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2. Streszczenie

2.1. Streszczenie w jezyku polskim
Materiaty ogniotrwate zgodnie z norma ISO 836:2001 to niemetaliczne materialy

lub wyroby (wlaczajac w to materiaty zawierajace pewng ilo§¢ metalu), ktorych fizyczne
ichemiczne  wlasciwosci  umozliwiaja ich  zastosowanie w  Srodowisku
wysokotemperaturowym [1]. Obecnie $wiatowe trendy w dziedzinie materialow
ogniotrwatych wskazuja na wzrost zainteresowania materiatami nieformowanymi, poza
materiatami formowanymi stosowanymi na szeroka skalg¢. Nieustannie podkre§lany
niekorzystny  spadek  wytrzymato§ci mechanicznej betondw  cementowych

w temperaturach ~ 300-1000°C, a takze ich niewystarczajagce  wlasciwosci

termomechaniczne i odporno$¢ korozyjna, uzasadniaja potrzebe rozwoju alternatywnych

dla cementu glinowo- wapniowego spoiw.

Celem niniejszej rozprawy doktorskiej byto okreslenie mechanizmu formowania si¢

wigzby hydraulicznej betonu w wyniku hydratacji sktadnikow osnowy w temperaturach

ponizej 50°C, anastgpnie wiezby ceramicznej w materiatach ogniotrwatych
bezcementowych 1 ultra-niskocementowych korundowo-spinelowych podczas ich
wypalania w temperaturze do 1500°C. W konteks$cie przysztej aplikacji materiatu,
dodatkowym celem pracy byto okreslenie roli ilo$ci, rodzaju oraz sktadu fazy spinelowe;j

w ksztattowaniu  wtasciwosci  fizycznych, mechanicznych, termomechanicznych

1 odpornosciowych zaprojektowanego betonu. Wyniki badan opublikowano w ramach

cyklu pigciu publikacji, a niniejsze prace dotyczyly:

a) alternatywnego spoiwa bezcementowego: warunkéw otrzymywania podwojnego
warstwowego wodorotlenku magnezowo-glinowego w mieszankach reakcyjnych
MgO-AlO; zaréwno modelowych, jak i w osnowie betonu w temperaturach ponizej
50°C,

b) reakcji 1 przemian zachodzacych w trakcie obrobki cieplnej betonu w zakresie
temperatur do 1000°C, oraz ich wptywu na wilasciwosci fizyczne oraz mechaniczne
materiatu,

c) wplywu ilosci, rodzaju, sktadu fazy spinelowej oraz innych faz modyfikujacych na
wlasciwosci  fizyczne, mechaniczne, termomechaniczne oraz odporno$ciowe
opracowanego materiatu.

Otrzymane wyniki badan potwierdzily, Zze hydratacja osnowy, ktdra zawiera zol
glinowy oraz MgO w formie spiekanego proszku, pozwolila na otrzymanie podwdjnego

warstwowego wodorotlenku magnezowo- glinowego. Zachodzace w trakcie obrobki
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cieplnej 1 wypalania reakcje rozktadu termicznego, rekombinacji tlenkow mieszanych
Mg(Al)O, a nastgpnie ich reakcyjne spiekanie prowadzace do powstania fazy spinelowe;j
w temperaturze 700°C zapobiegly obnizeniu wytrzymato§ci mechanicznej materialu
w temperaturach  300-1000°C. Otrzymany w wyniku wypalania prefabrykat
z bezcementowego betonu korundowo- spinelowego charakteryzowat si¢ zwigkszonymi
wlasciwosciami  mechanicznymi oraz termomechanicznymi w poroOwnaniu do
otrzymanych jako material odniesienia betondw korundowo- spinelowych ultra-

niskocementowych.



2.2. Streszczenie w jezyku angielskim
According to ISO 836:2001 standard, refractory materials are non-metallic materials or
products (including those containing some metal) whose physical and chemical properties
enable their use in high-temperature environments [1]. Current global trends in the field
of refractory materials indicate a growing interest in unshaped materials, in addition to
the widely used formed materials. The consistently emphasized unfavorable decrease in
the mechanical strength of cement castables at temperatures of 300-1000°C, as well as
their insufficient thermomechanical properties and corrosion resistance, justify the need
to develop alternative binders to calcium aluminate cement. The aim of this doctoral
dissertation was to determine the mechanism of hydraulic bond formation in castables as
a result of the hydration of matrix components at temperatures below 50°C, followed by
the formation of a ceramic bond in non-cement and ultra-low-cement corundum—spinel
refractories during firing at temperatures up to 1500°C. In the context of future material
application, an additional objective was to determine the role of the amount, type, and
composition of the spinel phase in shaping the physical, mechanical, thermomechanical,
and corrosion resistance properties of the designed castable. The research results were
published as a series of five articles, and the present work focused on:
a) alternative non-cement binders: the conditions for obtaining Mg-Al layered double
hydroxide in MgO—ALOs reactive mixtures, both model environment and castable matrix,
at temperatures below 50°C,
b) the reactions and transformations occurring during thermal treatment of castables up
to 1000°C, and their impact on the physical and mechanical properties of the material,
c) the effect of the amount, type, and composition of the spinel phase and other modifying
phases on the physical, mechanical and thermomechanical of the castables.
The obtained results confirmed that hydration of the matrix containing alumina sol and
deadburned MgO allowed the formation of Mg-Al layered double hydroxide. The thermal
decomposition, recombination of mixed oxides Mg(Al)O, and subsequent reactive
sintering leading to the formation of the spinel phase at 700°C enabled the reduction of
mechanical strength loss in the temperature range of 300-1000°C. The no-cement
corundum—spinel castable obtained after firing exhibited improved mechanical and
thermomechanical properties compared to the ultra-low-cement corundum—spinel

castables used as reference materials.



3. Wprowadzenie
Materialy ogniotrwate zgodnie z norma ISO 836:2001 to niemetaliczne materiaty

lub wyroby (wlaczajac w to materiaty zawierajace pewng ilo§¢ metalu), ktorych fizyczne
ichemiczne  wlasciwosci  umozliwiaja ich  zastosowanie w  $§rodowisku
wysokotemperaturowym [2]. Stanowig one wigc niezwykle wazng grupg materiatow
ceramicznych, gdyz umozliwiajg produkcje innych materiatow, takich jak stal, szkto czy
tez cement portlandzki. W zaleznos$ci od sposobu otrzymywania podzieli¢ je mozna na
materialy ogniotrwale formowane oraz nieformowane (monolityczne). Przeglad
aktualnej literatury naukowej wskazuje na rosngce zainteresowanie oraz dynamiczny
rozwo6j technologii nieformowanych materiatow ogniotrwatych, co zwigzane jest ze
zwigkszeniem udziatu produkcji i stosowania ogniotrwatych tworzyw monolitycznych
w stosunku do lat ubieglych. Juz w 2010 roku nieformowane materialty ogniotrwate
stanowily ponad 50% $wiatowej produkcji [3], a ich udzial systematycznie rosnie.
Przewaga proponowanego wariantu obejmuje eliminacj¢ energochtonnego procesu, ktory
jest zwigzany z wypalaniem tradycyjnych, formowanych materiatow ogniotrwatych.
Takie rozwigzanie jest rozwigzaniem korzystnym z ekonomicznego oraz ekologicznego
punktu widzenia, gdyz transformacja wiezby hydraulicznej w wigzbe ceramiczng
w wylozeniach monolitycznych nastepuje juz po instalacji docelowego materiatu
w urzadzeniu cieplnym na skutek dehydratacji i dehydroksylacji faz uwodnionych,
a nastgpnie reakcyjnego spiekania produktow rozktadu hydratéw. Otrzymywanie
wylozen z nieformowanych materiatdéw ogniotrwatych wigze si¢ wigc z ograniczeniem
emisji COy, redukcja §ladu weglowego oraz zmniejszeniem zuzycia energii niezbednej
do otrzymania ww. materialow (w poréwnaniu do materiatéw formowanych), co wpisuje
si¢ w aktualng polityke energetyczno-klimatyczng Unii Europejskiej [4].

Materialy ogniotrwate nieformowane (betony, masy do ubijania, masy do
natryskiwania, zaprawy etc.) to grupa materiatow, ktore otrzymywane sg najczesciej jako
mieszanki sypkie, zktorych, po dodaniu wody lub innej cieczy, wykonywane sa
wyloZenia ogniotrwate monolityczne albo tzw. prefabrykaty betonowe. Wylozenia te
otrzymuje si¢ zwykle wybrang metodg w technologii wylewania i wibrowania, natrysku
lub inng [3, 5]. Materialy monolityczne wykorzystywane s3 nie tylko do produkc;ji
wylozen w nowych urzadzeniach, ale takze do naprawy 1 konserwacji juz
eksploatowanych wylozen ogniotrwatych [3]. Szerokie zastosowanie w produkcji czesci

roboczych wytozen urzadzen cieplnych przeznaczonych dla przemystu stalowniczego,



cementowego oraz petrochemicznego znajduja ogniotrwate betony wysokoglinowe [6,
71.

Betony ogniotrwate, zgodnie znormg PN EN 1402 1 2005 s3 mieszaninami
kruszyw ogniotrwalych, drobnoziarnistej frakcji wypetniajacej, spoiwa lub spoiw oraz
dodatkow dostarczane gléwnie w postaci suchej istosowane po dodaniu
oraz homogenizacji zwoda lub inng cieczg. Podzieli¢ je mozna na betony: zwykte,
z uptynniaczem oraz o wigzaniu chemicznym [8]. Pomimo intensywnych prac badawczo-
rozwojowych prowadzonych w ostatnich latach nad alternatywnymi spoiwami
bezcementowymi, cement glinowo- wapniowy wcigz zachowuje dominujaca pozycje
wsrod spoiw stosowanych w betonach ogniotrwatych. Jednakze, jego zastosowanie
zwigzane jest z pewnymi ograniczeniami, ktére negatywnie wplywaja na wihasciwosci
gotowego materiatu. Analiza literatury naukowej wykazata, ze gléwne problemy
zwigzane z monolitycznymi wytozeniami ogniotrwatymi, w ktorych jako spoiwo stosuje
si¢ cement glinowo- wapniowy obejmuja: ograniczong odpornos¢ korozyjna,
niewystarczajace wlasciwosci termomechaniczne oraz wyrazny spadek wytrzymatosci
mechanicznej w zakresie temperatur 300—1000 °C. Ponadto obserwowana jest tendencja
do skracania czasu obrobki cieplnej betondw, zwigzana z wypalaniem w warunkach
szybkiego przyrostu temperatury, ktére ma miejsce po instalacji materiatu w urzadzeniu
cieplnym w trakcie jego pierwszego uruchomienia, co w przypadku zastosowania
cementu takze jest trudne do osiggnigcia.

W zwiagzku powyzszym, w ostatnich latach intensywnie rozwijano technologie
betondw ogniotrwatych o niskiej (LCC, z ang. low cement castables) i ultraniskiej
zawartos$ci cementu (ULCC, z ang. ultra-low cement castables) oraz bezcementowych
(NCC z ang. no-cement castables). Na chwile obecna, stosowane w przemysle i1 szeroko
omowione w literaturze sa betony korundowo-spinelowe LCC oraz ULCC, zawierajace
spinel syntetyczny, tworzacy si¢ in situ lub ich kombinacje. Wsrdd spoiw alternatywnych,
stosowanych w betonach NCC wyrdzni¢ mozna reaktywne tlenki: MgO, Al>O3 1 S103, p-
AlOs3 (z ang. HA, hydratable alumina) oraz zol krzemionkowy. Aktualna literatura
naukowa i praktyka przemystowa wskazuja jednak na problemy zwigzane z utrzymaniem
dobrej wytrzymatosci mechanicznej ogniotrwatych materiatéw bezcementowych
wigzanych zolem krzemionkowym, bezposrednio po etapie sezonowania [9].
Zastosowanie HA zwigzane jest z konieczno$cig dodania wiekszej ilosci wody zarobowe;j
w trakcie homogenizacji mieszanki betonowej, co skutkuje wieksza porowatoscig oraz

obnizong wytrzymalo$cig mechaniczng materialu. Dostepna literatura naukowa wskazuje
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na ograniczong liczbe badan dotyczacych zastosowania kombinacji reaktywnych tlenkow
MgO-AlLO3 lub MgO-AlLO3-Si0> jako spoiwa w bezcementowych betonach
ogniotrwatych korundowo- spinelowych. Ponadto, wodna zawiesina nanometrycznego
proszku AlOs nie znalazta dotychczas zastosowania w przemysle materialow
ogniotrwatych jako komponent matrycy betonéw NCC.

W niniejszej dysertacji podjeta zostata tematyka dotyczaca mechanizmu
formowania si¢ wigzby hydraulicznej betonu w wyniku hydratacji sktadnikow osnowy
w temperaturach ponizej 50°C, a nastgpnie wi¢zby ceramicznej w materiatach ogniotrwatych
bezcementowych i ultra-niskocementowych korundowo-spinelowych podczas ich obrébki
cieplnej i wypalania w temperaturze do 1500°C. Odpowiednio przeprowadzona hydratacja
mieszanin reakcyjnych MgO-ALO;, w ktérych jako Zrédlo Al,Os3 zastosowano m.in. zol
glinowy pozwolila na otrzymanie podwdjnego warstwowego wodorotlenku magnezowo-
glinowego. Zachodzace w trakcie obrobki cieplnej iwypalania reakcje rozkladu
termicznego hydratow tworzacych wigzbe hydrauliczng, rekombinacji tlenkow
mieszanych Mg(Al)O, a nastgpnie ich reakcyjne spiekanie prowadzace do powstania fazy
spinelowej w temperaturze 700°C umozliwily stopniowy przyrost wytrzymatosci
mechanicznej materiatu w temperaturach 300-1000°C. Ponadto, otrzymany w wyniku
wypalania prefabrykat z bezcementowego betonu korundowo- spinelowego wykazat
zwigkszone wlasciwos$ci mechaniczne (wytrzymalo$¢ na $ciskanie ~220 MPa) oraz
termomechaniczne (wytrzymato§¢ na zginanie w temperaturze 1450°C ~10 MPa,
szybko$¢ petzania ~10%/min) w poréwnaniu do otrzymanych jako materiat odniesienia
betonéw korundowo- spinelowych ultra-niskocementowych, (wytrzymatos¢ na $ciskanie
~190 MPa, wytrzymalo$¢ na zginanie w temperaturze 1450°C ~6,5 MPa, szybkos$¢
petzania ~10"% %/min). Uzyskane wyniki podkreslaja potencjat aplikacyjny
opracowanego rozwigzania materialowego w postaci betonu NCC, stanowigcego
odpowiedz na aktualne Swiatowe trendy w projektowaniu urzadzen cieplnych przemystu

stalowniczego.



4. Betony ogniotrwale korundowo-spinelowe. Aktualny

stan wiedzy
Wazng podgrupe nieformowanych materialdow wysokoglinowych stanowig betony

korundowo- spinelowe, zawierajace spinel syntetyczny lub tworzacy si¢ w wyniku
reakcji MgO 1 Al,Os. Pierwsze doniesienia na temat betonéw korundowo- spinelowych
(ze spinelem syntetycznym) pojawity sie w latach 60-tych XX wieku [10] i po dzien
dzisiejszy znajdujg si¢ w centrum zainteresowan zardéwno naukowcoéw jak i czotowych
$wiatowych producentow oraz uzytkownikow materialow ogniotrwatych. Materiaty te
znajdujg zastosowanie jako elementy wylozen dna (betony zawierajace spinel
syntetyczny) 1 $cian bocznych (ponizej strefy zuzla, betony zawierajgce spinel tworzacy
si¢ w warunkach in-situ) kadzi stalowniczych [11], rur zanurzeniowych RH (z ang. RH
snorkels, elementy systemu rafinacji stali metodg RH), dysz napowietrzajacych (z ang.
purging plugs, elementy stosowane do przedmuchiwania gazow przez ciekla stal w celu
jej homogenizacji 1 usuwania zanieczyszczen) oraz blokow gniazdowych (z ang. well
blocks, elementy wylozenia kadzi stalowniczej, w ktorych osadzane sg dysze lub inne
komponenty przeptywowe) [12, 13]. Niewatpliwymi zaletami wytozenia wykonanego
z betonu ogniotrwatego korundowo-spinelowego sa: dobre wilasciwosci mechaniczne
1 termomechaniczne, odporno$¢ na korozje w kontakcie z zasadowym zuzlem
stalowniczym oraz odporno$¢ na tuszczenie/ termiczne eksplozyjne odpryskiwanie
betonu spowodowane gwattownymi zmianami temperatury (z ang. thermal spalling) [11],
co w konsekwencji przektada si¢ na mniejsze zuzycie korozyjne, dluzsza zywotno$é
materiatu, lepsza wydajno$¢ urzadzenia cieplnego, czy nawet lepsza jakos¢ stali [11, 14-
20].

Tak jak wspomniano powyzej, w zaleznosci od sposobu wprowadzenia spinelu do
materialu wyrdzni¢ mozna betony ze spinelem tworzacym si¢ w warunkach in situ oraz
syntetycznym wprowadzonym jako kruszywo, ktoéry moze rézni¢ si¢ wielkoscig ziarna
oraz stechiometrig. Zgodnie z dwuskladnikowym ukladem fazowym MgO-ALO;

(Rysunek 1) wyrdézniamy spinel magnezowo- glinowy: bogaty w Al**

(z ang. Al-rich
magnesium- aluminate spinel, Mgi.xAl+xO4, gdzie x>0), stechiometryczny (o stosunku
molowym MgO:Al,O3 wynoszacym 1:1, zawiera odpowiednio 71,67%mas 1 28,33%mas
AlO; i MgO) oraz bogaty w Mg®" (z ang. Mg- rich magnesium- aluminate spinel,
Mgi+xAl2xO4, gdzie x>0). Spinel stechiometryczny stanowi jedyny termodynamicznie
stabilny zwiazek, topiacy si¢ kongruentnie w temperaturze 2135°C [21], a dwustopniowe

spiekanie mieszanin zawierajacych np. gibbsyt oraz tlenek magnezu, pozwala na petna

9



konwersjg¢ substratoéw do MgAl,O4 w temperaturach wynoszacych odpowiednio >1450°C

oraz >1700°C [22, 23].
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- Faza ciekla - 5000
MgAL,O, (ss) g
— 2400 }— MgO (ss) +F.ciekla  AL0,(ss)
» Faza ciekia +F. ciekla F
) B 4000 —
- =
B - v |
o 2000 (ss) ss0 O
2 )
g i 2
s 23000 E
)
= 1600 MgO (ss) ot
-+
MgAl,0,(ss) Mgszh(ssl —
Al,O
1200 |— 2M3
—{ 2000
1 ] 1 [ 1 | ! | |
] 20 40 &0 80 100
(Mg0) Zawartosé AkO3 [% wagowych] (A1,04)

Rys. 1 Diagram fazowy MgO-ALOs [21].

Synteza fazy spinelowej ze sktadnikow tlenkowych MgO oraz Al>Os3 jest reakcjg w fazie
stalej i zachodzi na skutek przeciwnie skierowanej dyfuzji jonéw glinu Al** oraz magnezu
Mg** do stref reakcji: MgA0s-MgO oraz MgAlL,O4-AlLOs. Uwzgledniajac réwnowage
tadunkoéw, reakcja pomiedzy czterema czasteczkami MgO idwoma jonami AP
prowadzi do utworzenia jednej czasteczki MgAl>,O4 na granicy MgO-MgAIL>Os4, podczas
gdy reakcja pomiedzy czterema czasteczkami Al,Os i trzema jonami Mg prowadza do
wytworzenia trzech czasteczek MgAl>O4 na granicy Al,O3-MgAl>Oa, co w konsekwencji
prowadzi do utworzenia warstwy spinelu o teoretycznym stosunku grubosci pomigdzy
utworzonymi warstwami spinelu przy stronach AlbOz 1 MgO wynoszacym 3:1 [24].
W przypadku betonow zawierajacych spinel tworzacy si¢ w warunkach in situ, ktore
opracowane zostaly na przetomie lat 70-tych i 80-tych XX wieku [21], mieszanka
betonowa zawiera MgO jako komponent matrycy, ktory w wyniku reakcyjnego spiekania
z ALO3 tworzy spinel. W zaleznosci od przyjetej koncepcji skladu recepturowego
materiatlow zawierajacych spinel syntetyczny lub MgO jako sktadnik osnowy, gotowe
materialy réznig si¢ wilasciwosciami, a do chwili obecnej wigkszos¢ wysitkow
naukowych koncentrowata si¢ na analizie wplywu zawartosci fazy spinelowej oraz
wielkos$ci jego ziaren na witasciwosci betonu ogniotrwalego korundowo- spinelowego
[25] Zgodnie z aktualnym stanem wiedzy optymalna zawartos¢ spinelu magnezowo-

glinowego w betonie ogniotrwatym wynosi od 15 do 30 %mas, lecz najbardziej korzystng
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jest 20-25 %mas [12, 21]. Rozwazane w literaturze warianty technologiczne betonoéw
korundowo- spinelowych, ktérych podsumowanie przedstawiono w Tabeli 1, zawieraly
w wyjsSciowej mieszance betonowej maksymalnie 9%mas MgO wprowadzanego jako
komponent matrycy. Zastosowanie MgO jako skladnika osnowy betonu w ilosci od

0,5%mas do 9%mas umozliwia otrzymanie w trakcie wypalania betonu odpowiednio od
1,76%mas do3 1,77%mas Spinelu.

