconia layers. It led to the crack propagation
inclining to the loading direction (i.e. along the X-axis as is shown
in Fig. 8). This behaviour is typical and it can be attributed to the
tensile stresses being similar and relatively low for all laminates
under investigation. The main difference in the fracture behaviour
of laminates under investigation was observed in the alumina lay-
ers with substantially different compressive stresses. The deviation
of the crack from the loading axis propagating through the alumina
layer (see Fig. 8) is the result of a combination of three effects: the
difference in the elastic modulus, the tilt of the laminae plane to the
loading axis, and the influence of internal compressive stresses. The
effect of the elastic modulus can be expected to be the same for all
laminates, not being affected by the layer thickness. The effect of
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Fig. 8. Fracture surfaces side view (upper line of figures), their confocal microscope image (middle line of figures) and quantitative analysis (bottom line of figures) describing
declination angles at alumina/zirconia interfaces for a) Z33, b) Z50), and c¢) Z67 laminates.
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Table 3
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Internal stresses developed during cooling down from sintering temperature (A - alumina, Z - zirconia, sign in stress means: minus = compressive; plus = tensile).

Monolith a[10°6K-1] E [GPa] Poisson ratio [-] Laminate Nominal internal stress [MPa]
layer A layer Z
A 8.915 380 0.26 733 -279 447
Z 10.275 210 0.31 Z50 —440 352
767 -617 247

the laminate tilt predetermining the entering angle of the starting
crack from the notch plays an important role, but it is independent
of the volume ratio, too. Contrary to that, the effect of the internal
compressive stresses affects the declination angle significantly as
demonstrated in Fig. 8 and it is dependent only on the materials
volume ratio. According to expectation and observation, the higher
the compressive stresses are the higher the deviation of the crack
from the loading direction.

4. Conclusions

Alumina and zirconia monoliths, as well as their lamellar com-
posites with three different thickness ratios, were prepared by
electrophoretic deposition. The detailed dilatometric study of their
sintering shrinkage revealed that sintering shrinkage of laminates
was constrained in the longitudinal direction (parallel with layers
interfaces) by alumina which was densified at higher tempera-
tures than zirconia. As a consequence, sintering shrinkage in the
transversal direction (perpendicular to layers) was accelerated by
the preferential shrinkage of zirconia in this direction. The model
of Master Sintering Curve was modified in order to describe the
sintering of anisotropic systems. The enhanced sintering activa-
tion energy in the longitudinal direction confirmed the constrained
sintering of laminates. The detailed fractographic analysis of crack
propagation in laminates with well-defined layer thickness ratios
revealed the importance of individual parameters on its declina-
tion.
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ARTICLE INFO ABSTRACT
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Submicron Al,O3 powders were activated by Diffuse Coplanar Surface Barrier Discharge (DCSBD) plasma. The
influence of the plasma treatment on the powder properties and their impact on the microstructure of dry and
wet shaped ceramics were investigated. Raman and FTIR analyses of treated powders showed a substantial
increase of the powder’s surface hydroxylation, surface cleaning, and the presence of adsorbed NOy originating
from the DCSBD. Sintering of the dry shaped plasma treated powders did not influence sintering behavior. On
the other hand, the plasma treated powder was able to form stable water suspension without any chemical

stabilization aid. Slip cast samples exhibited finer pore size distribution, a higher sinterability, and a finer final
microstructure. The grain size of slip casted plasma treated powder was reduced by a factor of 1.7, which
facilitated a grain size of 0.68 pum at the relative density of 99.54% t.d. obtained by pressure-less sintering.

1. Introduction

The final properties of ceramic materials are significantly affected
by their microstructure. In the case of processing advanced ceramic
materials, the refinement of its final microstructure is often approached
by employing the particles of submicron or even nanometer sizes [1].
However, there are two main sets of problems to deal with when the
fine particles of enormous surface area are employed: (1) their tendency
to aggregate/agglomerate [2] and (2) the problem of grain growth
control [3]. Only when these two problems are successfully addressed,
the materials with excellent mechanical [4] or even optical [5] prop-
erties can be fabricated.