Tabela 1 Podsumowanie opisywanych w literaturze przykladowych wariantéw technologicznych
betonoéw ogniotrwalych korundowo- spinelowych.

Zawarto$¢
Zawarto$¢ MgO w Zawarto$¢ spinelu cementu glinowo- Rok
Lp. |recepturze betonu [Yomas] | syntetycznego [% mas] | wapniowego [%omas] publikacji
1 0,0 0,0; 5,0; 10,0; 15,0 4,0 2025 [26]
2 3,0; 6,0; 9,0 0,0 3,0
3 3,0 3,0 3,0 2025 [27]
4 0,0 10,0; 20,0 4,0
5 2,8; 5,6 0,0 4,0 2024 [10]
6 0,0 15,0 5,0 2022 [28]
7 0,0 0; 5; 10; 15; 20 5,0 2019 [25]
0,5; 1,0; 2,0; 3,0; 4,0;

8 5,0; 6,0 0,0 0,0 2018 [29]

2011 [30]

2008 [31, 32]
9 6,0 0,0 6,0 2007 [33]
10 0,0 25,0 5,0 2014 [34]
11 6,0 0,0 6,0
12 0,0 21,0 6,0 2012 [35]
13 6,0 0,0 6,0
14 0,0 21,0 6,0 2012 [36]
15 5,5 0,0 8,0
16 0,0 20,0 10,0
17 5,5 10,0 8,0 2000 [37]

Zgodnie z danymi literaturowymi [10, 25-37] przedstawionymi w Tabeli 1, dobor sktadu
recepturowego materiatow w istotny sposob wptywa na wiasciwosci koncowe betonow
korundowo- spinelowych. Zastosowanie spinelu syntetycznego jako sktadnika osnowy
betonu [10, 25, 26, 28, 34-37] prowadzito do poprawy wlasciwosci mechanicznych
1 termomechanicznych, a takze do zwigkszenia odporno$ci materiatu zaro6wno na nagte
zmiany temperatury, jak 1 korozje w poréwnaniu do materialdbw niezawierajgcych
spinelu, co bylo efektem m.in. utworzenia dodatkowych wigzan pomigdzy spinelem
a sze$cioglinianem wapnia oraz mniejszej iloSci powstatej w trakcie wypalania fazy

ciektej. Przyktadowo, w pracy [25] wykazano, ze najkorzystniejsze witasciwosci
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uzyskano dla betonu zawierajacego 10%mas spinelu, w przypadku ktérego
zaobserwowano wzrost wytrzymatos$ci na zginanie w temperaturze otoczenia (CMoR)
0 45,8%, a w podwyzszonej temperaturze (HMoR) o 110%. Jednocze$nie oszacowana na
podstawie analizy mikrostrukturalnej SEM ilos$¢ fazy ciektej zmniejszyta si¢ o 1,5 punktu
procentowego w stosunku do betonu niezawierajacego spinelu syntetycznego.
Analogiczne wnioski przedstawili autorzy w pracy [26] zgodnie z ktorymi dodatek
10%mas syntetycznego spinelu zwigkszyt CMoR z 30,0 MPa do 33,1 MPa, a HMoR z 14,5
MPa do 32,8 MPa. Zastosowanie spinelu syntetycznego w pordwnaniu do spinelu
tworzacego si¢ in situ skutkowato rowniez mniejsza ekspansja objg¢toSciowg oraz
mniejszg porowatoscig. Wiasciwosci betondow korundowo-spinelowych, w ktérych
zastosowano MgO jako skladnik osnowy [10, 27, 29-36] determinowane byty zar6wno
jego iloscig, jak 1 wielko$cig ziarna. W pracach [31, 32] stwierdzono, ze wraz ze
wzrostem wielkosci ziarna MgO (45-100um) zaobserwowano: wzrost porowatosci
izwigzane z tym zmniejszenie odpornosci na korozje, zapoczatkowanie tworzenia
spinelu w wyzszej temperaturze (od 1000-1200°C), niecatkowite przereagowanie MgO
w trakcie wypalania, wicksza ekspansje liniowa oraz tworzenie si¢ dodatkowych faz np.
forsterytu czy monticellitu, ktérych obecno$¢ obnizala wilasciwosci mechaniczne.
Zastosowanie MgO o wielko$ci ziarna <13pum w ilo$ci 3-6%mas Wskazywane byto
w literaturze jako optymalne i umozliwiato otrzymanie materiatu charakteryzujacego si¢
niskg rozszerzalnos$cia liniowa (< 2%), dobra odpornoscia na nagte zmiany temperatury
1 korozje oraz wysokimi wtasciwosciami mechanicznymi (CMoR 20-25MPa, CCS 90-
100MPa, [27]). Wykorzystanie zaréwno MgO, jak 1spinelu syntetycznego jako
sktadnikow osnowy [27, 37] pozwalato na poprawe odpornosci na korozje, redukcje
porowatos$ci 1 zwigkszenie wytrzymato$ci mechanicznej. W pracy [27] autorzy wykazali,
ze betony korundowo- spinelowe, ktore w recepturze wyjsciowej zawieraty 3%mas MgO
oraz 3%mas spinelu syntetycznego (wielkos¢ ziarna <0,0074 mm) w pordwnaniu do
materiatlow zawierajacych wytacznie MgO w ilosci 3%mas, 6%mas 1ub  9%mas,
charakteryzowatly si¢ najlepszymi wlasciwosciami mechanicznymi (CMoR 28,6 MPa,
CCS 141,7 MPa), odporno$cia na nagle zmiany temperatury oraz korozje. W literaturze
odnalez¢ mozna rowniez doniesienia dotyczace wpltywu stechiometrii spinelu
magnezowo-glinowego na wlasciwosci betonu ogniotrwatego [23, 34, 38], a badania te
oparte sa na dostgpnych komercyjnie kruszywach. Zgodnie z literaturg [39] betony
korundowo- spinelowe zawierajace cement glinowo- wapniowy, w ktorych w recepturze

wyjsciowej zastosowano spinel bogaty w jony glinu charakteryzowaty si¢ lepszymi
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wlasciwo$ciami mechanicznymi, ktore wynikaty z reakcji CaO ze spoiwa z AlLOs ze
spinelu. W efekcie powstawaly fazy gliniandw wapnia np. szescioglinian wapniowy,
ktore dodatkowo umacniaty wigzania pomigdzy Al>Os, a spinelem.

Przedstawiony przeglad literatury jednoznacznie wskazuje, ze dobor sktadu
recepturowego, w tym: rodzaju, ilosci i wielkosci ziarna spinelu syntetycznego oraz MgO
w sposéb istotny wplywa na wlasciwosci koncowe betonow- korundowo spinelowych.
Odpowiedni dobor sktadu wyjsciowego mieszanki betonowej umozliwia uzyskanie
pozadanych wlasciwosci mechanicznych, termomechanicznych oraz odpornosciowych.

Czolowi $wiatowi producenci materiatéw ogniotrwatych (RHI Magnesita,
Calderys Zaklady Magnezytowe Ropczyce S.A., ArcelorMittal Refractories) posiadaja
w swojej ofercie szeroka game monolitycznych materiatow ogniotrwatych, co $wiadczy
0 wcigz niestabnacym zainteresowaniu ze strony przemystu hutniczego, szklarskiego,
cementowego etc. Wsrod produktow jakie oferuja ww. producenci wyrdézni¢ mozna
zardwno betony korundowo-spinelowe jak i materiaty betonowe w postaci prefabrykatow
(np. prefabrykaty znisko-cementowych betondw korundowo- spinelowych firmy
ArcelorMittal Refractories). Dostepne obecnie rozwigzania technologiczne obejmujg
betony LCC oraz ULCC, ktore zawierajg spinel syntetyczny, tworzacy si¢ w warunkach
in situ lub stanowigce ich kombinacje. Jednakze wsrdd oferowanych komercyjnie
materiatow brak jest betonéw typu NCC, w ktorych sktadzie wyjsciowym zastosowana

zostalaby wodna zawiesina nanometrycznego proszku AlOs jako komponent osnowy.
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5. Chemia i technologia spoiw cementowych
i bezcementowych przeznaczonych do zastosowania

w betonach ogniotrwalych korundowo - spinelowych

Chociaz w ostatnich dziesiecioleciach wlozono wiele wysitku w rozwdj spoiw
bezcementowych, cement glinowo- wapniowy utrzymuje wcigz swoja dominujaca
pozycje wsrod spoiw stosowanych w betonach ogniotrwatych. W zaleznosci od ilosci
ADLO; (od 40%mas) W jego skladzie, wyrdznia si¢ rézne odmiany cementu. Cement
glinowo- wapniowy charakteryzuje si¢ miedzy innymi: szybkim wzrostem
wytrzymato$ci, krotkim czasem wigzania oraz atrakcyjng ceng [40-43]. Zgodnie
z ukladem dwuskladnikowym CaO-AlO; fazami reaktywnymi w cementach glinowo-
wapniowych s3: monoglinian wapniowy (CaAl:O4; CA), dwuglinian wapniowy
(CaAl4O7; CA;z) oraz siedmioglinian dwunastowapniowy (Cai2Ali4033; Ci2A7).
Wiasciwosci wigzace cementéw glinowo- wapniowych wynikaja z reakcji hydratacji,
w wyniku ktorej $§wieza mieszanka betonowa po homogenizacji z woda nabiera
wytrzymato$ci mechanicznej. Bezposrednio po zmieszaniu cementu glinowo-
wapniowego z woda nastepuje kongruentne rozpuszczanie bezwodnych faz w wyniku
czego W roztworze pojawiaja sie nastepujace jony: OH-, Ca®>" oraz [AI(OH).].
W kolejnym etapie obserwuje si¢ zarodkowanie hydratéw 1 ich masowe wytracanie.
Niezwykle istotnym czynnikiem decydujacym o przebiegu hydratacji cementu jest
temperatura, gdyz determinuje ona rodzaj tworzacych si¢ hydratoéw. Zgodnie z danymi
literaturowymi [40-45], w temperaturze do 15 °C gtowny produkt hydratacji stanowi
metastabilna faza CAHio, ktoéra w zakresie temperatur 15-35 °C wspotistnieje z faza
C2AHs, ktorej ilos¢ jest proporcjonalna do temperatury. Przyjmuje sig, ze w temperaturze
powyzej 25°C faza C2AHg jest gtownym produktem hydratacji, ktoéry powstaje wraz
zuwodnionym tlenkiem glinu, poczatkowo wystepujacym w formie zelu, z czasem
krystalizujagcym jako gibbsyt AH3. W temperaturze powyzej 35 °C w wyniku hydratacji
tworza si¢ C3AHs (sze$cioglinian wapniowy, CaAl2019) oraz AHz. Podane zakresy
temperatur w zalezno$ci od wybranych zrdédet literaturowych moga si¢ nieznacznie

rozni¢. Podsumowanie zachodzacych reakcji przedstawiono za pomocg rownan 1-3:
T=~1-15°C
CaAl,0, + 10H,0 —— CaAl,0, - 10H,0 (1)

T=~15-35°C
2CaAl,0, + 11H,0 ———— Ca,Al, 05 - 8H,0 + 2Al(0H); (2)
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3CaAly0, + 12H,0 =28 Caz AL, 05 - 6H,y0 + 4A1(0H)5 (3)
Wraz z uptywem czasu nastgpuje konwersja hydratow metastabilnych do regularnego
C3AHs, poprzez rozpuszczanie faz heksagonalnych i krystalizacje fazy regularne;j,
a szybkos¢ tej przemiany zalezy od temperatury, wilgotnosci oraz pH uktadu. Ponadto,
zgodnie z [44] konwersja CAHio do C3AHs w temperaturze 50-90 °C zachodzi przez
utworzenie produktu przejsciowego w postaci C2AHg az do momentu, w ktorym C3AHs
ulegnie samozarodkowaniu. Przebieg reakcji konwersji przedstawiono za pomoca

rownan 4-7:

T=~50-90°C
2(CaAl,0, - 10H,0) ——— Ca,Al,0, - 8H,0 + Al(OH)3 + 9H,0 (4)

3(Cadly0, - 10H,0) 25 Cas AL, 0, - 6H,0 + 2A1(0H)s + 18H,0 (5)
3(CayAl,0, - 8H,0) =S 2(CasAl,04 - 6H,0) + AL(OH)5 + 9H,0 (6)
Ca,Al,0, - 19H,0 + CayAl,0, - 8H,0 ——s 2(Caz Aly0g - 6H,0) + 15H,0 (7)

Z uwagi na fakt, iz zastosowanie cementu glinowo- wapniowego jako spoiwa nie odbywa
si¢ w ukltadzie zamknietym, obserwuje si¢ rowniez karbonatyzacj¢ utworzonych

hydratéw, co przedstawiono za pomocg réwnan 8-10:
CaAl,0, - 10H,0 + CO, + xH,0 — CaCOs + Al,05 - yH,0 + (10 + x — y)H,0(8)

Ca,Al,0s - 8H,0 + 2C0, + xH,0 - 2CaC03 + Al,05 - yH,0 + (8 + x — y)H,0(9)

CasAl,04 - 6H,0 + 3C0, + xH,0 - 3CaC0;z + Al,05 - yH,0 + (6 + x — y)H,0(10)
Reakcja konwersji z uwagi na znaczne roéznice w gestosci analizowanych faz (CAHio
1,72g/cm?, C2AHs 1,95 g/ecm?, C3AH, 2,52 g/cm’ i AHj3 2,44 g/cm?) oraz wydzielanie si¢
wody zwigzana jest ze wzrostem porowatosci 1 przepuszczalno$ci, a tym samym
spadkiem wytrzymato$ci materialdw na wigzaniu cementowym, co jest zjawiskiem
niekorzystnym. Dlatego tez w celu jej ograniczenia wprowadzane sg do cementow
dodatki zawierajace reaktywna krzemionke np.: mielony granulowany Zuzel
wielkopiecowy oraz materialy o wlasciwosciach pucolanowych, jak np. pyt
krzemionkowy, popioly lotne, naturalne zeolity czy metakaolin [45]. Ponadto w trakcie
wypalania materialdéw ogniotrwatych na wigzaniu cementowym, przeobrazenie wigzby
hydraulicznej w wigZbe ceramiczng zwigzane jest ze spadkiem wytrzymatosci
mechanicznych w temperaturach 300-1000°C ze wzgledu na zachodzaca dehydratacje
i dehydroksylacje utworzonych wczesniej hydratow CAHio, C2AHs, C3AHs oraz
gibbsytu AH3 w temperaturach odpowiednio: 120 °C, 170-195 °C, 240-370 °C, oraz 210—

300°C. Dochodzi wowczas do zniszczenia sieci hydratdow cementu, co w potaczeniu ze
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wzrostem porowato$ci na skutek nastepujacego w temperaturach 300-700 °C rozkladu
termicznego produktéw dehydratacji i dehydroksylacji, prowadzi do spadku
wytrzymalosci mechanicznej materiatu [40-43, 46-49]. Ponadto, zastosowanie cementu
glinowo- wapniowego jako spoiwa w kombinacji z no$nikami krzemionki np. nano- lub
mikrometryczng krzemionka, zolem krzemionkowym, zwigzane jest z pojawieniem si¢
okresowo faz cieklych w trakcie wypalu/pracy urzadzenia cieplnego, ktoérych sktad
chemiczny w temperaturze otoczenia zblizony jest anortytu (CaO-Al2O3-2Si02,
temperatura topnienia 1553 °C [50-52]) czy gehlenitu (2CaO-Al>O3-SiO», temperatura
topnienia 1593 °C [51]). Pojawienie si¢ faz cieklych prowadzi do pogorszenia
wlasciwosci termomechanicznych (ogniotrwato$¢ pod obcigzeniem, odpornos¢ na
petzanie w podwyzszonych temperaturach, wytrzymato$¢ na zginanie w podwyzszonych
temperaturach) [6]. Dlatego tez w ostatnich latach intensywnie rozwijano technologie
monolitycznych materialdéw ogniotrwatych o niskiej lub ultraniskiej zawarto$ci cementu,
a takze materialow bezcementowych [21, 53]. Tendencja ta wymusila poszukiwanie
alternatywnych spoiw, ktore moglyby zastapi¢ cement glinowo- wapniowy lub by¢ z nim
stosowane w kombinacji.

Drugim stosowanym spoiwem jest spoiwo bezcementowe stanowigce fazg
amorficznego, przejsciowego tlenku glinu p-Al>O3 (HA, z ang. hydratable alumina), ktory
otrzymywany jest w trakcie blyskawicznej kalcynacji (z ang. flash calcination)
gruboziarnistego gibbsytu (10-50 pm). Wykazuje on znaczng rozpuszczalnos¢ w wodzie
1 ulega ponownej hydroksylacji tworzac boehmit (B-AIOOH) oraz bajeryt (B-Al(OH)3).
Glownymi zaletami betonow wigzanych uwodnionym Al,O3 w poréwnaniu z materiatami
opartymi na cemencie glinowo- wapniowym jest lepsza odporno$¢ na korozj¢ oraz lepsze
wlasciwo$ci termomechaniczne. Zgodnie z literaturg, nawet §ladowe ilosci CaO
w betonach zawierajacych krzemionke negatywnie wptywaja na zywotnos¢ wyltozenia
[54]. Dodatkowo, betony bez CaO, zawierajace uwodniony Al,Os; jako spoiwo
charakteryzujg si¢ malg zmiang wymiarow liniowych w trakcie wypalania/pracy z uwagi
na brak tworzacego si¢ w warunkach in situ CA» oraz CAs, ktorych obecno$¢ zwigzana
jest z duza ekspansja objetosciowa [55]. Obecnie p-AlO3 jest szeroko stosowanym
spoiwem w prefabrykowanych ksztaltkach przeznaczonych na wylozenia kadzi
stalowniczych (zwlaszcza $cian bocznych), a ostatnio wykazano, ze potencjalnie moze
zosta¢ zastosowane jako spoiwo w materiatach korundowo- spinelowych bez SiO:

wykorzystywanych do produkcji dysz napowietrzajacych [54].
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Mechanizm wigzania, tak jak w przypadku spoiwa cementowego, opiera si¢ na
reakcji hydratacji. Pierwszy etap zwigzany jest ze zwilzaniem, hydroksylacja
1 rozpuszczaniem w wyniku czego w ukladzie pojawiajg si¢ jony [AI(OH)4]. Wysokie
stezenie powstatych jonow [Al(OH)4] nasyca wode wokot czastek statych, co powoduje
wytracanie si¢ pseudo-boehmitu w postaci grubej warstwy amorficznego zelu na ich
powierzchniach. W otrzymanym zelu po czasie zwykle krotszym niz 1lh
(w temperaturach powyzej 20°C) krystalizuje bajeryt [56] oraz, jak podajg inne zrdodta
literaturowe [57] w $ladowych ilosciach boehmit. Zachodzace reakcje podsumowuja
roéwnania 11 oraz 12:

Al,05-nH,0(0,2<n<1)+H,0 - AlOH, + H,0 (11)
AlOH, + H,0 —» [ — AlOOH +  — Al(OH)3(12)

Zgodnie z literaturg hydratacja p-Al2O;3 zalezy od temperatury, atmosfery utwardzania
oraz obecnosci innych dodatkéw, a w przedstawiony powyzej sposob zachodzi
w przypadku materiatdéw, w ktorych zar6wno kruszywo jak i matryce stanowi Al>Os.
Jezeli hydratacja zachodzi¢ bedzie w ukladzie, w ktorym wystepuje MgO, wsrdd
produktow hydratacji obecna bedzie réwniez faza podobna do hydrotalkitu
(MgeAl,CO3(OH)6*4H20) [57] co z kolei poprawia wytrzymato$¢ materiatu po suszeniu
1 wypalaniu w temperaturach posrednich (816 °C) oraz usprawnia odprowadzanie wody
z materiatu poprzez utworzenie sieci poréw [58].

Dehydratacja B-AIOOH 1 B-Al(OH)3 zgodnie z danymi literaturowymi rozpoczyna si¢
w temperaturze okoto 270°C 1 trwa do 350-400°C, w zaleznosci od warunkow
wygrzewania 1 prowadzi do spadku wytrzymatosci betonow. W wyzszych temperaturach
(600°C oraz 1000°C) nastgpuje przemiana przejsciowego Al2O3 (odmiany 0, d) w a-
ADOs3, a zachodzace zmiany strukturalne oraz mikrostrukturalne osnowy przektadaja si¢
roOwniez na obnizenie wtasciwosci mechanicznych [54].

Ze wzgledu na duza powierzchni¢ wtasciwa spoiwo zawierajace p-AlO3 zwykle
wymaga wigkszych ilosci wody oraz dluzszych i bardziej intensywnych procesow
mieszania niz inne spoiwa hydrauliczne [59]. Dlatego tez wiele z ostatnich badan
naukowych skupiato si¢ na poprawie jego wlasciwosci reologicznych [54]. Intensywna,
relatywnie szybka hydratacja, atakze spadek wytrzymalo$ci mechanicznych
w temperaturach 300-1000°C oraz odpryskiwanie materiatu w trakcie obrobki cieplnej
spowodowane matg przepuszczalno$cig rowniez stanowig kwestie problematyczne, ktore

przyczynity si¢ do dalszych poszukiwan alternatywnego spoiwa bezcementowego [56].
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Alternatywa dla cementu glinowo- wapniowego jest rowniez zastosowanie
spoiwa opartego na uwodnionych krzemianach magnezu: fazie M-S-H, zazwyczaj
otrzymywanej w wyniku reakcji MgO lub Mg(OH), w obecnosci wody z amorficzng,
reaktywng krzemionka [60]. Odpowiednio dobierajgc substraty do syntezy fazy M-S-H,
stosunek molowy Mg/Si, ilo$¢ wody, czy tez stosujac dodatki (np.: heksametafosforan
sodu, superplastyfikator na bazie polikarboksylanow, roztwor buforowy
NaHCO3/NaxCO3) mozna niejako ksztaltowaé wilasciwosci analizowanego spoiwa.
Spoiwo to charakteryzuje si¢ wysoka, zwigkszajaca si¢ wraz ze zmniejszeniem ilosci
dodanej wody, a proporcjonalng do czasu wytrzymato$ciag na $Sciskanie, co jest obecnie
jednym z wazniejszych aspektéw materiatéw wigzacych [61]. Dodatkowo wykorzystanie
MgO zpowszechnie dostgpnych prekursorow o niskiej zawartosci wegla, czy
potencjalnie tez ,,nieweglanowych” (np.: zageszczone solanki, odpady goérnicze, zuzle
stalowe, mineraly krzemianowo- magnezowe (oliwin, serpentynit) czyni je przyjaznym
dla §rodowiska poprzez zmniejszenie emisji CO», co dodatkowo przektada si¢ na jego
atrakcyjnos¢ [61]. Zgodnie z literaturg synteza fazy M-S-H zachodzi w trzech etapach.
Homogenizacja mieszaniny MgO 1 SiO2 z woda prowadzi do rozpuszczania
poszczego6lnych komponentdw. Reakcja tworzenia Mg(OH)> z MgO zachodzi poprzez
rozpuszczanie MgO 1 wytracanie Mg(OH),, co podsumowuja reakcje 13-15:

MgO sy + H,0) » MgOH™ + OH™ (13)

MgOH* + OH™ - MgOH* - OH~ (14)

MgOH* - OH™ — Mg?* + 20H™(15)

MgO jest donorem elektronu dla protonu z wody dzigki czemu ziarna MgO otrzymuja
dodatni tadunek powierzchniowy zgodnie z réwnaniem 13, a na skutek
elektrostatycznego przyciggania na powierzchni adsorbowane sa ujemnie natadowane
jony OH" (ro6wnanie 14). Zgodnie zrdéwnaniem 15 kompleks zaadsorbowany na
powierzchni MgO jest rozpuszczany w $rodowisku wodnym, powstaja jony Mg** oraz
OH, a gdy ich stezenie przekroczy rozpuszczalno$¢ w roztworze, na powierzchni MgO
nastepuje wytragcanie Mg(OH)> w postaci warstwy. SiO», w silnie zasadowym $rodowisku
(pH 10-12), ktére powstaje z uwagi na reakcje MgO oraz wody, czgSciowo rozpuszcza
si¢ 1 tworzy kwas krzemowy (HSi103") [62]. Nastepnie Mg(OH), reaguje z rozpuszczong
krzemionka, tworzac przejsciowq faze M-S-H o nizszym stopniu organizacji niz produkt
koncowy, ktora ostatecznie zastepowana jest fazg M-S-H o bardziej uporzadkowanej
strukturze 1 potencjalnie innym stosunku Mg/Si (ktory zalezy od stosunku Mg/Si
prekursoréw). Dostepne zrodta literaturowe [60-64] donosza, ze synteza M-S-H odbywa
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si¢ przez utworzenie produktu posredniego jakiem jest Mg(OH)., a przebieg reakcji
oprécz reaktywnosci MgO, wybranego zrodta krzemionki, stosunku molowego Mg/Si,
ilosci wody, determinuja réwniez warunki reakcji takie jak temperatura oraz pH.
Podsumowanie reakcji otrzymywania fazy M-S-H przedstawiono za pomocg réwnania
16:

HSiO; + Mg(OH), + H,0 - MgHSi0, - 2H,0 (16)

Faza M-S-H charakteryzuje si¢ nieuporzadkowanag strukturg warstwowa, ze
zmiennymi odleglosciami pomiedzy poszczegdlnymi warstwami, ktore determinuje
fadunek warstw, a tym samym ilo$¢ zaadsorbowanej 1 wbudowanej wody w przestrzenie
migdzywarstwowe wody [62]. Rozklad termiczny spoiwa na bazie M-S-H, w zalezno$ci
od stosunku molowego Mg/Si, prowadzi do syntezy enstatytu (MgSiOs, temperatura
topnienia 1557 °C [63]) i/lub forsterytu (Mg2SiO4, temperatura topnienia 1890 °C [64]).
Synteza forsterytu jest korzystna, gdyz oprocz wysokiej temperatury topnienia
charakteryzuje si¢ rowniez niska rozszerzalnoscig cieplna, dobra stabilnoscia chemiczng
oraz niskim przewodnictwem cieplnym [7].

Rozwo6j nisko- i1 ultraniskocementowych betonéw ogniotrwatych zaowocowat
badaniami nad zastosowaniem reaktywnych nano- i1 mikrometrycznych proszkow
ceramicznych, ktorych wykorzystanie miato na celu zmniejszenie zapotrzebowania na
wode zarobowa, poprawe plynnosci, czy tez intensyfikacje spiekania [65]. Zgodnie
z literaturg przedmiotem badan byly miedzy innymi uktady zawierajace MgO oraz Al>Os,
ktére w wyniku reakcji w obecnosci wody tworza fazg M-A-H, strukturalnie zblizona do
hydrotalkitu magnezowo- glinowego. Hydrotalkit Mg-Al jest podwojnym warstwowym
wodorotlenkiem magnezowo-glinowym, ktorego wzor ogdlny opisano w literaturze jako:
[MgxAL,(OH) 2542y ](CO3)y/7 - nH,0. Wyrdznia sig¢ on budowa warstwowa (dodatnio
natadowane warstwy brucytopodobne [MgxAly(OH)ax+2y]*" oraz przeciwnie natadowane
warstwy [(C 03)32,72 ‘nH,01*"), z ktorej wynika stopniowa dehydratacja oraz
dehydroksylacja [65]. Badania [57] wykazaly, Ze betony zawierajace podwojny
warstwowy wodorotlenek magnezowo-glinowy tworzacy si¢ w warunkach in situ
w matrycy betonu, charakteryzujg si¢ wyzsza wytrzymato$ciag mechaniczng po etapie
pielegnacji oraz suszenia [56], jego obecno$¢ ogranicza ilos¢ Mg(OH), w osnowie
(podobnie jak faza M-S-H), a dodatkowo wspomaga syntez¢ spinelu w trakcie wypalania

materialu. Ponadto, wystepowanie fazy strukturalnie zblizonej do hydrotalkitu jako
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komponentu osnowy sprzyja takze tworzeniu porow, ktérych sie¢ usprawnia
odprowadzanie wody [64].

Istnieja rézne metody syntezy podwodjnego warstwowego wodorotlenku
magnezowo-glinowego, ktére réznig si¢ migedzy sobg czasem otrzymywania, ilo$cig
zuzytej energii, wymagang czystos$cig substratow 1 czystoscig uzyskanego produktu
koncowego (np.: synteza mechanochemiczna, hydrotermalna, wspotstracanie, zol-zel
[66-71]). Najczesciej opisywang w literaturze metodg otrzymywania fazy M-A-H, jest
wspotstracanie z wykorzystaniem wodnego roztworu soli magnezu i glinu np. MgCl, oraz
AICl; w stosunku molowym 3:1 lub 2:1, a rownanie 17 stanowi podsumowanie tej

metody.

NaHCO
6Mg2* + 2A13* + 18CL + nH,0 —3 6Mg?* + 2413+ + 18Cl~ + mNa*

stracanie

+mCO5~ + mOH™ ——— MgeAl,(OH)¢(CO3) - 4H,0
+ 18NaCl (17)

Niewatpliwg zaletg tej metody jest mozliwos¢ kontroli nukleacji, a tym samym
wielkos$ci czastek otrzymanego podwdjnego warstwowego wodorotlenku magnezowo-
glinowego, poprzez zmian¢ pH roztworu, temperatury, czy tez intensywno$ci mieszania.
W érodowisku obojetnym lub kwasnym w roztworze wspoélistniejg jony Mg?*, Al**oraz
CI, jednakze zwigkszenie pH roztworu poprzez dodanie np. NaHCO3 lub NH4HCO3,
itym samym wprowadzenie anionéw COs> prowadzi do stracania podwodjnego
warstwowego wodorotlenku. Istotne jest, iz w tym przypadku w ukladzie oprocz
hydrotalkitu obecne sg rowniez inne jony (np. Na*), ktore musza zosta¢ usuniete, gdyz
och obecnos$¢ w postaci zanieczyszczen skutkowac bedzie tworzeniem niskotopliwych
faz w materiale ogniotrwalym co jest zjawiskiem niepozadanym. Ostatnim etapem
otrzymywania M-A-H poprzez wspoélstracanie jest suszenie lub liofilizacja w celu
uzyskania produktu reakcji w postaci proszku, co wymaga dodatkowego naktadu
energetycznego [66-71]. Zaproponowany przez R. Saloma~o [66] mechanizm syntezy M-
A-H zwodnych zawiesin MgO 1 AI(OH); opiera si¢ na reakcjach hydratacji-
rozpuszczania-wspolstracania, ktore zachodza jednoczesnie. MgO reaguje z woda
zgodnie z reakcjami 13-15 dzigki czemu w roztworze pojawiajg sie jony Mg?" oraz OH’,
a zwigkszajace si¢ pH roztworu sprzyja hydroksylacji, rozpuszczaniu Al(OH)3
i uwalnianiu jonow AI**

AL(OH)3(s01i0) + OH(gqy = AL(OH) o) = APP* + n(OH)™ (18)

zgodnie z rownaniem 18:
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Obecno$¢ jonow AP, Mg**, OH" oraz (CO3)* w $rodowisku zasadowym powoduje
wytracanie  podwodjnego  warstwowego  wodorotlenku  magnezowo-glinowego.
W materiatach zard6wno magnezjowych, jak i korundowych z dodatkiem MgO wigzanych
p-AlbO3 [65] zaobserwowano synteze fazy strukturalnie zblizonej do hydrotalkitu [55,
57] jednakze prace dotyczace wykorzystania jako potencjalne spoiwo bezcementowe
reaktywnych nano- i mikroproszkow MgO oraz AlOs zostaly zapoczatkowane
1 spopularyzowane dopiero niedawno [65, 72].

W ostatnich latach w technologii materiatow ogniotrwalych popularne staty si¢
réwniez zawiesiny wodne zawierajace mikro- lub nanometryczne proszki Al2O3 lub SiO»,
czyli spoiwa koloidalne. Zol krzemionkowy to stabilna (zazwyczaj stabilizowany za
pomoca odpychania elektrostatycznego, uzyskiwanego dzieki kontrolowanemu pH
roztworu) zawiesina nanoczastek amorficznej krzemionki, ktory w zaleznosci od sposobu
otrzymywania rozni¢ si¢ moze zawartoscig SiOz (15-50% wt.), pH, wielkoscig oraz
ksztattem czastek [73]. Zgodnie z literaturg [74], struktura czastek krzemionki jest
tworzona przez sie¢ siloksanowg (—Si—O—-Si—), podczas gdy warstwe powierzchniowa
tworza grupy silanolowe (—SiOH) oraz hydroksylowe. Czasteczki krzemionki koloidalne;j
moga taczy¢ si¢ ze soba poprzez zelowanie i koagulacje, nadajac tym samym poczatkowa
wytrzymato$é. Zelowanie umozliwia lacznie pojedynczych czastek iutworzenie
rozgalezionego lancucha w wyniku czego powstaje trojwymiarowa sie¢. Oba
mechanizmy wigzania sg kontrolowane przez: zmian¢ pH, dodatek elektrolitoéw i/lub
cieczy organicznych oraz zmiang¢ temperatury, a proces rozpoczyna si¢ od destabilizacji
zawiesiny [73, 74], ktéra zachodzi na przyktad podczas obrobki cieplnej materiatu.
Podczas ogrzewania nastgpuje odprowadzanie wody, a grupy (Si—OH) przeksztatcajg si¢
w wigzania siloksanowe (Si—O-Si), zgodnie z reakcja 19 [73]:

—SiOH + HOSi—- Si— 0 — Si+ H,0 (19)
Podczas suszenia czastki zblizaja si¢ do siebie, tworzy si¢ trojwymiarowa sie¢, w ktorej
ciecz zatrzymywana jest przez sity kapilarne, nast¢puje wzmocnienie wigzan pomiedzy
czastkami w miejscach ich kontaktu poprzez koalescencj¢. Na pewnym etapie tworzy si¢
przejrzysty, spojny film zelowy, a dalsze suszenie prowadzi do kurczenia si¢ zelu i jego
pekania, czego wynikiem sg kruche, wtokniste lub przypominajace wlosy pozostatosci
zelu krzemionkowego [74].

Zol krzemionkowy cieszy si¢ popularnoscig jako spoiwo w materialach
wysokoglinowych ze wzgledu na reakcje z Al,O3 w wyniku ktdérej na wcze$niejszym

etapie spiekania (temperatura okoto 1100 °C) powstaje mullit [59, 74, 75], tym samym
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w temperaturze nizszej niz w materiatach wigzanych cementem glinowo- wapniowym
tworzy si¢ wigzanie ceramiczne. Dodatkowo z uwagi na sferyczny ksztalt
nanometrycznych czastek, jego obecnos¢ poprawia wlasciwosci reologiczne co przektada
si¢ na mniejsza ilo§¢ dodawanej do betonu wody oraz krotszy niezbedny czas
homogenizacji mieszanki betonowej. Umozliwia takze szybsze, bezpieczniejsze
wygrzewanie materiatu, bez koniecznosci suszenia wstgpnego z uwagi na tworzenie
bardziej przepuszczalnej 1 porowatej mikrostruktury [76]. Problemem jest natomiast
niska poczatkowa wytrzymatos¢, przed wypaleniem, a takze aglomeracja i segregacja
czastek w matrycy betonu [8]. Ponadto, jego zastosowanie jest ograniczone ze wzgledu
na mozliwo$¢ obecnosci wolnego SiO> w materiale 1 tworzenie si¢ fazy cieklej ponizej
1600°C [77]. Wady zolu krzemionkowego jako spoiwa skierowaly uwage naukowcow,
w kierunku zolu glinowego, ktorego zastosowanie zapobiega tworzeniu si¢ fazy ciekte;,
zwigkszajac tym samym spektrum jego zastosowan [7, 77]. Charakteryzuje si¢ on jednak
szybszym zelowaniem, co wplywa negatywnie na reologi¢ betonu i powoduje szybsze
wigzanie. Dodatkowo, jego zastosowanie wigze si¢ z otrzymaniem bardziej zwartej
mikrostruktury co z kolei przektada si¢ na zwigkszenie wytrzymatos$ci mechanicznej [78]
ale takze moze wigzaé si¢ zutrudnionym odprowadzaniem wody i prowadzi¢ do
powstawania pgknig¢ w trakcie obrobki cieplnej materiatu. Dlatego tez badania nad
potencjalnym wykorzystaniem =zolu glinowego nadal lezg wsrdd zainteresowan

naukowcow.
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6. Sposoby ksztaltowania wlasciwosci betonow
ogniotrwalych w temperaturach posrednich 300-1000°C

Zgodnie z aktualnym stanem wiedzy, zastosowanie cementu glinowo- wapniowego
w wysokoglinowych betonach ogniotrwalych zwigzane jest ze spadkiem wytrzymatosci
mechanicznej materialdow w zakresie temperatur 300-1000 °C [40-43, 46-49]. Jak
wspomniano w rozdziale 5, ponizej 400 °C zachodzi odpowiednio dehydratacja
1 dehydroksylacja utworzonych wczeséniej hydratow oraz gibbsytu. Tym samym dochodzi
wowczas do zniszczenia sieci hydratdw cementu, co w potaczeniu ze wzrostem
porowatos$ci prowadzi do spadku wytrzymatosci mechanicznej materiatlu [46-49].
Pogorszenie wytrzymato$ci mechanicznej w temperaturach w zakresie od 700°C do
900°C najprawdopodobniej nie jest zwiazane z zachodzacymi reakcjami rozkladu,
awynika ze znacznej roéznicy w morfologii pomi¢dzy Cs3AHg oraz gibbsytem,
a produktami ich rozktadu [26, 79]. Przykladowy wykres zmian wytrzymato$ci

mechanicznej betondéw cementowych przedstawiono na Rysunku 2.
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Rysunek 2 Wytrzymalo$¢ na $ciskanie (a) oraz zginanie (b) prefabrykatéw betonowych o réznej
zawarto$ci cementu glinowo- wapniowego, poddanych obrébce cieplnej w temperaturze: 300°C,
600°C, 800°C lub 1000°C [79].

Z technologicznego punktu widzenia omawiane tutaj pogorszenie wytrzymatosci
mechanicznych materialu jest niekorzystne, gdyz z uwagi na wystepujacy gradient
temperatury w trakcie pracy urzadzenia, w ktérym zostal zastosowany beton na wigzaniu
cementowym, moze dochodzi¢ do odpryskiwania i pgkania wylozenia, co znaczaco
skraca jego zywotno$¢. Dlatego tez niezwykle istotne jest poszukiwanie nowych
rozwigzan pozwalajacych na catkowite wyeliminowanie lub ograniczenie spadku
wytrzymalo$ci mechanicznej w temperaturach 300-1000°C.