During the ceramics processing, even a small change of the powders
surface energy can cause a considerable improvement of final proper-
ties. The processing steps which are most affected by the change of
surface energy are powder synthesis, shaping (especially wet methods),
and sintering. The surface energy of powders can be modified by con-
ventional methods like high-energy milling, coating etc. [6]. However,
modern technologies of surface modification, such as plasma treatment,
are also viable. Plasma treatment technology is widely used for surface
cleaning [7], the separation of particles [8], or the coating of particles’
surface [9]. One of the first attempts to modify the surface energy by

plasma treatment on ceramic materials was made by Ishigaki et al. in
1995 [10]. They modified the surface of the titanium carbide powder
with a high-temperature plasma torch. Partial spheridization of TiC
particles was accompanied by the formation of chemically active
carbon site vacancies. This led to the decrease of sintering temperatures
by approximately 100 °C A large body of literature is available on low-
pressure, low-temperature (cold) plasma sources, which do not affect
the bulk properties of powders [9,11,12]. The most common objective
was to improve powders water wettability. On the radio frequency (RF)
(13.56 MHz) low-pressure air plasma provided a significant improve-
ment of kaolinite powder water wettability [11]. The stability of TiO,
particles in water was improved by plasma polymerization of acrylic
acid onto the particles surface, using a similar type of RF capacitive
coupled reactor [12]. Ultrathin films of pyrrole were deposited on the
surfaces of alumina nanoparticles using an inductively coupled RF
(13.56 MHz) plasma in [9].

In the last few decades, new low-temperature (cold) plasma sources
operated at atmospheric pressure became available. These types of
plasma sources overcame the time and cost consuming step of eva-
cuation, thus enabling faster commercialization by reducing the in-
vestment and processing costs [13]. Such new plasma sources have
already been used for improvement of surface wettability or adhesion
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properties of various materials [14] including powders [15,16]. How-
ever, the references about their direct use in ceramic technology are
rare. The authors in [17] treated Al,O3 powder by a coplanar type of
dielectric barrier discharge (DBD) operated in ambient air. They found
an improved suspension stability of water-based suspension of Al,O3
colloidal dispersion and also a finer microstructure of dry shaped
samples for treated powder. The same type of plasma treatment had a
significant positive effect on the dynamics of electrophoretic deposition
(EPD) of submicron alumina powder dispersed in the non-aqueous or-
ganic solvent of 2-propanol, accompanied by the slight improvement of
the density and mean grain size of the final layered composite [18].

In the presented paper, we are going to analyze the influence of
coplanar DBD plasma treatment of alumina powder in its final micro-
structure. Its influence on both dry and wet shaping ceramics proces-
sing methods is going to be investigated, to see if changes in the surface
properties of the plasma treatment have an influence on the processing
method in these distinct types of shaping methods.

2. Materials and methods

High purity 99.99% commercial alumina powder Taimicron TM-
DAR (Taimei Chemicals Co., Ltd., Tokyo, Japan, specific surface area
13.7m?g ™', which in case of rounded particles corresponds to the
particle size of about 110 nm [19]) was used in all experiments. The
0.25 g doses of powder were sifted through a sieve to create a thin layer
on the surface of the discharge ceramics of Diffuse Coplanar Surface
Barrier Discharge (DCSBD) plasma generator (Fig. 1). It was activated
for a duration of 45 s and removed for further ceramic processing. The
thin powder layer had to be covered with a protective alumina plate to
prevent any material loss due to the presence of plasma ionic wind
[20]. The process was repeated about 160 times until a sufficient
amount of treated powder over 40 g was obtained.