Aktualna literatura naukowa donosi, iz podjgte zostaly proby majace na celu
ograniczenie ww. spadku wytrzymato$ci poprzez zastosowanie dodatkéw inicjujacych
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wczesniejsze spiekanie oraz wspomagajacych zageszczenie mikrostruktury [80]. Takie
rozwigzanie czg¢sto skorelowane jest ze zmniejszeniem ilo$ci lub catkowitym
zastgpieniem cementu glinowo- wapniowego innym spoiwem bezcementowym.
Wykorzystanie nanododatkow lub zwigzkow takich jak: zawiesiny koloidalne, materiaty
na bazie krzemionki lub boru [74, 80-82] moze przyspieszy¢ przemiany fazowe
zachodzace w matrycy betonu, a tym samym skutkowa¢ wcze$niejszym tworzeniem si¢
wigzania ceramicznego z uwagi na tworzenie si¢ fazy cieklej w temperaturze 600-
1000°C. Jednakze, obecnos¢ fazy cieklej wplywa negatywnie na wlasciwosci
termomechaniczne materiatu, dlatego tez w ostatnich latach projektowano materiaty,
w ktorych faza ciekta tworzyta si¢ tylko podczas pierwszej obrobki cieplnej, w wyniku
ktorej powstawaly nowe, wysokoogniotrwale fazy np. AlisB4Os3 lub AlsS12013 [80-82].
W literaturze [83] opisywano roéwniez pozytywny wplyw CaCOs; w materiatach
wysokoglinowych, ktorego dodatek przelozyl si¢ na poprawe wlasciwosci
mechanicznych w temperaturach 300-1000°C (w poréwnaniu do materiatow wigzanych
cementem glinowo- wapniowym) poprzez zjawisko spiekania-wzrostu ziaren
1 koalescencji (z ang. SCC sintering-coagulation-coalescence). Zastosowanie CaCOs
prowadzito jednak do otrzymania materiatow, ktore charakteryzowaty si¢ niska
wytrzymato$cia na etapie pielggnacji oraz suszenia [80]. Ponadto, w przypadku
materiatdw magnezjowych, w ktorych zastosowano p-Al,O3 jako spoiwo hydrauliczne,
zaobserwowano poprawe wiasciwosci mechanicznych w temperaturach posrednich,
co przypisywane jest pojawieniu si¢ fazy strukturalnie zblizonej do hydrotalkitu

w osnowie w trakcie jego sezonowania.
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7. Wlasciwosci technologiczne betonow ogniotrwalych
korundowo- spinelowych.

Zgodnie z podziatem zaproponowanym przez F. Nadachowskiego [84], wlasciwosci
materiatlow ogniotrwalych mozna podzieli¢ na fizyczne (wlasnosci: zwigzane ze
zwartos$cig, mechaniczne, cieplne oraz przewodno$¢ elektryczna) i technologiczne
(wlasnosci ogniowe oraz odpornosciowe). Jedng z istotniejszych wlasciwosci
uzytkowych materiatow ogniotrwatych jest wytrzymatos¢ mechaniczna, gdyz wpltywa
bezposrednio na inne wlasciwosci na przyktad odpornos¢ na nagte zmiany temperatury.
Najogolniej, pojecie to okresla zdolnos¢ do przenoszenia obcigzen i zalezy od budowy
materialu na poziomie atomowym, mikrostruktury i warunkéw obcigzania [85].
Wytrzymatos$¢ na $ciskanie (z ang. cold crushing strength, CCS) oraz wytrzymalo$¢ na
zginanie w temperaturze otoczenia (z ang. cold modulus of rupture, CMoR) stanowig
dwie najczeéciej wyznaczane wytrzymato$ci mechaniczne materialow ogniotrwatych.
Wytrzymatosci te zaleza od mikrostruktury im bardziej zwarta 1 jednorodna
mikrostruktura oraz im mniej jest w niej peknie¢ oraz poréw, tym wyzsza jest
wytrzymato$¢. Modelowanie mikrostruktury poprzez odpowiedni dobor sktadu
ziarnowego oraz wilasciwie przeprowadzone etapy pielegnacji, suszenia oraz wypalania
majg realny wplyw na wiasciwosci koncowe materiatu. Jednakze, biorgc pod uwage
temperature pracy wytozen wykonanych z materiatow ogniotrwatych, istotna jest rowniez
wytrzymato§¢ mechaniczna materiatu, ktory poddany zostat jednocze$nie dziataniu
wysokiej temperatury 1 obcigzenia. Jednym z badan pozwalajacych na jakosciowg ocene
wytrzymato$ci w podwyzszonej temperaturze jest badanie wytrzymatosci na zginanie
(HMoR), ktére opisuje norma PN-EN [SO1927-6:2013-06 [86]. Wynik badania
wytrzymato§ci na zginanie w podwyzszonej temperaturze zalezy od parametrow
mikrostruktury, a takze od ilo$ci fazy ciektej, a wigc od sktadu chemicznego i fazowego
materiatu ogniotrwatego.

Ogniotrwalos¢ zwykta to parametr okreslajacy temperature, w ktorej dany materiat
ogniotrwaly zaczyna migkna¢ i deformowaé si¢ pod wilasnym ci¢zarem 1 stanowi
podstawowa wiasno$ciag materiatdéw ogniotrwatych, poniewaz determinuje mozliwos¢
jego zastosowania. Niemniej jednak, w bardzo rzadkich przypadkach zniszczenie
wytozenia nastgpuje wylacznie na skutek dzialania wysokiej temperatury. W kazdym
urzadzeniu cieplnym wiele czynnikow oddzialuje jednocze$nie na materiat powodujac
jego zuzycie w temperaturze nizszej anizeli wynikatoby to z ogniotrwatosci zwykte;j,

ktora zalezy gléwnie od sktadu chemicznego, fazowego oraz mikrostruktury [84].
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Bardziej istotnym parametrem jest ogniotrwato$¢ pod obcigzeniem (z ang. refractoriness
under load, RUL), ktéra wedlug normy PN-EN ISO 1893 :2008 [87] stanowi miarg
zachowania si¢ materialu ogniotrwalego, ktéry poddany zostal kompleksowemu
oddzialywaniu obcigzenia, rosngcej temperatury oraz czasu. Podczas pomiaru
rejestrowane jest odksztalcenie probki, na ktora dziata state obcigzenie wynoszace
0,2 MPa, temperatura natomiast jest parametrem zmiennym. Poczatek deformacji probki
potaczony jest z powstawaniem fazy cieklej w materiale. Zgodnie z normg, miarg
ogniotrwatosci pod obcigzeniem s3g temperatury charakterystyczne odpowiadajace
okreslonym odksztatlceniom, a literatura wskazuje temperatur¢ Tos jako maksymalng
zalecang temperatur¢ pracy betonu ogniotrwatego [87, 88]. Ogniotrwalo$¢ pod
obcigzeniem determinowana jest przez sktad ziarnowy, chemiczny i fazowy, jak réwniez
przez mikrostrukture i wlasciwosci fazy cieklej. Wypalanie materiatow ogniotrwatych
takze odgrywa kluczowa role w ksztaltowaniu analizowanej wlasciwosci, gdyz decyduje
nie tylko o skladzie fazowym, ale takze o zrastaniu si¢ faz stalych, rekrystalizacji
1 porowatosci (parametrach mikrostruktury).

Kolejng istotng witasciwos¢ technologiczng stanowi pelzanie. Pelzanie pozwala
okresli¢ przebieg deformacji probki w trakcie dlugoczasowych pomiardw przy
niezmienionych warto$ciach temperatury oraz obcigzenia. Wynik analizy pelzania
materialdow ogniotrwatych dostarcza dodatkowych informacji dotyczacych zachowania
si¢ tych materialow w podwyzZszonej temperaturze, ktére nie wynikaja z badania
ogniotrwatosci pod obcigzeniem. Pomimo, ze w obu przypadkach bada si¢ odksztatcenie
materiatu, to w przypadku oznaczania odpornosci na petzanie pomiar jest dluzszy.
Oproécz badania petzania przy $ciskaniu (z ang. creep in compression, CIC) popularne jest
réwniez pomiar pelzania przy skrecaniu [84]. Zgodnie z norma PN-EN 993-9:1999 [89]
pelzanie przy $ciskaniu okresla si¢ jako izotermiczne odksztalcenie materiatu poddanego
naprezeniu Sciskajgcemu w funkcji czasu. W trakcie pomiaru na probke dziata state
obcigzenie wynoszace 0,2 MPa, szybkos$¢ przyrostu temperatury wynosi od 4,5 do
5,5°C/min, a standardowy czas badania wynosi 25 godzin. Ocena odpornosci materiatu
na petzanie odbywa si¢ w oparciu o model projekcji parametru 0 (z ang. 0-projection
model), zgodnie z ktorym porownuje si¢ szybkos¢ pelzania (03-04 %/min) w fazie drugiej
(faza stacjonarna ze stalg szybkos$cig petzania) [90]. Podobnie jak w przypadku
ogniotrwatosci pod obcigzeniem, sktad ziarnowy, chemiczny, fazowy oraz charakter fazy

cieklej i mikrostruktura determinowac beda odpornos¢ materiatu na petzanie.
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Wyktadziny urzadzen cieplnych narazone sg na gwaltowne zmiany temperatury, co
stanowi jedna z przyczyn ich zniszczenia poprzez powstawanie peknie¢ oraz
odpryskiwanie materiatu. Powstawanie peknig¢ spowodowane jest wystepowaniem
naprezen, ktore sa wynikiem pojawienia si¢ gradientu temperatur (naprezenia cieplne
drugiego rodzaju). Réznica temperatur pomigdzy warstwami materiatu powoduje, iz
jedna warstwa rozszerza si¢ lub kurczy szybciej lub wolniej od drugiej, a wzajemne
blokowanie swobodnego rozszerzania si¢ i kurczenia obszarOw o roznej temperaturze
prowadzi do pojawienia si¢ napre¢zen cieplnych drugiego rodzaju. Jezeli powstate
naprezenie przekroczy warto$¢ krytyczng dla danego materiatu, to spowoduje inicjacje,
a nastgpnie propagacj¢ peknigé, co w rezultacie doprowadzi do zniszczenia materiatu.
W latach 50-tych XX wieku Kingery [91] wskazal, iz na odporno$¢ na nagle zmiany
temperatury (OWT) materiatu ogniotrwatego wpltyw maja: przewodnictwo cieplne,
rozszerzalno$¢ cieplna, wytrzymatos$é, ksztatt i wymiary probki oraz wlasnos$ci sprezyste.
Dodatkowo, w latach 60-tych XX w. Hasselmann [92] w oparciu o bilans energetyczny
zdefiniowal warunki, jakie musza zosta¢ speilnione, aby doszto do propagacji juz
istniejacych peknie¢ w materiale. Niestety opracowane teorie odpornosci na wstrzasy
cieplne lepiej sprawdzaja si¢ przy wyjasnianiu mechanizméw degradacji materiatow,
anizeli przy obliczaniu rzeczywistych warto$ci napre¢zen. Niemniej jednak, mozna
stwierdzi¢, iz na odporno$¢ materialu na nagle zmiany temperatury wplyw maja:
struktura, mikrostruktura, sktad fazowy oraz chemiczny, a ksztattowanie ww. wtasnosci
odbywac si¢ moze poprzez odpowiedni dobor sktadu oraz wihasciwie przeprowadzony
proces otrzymywania 1 obrobke termiczng. W literaturze opisane sg zrdznicowane
metody badan odpornos$ci na nagte zmiany temperatury [93-95], a zastosowana metoda
pomiarowa jest tym lepsza, im warunki badania bardziej odwzorowuja autentyczne
warunki pracy badanego materiatu. Okreslenie odpornosci w sposdb empiryczny
sprowadza si¢ do umownej oceny skutkdw wywotanych przez bezposrednie poddawanie
materialow cyklicznym zmianom temperatury.

Kompleksowa analiza wymienionych w niniejszym rozdziale witasciwosci jest
niezwykle istotna pod katem prawidlowej oceny potencjalnego zastosowania materiatu
ogniotrwatego. W przypadku wtasciwosci termomechanicznych betonéw ogniotrwatych
w literaturze wyrdznia si¢ dwa podejscia do badan: wykorzystanie probek wypalonych
w docelowej temperaturze lub probek poddanych wstepnej obrobce cieplnej
(np. w temperaturze 600°C). W zalezno$ci od zastosowanego podejscia, uzyskane wyniki

badan r6znig si¢, w zwigzku z czym nie nalezy ich ze soba bezposrednio porownywacé
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[29, 88, 96]. W trakcie realizacji rozprawy doktorskiej do badan wykorzystano probki

betonéw wypalonych w temperaturze 1500°C.
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8. Podsumowanie czesci literaturowej

Rosngce zainteresowanie betonami typu LCC, ULCC i NCC oraz nieustanny
rozw6j przemystu m.in. cementowego, hutniczego i szklarskiego, zwigzane sa
z konieczno$cig poszukiwania nowych, lepszych rozwigzan materiatowych. Mimo
postepujacych badan irozwoju technologii spoiw bezcementowych, cement glinowo-
wapniowy wcigz odgrywa kluczowa role jako podstawowy sktadnik wigzacy w betonach
ogniotrwatych. Przedstawiona w niniejszej dysertacji analiza literatury naukowej
wykazata, ze gtowne problemy zwigzane z monolitycznymi wytozeniami ogniotrwatymi,
w ktorych jako spoiwo stosuje si¢ cement glinowo- wapniowy dotycza ograniczonej
odpornosci korozyjnej, niewystarczajacych wilasciwosci termomechanicznych oraz
wyraznego spadku wytrzymatosci mechanicznej w zakresie temperatur 300—1000°C.
Ponadto, ze wzgledow zarowno ekologicznych jak i ekonomicznych skracanie czasu
obrobki cieplnej 1 wypalania betonow stato si¢ jednym z kluczowych kierunkéw rozwoju.
Podjete proby zastgpienia spoiwa cementowego spoiwem alternatywnym w postaci p-
ALOs3 lub zolu krzemionkowego okazaly si¢ niewystarczajace ze wzgledu na
odpowiednio: zwiekszong porowatos¢ prowadzaca do obnizenia wytrzymalosci
mechanicznej oraz niskg wytrzymato$¢ na etapie sezonowania oraz suszenia.
Jednoczesnie, dostgpne dane literaturowe dotyczace zastosowania reaktywnych tlenkow
MgO-AlLO3 lub MgO-AlLO3-Si02 jako spoiwa w bezcementowych betonach
ogniotrwatych  korundowo-  spinelowych sa ograniczone. Rowniez stabo
udokumentowane jest zastosowanie wodnej zawiesiny nanometrycznego proszku Al:Os
(zolu glinowego) jako skladnika osnowy betonu, co znajduje odzwierciedlenie w braku
wdrozen przemystowych tego typu rozwigzan. Wskazane braki w literaturze naukowe;j,
ograniczenia zwigzane z zastosowaniem spoiwa cementowego oraz praktyka
przemystowa stanowig uzasadnienie podj¢tej tematyki badawczej.

W  niniejszej dysertacji wyjasniono mechanizm formowania wigZzby
hydraulicznej betonu w wyniku hydratacji reaktywnych tlenkow MgO-Al,Os; jako
sktadnikow osnowy, wsrdd ktorych wyr6zni¢ mozna m.in. zol glinowy. Odpowiednio
przeprowadzona hydratacja umozliwila otrzymanie podwojnego warstwowego
wodorotlenku magnezowo- glinowego w matrycy betonu w temperaturach ponizej 50°C.
Ponadto, zachodzace w trakcie obrdobki cieplnej 1 wypalania reakcje rozktadu
termicznego, rekombinacji tlenkéw mieszanych Mg(Al)O, a nastepnie ich reakcyjne
spiekanie prowadzace do powstania fazy spinelowej w temperaturze 700°C umozliwity

stopniowy przyrost wytrzymatosci mechanicznej materiatu w temperaturach 300-
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1000°C. Otrzymany prefabrykat betonowy korundowo- spinelowy wykazywat
podwyzszone wlasciwosci mechaniczne, termomechaniczne i odpornosciowe wzgledem

rozwigzan opisywanych w literaturze, co podkresla jego potencjat aplikacyjny.
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9. Hipoteza i cel badan

Celem niniejszej rozprawy doktorskiej bylo okreslenie mechanizmu formowania si¢
wiezby hydraulicznej betonu w wyniku hydratacji sktadnikow osnowy w temperaturach
ponizej 50°C, anastepnie wigzby ceramicznej w materiatach ogniotrwalych
bezcementowych i ultra-niskocementowych korundowo-spinelowych podczas ich obrébki
cieplnej i wypalania w temperaturze do 1500°C poprzez:

- zdefiniowanie warunkéw otrzymywania podwojnego warstwowego wodorotlenku
magnezowo-glinowego w mieszankach reakcyjnych MgO-Al,O3; zarowno modelowych, jak
1 wewnatrz ogniotrwatego bezcementowego betonu korundowo-spinelowego na etapie
formowania,

- rozpoznanie reakcji zachodzacych w toku rozktadu termicznego sktadnikéw osnowy
betonu, w tym gtownie podwdjnego warstwowego wodorotlenku magnezowo-glinowego,
rekombinacji struktur przejsciowych tj. tlenkdw mieszanych typu Mg(Al)O, a nast¢pnie ich
reakcyjnego spiekania prowadzacego do powstania fazy spinelowej w temperaturze nizszej
niz wynika to z tradycyjnej technologii.

W kontekscie przysziej aplikacji materiatu, dodatkowym celem pracy byto okreslenie roli
ilosci, rodzaju oraz sktadu fazy spinelowej w ksztaltowaniu wilasciwosci fizycznych,
mechanicznych, termomechanicznych i odpornosciowych opracowanego betonu.

Na podstawie wskazanego celu badawczego sformutowano nastepujace hipotezy
badawcze:

- wlasciwosci betonu w stanie surowym mozna ksztaltowa¢ poprzez dobdr sktadnikow
spoiwa oraz warunkoéw sezonowania, ktore determinujg przebieg reakcji powstawania
wigzby hydrauliczne;,

- 0 wlasciwos$ciach betonu w zakresie temperatur do 1000°C decyduje charakter przemian
sktadnikow osnowy zachodzacy z utworzeniem reaktywnych faz przejsciowych,

- 1los¢, rodzaj, skiad fazy spinelowej oraz innych faz modyfikujacych decyduja
o uksztaltowaniu mikrostruktury, a tym samym warunkuja wlasciwosci fizyczne,

mechaniczne, termomechaniczne i odpornosciowe betonu korundowo—spinelowego.
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10. Przewodnik po publikacjach cyklu przedstawionego jako

rozprawa doktorska
10.1. Effect of the particle size on the reactivity of MgO-Al:0;s hydrating
mixtures: A long-term kinetic investigation of hydrotalcite
synthesis, Karina Warmuz, Dominika Madej, Applied Clay Science,
211, 2021, s. 1-14.

Pierwsze prace badawcze koncentrowaly si¢ na otrzymaniu mieszanin
zawierajacych rézne rodzaje proszkow MgO (M) i Al,O3 (A), pretendujacych do roli
spoiw w bezcementowych betonach ogniotrwatych. Do badan wytypowano komercyjnie
dostepne odczynniki chemiczne (Acros Organics, Aldrich) oraz dedykowane surowce
przemystowe o wysokiej czystosci chemicznej (Almatis) w formie proszkow
nanometrycznych (nM, nA) imikrometrycznych (uM, pA). Na podstawie studium
literaturowego zaprojektowano seri¢ mieszanin o réznych kompozycjach skladu
(nM_nA, nM_pA i uM_nA), dla ktérych zachowano proporcje molowa M:A wynoszaca
1:1. Kolejnym etapem badan, bylo przeprowadzenie analizy post¢pu hydratacji tych
mieszanin w kierunku otrzymania podwojnego warstwowego wodorotlenku magnezowo-
glinowego, ktory najlepiej mozna przyblizy¢ wzorem MgsAloCO3(OH)16-4H>0.

Zastosowanie roznych prekursorow w postaci odczynnikoéw chemicznych oraz
surowcOw przemystowych wymagalo przeprowadzenia badan umozliwiajacych
porownanie ich reaktywnos$ci. Zmierzono potencjal zeta oraz powierzchni¢ wtasciwa,
a takze wykonano analizy XRD, FTIR, SEM-EDS oraz TG-EGA (MS), zarowno przed,
jak 1w trakcie procesu hydratacji proszkow wyjsciowych nM, nA, pM, pA. Wyniki
potwierdzity, Zze ALOs w postaci nanometrycznego proszku wykazywal wyzsza
reaktywno$¢ niz jego mikrometryczny odpowiednik, co potwierdzono obecnoscig
Al(OH)s jako produktu reakcji hydratacji. Wigksza reaktywno$¢ nA w pordwnaniu do pA
wynikata z wigkszego rozwinigcia powierzchni wiasciwej, odmiany polimorficznej oraz
wyzszej mobilnosci jonow w Srodowisku zasadowym. Natomiast, réznice w szybkosci
reakcji hydratacji MgO, pomigedzy nM, a uM byly mniej wyrazne i wynikaty gtownie
zrozwinigcia powierzchni wlasciwej, wielkoSci krystalitow oraz sktonnosci do

aglomeracji. Podsumowanie wspomnianych wtasciwosci przedstawiono w Tabeli 2.
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Tabela 2 Podsumowanie roznic w reaktywnosci zastosowanych proszkow wyjsciowych.

Proszek wyjsciowy nM uM | pA nA
Odmiana polimorficzna - - o} o,y
Wielkos¢ krystalitow [nm] 11.75 | 45.05 | 65.23 | 6.66

Mobilno$¢ jonéw (pH=~10,5) [umem/VS] | 1,46 | 1,34 [0,75 | 1.55

Powierzchnia wlasciwa BET [m%/g] 28.20 | 1090 | 6.6 0 | 56.60

Stopien aglomeracji 5.07 |3.42 |3.48 | 441

Analizg postepu hydratacji zaprojektowanych mieszanin dwusktadnikowych M—
A prowadzono dla probek pobranych po 12 godzinach oraz 3, 7, 14, 56 1 98 dniach od jej
rozpoczecia. Przebieg reakcji monitorowano na podstawie obecnosci podwdjnego
warstwowego wodorotlenku magnezowo-glinowego identyfikowanego wedlug
modelowego  dyfraktogramu  rentgenowskiego  odpowiadajacego  strukturze
MgsAl,CO3(OH)16-4H20, oraz zmian w intensywnos$ci glownych linii dyfrakcyjnych
MgO 1 Mg(OH).. Analogiczne obserwacje prowadzono rdéwniez w oparciu
o potwierdzenie obecno$ci lub braku charakterystycznych pasm w widmach FTIR.
Analizy XRD oraz FTIR wykazaty, ze w probkach nM_nA oraz puM_nA otrzymano
podwojny warstwowy wodorotlenek magnezowo-glinowy, co potwierdzita obecnosé¢
charakterystycznej dla MgeAloCO3(OH)16'4H20 linii dyfrakcyjnej w pozycji 26=11,62°
[98] oraz szerokiego pasma w potozeniu 3000-3700cm™ [98-100] juz po 12h od
rozpoczgcia hydratacji. Po 12h od rozpoczecia hydratacji potwierdzono réwniez
wystgpowanie Mg(OH): w kazdej z trzech mieszanin reakcyjnych. Produktami
koncowymi hydratacji mieszanin nM_nA oraz pM nA byly: podwdjny warstwowy
wodorotlenek magnezowo-glinowy, Al,O3 oraz faza amorficzna, podczas gdy w probce
nM_pA po 98 dniach od rozpoczecia hydratacji obecny byt Mg(OH), oraz
nieprzereagowany proszek wyjsciowy pA. Mieszanina reakcyjna nM_nA w poroéwnaniu
do puM nA zawierala wigkszg ilo$¢ podwojnego warstwowego wodorotlenku
magnezowo-glinowego 1 mniejszg 1los¢ fazy amorficznej, a wigc charakteryzowata sie
wiekszym stopniem przereagowania. Przeprowadzone badania potwierdzity, ze
reaktywnos$¢ uktadow hydratacyjnych byta $cisle zalezna od wtasciwosci zastosowanych
substratow, w szczeg6élnosci rodzaju AlOs; o czym $wiadczyt brak podwojnego

warstwowego wodorotlenku magnezowo- glinowego w mieszaninie reakcyjnej nM_pA.
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Przeprowadzone obliczenia termodynamiczne wskazaty, Ze otrzymanie
podwojnego warstwowego wodorotlenku magnezowo-glinowego w wyniku hydratacji
mieszanin reakcyjnych M-A poprzez etap posredni, jakim jest utworzenie Mg(OH), jest
procesem termodynamicznie uprzywilejowanym (A;G <0 kJ/mol), w poréwnaniu do
bezposredniej reakcji jonéw w roztworze (A:G >0 kJ/mol).

Podsumowujac uzyskane wyniki mozna stwierdzi¢, ze hydratacja mieszanin
reakcyjnych M-A prowadzita do otrzymania podwdjnego warstwowego wodorotlenku
magnezowo-glinowego, a przebieg reakcji (czas, stopien przereagowania) warunkowaty
wykorzystane surowce. Bioragc pod uwage szybko$¢ zachodzacej reakcji hydratacii,
kluczowym aspektem determinujagcym ja jest zastosowanie nanometrycznego proszku
Al>0s. Mieszanina reakcyjna nM_nA ze wzgledu na najszybszy przebieg reakcji oraz
najwyzszy stopien przemiany zostala wytypowana do dalszych badan, ktérych celem
byto rozpoznanie reakcji zachodzacych w toku rozktadu termicznego sktadnikow osnowy
betonu, wtym gldwnie podwdjnego warstwowego wodorotlenku magnezowo-
glinowego, rekombinacji 1 reakcyjnego spiekania struktur przej$Sciowych, ktore
prowadzily do otrzymania fazy spinelowej w temperaturze nizszej niz wynika to
z tradycyjnej technologii. Wyniki wspomnianych badan przedstawiono w publikacji

10.3.
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10.2. Comparison of the CAC-containing and CAC-free hydraulic binders
in term of the hydrated matrix formation within refractory castables
designed for the fast drying procedure, Karina Warmuz, Dominika
Madej, Journal of Thermal Analysis and Calorimetry, 147, 18, 2022,
s. 9975-9986.

Nastgpne prace badawcze koncentrowaly si¢ na okresleniu przebiegu reakcji
hydratacji w temperaturze 20°C oraz 50°C modelowych mieszanin reakcyjnych
zawierajacych surowce przemyslowe oraz nanometryczny proszek AlOs. Drugi etap
badan ukierunkowany byt na poréwnanie spoiw cementowych oraz bezcementowych pod
katem ich zastosowania jako komponentdw matrycy betondw ogniotrwatych
przeznaczonych do wygrzewania w warunkach szybkiego przyrostu temperatury.
Mechanizm wigzania spoiw bezcementowych opieral si¢ na procesie hydratacji
mieszanin dwusktadnikowych zawierajacych tlenki MgO (M) 1 ALOs (A). Natomiast
mechanizm wigzania spoiw cementowych byly wynikiem reakcji hydratacji cementu
glinowo-wapniowego (CAC) w obecnosci MgO, Al:Os oraz sktadnika inertnego
W postaci syntetycznego spinelu magnezowo-glinowego. Do badan wytypowano
zarowno komercyjnie dostgpny odczynnik chemiczny (nanometryczny proszek Al>Os:
nA, Aldrich) jak i dedykowane surowce przemystowe o wysokiej czystosci chemicznej
(Almatis, Goérkal Cement). Przyjeto nastepujace oznaczenia surowcoéw przemystowych:
spiekane MgO —SpM, topione MgO —TopM, reaktywny Al,O; CTC 40 —uA, cement
glinowo-wapniowy —CAC, oraz syntetyczny spinel magnezowo-glinowy: bogaty w jony
glinu Al-rich spinel —~AR78 lub bogaty w jony magnezu Mg-rich -MR66. Na podstawie
studium literaturowego oraz wynikéw przedstawionych w publikacji  10.1
zaprojektowano seri¢ mieszanin o zroznicowanym skladzie: SpM_nA, TopM nA,
MR66 CAC pA (probka MR66 5M) oraz AR78 CAC pA SpM (probka AR78 5M).
W przypadku probek bezcementowych, analogicznie jak we wcze$niejszych etapach
badan, zachowano stosunek molowy M:A réwny 1:1. Ponadto, dla wszystkich
modelowych mieszanin reakcyjnych przyjeto statg zawartos¢ MgO.

Wptyw sktadu probki oraz temperatury na przebieg hydratacji spoiw oceniano za
pomocg analiz strukturalnych XRD oraz FTIR produktow reakcji, a takze kalorymetrii
izotermicznej, prowadzonej w dwoch temperaturach: 20°C oraz 50°C. Wyniki analiz
XRD 1 FTIR wykazaly, ze proces hydratacji mieszanin dwusktadnikowych SpM_nA oraz

TopM _nA, prowadzony odpowiednio w temperaturze 50°C i 20°C, prowadzit do
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otrzymania podwdjnego warstwowego wodorotlenku magnezowo-glinowego po 12 oraz
72 godzinach od rozpoczgcia reakcji. Ponadto, brak charakterystycznej dla Mg(OH): linii
dyfrakcyjnej w pozycji 20 =37,966° [72, 98] oraz ostrego pasma na widmie FTIR
w potozeniu 3699 cm! [98-100] wskazuje na jego natychmiastowe zuzycie w przebiegu
reakcji, co potwierdza wczesniej zaobserwowany przebieg reakcji otrzymywania
podwojnego warstwowego wodorotlenku magnezowo-glinowego z udziatem Mg(OH):
jako produktu posredniego.

W przypadku probek cementowych, rowniez nie zaobserwowano obecnosci
Mg(OH): na zadnym etapie hydratacji. Brak Mg(OH), w probce MR66 5M wynikat
prawdopodobnie  z wystgpowania MgO wewnatrz inertnych ziaren spinelu
syntetycznego, natomiast w probce AR78 5M jego brak sugeruje, ze cement glinowo-
wapniowy ograniczat hydratacje MgO. Dodatkowo, wyzsza intensywnos¢ refleksow
uwodnionych faz glinokrzemianowych w probce MR66 SM wskazata na jej wigcksza
reaktywnos¢.

Kalorymetria izotermiczna zostala zastosowana do oceny kinetyki hydratacji
zardwno spoiw cementowych, jak i1 bezcementowych, poprzez pomiar ilosci oraz
szybkosci wydzielania ciepla. Analiza krzywych mikrokalorymetrycznych probek
bezcementowych zaréwno w temperaturze 20°C jak i 50°C potwierdzita, ze procesy
zwigzane ze zwilzaniem, rozpuszczaniem i wytragcaniem krystalicznych produktow
hydratacji widoczne sg jako jeden efekt egzotermiczny. Taki przebieg krzywych
prezentowaly probki cementowe tylko w temperaturze 50°C, podczas gdy na krzywej
mikrokalorymetrycznej probek cementowych w temperaturze 20°C obecne byly dwa
efekty egzotermiczne rozdzielone wyraznym okresem indukcji. Ponadto, na podstawie
uzyskanych wynikow mozna zauwazy¢, ze hydratacja spoiw bezcementowych
w porownaniu do spoiw cementowych w obu temperaturach szybciej kontrolowana byta
przez dyfuzje, na co wskazywalo wyplaszczenie krzywej mikrokalorymetrycznej po
osiggnieciu maksimum wydzielania ciepta.

Wyniki przedstawione w publikacji potwierdzily, Ze hydratacja mieszanin
dwuskladnikowych M-A, zawierajacych MgO w postaci surowca przemystowego oraz
nA, prowadzi do powstania podwojnego warstwowego wodorotlenku magnezowo-
glinowego zarowno w temperaturze 20°C, jak 1 50°C. Zgodnie z otrzymanymi wynikami,
temperatura stanowita kolejny czynnik warunkujacy przebieg (szybko$¢) reakcji
hydratacji. Ponadto, poréwnanie hydratacji w matrycach tradycyjnych betonow

cementowych 1 bezcementowych, prowadzonej w temperaturze 50°C, wskazuje na
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zblizony przebieg reakcji, co podkresla ich potencjat aplikacyjny. Majac na uwadze, ze
stosowanie nanometrycznego proszku Al:Os w warunkach przemyslowych wigze si¢
z licznymi trudnos$ciami takimi jak: duza obje¢tos¢, intensywne pylenie oraz utrudniona
homogenizacja, w kolejnej publikacji oceniono mozliwos¢ zastosowania wodnej
zawiesiny nanometrycznego proszku Al:Os w modelowych mieszaninach reakcyjnych

oraz jako komponent matrycy betonu.
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10.3. Synthesis and evaluation of Mg-Al hydrotalcite formation and its
influence on the microstructural evolution of spinel-forming
refractory castables under intermediate temperatures, Karina
Warmuz, Dominika Madej, Journal of the European Ceramics

Society, 42, 5, 2022, 5. 2545-2555.

Trzecia publikacja zatytulowana “Synthesis and evaluation of Mg-Al hydrotalcite
formation and its influence on the microstructural evolution of spinel-forming refractory
castables under intermediate temperatures” taczy badania dotyczace modelowych
mieszanin reakcyjnych MgO-Al,Os z analizg zwartosci oraz wytrzymatosci na zginanie
i $ciskanie opracowanego betonu ogniotrwalego na etapie jego obrobki cieplnej
w temperaturach do 1000°C. Wyniki przedstawione w pracy dotyczyly mozliwosci
zastosowania mieszanin reakcyjnych zawierajacych surowce przemystowe jako sktadniki
osnowy betonu, ktorych hydratacja w temperaturach ponizej 50°C ukierunkowana byta
na otrzymanie podwdjnego warstwowego wodorotlenku magnezowo-glinowego.
W trakcie realizacji tej czeSci badan zastosowano komercyjnie dostepne odczynniki
chemiczne (Evonik, Aldrich): nanometryczne proszki MgO (M) 1 ALOs3 (A),
a takze dedykowane surowce przemystowe: spiekane (d-M) lub topione (f-M) MgO.
Nalezy podkresli¢, ze AlOs zastosowano rowniez w postaci wodnej zawiesiny
nanometrycznego proszku (As). Kolejnym etapem byla analiza zmian strukturalnych
1 mikrostrukturalnych osnowy zachodzacych w trakcie obrobki cieplnej betonu
w zakresie temperatur od 20°C do 1000°C, iich powigzanie z wytrzymalo$cia na
zginanie oraz $ciskanie betonu. Kierunek zachodzacych zmian oceniano na podstawie
badan strukturalnych XRD 1FTIR produktow kalcynacji modelowe] mieszaniny
reakcyjnej M-A, otrzymanej w wyniku 110 dniowej hydratacji. Gtownym produktem
hydratacji probki M-A byl podwojny warstwowy wodorotlenek magnezowo-glinowy,
ktory najlepiej mozna przyblizy¢ wzorem MgsAloCO3(OH)16-4H>0.

Modelowe mieszaniny reakcyjne obejmowaly nast¢pujace kombinacje: d-MA, f-
MA oraz d MAs, dla ktéorych zachowano proporcj¢ molowag M:A réowng 1:1. Czas
hydratacji probek wynosit odpowiednio: 12 oraz 24 godziny, a takze 3 1 7 dni. Przebieg
reakcji monitorowano na podstawie obecnosci 1 intensywno$ci gtownych linii
dyfrakcyjnych MgO 1 Mg(OH),, a takze podwoéjnego warstwowego wodorotlenku
magnezowo-glinowego (w poréwnaniu do dyfraktogramu rentgenowskiego modelowe;j

mieszaniny M-A). Analiza XRD potwierdzita obecno$¢ podwdjnego warstwowego
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wodorotlenku magnezowo-glinowego we wszystkich otrzymanych mieszaninach
reakcyjnych, jednakze po réznym czasie od rozpoczecia hydratacji, podczas gdy
Mg(OH)> w zadnej z ww. mieszanin nie zostat zidentyfikowany. Charakterystyczna dla
MgeAl,CO3(OH)16-4H20 linia dyfrakcyjna, wskazujgca na otrzymanie podwojnego
warstwowego  wodorotlenku  magnezowo-glinowego  zostala rozpoznana na
dyfraktogramie probek d-MA i f-MA oraz d-MAs po odpowiednio 12 godzinach
1 3 dniach. Wolniej przebiegajaca reakcja wynikata z obecno$ci kwasu cytrynowego jako
stabilizatora wodnej zawiesiny, ktory w rezultacie ograniczal hydratacje MgO.
Reasumujac, kazda z otrzymanych mieszanin reakcyjnych moze zosta¢ zastosowana jako
spoiwo w betonach bezcementowych. Jednakze ze wzgledu na niedogodno$ci zwigzane
z zastosowaniem nanometrycznych proszkéw w warunkach przemystowych (duza
objetos¢, utrudniona homogenizacja, zapylenie) Ww zaprojektowanym betonie
wykorzystano wodng zawiesing nanometrycznego proszku Al,Os.

Kalcynacje probki M-A otrzymanej w wyniku 110 dniowej hydratacji,
przeprowadzono w celu wyznaczenia temperatury oraz mechanizmu reakcji syntezy
spinelu magnezowo-glinowego z prekursora w postaci podwdjnego warstwowego
wodorotlenku magnezowo-glinowego. Temperatury kalcynacji okre§lone zostaty na
podstawie analizy termicznej, ktéra wykazata, ze w przeciwienstwie do Mg(OH)a,
podwojny warstwowy wodorotlenek magnezowo-glinowy ulega
dehydratacji 1 dehydroksylacji w sposob stopniowy w szerokim zakresie temperatur
wynoszacym od 250-424°C. Produkty otrzymane w wyniku kalcynacji prébki M-A
w temperaturach 250°C, 340°C, 390°C, 425°C, 500°C, 600°C, 700°C 800°C, 900°C oraz
1000°C poddano analizie XRD oraz FTIR. Uzyskane wyniki potwierdzily syntez¢ spinelu
magnezowo-glinowego  w temperaturze 700°C, na co wskazala obecnos¢
charakterystycznej linii dyfrakcyjnej w pozycji 20=36,91° oraz dwdch pasm na widmie
FTIR w potozeniu 513 oraz 694 cm'.

Na podstawie dotychczas otrzymanych wynikow badan zaprojektowano
mieszanke betonowa, zawierajaca d-M oraz As jako komponenty matrycy. Probki po
zaformowaniu sezonowane byty w temperaturach 50°C, 70°C i1 90°C przez taczny czas
5 dni. Kolejnym etapem bylta obrobka cieplna w temperaturach odpowiadajacych
przeprowadzonej wczesniej kalcynacji. Wyniki analiz XRD, FTIR matrycy betonu oraz
badania SEM-EDS probek po wygrzewaniu potwierdzily synteze spinelu magnezowo-
glinowego w temperaturze 900°C. Dodatkowo, analiza FTIR probek poddanych obrobce
cieplnej w temperaturach 500°C 1 700°C wykazata obecnos¢ pasma w zakresie 3000—
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3700 cm™', odpowiadajacego drganiom grup hydroksylowych, co wskazuje na
rehydratacje sktadnikow osnowy. Na podstawie pomiaréw predkosci propagacji fali
ultradzwigkowej po kazdym etapie obrobki cieplnej wykazano, ze istnieje bezposrednia
korelacja pomigdzy zmianami strukturalnymi 1 mikrostrukturalnymi zachodzacymi
w osnowie (tj. rozkladem termicznym podwoédjnego warstwowego wodorotlenku
magnezowo-glinowego, rehydratacja posrednich produktow rozktadu,
niskotemperaturowa synteza spinelu, spiekaniem), a wilasciwosciami betonow
ogniotrwatych korundowo-spinelowych. Przeprowadzone badanie wytrzymatosci na
Sciskanie oraz zginanie potwierdzito, ze betony na bazie reaktywnych tlenkow
charakteryzowatly si¢ stopniowym przyrostem wytrzymato$ci mechanicznej w zakresie
temperatur posrednich (300-1000°C), co wynikato z stopniowej dehydratacji sktadnikow
osnowy 1 ich rehydratacji, utworzenia uwodnionych faz przejSciowych, a nastepnie
tlenkdw mieszanych, syntezy fazy spinelowej zapoczatkowanej w temperaturze 700°C
oraz spickania. Otrzymane wyniki stanowily wigc punkt wyjscia do dalszych badan,
ktoérych rezultaty przedstawiono w publikacji 10.4 oraz 10.5. Wspomniane prace
dotyczyty charakterystyki gotowego materialu wypalonego w temperaturze 1500°C,
w ktorym jako sktadniki osnowy wykorzystano spickane MgO oraz wodng zawiesing

nanometrycznego proszku Al,Os.
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10.4. Thermomechanical evaluation and thermodynamic simulation via
FactSage of NCCs and ULCCs with different MgO content, Karina
Warmuz, Krzysztof Ziewiec, Dominika Madej, Journal of the
European Ceramics Society, 44 [2] 2024, 1239-1255

Kolejne prace badawcze koncentrowaly si¢ na analizie wplywu zawartos$ci,
rodzaju oraz sktadu fazy spinelowej magnezowo-glinowej na wybrane wilasciwosci
mechaniczne, termomechaniczne iodpornosciowe  prefabrykatu  betonowego
korundowo- spinelowego wypalonego w temperaturze 1500°C. Przygotowano dwa
rodzaje betondw: pierwszy bezcementowy, zawierajacy wytacznie spinel tworzacy si¢
wewnatrz materialu w trakcie wypalania, drugi ultra-niskocementowy, stanowiacy
material odniesienia, zawierajacy kombinacje spinelu tworzacego si¢ w warunkach in situ
oraz spinel syntetyczny. Do badan wykorzystano jako sktadniki osnowy dedykowane
surowce przemystowe o wysokiej czystosci chemicznej: spickane MgO, reaktywny Al,O3
(Almatis, CTC 40), mikrokrzemionke (Elkem, 971), syntetyczny spinel przemystowy
(Almatis, AR 90) oraz wodng zawiesing nanometrycznego proszku Al,O3; (Evonik,
Aerodisp W 450 ZX). Celowe zastosowanie dwoch koncepcji sktadu ukierunkowane
bylo na uksztaltowanie mikrostruktury materialu pod wzgledem skladu oraz
rozmieszczenia fazy spinelowej w osnowie. Dodatkowo, w celu uzupetnienia analizy
eksperymentalnej, przeprowadzono symulacje termodynamiczne z wykorzystaniem
programu FactSage 8.2 pod katem sktadu i ilosci fazy ciektej oraz sktadu fazy spinelowe;j
w zakresie temperatur odpowiednio 1500-2000°C oraz 1000-2000°C.