The DCSBD electrode system consisted of a pair of coplanar comb-
like energizing electrodes with linear strips (teeth) of 1.5 mm width and
1 mm lateral separation, screen-printed on the transformer oil insulated
face of 0.635 mm thick 96% Al,O5 dielectric plate. The active area of
generated plasma was about 8 X 20 cm?. The system was powered by a
14 kHz sinusoidal high voltage of up to 20 kV peak-to-peak amplitude
and input power of 400 W, supplied by an in-house built power gen-
erator. Discharge was operated in static (no flow) atmospheric pressure
air of absolute humidity within the range of 3-8 gH,0/m°. The max-
imum temperature of the DCSBD dielectric panel was less than 70 °C.

2.1. Shaping

Overview of the shaping methods used and the abbreviation of
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Fig. 1. The schematics of the DCSBD setup for the treatment of alumina pow-
ders.
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samples sets are given in Table 1. For the Cold Isostatic Pressing, the
alumina powder was poured into a latex cylindrical die and pressed in
an isostatic press (Autoclave Engineering Inc., USA) at a pressure of
300 MPa with a dwell time of 5 min. This pressing resulted in a disc of
about 30 mm in diameter with a thickness of about 5 mm for treated as
well as untreated powders. Suspensions for the slip casting were water
based with a powder content of 37.5 vol% to ensure proper ultrasound
homogenization. Two different suspensions were prepared. The sus-
pension abbreviated as ‘P-SC’ was prepared by the mixing of water and
about 40 g of plasma activated powder; the suspension abbreviated as
‘R-SC’ was prepared as received powder with water and 2.2 wt.% of
ammonium polymethylmetaclyrate (Darvan C-N, Vanderbilt Minerals,
USA). Both suspensions were homogenized using a 160 W ultrasonic
probe (Sonopuls HD2200, Bandelin, Germany) for 2 min. Afterwards,
about 15 ml of suspensions were slip cast into a plastic mold of 25 mm
diameter and 10 mm height with the bottom made of gypsum, to pro-
vide proper water drying. The cast suspensions were dried in ambient
air for several days. All green bodies (both wet and dry shaped) were
cut into rectangular prism shaped samples with the weight of approx.
2g.

2.2. Sintering

The samples were first sintered in a high temperature dilatometer
(L75, Linseis, Germany) up to 1500 °C to estimate the appropriate
temperature of the sintering and to compare the sintering behavior of
different green bodies. The sintering shrinkages were recalculated to
the densification profiles. Details of such recalculation are described
elsewhere [21]. The main part of the sintering experiments were carried
out in a superkanthal furnace (K 1700/1, Heraeus, Germany) in air
atmosphere. Sintering processes were executed incrementally by
heating 10 °C/min up to a temperature of 800 °C and heated at a rate of
5°C/min to different, final temperatures. The cooling rate was set as
25 °C/min.

2.3. Analytical methods

Raman spectra of powders were recorded by LabRAM HR (Horiba
Jobin Yvon, France). Spectra were acquired in a continuous scanning
mode under a laser excitation wavelength of 532 nm in the range of 100
cm ™! to 3000 cm ! with spectral resolution less than 2 cm ~!. The laser
beam was focused by a 50 X objective lens resulting in a spot size of
approximately 1 pm in diameter. The acquisition time and the number
of circulations were 60s and 4 times, respectively.

FTIR-DRIFT (diffuse reflectance IR spectroscopy) spectra of powders
were measured by FTIR spectrometer Bruker Vertex 80v with a Praying
Mantis Diffuse Reflection Accessory (Harris Scientific). Spectra in the
range of 4000-400 cm ~ * were acquired at reduced pressure (2.51 hPa),
with the accumulation of 500 scans.