Zaprojektowane 1 otrzymane betony bezcementowe zawieraly w recepturze
wyjsciowej jako spoiwo spiekane MgO w ilosci 3%mas (NCC_3M), 5%mas (NCC_5M) lub
7%mas (NCC_7M) oraz 2%mas wodnej zawiesiny nanometrycznego proszku Al,O3 oraz
pozostale drobnoziarniste sktadniki osnowy. Betony ultra-niskocementowe (ULCC)
charakteryzowaly si¢ zblizonym skladem ziarnowym do betonu NCC 3M 1 zawieraly
facznie 3%mas MgO wprowadzonego zarOwno w postaci surowca spiekanego (Mw) oraz
syntetycznego spinelu magnezowo-glinowego: ULCC 3M 2Mw (2%mas spiekanego
MgO), ULCC 3M_1Mw (1%mas spickanego MgO). W betonach ULCC nie stosowano
wodnej zawiesiny nanometrycznego proszku Al>Os, natomiast utrzymano takg samg ilo$¢
wody zarobowej jak w betonach NCC. Sezonowanie mieszanek betonowych odbyto si¢
z zachowaniem warunkéw (temperatura, czas, wilgotnos¢), ktore jak wykazano

poprzednio, umozliwily otrzymanie podwdjnego warstwowego wodorotlenku
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magnezowo-glinowego w wyniku hydratacji wewnatrz osnowy betonu. Otrzymane
w toku wypalania w temperaturze 1500°C betony korundowo- spinelowe poddano
badaniom istotnym w kontek$cie aplikacyjnym: wytrzymatosci mechanicznej
(wytrzymatos$¢ na zginanie oraz $ciskanie), ogniotrwatosci pod obcigzeniem, odpornosci
na petzanie, wytrzymatosci na zginanie w temperaturze 1450°C oraz odpornosci na nagte
zmiany temperatury. Podsumowanie uzyskanych wynikéw badan mechanicznych,
termomechanicznych 1 odpornosciowych przedstawiono w Tabeli 3. Zgodnie
z przedstawionym studium literaturowym, ogniotrwato§¢ pod obcigzeniem oraz
odporno$¢ na petzanie otrzymanych betondw oceniano na podstawie odpowiednio
temperatury charakterystycznej To s oraz szybkos$ci pelzania 03-04. Natomiast, odpornos¢
na nagte zmiany temperatury pordwnywano w oparciu o zardwno procentowy spadek
predkosci przechodzacej fali ultradzwickowej jak 1 zmiang wytrzymato$ci na $ciskanie
1 zginanie po 1., 3., oraz 5. cyklu grzania i chtodzenia. W Tabeli 3 przedstawiono
procentowy spadek wytrzymalo$ci na zginanie i $ciskanie betonéw na po pigtym cyklu.
W przypadku betondw, ktorych To s wynosita powyzej 1500°C w Tabeli 3 uwzgledniono

wartos¢ teoretyczng.

Tabela 3 Podsumowanie wlasciwosSci mechanicznych, termomechanicznych i odpornosciowych
otrzymanych betonéw NCC oraz ULCC

Beton CMoR | CCS HMoR | RUL CIC 030, | OWT CMoR | OWT
[MPa] [MPa] | [MPa] Tos [°C] | [%/min] [MPa] CCS
[MPa]
NCC_3M | 34,30 211,60 | 14,30 1658 -5,37-10° | 91,75 20,52
NCC_5M | 34,80 253,80 | 10,95 1604 -4,20-10° | 93,33 35,58
NCC_7M | 34,50 226,80 | 7,52 1596 -7,01-10° | 95,26 51,31
ULCC_ 3 | 4791 185,73 | 6,26 1427 -2,98-10* | 95,26 28,59
M 2Mw
ULCC 3 | 47,99 198,83 | 6,79 1549 -4,02:10* | 94,35 25,56
M_1Mw

Otrzymane w wyniku wypalania bezcementowe prefabrykaty betonowe wykazaly
zwigkszone witasciwosci mechaniczne (wytrzymatos¢ na $ciskanie >210 MPa) oraz
termomechaniczne w pordéwnaniu do betondéw ultra-niskocementowych. Szybkos¢
petzania betonow NCC byta o rzad wielkosci nizsza niz betonow ULCC, a sugerowana
temperatura pracy betonu NCC _3M wyzsza o 231°C od tej wyznaczonej dla betonu
ULCC 3M 2Mw. Analiza wytrzymatosci na zginanie w podwyzszonej temperaturze
rowniez wykazata, ze efektywniejszym rozwigzaniem pod wzgledem sily wigzania
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gruboziarnistego szkieletu betonu w temperaturze 1450°C byla wiezba ceramiczna nie
zawierajaca po wypaleniu sze$cioglinianu wapnia. Wzrost udziatu procentowego MgO
w recepturze betonow bezcementowych prowadzit do rozluznienia tekstury w trakcie
wypalania, co miato swoje skutki w pogorszeniu wlasciwosci termomechanicznych.
Wyniki analizy XRD wykazaty zblizone potozenie charakterystycznej dla spinelu linii
dyfrakcyjnej w zakresie 20 réwnym 36,928-36,999° oraz 37,052-37,083°, co moze
sugerowacé, ze po wypaleniu wszystkie materialy charakteryzowaly si¢ zblizonym
sktadem fazy spinelowej: obecny byl zaréwno spinel stechiometryczny MgAl,O4 jak
iroztwor staty Al,O3 w MgAl,O4, Tak niewielkie roznice w sktadzie fazy spinelowej
prawdopodobnie  nie  wptywaly znaczagco na  wilasciwosci  mechaniczne
1 termomechaniczne otrzymanych betonéw korundowo- spinelowych.

Przeprowadzone symulacje termodynamiczne w programie FactSage 8.2
wskazaty, ze zmniejszenie zawarto$ci MgO do 3%mas Oraz wyeliminowanie spoiwa
cementowego przyczynito si¢ do poprawy wlasciwosci termomechanicznych, gdyz
wiazalto si¢ z mniejszg iloscig fazy cieklej w temperaturach przekraczajacych 1500°C.
Ponadto, przewidywany sklad chemiczny fazy cieklej zalezal od obecnosci cementu
glinowo- wapniowego oraz temperatury: wraz z jej wzrostem nastgpowato dosycanie fazy
ciektej w jony glinu.

Niniejsza publikacja miata na celu analize wiasciwosci mechanicznych,
termomechanicznych i odporno$ciowych prefabrykatow betonowych, ktére stanowia
kluczowy element oceny ich mozliwosci aplikacyjnych. Podsumowujac otrzymane
wyniki mozna stwierdzi¢, ze bezposredni wplyw na koncowe wlasciwosci mechaniczne,
termomechaniczne 1 odpornosciowe materiatu miaty: ilos¢, sktad i rozktad faz ciektych;
los¢, wielkos¢ czastek 1 rozktad fazy spinelowej oraz porowatos¢. Prefabrykat betonowy
niezawierajacy CAs w matrycy wykazywal wyzsza wytrzymalo$¢ na $ciskanie oraz
lepsze wlasciwosci termomechaniczne niz betony zawierajagce cement glinowo-
wapniowy jako spoiwo. Wraz ze wzrostem zawartosci fazy spinelowej nastgpowato
pogorszenie wlasciwos$ci termomechanicznych otrzymanych prefabrykatow betonowych.

Zgodnie z przeprowadzonym studium literaturowym, jednym z kluczowych
aspektow dotyczacych betonow ogniotrwatych zawierajacych cement glinowo-
wapniowy jest poprawa ich wtasciwosci termomechanicznych. Dlatego tez ze wzgledu
na wyraznie lepsze wlasciwosci termomechaniczne betondw bezcementowych
W poroéwnaniu z otrzymanymi betonami ultra-niskocementowymi, kolejna publikacja

koncentrowata si¢ wylacznie na analizie betonow zawierajacych jako spoiwo reaktywne
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tlenki MgO i ALOs. Przedstawiono w niej wyniki badan odporno$ci na nagle zmiany
temperatury, uzupelione o rozwazania teoretyczne oraz symulacje termodynamiczne

FactSage 8.2.
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10.5. Comprehensive experimental verification and theoretical modeling
of cement-free alumina-based castables forming in-situ spinel
(MgAl:04) with enhanced thermal shock resistance, Ryszard
Prorok, Karina Warmuz, Dominika Madej, Ceramics International,

dostepny online od 23.07.2025.

Z punktu widzenia potencjalnej aplikacji, odporno$¢ na nagte zmiany temperatury
stanowi kluczowy parametr determinujacy wybdr materialu przeznaczonego do pracy
w warunkach gradientu temperatury. Dlatego, w niniejszej publikacji podj¢ta zostata
tematyka odpornosci na nagle zmiany temperatury prefabrykatéw betonowych
korundowo- spinelowych zréznicowanych pod katem sktadnikéw osnowy w recepturze
wyjsciowej. Zaprojektowano 1 otrzymano materialy, ktore zawieraty w r6znej kombinacji
spiekane MgO, mikrometryczny proszek SiO; oraz wodng zawiesing nanometrycznego
proszku AlbO3. Gléwnym celem pracy bylo okreslenie wptywu ww. sktadnikéw osnowy
1 elementow mikrostruktury na  wlasciwo$ci  odpornosciowe  otrzymanych
bezcementowych betonow korundowo- spinelowych. Eksperymentalna analiza
odpornosci na nagle zmiany temperatury odbyla si¢ w oparciu o wlasng procedurg
laboratoryjng, a dodatkowo zostala wuzupelniona o symulacje przeprowadzone
w programie FactSage 8.2 oraz teoretyczng oceng ww. odpornosci. Podstawa rozwazan
teoretycznych byly teorie wprowadzone przez Kingery’ego i Hasselmana [91, 92],
zgodnie z ktérymi obliczono parametry R (R, R’’’, R**”’, Rst) opisujace odpornosc
materiatu na inicjacje 1 propagacje pekniecia. Niezbedne do obliczen wspdiczynniki
przewodnosci cieplnej 1 rozszerzalno$ci liniowej, modut Younga, liczba Poissona,
wytrzymato§¢ na zginanie 1iS$ciskanie oraz zwarto$¢, wyznaczono W sposob
eksperymentalny dla kazdego z badanych materiatlow, co dodatkowo umozliwito peing
charakterystyke wlasciwosci fizycznych otrzymanych betonow.

Zaprojektowane betony korundowo-spinelowe jako spoiwo zawieraly
dedykowane surowce przemystowe o wysokiej czystosci chemicznej: wodng zawiesing
nanometrycznego proszku Al,Os (S) (Evonik), spiekane MgO (M) oraz mikrometryczny
proszek SiO2 (S) (Elkem) w réznej kombinacji. Zaprojektowano i otrzymano betony
o nastepujacych kompozycjach sktadu osnowy: 1%mas 1S102, 2%mas zolu oraz 3%mas,
5%mas [ub 7%mas MgO (beton odpowiednio: 3M_SA, SM_SA oraz 7M_SA); 5%mas MgO
1 1%mas S102 (SM_S) oraz tylko 5%mass MgO. Przygotowane mieszanki betonowe

sezonowano lacznie przez 4 dni w temperaturze od 22°C (temperatura pokojowa) do
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90°C, a nastgpnie wypalano w temperaturze maksymalnej wynoszacej 1500°C. Analiza
jakosciowa XRD potwierdzita obecnos$¢ fazy spinelowej o zréznicowanym skladzie:
zblizonym do stechiometrycznego oraz zawierajagcym nadmiar Al,Os3. Zgodnie z analizg
ilosciowa XRD, wyzszg zawartoscig fazy spinelowej zawierajacej nadmiar AlO3
charakteryzowaty si¢ betony, w ktorych recepturze wyj$ciowej znajdowata si¢ wodna
zawiesina nanometrycznego proszku Al>Os, co wnikato z wigkszej mobilnosci jonow
AI**. Wspomniane betony wyrdznialy sie rowniez wyraznie bardziej zwarta
mikrostruktura, co potwierdzita przeprowadzona analiza SEM EDS. W przypadku betonu
3M_SA obserwacje mikroskopowe ujawnily obecnos$¢ charakterystycznej sieci
mikropegknie¢ oraz fazy amorficznej, ktorej obecno§¢ wynikata z dodatku pSiO> do
receptury wyjsciowej beton. Faza amorficzna, ktérej sktad zblizony byl do mullitu,
wystepowata rowniez w pozostatych materiatach, ktore zawieraly poczatkowo pSiO».

Obliczenia termodynamiczne przeprowadzone w programie FactSage 8.2
dotyczyty ilosci, sktadu oraz lepkosci powstajacej w materiale fazy cieklej w trakcie
wypalania. Analiza uzyskanych wynikow wykazata, Zze obecno$¢ SiO2 w recepturze
wyjsciowej betonu skutkowala pojawieniem si¢ fazy cieklej w temperaturach powyzej
1471°C, ktorej ilos¢ rosta wraz ze wzrostem temperatury. Sktad chemiczny omawianej
fazy cieklej nie zalezal od zawartosci MgO w poczatkowej recepturze betonu, jednakze
zmieniat si¢ wraz z temperaturg. W obliczeniach zmian lepkos$ci wykorzystano faze
ciekla o sktadzie: Al2O3 39,95%mas, MgO 16,43%mas 1 SiO2 43,62%mas Wyznaczonym
w temperaturze 1500°C, odpowiadajacej maksymalnej temperaturze wypalania.
Uzyskane wyniki wykazaty, ze znaczace zmiany w lepkosci fazy cieklej nastgpuja
w trakcie obrobki cieplnej materialu w temperaturach do 850°C, co sugeruje, Ze obecnos¢
oraz ilo$¢ fazy ciektej bedzie mie¢ znaczacy wplyw na odpornos¢ betonu na nagte zmiany
temperatury

Analiza eksperymentalna odporno$ci na nagte zmiany temperatury potwierdzita,
ze najlepszymi wiasciwosciami odpornosciowymi charakteryzowat si¢ prefabrykat
betonowy 3M_SA, o czym S$wiadczy najmniejszy catkowity procentowy spadek
predkosci przechodzacej fali ultradzwigkowej. Obserwacje mikrostrukturalne SEM
wspomnianego prefabrykatu wykazaly obecnos¢ charakterystycznej sieci mikropgknie¢,
ktora w rezultacie wptywata na zwigkszenie odpornosci na nagle zmiany temperatury
poprzez zwigkszenie energii pekania (wydtuzenie drogi pgknigcia). Analiza obliczonych
parametrow R potwierdzita, ze zwiekszenie iloSci spinelu tworzacego si¢ w warunkach

in situ, a wigc ilosci MgO w kompozycji wyjsciowej betonu, zwieksza odpornos¢ na
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inicjacje peknigcia jednoczesnie pogarszajac odpornosé na jego propagacje. Swiadcza
otym wyniki obliczen parametru R (maksymalna réznica temperatur przy ktorej
dochodzi do peknigcia) oraz R (krytyczna dlugo$¢ pekniecia), ktorych wartosci
odpowiednio rosty oraz malaty wraz ze wzrostem zawarto$ci MgO. Ponadto, wystepujaca
w materiale faza amorficzna, wynikajaca z obecnosci uSiO2 w recepturze wyjsciowe;j
betonu, przyczynita si¢ do zwigkszenia odpornosci na nagte zmiany temperatury poprzez
zwigkszenie odpornosci na inicjacj¢ pekniecia, podczas gdy dodatek wodnej zawiesiny
nanometrycznego proszku AlOs; zwigzany byl ze wzrostem wytrzymatosci
mechanicznej, otrzymaniem bardziej zwartej mikrostruktury betonéw oraz obnizeniem
ww. odpornosci.

Podsumowujac otrzymane wyniki, w konteks$cie wtasciwosci odpornosciowych
bezcementowych betonow ogniotrwalych rekomenduje si¢ zastosowanie uSiO2
w recepturze wyjsciowej betonu oraz ograniczenie zawartosci MgO. Jest to zwigzane, jak
pokazaty wyniki badan, z wystgpowaniem sieci mikropekni¢¢ oraz fazy amorficznej po
wypalaniu, gdyz odpowiednio zwigkszaja odpornos¢ na propagacje i inicjacj¢ peknigcia.

Dlatego tez, najbardziej korzystnym wariantem technologicznym byt beton 3M_SA.
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11. Dyskusja wynikow
Dyskusja wynikow przedstawionych w niniejszej rozprawie koncentruje si¢ na

analizie mechanizmu formowania si¢ wigzby hydraulicznej betonu w wyniku hydratacji
sktadnikow osnowy w temperaturach ponizej 50°C, a nastepnie wigzby ceramicznej
w materiatach ogniotrwalych bezcementowych 1 ultra-niskocementowych korundowo-
spinelowych podczas ich obrobki cieplnej i wypalania w temperaturze do 1500°C, a takze
okresleniu roli ilosci, rodzaju oraz sktadu fazy spinelowej magnezowo-glinowej i innych faz
modyfikujacych w ksztaltowaniu wlasciwosci fizycznych, mechanicznych,
termomechanicznych i odpornosciowych zaprojektowanego betonu. W oparciu o cel pracy
sformutowane nastgpujace hipotezy badawcze:
- wlasciwosci betonu w stanie surowym mozna ksztattowaé poprzez dobor sktadnikéw
spoiwa oraz warunkOw sezonowania, ktére determinujg przebieg reakcji powstawania
wiezby hydraulicznej,
- o wlasciwos$ciach betonu w zakresie temperatur do 1000°C decyduje charakter przemian
sktadnikoéw osnowy zachodzacy z utworzeniem reaktywnych faz przejsciowych,
- ilo$¢, rodzaj, sklad fazy spinelowej oraz innych faz modyfikujacych decyduja
o uksztattowaniu mikrostruktury, a tym samym warunkuja wlasciwosci fizyczne,
mechaniczne, termomechaniczne i odpornosciowe betonu korundowo—spinelowego.