Rheological behavior of the prepared suspensions was measured in
the steady shear mode using a rotational rheometer (Hake Mars II,
Thermo Scientific, Germany) equipped with a double gap cylinder
sensor system. The pore size distribution of green bodies was evaluated
by mercury intrusion porosimetry (Pascal 440, Porotec, Germany). The
final relative densities were measured by the Archimedes principle (EN
623-2) with distilled water using 3.99 g.cm ~ > as the theoretical density
of alumina. The cross sections of sintered samples were grounded and
polished by the standard ceramographics methods and thermally
etched. The microstructure of samples was evaluated by scanning
electron microscopy (Philips XL30, Netherlands). The grain size was
estimated by the linear intercept method (EN-ISO 13 383-1) using a
correction factor of 1.56 [22].
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Table 1
The list of samples and shaping methods.

Journal of the European Ceramic Society 39 (2019) 1297-1303

Abbreviation Plasma activation

Homogenization, stabilization

Shaping method

P-CIP Yes - Cold Isostatic Press (300 MPa)
R-CIP No - Cold Isostatic Press (300 MPa)
P-SC Yes 2 min ultrasound Slip casting
R-SC No 2 min ultrasound, Dispersant Slip casting

3. Results

3.1. Powder surface characterization

Four sets of powder materials were analyzed by DRIFT and Raman
IR spectroscopies: as received samples (R), plasma treated samples (P),
plasma treated samples which were heated in air up to the temperature
of 500°C for 1h after the plasma treatment (PTD), and reference
samples which were also heated to 500 °C for 1 h (RTD). The motivation
for the heat treatment was to resolve the character of adsorbed species,
as well as to simulate the state of plasma activated powder surface
during elevated temperatures while sintering.

Fig. 2 displays the Raman spectra. Characteristic peaks of Al,03 are
situated in the low energy part of the spectra (379, 416, 483, 574, 642,
746cm ™ 1). Plasma treatment induced a strong peak at 1046 cm ™!
which was attributed to the § OH deformation modes [23]. This in-
dicates an enhanced hydroxylation of alumina surface due to the
plasma treatment. No other peak has been significantly affected. The
heat treatment of PTD samples resulted in complete removal of the
1046 cm™ peak, which is consistent with the expected surface dehy-
droxylation at elevated temperatures [24].

In line with the Raman measurements, the broad intense FTIR peak
at 3200 - 3700 cm ' (see Fig. 3) confirmed a substantial increase of
hydroxyl groups due to the plasma treatment [25,26]. Reference (R)
spectra also contained a well pronounced peak at 1595 cm ~* which was
assigned to the deformation vibration of adsorbed free water molecules
[27]. Plasma treatment (P) as well as heat treatments (both RTD and
PTD) facilitated a removal of this particular peak. In addition to the
increased surface hydroxylation, the P samples exhibited a notable peak
at 1310cm ™' and less intense peaks with maxima at 1527 cm ™! and
1618 cm ™ *. These peaks were attributed to the adsorbed NO, molecules
[28,29], which are generated by the air DCSBD in an ample amount
[30]. This assignment is based also on results from our recent ther-
mogravimetric/mass spectroscopy analysis [14], which identified in-
creased thermal desorption at 300-400°Cm/z = 30 and 46 from
plasma activated alumina powders, indicating the presence of NO,.
Moreover, the 500 °C heated PTD samples exhibited neither of these
peaks, which further supports the thermal desorption hypothesis.

Sample R shows some minor peaks at 2964, 2930, 2850 cm ™.
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Fig. 2. Raman spectra of alumina powders with various treatment history.
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Fig. 3. FTIR/DRIFT infrared spectra of alumina powders with various treatment
history.

These were attributed to hydrocarbon contamination, being identified
as asymmetric CH;, asymmetric CH,, and symmetric CH, stretching
respectively [27]. Their absence in the P spectrum indicates a plasma
mediated surface cleaning. Finally, the bands in the region of 400-
1200 cm ! are characteristic for Al,05 and correspond to the Al-O vi-
brations [31].

3.2. Shaping and sintering

The rheological behavior of P-SC and R-SC suspensions is shown in
Fig. 4. The dependence of shear stress on shear rate showed shear
thinning, which is typical for slightly agglomerated systems [2]. The
almost missing hysteresis for P-SC suspension can be related to good
suspension stability [2,32]. Fig. 4b shows that P-SC suspension is less
viscous than R-SC suspension for all observed shear rates which can
suggest the better dispersion of P-SC suspension (e.g. lower inter-par-
ticle forces) [33].

The pore size distribution of green bodies prepared by dry and wet
shaping is shown in Fig. 5.

All samples exhibited unimodal narrow pore size distribution, with
the most frequent pore size of 26, 26, 17, 22 nm for P-CIP, R-CIP, P-SC,
and R-SC respectively. The maximum pore size of green bodies was 29,
29, 22, 28 nm for P-CIP, R-CIP, P-SC, and R-SC, respectively. It is clear
that the powder treatment has no significant effect on dry shaped green
body microstructure due to an obtaining of the same pore size dis-
tribution. However, it plays a crucial role during the wet shaping where
the P-SC, as opposed to the R-SC, sample exhibits a considerable de-
crease of the most frequent pore size as well as of maximum pore size.

The sintering behavior for all sample sets is shown in Fig. 6. For dry
shaping (Fig. 6a), the dilatometry curves of both types of powders are
overlapping within the whole temperature range, with maximum den-
sity reached at 1420°C. For the wet shaping (Fig. 6b), the sample
prepared from activated powder exhibited higher relative density of
green body (~64% t.d.) than the sample prepared by the same proce-
dure from the non-activated powder (~58% t.d.). The sintering of both
samples started around the same temperature of 1050 °C. Both samples
also exhibited a comparable densification rate and the P-SC sample
finished its sintering at 1400 °C, while the R-SC sample finished its
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Fig. 5. Pore size distribution of green bodies.

sintering at 1420 °C.

3.3. Microstructure

Table 2 presents relative densities and grain sizes reached for
samples prepared by the respective methods. The sintering trajectories
for dry and wet shaping are shown in Fig. 7a and b, respectively. For the
dry shaping process, the plasma treated sample reached at the density
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Table 2

Comparison of heating schedules, relative densities and grain sizes.
Method Sintering (°C/min) Orel o/n’ D o/n’

(% t.d.) (% t.d./-) (nm) (um /-)

P-CIP 1410/10 99.44 0.14/9 1.24 0.19/15
R-CIP 1350/45 99.57 0.07/9 1.25 0.28/15
P-SC 1340/0 99.29 0.25/9 0.54 0.06/20
P-SC 1345/0 99.54 0.07/9 0.68 0.10/20
R-SC 1345/0 99.29 0.11/9 0.89 0.12/20
R-SC 1345/10 99.48 0.18/9 1.18 0.17/20

* : ¢ is the standard deviation and n is the number of measurements.

of 99.44% t.d. a grain size of 1.24 um, while the reference sample
reached at the density of 99.57% t.d. a grain size of 1.25 um. There is no
significant difference between P-CIP or R-CIP samples including their
pore size distribution. For the wet shaping, plasma treated powder (P-
SC) exhibited at relative densities > 98% t.d. a markedly smaller grain
size than the conventionally stabilized powder (R-SC). The obtained
grain sizes at relative density of 99.5% t.d. were 0.68 um and 1.18 ym
for P-SC or R-SC respectively. This improvement in grain size corre-
sponds to a factor of 1.7. The microstructure of samples with the density
of 99.5% t.d. is shown in Fig. 8.