Dyskusja wynikow stanowi synergiczne potaczenie wynikow badan przedstawionych
w cyklu pigciu publikacji bedacym niniejszg dysertacjg. Zostata ona podzielona na
zagadnienia dotyczace: przebiegu oraz warunkow reakcji hydratacji w modelowych
mieszaninach reakcyjnych MgO-Al,O3 oraz matrycy betonu (publikacje zatytutowane:
“Effect of the particle size on the reactivity of MgO-Al>Os hydrating mixtures: A long-
term kinetic investigation of hydrotalcite synthesis”[10.1],”Comparison of the CAC-
containing and CAC-free hydraulic binders in term of the hydrated matrix formation
within refractory castables designed for the fast drying procedure[10.2] oraz “Synthesis
and evaluation of Mg-Al hydrotalcite formation and its influence on the microstructural
evolution  of  spinel-forming  refractory  castables  under  intermediate
temperatures”[10.3]), reakcji oraz zmian mikrostrukturalnych 1 strukturalnych
zachodzacych w trakcie obrobki cieplnej betonu w konteks$cie wilasciwosci betonu
w temperaturach 300-1000°C (publikacja zatytutowana “Synthesis and evaluation of Mg-
Al hydrotalcite formation and its influence on the microstructural evolution of spinel-
forming refractory castables under intermediate temperatures,”’[10.3]) oraz wptywu fazy

spinelowej (ilo$¢, rodzaj, skiad) 1 uksztaltowanej z jej udziatem mikrostruktury na
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wlasciwos$ci mechaniczne, termomechaniczne iodporno$ciowe gotowego materiatu
(publikacje zatytutowane “Thermomechanical evaluation and thermodynamic simulation
via FactSage of NCCs and ULCCs with different MgO content” [10.4] oraz
“Comprehensive experimental verification and theoretical modeling of cement-free
alumina-based castables forming in-situ spinel (MgAl>04) with enhanced thermal shock
resistance’[10.5]).

W oparciu o przeprowadzone studium literaturowe przygotowano seri¢ modelowych
mieszanin reakcyjnych MgO (M) i AlO3 (A), o stosunku molowym M:A wynoszagcym
1:1, ktorych zamierzeniem bylo przyblizenie mechanizmu formowania si¢ wi¢zby
hydraulicznej w betonie bezcementowym w wyniku reakcji hydratacji. W celach
porownawczych przebiegu hydratacji przygotowano mieszaniny reakcyjne zawierajace
w roznej kombinacji: cement glinowo-wapniowy, syntetyczny spinel, spiekane MgO oraz
reaktywny Al>O3. Ze wzgledu na mozliwos$¢ poprawy reologii, zmniejszenia ilo§ci wody
zarobowej oraz poprawe wlasciwosci mechanicznych betondéw, mikrometryczny proszek
SiO2 (S) stanowi jeden z czgSciej stosowanych skladnikow osnowy betondw
ogniotrwatych. Dlatego, zweryfikowano takze zdolno$¢ do tworzenia podwdjnego
warstwowego wodorotlenku magnezowo-glinowego w wyniku hydratacji mieszaniny M-
A w obecnosci SiO2. Do badan wykorzystano zardowno komercyjnie dostepne odczynniki
chemiczne (Acros Organics, Aldrich) jak 1dedykowane surowce przemystowe
o wysokiej czystosci chemicznej (Almatis, Elkem). Przygotowano 6 mieszanin
reakcyjnych dwusktadnikowych M-A, 1 mieszaning reakcyjng M-A-S oraz 2 mieszaniny
reakcyjne cementowe, ktorych podsumowanie przedstawiono w Tabeli 4. Obliczenia mas
poszczeg6lnych sktadnikéw mieszanin reakcyjnych uwzglednialy czysto$¢ reagentow
oraz straty prazenia. Po przeprowadzeniu wstepnej homogenizacji, mieszaniny reakcyjne
mieszano z woda, ktorej ilo$¢ dobierana byla w sposéb eksperymentalny, tak aby
mozliwe bylo otrzymanie probek o konsystencji pasty, ktéore przechowywano
w laboratoryjnej szafie klimatycznej w temperaturze 20°C oraz 50°C. Po odpowiednim
czasie od rozpoczecia hydratacji pobierano probki, ktére przemywano acetonem w celu
zatrzymania reakcji oraz usuni¢cia wody zwigzanej fizycznie. Tak przygotowane probki

poddano analizie: XRD, FTIR DSC-TG-MS oraz SEM EDS.
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Tabela 4 Podsumowanie otrzymanych modelowych mieszanin reakcyjnych wraz z ich
nazewnictwem.

Nanometryczny proszek MgO (nM)+ nanometryczny proszek AlOs (nA) [10.1, | nM_nA
10.3]

Mikrometryczny proszek MgO (uUM)+ nanometryczny proszek Al>O3 (nA) [10.1] uM nA

Nanometryczny proszek MgO (nM)+ mikrometryczny proszek Al,O3(pnA) [10.1] nM_pA
Spiekane MgO (SpM)+ nanometryczny proszek Al,Os3 (nA) [10.2, 10.3] SpM_nA
Topione MgO (TopM)+ nanometryczny proszek Al,Os3 (nA) [10.2, 10.3] TopM_nA

Spiekane MgO (SpM)+ nanometryczny proszek Al,O3 w postaci wodnej zawiesiny | SpM_nAs
(zol) (nAs) [10.3]

Spiekane MgO (SpM)+ nanometryczny proszek Al,O3 w postaci wodnej zawiesiny | SpM_nA s
(zol) (nAs)+ mikrometryczny proszek SiO; (S)

Syntetyczny spinel Mg-rich MR66+ reaktywny Al,Os+ cement glinowo-wapniowy | MR66_5M
[10.2]
Syntetyczny spinel Al-rich AR78+reaktywny Al,Os+spiekane MgO (SpM)+ cement | AR78 5SM

glinowo-wapniowy [10.2]

Hydratacja mieszanin M-A ukierunkowana byla na otrzymanie podwojnego
warstwowego wodorotlenku magnezowo-glinowego, ktory najlepiej mozna przyblizy¢
wzorem MgsAl,CO3(OH)164H20. W zwigzku z tym przeprowadzono uproszczone
obliczenia termodynamiczne, majace na celu oceng przebiegu reakcji w uktadzie MgO-
Al203-CO;-H:0, przyjmujac, ze produktem koncowym byt hydrotalkit [10.1]. Wyniki
obliczen wskazaty, Zze otrzymywanie podwojnego warstwowego wodorotlenku
magnezowo- glinowego jest termodynamicznie uprzywilejowane (A.G =-214,84 kJ/mol),
jezeli odbywa si¢ poprzez utworzenie najpierw Mg(OH),, a nie jest wynikiem
bezposredniej reakcji jonow Al**, Mg?* COs* oraz wody (A:G>724,48 kJ/mol).
Rownanie sumaryczne reakcji otrzymywania hydrotalkitu w wyniku hydratacji mieszanin
reakcyjnych M-A zostalo sformutowane jako:

6Mg(OH), + 2AlI(OH); + 4H,0 + CO3~
< MgeAl,CO,(0H)44 - 4H,0 + 40H™ (20)

Pomiary dyfrakcji rentgenowskiej 1 spektroskopii w podczerwieni mieszanin
reakcyjnych po wybranym czasie hydratacji dostarczyly wgladu w mechanizm
powstawania podwoéjnego warstwowego wodorotlenku magnezowo- glinowego.
Przebieg reakcji monitorowano na podstawie obecno$ci podwojnego warstwowego
wodorotlenku magnezowo-glinowego wedlug wygenerowanego dyfraktogramu

rentgenowskiego, ktory otrzymano w oparciu o dane strukturalne zawarte w karcie

50



r s

Intensywnosc / j.u

JCPDS nr 00-022-0700 (hydrotalkit magnezowo-glinowy) oraz zuzycia zarowno MgO,
jak 1Mg(OH)2 poprzez analize¢ zmian intensywno$ci glownych linii dyfrakcyjnych.
Wynik analizy XRD dla wszystkich modelowych mieszanin reakcyjnych M-A [10.1,
10.2, 10.3] poddanych hydratacji w temperaturze 50°C przedstawiono na Rysunku 3.

J wygenerowany dyfraktogram Mg Al,CO,(OH), -4H O

Lo |

-y

7
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Rys. 3. Wynik analizy XRD prébek po okreslonym czasie hydratacji (50°C) oraz symulowany

dyfraktogram MgsAL:CO3(OH)16:4H20 (JCPDS Card No. 00-022-0700) w zakresie od 5-90°: (od
géry) nM_nA, nM_nA, SpM_nA, TopM_nA, SpM_nAs, oraz [10.1; 10.2; 10.3].

Porownujac  otrzymane  wyniki  z wygenerowanym  dyfraktogramem
MgsAlLCO3(OH)16:4H20 (Rysunek 3) mozna zauwazy¢, ze uwodnienie probek, ktore
w swoim sktadzie zawieraly nA prowadzito do powstania podwdjnego warstwowego
wodorotlenku magnezowo- glinowego w przeciwienstwie do kompozycji z pA [10.1,
10.2, 10.3]. Sugeruje to, ze zastosowanie nA stanowi pierwszy warunek determinujacy
otrzymywanie podwojnego warstwowego wodorotlenku magnezowo-glinowego
w wyniku hydratacji mieszanin dwusktadnikowych. Analiza XRD wykazata obecno$¢
podwojnego warstwowego wodorotlenku magnezowo-glinowego juz po 12 h od
rozpoczecia hydratacji w probkach nM_nA, uM nA, TopM nA oraz SpM nA,
natomiast w SpM nAs iM nAs S po 72h. Po uplywie wspomnianych 12 h od
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rozpoczecia hydratacji tylko w probkach nM_nA, uM_nA oraznM_pA zidentyfikowany
zostat rowniez Mg(OH),. W miarg postepu reakcji obserwowano zanik MgO, na rzecz
tworzacego si¢ Mg(OH),, ktory catkowicie przeksztatcat si¢ w podwojny warstwowy
wodorotlenek magnezowo- glinowy [10.1]. Produktem koncowym hydratacji (po 98
dniach) byt podwojny warstwowy wodorotlenek magnezowo glinowy, faza amorficzna
oraz nA [10.1]. Otrzymane wyniki sugeruja, ze wybor MgO wptywat na otrzymywanie
podwdjnego warstwowego wodorotlenku magnezowo-glinowego, gdyz w zalezno$ci od
zastosowanego proszku wyjsciowego (nM, uM, SpM lub TopM) zaobserwowano r6zng
szybko$¢ tworzenia Mg(OH)z, ktory stanowit produkt posredni. Ograniczona hydratacja
MgO wynikajaca z obecnosci kwasu cytrynowego jako stabilizatora w wodnej zawiesinie
nanometrycznego proszku Al,Os (probka SpM nAs) zadecydowala o zdecydowanie
wolniejszym przebiegu reakcji [10.3]. Analogiczny wptyw na otrzymywanie podwdjnego
warstwowego wodorotlenku magnezowo-glinowego miata nizsza temperatura.
Przeprowadzenie hydratacji w temperaturze 50°C zwigkszato szybko$¢ reakcji, co
potwierdzita analiza XRD probek SpM_nA oraz TopM_nA [10.2, 10.3].

Aby lepiej uchwyci¢ kwestie tworzenia Mg(OH). jako pierwszego produktu
hydratacji mieszaniny M-A, a nastepnie jego konwersje w podwojny warstwowy
wodorotlenek magnezowo-glinowy przeprowadzono badania XRD oraz FTIR na
poczatkowym etapie hydratacji probki nM nA, ktérych wynik przedstawiono na
Rysunku 4a,b oraz Rysunku 5. Analiza otrzymanych wynikéw wskazuje na tworzenie si¢
krystalicznego Mg(OH), natychmiast po homogenizacji mieszaniny proszkow z woda
o czym $wiadczy obecno$¢ charakterystycznej dla Mg(OH): linii dyfrakcyjnej w pozycji
20 =37,966° oraz ostrego pasma na widmie FTIR w potozeniu 3699cm™'[98-100].
Wystepowanie szerokiego pasma w zakresie 3200-3700 cm™' oraz 1360 cm™ (Rys.5) juz
po uptywie 1h od rozpoczgcia hydratacji §wiadczy o syntezie podwdjnego warstwowego
wodorotlenku magnezowo- glinowego [98-100], co jest zgodne z wynikiem analizy XRD
wspomniane]j probki, gdzie obecne jest lekkie podniesienie widma w pozycji 260 okoto
11,100°. Otrzymane wyniki sugeruja, zetworzacy si¢ podwodjny warstwowy

wodorotlenek magnezowo-glinowy poczatkowo wystepowat w formie amorficzne;j.
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Rys. 4. Wynik analizy XRD prébki nM_nA po okreslonym czasie od rozpoczecia hydratacji (po 1h,
3h, 5h oraz 24h) w zakresie 10-44°(a) oraz 5-30° (b).
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Rys. 5. Wynik analizy FTIR probki nM_nA po okres$lonym czasie od rozpoczecia hydratacji (po 1h,
3h, 5h, 24h oraz 98dn.)].

Wszystkie mieszaniny reakcyjne M-A, na kazdym etapie hydratacji poddane zostaty
rowniez analizie termicznej DTA-TG MS. W przypadku probek, ktore zawieraly
podwdjny warstwowy wodorotlenek magnezowo-glinowy [10.1] w temperaturach od

okoto 200 do 450°C zaobserwowano cztery efekty, ktore zwigzane byly z: eliminacja
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wody miedzywarstwowej, dehydroksylacja warstw hydrotalkitowych OH-(Mg3),
dehydroksylacja pozostatosci Mg(OH), /dehydroksylacja warstw brucytopodobnych
1 dehydroksylacjg warstw hydrotalkitowych OH-(Mg2Al) [98-100]. Dehydroksylacja
Mg(OH)> nastepuje gwattownie w waskim zakresie temperatur (obecny jest 1 efekt na
krzywej MS, Rysunek 6) [72], a zwigzane z tym nagle usuwanie wody z materialu
w trakcie jego wygrzewania nierzadko prowadzi do jego peckania ituszczenia [101].
Uzyskane wyniki wskazujg na mozliwo$¢ stopniowego usuwania wody z osnowy,
w ktorej obecny jest podwojny warstwowy wodorotlenek magnezowo- glinowy w trakcie
obrobki cieplnej, co w przypadku betondow zawierajacych MgO w recepturze wyjsciowe;j
jest pozadane. Sugeruje to, ze korzystnym jest, aby sezonowanie materialow, w ktérych
jako spoiwo zastosowano mieszaniny reakcyjne M-A odbylo si¢ w warunkach

umozliwiajacych otrzymanie ww.

221

Probka po 98 dniach od rozpoczecia hydrataciji

Probka po12 godzincach od rozpoczecia hydratacii

lon current m/z 18 (H,O%)/ A
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Rys. 6. Krzywe MS préobki nM_nA po 12 godzinach i 98 dniach od rozpoczecia hydratacji oraz
Mg(OH): [10.1].

Mozliwo$¢ zastosowania mieszanek reakcyjnych M-A jako spoiwo w betonach
ogniotrwatych bezcementowych oceniono roéwniez poprzez pordéwnanie krzywych
mikrokalorymetrycznych probek TopM nA 1Sp nA zmieszankami cementowymi
MR66 5M oraz AR78 5M w temperaturze 20°C oraz 50°C (Rysunek 7) [10.2].
Zaprojektowane mieszaniny reakcyjne cementowe zawieraly surowce dostgpne
komercyjnie 1 stosowane w przemysle materiatow ogniotrwatych w produkcji betonow

cementowych [34].
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Rys. 7. Krzywe mikrokalorymetryczne prébek SpM_nA, TopM_nA, MR66_5M oraz AR78 5M

uzyskane w temperaturze 20°C oraz 50°C [10.2].

Porownywane mieszaniny charakteryzowaly si¢ jednakowa zawartoscia MgO,
a w obliczeniach mas sktadnikow poszczegdlnych probek uwzgledniono MgO dodane
zarowno jako surowiec, jak i sktadnik spinelu magnezowo-glinowego. Wyniki badan
wskazujg na wyrazny wpltyw temperatury na kinetyke reakcji mieszanin cementowych.
Krzywe mikrokalorymetryczne MR66 5M oraz AR78 5M w temperaturze 20°C
wykazaly typowy dla spoiw cementowych przebieg hydratacji: zarejestrowano dwa
efekty egzotermiczne rozdzielone okresem indukcji, a maksimum okresu przyspieszenia
reakcji wystepowato odpowiednio po 9 oraz 7,5 godzinach od rozpoczecia reakcji [102].
Natomiast w temperaturze 50°C nastgpita intensyfikacja procesu hydratacji, okres
indukcji nie wystapil, co prawdopodobnie przyczynito si¢ do szybszego rozwoju
wytrzymalosci wczesnej. Wyniki uzyskane dla probek TopM _nA oraz SpM_nA byty
zblizone do tych otrzymanych dla probek cementowych w 50°C. Na krzywej
mikrokalorymetrycznej zaobserwowano tylko jeden efekt egzotermiczny, na ktory
sktadaty sie¢ procesy zwigzane ze zwilzaniem, rozpuszczaniem i wytrgcaniem
krystalicznych produktow hydratacji [10.2]. Maksimum okresu przyspieszenia reakcji
spoiw bezcementowych zaréwno w temperaturze 20°C jak 1 50°C zarejestrowano na
mniej niz 30 minut od rozpoczgcia hydratacji, co powinno gwarantowa¢ odpowiedni
przyrost wytrzymatosci wczesnych umozliwiajacy skrocenie czasu sezonowania
prefabrykatow betonowych.

Reasumujac przedstawione do tej pory wyniki, proces formowania si¢ wigzby
hydraulicznej w ogniotrwatym betonie bezcementowym, w ktorym jako komponenty
osnowy wykorzystano MgO oraz Al2O3 mozna regulowaé¢ poprzez dobdr sktadnikow
matrycy oraz temperatury sezonowania materialu, a takze zastosowanie dodatkow

ograniczajacych hydratacje MgO [10.1, 10.2, 10.3]. Z uwagi na szybko$¢ zachodzace;j
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reakcji hydratacji ukierunkowanej na otrzymanie podwodjnego warstwowego
wodorotlenku magnezowo-glinowego w matrycy betonu, kluczowym aspektem jest
zastosowanie nanometrycznego proszku AlO3 oraz przeprowadzenie reakcji
w podwyzszonej temperaturze. Dobor MgO i/lub dodatkéw ograniczajacych jego
hydratacje determinuje natomiast wystepowanie Mg(OH), w matrycy betonu. Tworzenie
si¢ w osnowie Mg(OH),, jak pokazaly wyniki badan oraz przeprowadzone obliczenia
termodynamiczne, jest etapem koniecznym w otrzymywaniu podwojnego warstwowego
wodorotlenku magnezowo- glinowego, jednakze poprzez zastosowanie odpowiednich
surowcow np. spiekanego lub topionego MgO, mozna ograniczy¢ jego zawarto$¢ do
takiej, ktora jest na biezaco zuzywana w reakcji tworzenia produktu koncowego.
Analiza iloSciowa mieszanin reakcyjnych po 98 dniach od rozpoczgcia hydratacji
wykazala, ze najwigkszym stopniem przereagowania oraz najmniejszg zawartoscig fazy
amorficznej charakteryzowata si¢ probka nM_nA, co zadecydowalo o jej wykorzystaniu
do dalszych badan [10.3]. Przeprowadzono kalcynacj¢ probki nM_nA otrzymanej po 110
dniach od rozpoczecia hydratacji, w temperaturach 250°C, 340°C, 390°C, 425°C, 500°C,
600°C, 700°C 800°C, 900°C oraz 1000°C, a otrzymane produkty poddano analizie XRD,
FTIR oraz ?Al MAS NMR. Analiza XRD (Rysunek 8) wykazata, Ze w temperaturze,
w ktorej zachodzi usuwanie wody miedzywarstwowej (tj. 250°C) nastgpuje amorfizacja
uktadu, co obserwowane byto jako poszerzenie charakterystycznej linii dyfrakcyjnej
[103]. W temperaturze 700°C potwierdzono obecno$¢ charakterystycznej dla spinelu
magnezowo-glinowego linii dyfrakcyjnej, co wskazato na jego syntezg. Produkty
kalcynacji  w temperaturach do 700°C charakteryzowaly si¢ niskim stopniem
krystaliczno$ci 1 stanowily mieszaning reaktywnych faz przejSciowych, ktorymi byty
tlenki mieszane Mg(Al)O, struktury przejSciowe Al,O3 oraz niekrystaliczne zarodki fazy
spinelowej [104-106]. Kalcynacja w temperaturze 1000°C probki nM_nA, prowadzita do

otrzymania spinelu magnezowo-glinowego oraz MgO.
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Charakterystyczna linia dyfrakcyjna dla spinelu (26=36.91°)
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Rys. 8. Wynik analizy XRD produktéw otrzymanych w wyniku kalcynacji probki nM_nA
w wybranych temperaturach [10.3].