4. Discussion

Infrared spectroscopy shows clear evidence of an enhanced surface
hydration of plasma treated samples. In addition to that, the adsorption
of nitric oxide species is likely to take place on the hydroxylated
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Fig. 8. Microstructure of (a) P-SC sintered at 1345 °C/ 0 min with the density of
99.54% t.d. and (b) R-SC sintered at 1345°C/ 10min with the density of
99.48% t.d.
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surface. According to [29] gas phase interaction of NO, with the alu-
mina surface hydroxyls can lead to the formation of ‘sticky’ HNO3 and
HONO, which also have strong absorption bands assigned to the O—H
vibration at 3600, 3550, and 3450 cm ™ !. It is therefore reasonable to
assume that the increased surface hydration is an outcome of both di-
rect plasma interaction and secondary processes occurring on the sur-
face.

According to the porosimetry (Fig. 5) and dilatometry (Fig. 6a) re-
sults the activation of powder had no significant impact on the green
body microstructure of dry shaped samples. The results were confirmed
by the same sintering trajectory of both (activated and non-activated)
dry shaped samples (Fig. 7a). Fig. 6a contains data published previously
by Szalay et al. [17]. Although the results of Szalay et al. shows a po-
tential benefit of possible reduction in final grain size even for dry
pressed samples, we were not able to replicate such potential. As it can
be seen in Fig. 7, Szalay et al obtained at the density of 99.4% t.d. a
smaller grain size (0.72 um) than in our work (1.24 pm); however, the
error bars of these two grain size assessments are overlapped. The
difference in our two works could therefore be attributed to experi-
mental error, or to subtle changes in technology (i.e. different dry
shaping, surface impurities, different TM-DAR batch ...).

From the presented data, we can conclude that the DCSBD plasma
treatment in ambient air has no significant influence on the sintering of
dry shaped Al,O3. The dry shaping did not benefit from surface cleaning
and/or surface hydroxylation. This is an expected result. The micro-
structure of a dry shaped green body does not depend on the particle’s
surface energy, but on the applied mechanical pressure. If there will be
some benefit from the surface energy increase, it should be manifested
during the sintering. However, the FTIR and Raman results have shown
that the plasma treatment is decomposed as early as at temperatures
below 500 °C, which is far below the onset of sintering (1050 °C).

On the other hand, in case of the wet shaping methods, the rheo-
logical measurements confirmed the improved stability of plasma
treated suspensions. The isoelectric point (IEP) for water dispersed
alumina powders lays within the pH range of 8-10 [34]. The suspension
of plasma treated powder with water possess a pH value of 3, which is
in agreement with [17]. In light of our former FTIR analysis, the re-
duction of pH value would be a natural consequence of HNO; release
from the plasma treated powders. Moving so distant from the IEP, lower
pH is supposed to retain better suspension stability (confirmed by
rheological measurements) by a larger amount of surface charge formed
on dispersed particles (high positive value of zeta potential). Interest-
ingly enough, plasma treated suspension was even more stable than the
suspension R-SC with the commercial stabilizer. One would expect that
the water suspension containing both plasma treated powder and dis-
persant (Darvan C-N) will be even better than the suspension of plasma
treated powder alone. However, polyacrylic acid (PAA), the main mo-
lecule used in Darvan, is not dissociated at pH 3 and therefore not so-
luble in water. This leads to the flocculation of the powder despite of
the high absorption on an alumina surface [35]. Therefore, we were not
able to prepare such a suspension. The other possible combination is the
stabilization of the suspensions at pH 3 by commercial acids (without
any plasma treatment) which is planned for a future work. However,
such initial tests were already done by Szalay et al. with no convincing
improvement [17].

Improved suspension stability together with its lower viscosity are
the most likely causes of the better green body microstructure. The
densification curves of different green bodies confirm the improved
microstructure of the P-SC sample shown by faster densification since
the full density of the P-SC sample was reached at a ~20 °C lower
temperature than the conventionally prepared samples (R-SC).
Observed acceleration of the densification dynamics brought a statis-
tically significant reduction of the average grain size by a factor of 1.7
at the density of 99.5% t.d. There is an open question of how much this
factor could be affected if a different homogenization procedure would
have been used. For a standard slip casting, longer homogenization
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times are recommended. It can be speculated that an optimized (al-
though more time consuming) homogenization procedure may deliver
an improved green body even for the R-SC samples. Despite this un-
certainty, the achieved final P-SC grain size of 0.68 pm at 99.54% t.d.
stands up well when compared to other works. For example, with the
same powder (TM-DAR) and technology (slip casting followed by
conventional pressure-less sintering), Golestani-fard et al. [36] pre-
pared samples with the grain size of 1.5um (97.8% t.d.), which is much
higher than was obtained in this work.

To improve the mechanical and functional properties, many dif-
ferent techniques for the reduction of final grain size were investigated.
One of them is the currently popular, though time consuming, 10-hour
two-step sintering (TSS) method. For the TM-DAR powder, the TSS
studies usually comprise dry shaping followed by the TSS procedure.
The achieved grain size varies in different works from 0.5 to 1.4 ym for
densities of 98 to 99.4% t.d. respectively [36-40]. The smallest grain
size of 0.5 pm [36,38] was obtained at a low density of 98% t.d., which
is slightly higher than the results obtained in this work (0.4 pm, see
Fig. 7b). At the density of 99.4% t.d., where we obtained the grain size
of ~0.6 um with P-SC powder, Bodisova et al. reached a comparable
grain size of 0.65 pm [37], Maca et al. 0.8 pum [39] and Mikoczyova
et al. achieved a grain size of over 1 um [40]. This indicates that our
presented approach can bring comparable or even better results than
the time consuming TSS method.

The next frequently used techniques for the reduction of final grain
size is the decrease of the initial particle size by milling or by buying/
preparing the powder with a smaller particle size. For example, Tallon
et al. [41] used various commercially available Al,O3; powders with
particle sizes ranging from 11 to 600 nm. The smallest obtained grain
size for the slip casting followed by conventional sintering method was
2.7 um (44 nm particle size) at a density of 99.5% t.d., which is larger
than the grain size obtained in this work.

Other methods for the reduction of final grain size of alumina
ceramics comprise advanced shaping methods: e.g. gel-casting [42] or
aligning of grains by magnetic field [43]. However, these methods are
almost always followed by pressure assisted sintering [44] (to reach
transparency) which has not been tested for plasma treated powders
yet. Although these advanced techniques were able to obtain an even
better final microstructure than in this work, we believe that plasma
treatment technology can still offer a timesaving, scalable, chemical-
free alternative of preparation of almost dense, fine-grained alumina.

5. Conclusions

Dielectric barrier discharge treatment of submicron Al,O; powder
in atmospheric pressure air shows no significant effect on the sintering
behavior and final microstructure of dry shaped ceramic samples. The
effect of surface modification is already lost below 500 °C and therefore
cannot influence the sintering dynamics. However, its effect on the wet
chemical processing route is considerable. Stable water suspensions can
be created from the plasma activated powder only; without any che-
mical stabilizer aid. The IR analysis suggests that the effect is related to
the increased hydration of Al,0; powder surface associated with the
presence of adsorbed nitric oxides. The suspensions exhibit better
rheological properties of the slurry and the pore size distribution of a
slip casted green body. This contributes to the lower sintering tem-
perature and improved final microstructure for slip casting of activated
powder by obtaining the grain size of 0.68 pum at a relative density of
99.54% t.d. In comparison to the slip casting of non-activated powder,
this means the decrease of grain size by a factor of 1.7. In this work,
DBD plasma treatment can be viewed as a useful and relatively
straightforward substitute for some environmentally or technologically
problematic dispersion stabilizers. In addition, the proposed adsorption
mechanism of the plasma action is determined primarily by plasma-
chemical processes occurring in the gas phase, and only secondarily by
the powder material composition. It is therefore reasonable to assume
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that the effect can also be employed for ceramic powders other than
Al,O3 ceramic powders.
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