Spektroskopia Al MAS NMR (Rysunek 9) zostala wykorzystana w celu
okreslenia otoczenia chemicznego atomow glinu w spinelu magnezowo- glinowym oraz
jego prekursorze. Analizie *’Al MAS NMR poddana zostata probka nM_nA po 110
dniach od rozpoczecia hydratacji, produkty jej kalcynacji oraz spinel referencyjny
otrzymany w wyniku trzystopniowego spiekania réwnomolowej mieszaniny
mikrometrycznych proszkow MgO i Al,03 w 1700°C. Widmo probki przed kalcynacja
wykazato stosunkowo waski pik rezonansowy przy przesunigciu chemicznym o
~4,0 ppm, co $wiadczy o koordynacji oktaedrycznej glinu (AlOg) w strukturze
podwojnego warstwowego wodorotlenku magnezowo-glinowego [107]. Wzrost

temperatury kalcynacji powodowal zauwazalne poszerzenie oraz przesunigcie
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(w kierunku bardziej ujemnych przesunig¢ chemicznych) linii widmowej AlOg co
sugeruje zmiane w lokalnych $rodowiskach atomowych jonéw Al**. Dodatkowo
w przypadku probek kalcynowanych zaobserwowano drugi pik rezonansowy,
swiadczacy o tetraedrycznej koordynacji glinu (AlO4), ktory wraz ze wzrostem
temperatury malal. Prawdopodobnie byt to wynik trzech naktadajacych si¢ procesow:
konwersji odmian przejsciowych Al,O3 do odmiany najbardziej stabilnej tzn. a-Al>O3,

migracji jonow Al** w strukturze tlenkéw mieszanych oraz powstawania spinelu [10.3].

AlO,

27 Al przesuniecie chemiczne &/ ppm

Rys. 9. Wynik analizy 2’A1 MAS NMR produktéw otrzymanych w wyniku kalcynacji probki nM_nA
w wybranych temperaturach [10.3].

Uzyskane wyniki potwierdzily, ze zachodzace w toku rozkladu termicznego
podwdjnego warstwowego wodorotlenku magnezowo-glinowego reakcje dehydratacji
1 dehydroksylacji prowadzily do powstania reaktywnych struktur przejSciowych tj.
tlenkow mieszanych typu Mg(AI)O oraz odmian przejsciowych AlOs, ktorych
rekombinacje, a nastgpnie reaktywne spiekanie umozliwity synteze spinelu
w temperaturze 700°C. W porownaniu do tradycyjnych technologii otrzymywania
spinelu magnezowo-glinowego, gdzie stosowane jest spiekanie dwustopniowe, najpierw
w temperaturze minimum 1450°C, a nastgpnie 1700°C [22, 23], otrzymane rezultaty
wskazujg na mozliwo$¢ znacznego obnizenie temperatury procesu.

W oparciu ouzyskane wyniki przygotowano $wiezag mieszanke betonowg
zawierajaca kruszywo korundowe, reaktywne Al,Os3 spiekane MgO, wodng zawiesing
nanometrycznego proszku AlOs oraz dodatki uptynniajace, ktora po zaformowaniu
sezonowana byta w warunkach opracowanych na podstawie badan opublikowanych
w [10.1, 10.2, 10.3]. Taki zabieg technologiczny mial na celu otrzymanie podwdjnego

warstwowego wodorotlenku magnezowo-glinowego w wyniku hydratacji bezposrednio
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w matrycy betonu. Na podstawie obserwacji mikroskopowych SEM w potaczeniu
z analizg punktowg EDS (Rysunek 10) prefabrykatu betonowego potwierdzono obecno$¢
pierwiastkbw Mg, Al oraz O w mikroobszarach, co wskazuje na syntez¢ spinelu
w temperaturze 900°C. Potwierdzeniem otrzymania spinelu magnezowo-glinowego
w temperaturze 900°C byta rowniez obecnos$¢ charakterystycznej linii dyfrakcyjnej
w pozycji 260=37,14° (Rysunek 11) oraz pasm na widmie FTIR (Rysunek 12) w potozeniu
553cm™ i 692cm™ [23, 25]. Synteza spinelu w temperaturze 900°C prawdopodobnie
przyczynita si¢ do ograniczenia spadku wytrzymalosci mechanicznej materiatu

w zakresie temperatur do 1000°C.

Rys. 10. Zdjecie mikrostruktury otrzymanego betonu bezcementowego poddanego obrébce cieplnej
w temperaturze 900°C [10.3].

Dodatkowo dla betonu poddanego obrobce cieplnej w temperaturach w zakresie 500-
700°C stwierdzono zjawisko ponownej hydratacji sktadnikow osnowy. Analiza
spektroskopii w podczerwieni matrycy betonu (Rysunek 12) poddanego obrobce cieplnej
w temperaturach do 700°C wykazata obecno$é pasm w potozeniu 3000-3700 cm™ ktore
zwigzane byly z drganiem grup hydroksylowych. Obecno§¢ ww. pasm w materiatach
wypalonych do 425°C zwigzana byla z wystepowaniem w osnowie sieci hydratow
tworzaca wigzanie hydrauliczne. Natomiast, w przypadku materialdw poddanych
obrobce cieplnej w temperaturach 500-700°C jest to wynik niespotykany wczes$niej

w dostepnej literaturze naukowe;.
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Rys. 11. Wynik analizy XRD matrycy otrzymanego betonu bezcementowego poddanego obrébce
cieplnej w wybranych temperaturach [10.3].
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Rys. 12. Wynik analizy FTIR matrycy otrzymanego betonu bezcementowego poddanego obrébce
cieplnej w wybranych temperaturach [10.3].

Uzyskane wyniki w polaczeniu z bardzo zwarta mikrostrukturg otrzymanych
materiatow dowodza, ze w trakcie obrobki cieplnej betonu, nastgpita ponowna hydratacja
sktadnikow osnowy na skutek wytworzenia si¢ warunkéw zblizonych do
hydrotermalnych [10.3]. Tym samym, wyniki badan wskazaly, ze przeobrazenie wigzania
hydraulicznego w wigzanie ceramiczne nie zaszlo w sposob gwattowny, tylko
nastepowato w kilku etapach, ktére wzajemnie si¢ na siebie naktadaly, co w rezultacie

przyczynito si¢ do utrzymania wytrzymalosci mechanicznej betonu. Potwierdzaja to
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wyniki badania wytrzymato§ci na zginanie oraz $ciskanie, zgodnie z ktoérymi
zaobserwowano stopniowy przyrost wytrzymato$ci mechanicznej w temperaturach 300-

1200°C, a podsumowanie uzyskanych wartosci przedstawiono w Tabeli 5:

Tabela 5 Podsumowanie wytrzymaloSci na zginanie oraz S$ciskanie bezcementowego betonu
korundowo-spinelowego poddanego obrébce cieplnej oraz wypalaniu [10.3].

Temperatura obrobki cieplnej oraz | Wytrzymatos¢  na | Wytrzymato§¢  na
wypalania [°C] $ciskanie [MPa] zginanie [MPa]

110 28,88 522

425 33,01 522

700 33,34 5,49

900 38,29 5,95

1200 55,15 9,87

W dotychczas publikowanych pracach naukowych dotyczacych wlasciwosci betonow
zawierajacych jako spoiwo cement glinowo-wapniowy (betony LCC, ULCC)
wykazywano spadek wytrzymalosci mechanicznej w zakresie temperatur 300-1000°C
[40-43, 46-49]. Przeprowadzono takze pomiar predkosci przechodzacej fali
ultradzwigkowej (Rysunek 13), ktory zestawiono z potwierdzonymi wcze$niej zmianami

strukturalnymi i mikrostrukturalnymi osnowy [10.3].
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Rys. 13. Wynik pomiaru predkosci przechodzacej fali ultradzwigkowej przez prefabrykat betonowy
otrzymany w wyniku obrobki cieplnej w wybranych temperaturach [10.3].

Wykazano, ze wlasciwosci betondw w zakresie temperatur do 1000°C zmieniaty si¢

w trzech zakresach, co znalazlo swoje odzwierciedlenie w pomiarach predkosci
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przechodzacej fali ultradZwickowej. Rozpad wigzan hydraulicznych wynikajacy
z usuwania wody zwigzanej fizycznie oraz chemicznie (dehydratacja i dehydroksylacja
do temperatury 390°C) prowadzit do rozluznienia tekstury materiatu, czego dowodem byt
spadek predkosci przechodzacej fali ultradzwigkowej. Dalsza obrébka cieplna betonu do
temperatury 600°C zwigzana byta ze zjawiskiem wstepnego zageszczania mikrostruktury
oraz wykazanymi wczes$niej, rehydratacja sktadnikéw osnowy 1 utworzeniem
reaktywnych faz przejSciowych [10.3], co potwierdzit wzrost predkosci przechodzacej
przez materiat fali. Ponowne rozluznienie tekstury betonu wynikajace z rekombinacji
ww. faz przejSciowych oraz ich reakcyjnego spiekania prowadzacego do syntezy spinelu
magnezowo-glinowego w temperaturze powyzej 600°C, znalazto swoje odzwierciedlenie
w gwaltownym spadku predkosci przechodzacej fali ultradzwiekowej. Natomiast, dalsze
spiekanie 1 zwigzane z nim zagg¢szczenie mikrostruktury oraz zintensyfikowana synteza
fazy spinelowej, ktora zgodnie z literaturg [21] prowadzi do wzrostu porowato$ci
materiatu przelozyty si¢ na stopniowy wzrost predkosci fali w temperaturach od 900°C
[10.3].

Ostatni etap badan dotyczyt wptywu ilo$ci, rodzaju, sktadu fazy spinelowej i innych
faz  modyfikujacych na  mikrostruktur¢ oraz  wilasciwosci  mechaniczne,
termomechaniczne i odpornosciowe prefabrykatu betonowego. W  kontekscie
pordéwnania technologii betonow bezcementowych (NCC) oraz ultra-niskocementowych
(ULCC) zaprojektowano 1 otrzymano dwa rodzaje betonow: NCC zawierajacy wylacznie
spinel tworzacy si¢ wewnatrz materiatu w trakcie wypalania oraz ULCC, stanowiacy
materiat odniesienia, zawierajacy kombinacje spinelu tworzacego si¢ w warunkach in situ
oraz spinel syntetyczny. Poréwnanie wtasciwos$ci mechanicznych i termomechanicznych
prefabrykatow betonowych ULCC oraz NCC byto mozliwe dzigki utrzymaniu statego
sktadu ziarnowego betonow NCC 3M SA, ULCC 3M 2Mw oraz ULCC_3M 1Mw.
Prefabrykaty bezcementowe zawieralty w roznej kombinacji spiekane MgO (SpM),
mikrometryczny proszek SiOz (S) oraz wodng zawiesing nanometrycznego proszku
Al203 (A), co umozliwito okres$lenie roli fazy spinelowej i innych faz modyfikujacych na
wlasciwosci materialu  [10.4; 10.5]. Podsumowanie koncepcji technologicznych

prefabrykatow betonowych wraz z nazwami probek przedstawiono w Tabeli 6:
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Tabela 6 Podsumowanie receptur wyjsciowych prefabrykatéw betonowych [10.4; 10.5].

Prefabrykat betonowy SpM A S [%mas] | CAC AR90
[Yomas] [Yomas] [Yomas] [Yomas]
NCC_5M 5,00 - - - -
NCC 5M S 5,00 - 1,00 - -
NCC 3M_SA 3,00 2,00 1,00 - -
NCC 5M_SA 5,00 2,00 1,00 - -
NCC_7M_SA 7,00 2,00 1,00 - -
ULCC _3M_2Mw 2,01 - 1,12 3,16 10,53
ULCC _3M_1Mw 0,99 - 1,11 3,12 21,16

Opracowane betony ultra-niskocementowe zawieraty tacznie 3%mass MgO
wprowadzonego zarOwno w postaci surowca spiekanego (Mw) oraz syntetycznego
spinelu  magnezowo-glinowego. Sezonowanie mieszanek betonowych NCC
zawierajacych wodng zawiesing nanometrycznego proszku Al>Os odbylo sig
z zachowaniem warunkow umozliwiajacych otrzymanie podwdjnego warstwowego
wodorotlenku magnezowo-glinowego w wyniku hydratacji wewnatrz osnowy betonu
[10.1; 10.2; 10.3]. Otrzymane w toku wypalania w temperaturze 1500°C prefabrykaty
betonowe korundowo- spinelowe poddano badaniom istotnym w kontekscie
aplikacyjnym: wytrzymatosci mechanicznej (wytrzymato$¢ na zginanie oraz $ciskanie),
ogniotrwatosci pod obcigzeniem, odpornosci na petzanie, wytrzymatosci na zginanie
w temperaturze 1450°C oraz odpornos$ci na nagte zmiany temperatury, a takze badaniom
mikrostrukturalnym SEM EDS. Ponadto, betony NCC scharakteryzowano pod wzgledem
wlasciwosci  fizycznych, tj. przeprowadzono badania: zwartosci, rozszerzalnosci
liniowej, wyznaczono wspotczynniki przewodnosci cieplnej 1 rozszerzalnosci liniowe;,
modut Younga oraz liczbg Poissona. Zgodnie z przedstawionym studium literaturowym,
ogniotrwatos¢ pod obcigzeniem oraz odporno$¢ na pelzanie otrzymanych betonow
oceniano na podstawie odpowiednio temperatury charakterystycznej To,s oraz szybkosci
petzania 03-04. [87-90]. W przypadku betonéw, dla ktoérych warto$¢ To,s przekraczata
1500°C przedstawiono warto$¢ teoretyczng. Natomiast, odporno$¢ na nagle zmiany
temperatury porownywano w oparciu o procentowy spadek predkosci przechodzacej fali
ultradzwigkowej po 1, 3 oraz 5 cyklu grzania i chtodzenia. W Tabelach 7 oraz 8
przedstawiono podsumowanie uzyskanych wynikéw, a zdjecia mikrostruktur wybranych

prefabrykatow przedstawiono na Rysunkach 14 a-d.
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Tabela 7 Zestawienie wybranych wlasciwo$ci mechanicznych termomechanicznych
i odporno$ciowych otrzymanych prefabrykatéw betonowych NCC i ULCC [10.4, 10.5].

Beton CMoR | CCS HMoR | RUL Tos | CIC 6030, | OWT-1 | OWT-3 | OWT-5
[MPa] [MPa] [MPa] [°C] [%/min] [%] [%] [%]
NCC_5M 14,50 89,90 - - - 50,6 70,1 78,2
NCC_5M_S 34,20 249,00 | - 1545 - 49,8 72,5 81,6
NCC _3M SA | 34,32 211,60 | 14,30 1658 -5,37-10° | 45,6 68,4 71,7
NCC 5M_SA | 34,81 253,80 | 10,95 1604 -4,20-10° | 44, 72,4 80,0
NCC_7M_SA | 34,50 226,80 | 7,52 1596 -7,01-10°3 50,5 77,8 82,0
ULCC_3M_2 | 4791 185,73 | 6,26 1427 -2,98-10* 50,5 70,3 77,4
Mw
ULCC_3M_1 | 47,99 198,83 | 6,79 1549 -4,02-10% | 47,9 69,0 74,4
Mw

Tabela 8 Zestawienie wybranych wlasciwosci fizycznych otrzymanych prefabrykatow betonowych
NCC [10.4, 10.5].

Beton Porowatos¢ | a [1/K] A [W/mK] | Liczba Poissona v | Modul Younga E
pozorna [%] [-] [Pa]

NCC 5M 16,42 6,55-107% | 3,75 0,217 1,51- 1011

NCC 5M S | 16,12 6,93-107° | 4,48 0,162 1,55- 1011

NCC 3M SA | 15,07 6,69-107° | 4,38 0,203 1,61- 1011

NCC 5M SA | 16,81 6,99-107° | 5,66 0,202 1,58- 1011

NCC 7M SA | 17,59 6,73-107° | 4,86 0,194 1,41- 1011

Otrzymane wyniki badan wykazaly, ze przez odpowiedni dobor kompozycji sktadu
osnowy betonu, mozna ksztattowa¢ mikrostrukture, a tym samym determinowac
koncowe wlasciwosci materiatu. Zgodnie z aktualng literaturg naukowa [25-37] oraz
otrzymanymi  rezultatami, zpunktu widzenia  wlasciwo$ci  mechanicznych
1 termomechanicznych korzystnym jest catkowite zastgpienie spoiwa cementowego,
zastosowanie ~ wodnej  zawiesiny = nanometrycznego  proszku  AlO3  oraz
mikrometrycznego proszku SiO2[10.4, 10.5]. W poréwnaniu z wynikami wytrzymatosci
na $ciskanie przedstawionymi w [25-29], ktore dla betondéw zawierajacych wyjsciowo
3%mas MgO lub odpowiadajacg ilos¢ spinelu syntetycznego, miescity si¢ w zakresie 100-
190 MPa, prefabrykat NCC 3M_SA charakteryzowat si¢ zdecydowanie wyzsza
wytrzymato$cia na S$ciskanie. Wykazano, ze wzrost udziatu procentowego MgO

w recepturze betonu prowadzit do rozluznienia tekstury materiatow bezcementowych
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w trakcie wypalania, co potwierdzil wzrost ich porowatosci, a w konsekwencji,
zaobserwowano pogorszenie wilasciwosci termomechanicznych w obrebie betonow
NCC. Analiza mikrostrukturalna SEM probek betonéw wykazala, 1z betony zawierajace
w swojej kompozycji wyjsciowej zol glinowy, charakteryzowaly si¢ ponadprzecigtnie
zwartg mikrostrukturg po wypaleniu. Na uwage zastuguje obecna w mikrostrukturze
probki zawierajacej 3%mas MgO sie¢ mikropgknigé (Rysunek 14a), ktora przyczynita si¢
do zwigkszenia odpornos$ci na nagle zmiany temperatury prefabrykatu betonowego

NCC_3M_SA.

Rys. 14 Zdjecie mikrostruktury betonéw: NCC _3M _SA (a), NCC_SM_SA (b), NCC_5M (c),
przykladowego betonu korundowo-spinelowego ULCC przedstawionego w [32](d)

Podobnie jak w [108, 109], zastosowanie SiO2 wigzato si¢ z pojawieniem si¢ fazy ciekte;j,
ktorej ilos¢ oraz temperature pojawienia si¢ jej pierwszej kropli przewidywano za
pomoca programu FactSage 8.2, a wybrane wyniki przedstawiono w Tabeli 9. Symulacje

termodynamiczne wykazaly, ze 1%mas zawarto$¢ pSiO2 w recepturze wyjsciowej betonu
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znaczgco obnizal temperature pojawienia si¢ pierwszej kropli fazy cieklej, co w rezultacie
obnizylo wiasciwosci termomechaniczne materiatu. Jednakze, z punktu widzenia
wlasciwosci mechanicznych oraz odpornosci na nagle zmiany temperatury, a takze
aspektow technologicznych (poprawa reologii, mozliwos¢ zmniejszenia ilosci wody
zarobowej) jej obecnos¢ jest korzystna.

Tabela 9 Podsumowanie symulacji termodynamicznych przeprowadzonych w programie FactSage
[10.4;5 10.3].

Beton Temperatura Ilos¢ fazy cieklej Ilos¢ fazy cieklej
pojawienia si¢ pierwszej | w temperaturze W temperaturze
kropli fazy ciektej [°C] 1500°C [%)] 1550°C [%]

NCC 5M 2005 0 0

NCC 5M S 1471 2,43 2,67

NCC 3M _SA 1471 2,43 2,67

NCC _5M_SA 1471 2,43 2,67

NCC_7M_SA 1471 2,45 2,70

ULCC 3M 2Mw 1432 2,76 3,09

ULCC 3M_IMw 1432 2,76 3,09

Wystepowanie fazy amorficznej, ktorej przyczyna byla faza ciekla powstata w trakcie
wypalania wynikajaca z obecnosci uSiO» w recepturze wyjsciowej betonu, przyczynita
si¢ do zwigkszenia odpornosci na nagte zmiany temperatury poprzez zwigkszenie
odporno$ci na inicjacj¢ pegknigcia. Beton NCC 3M SA sposrod opracowanych
materialdw stanowi najlepszy wariant technologiczny, a wystgpujaca w jego
mikrostrukturze sie¢ mikropeknie¢ przyczynita si¢ do zwigkszenia odpornosci na nagte
zmiany temperatury. Analiz¢ eksperymentalng odpornosci na nagle zamiany temperatury
betonow potaczono zteoretyczng oceng ww. odpornosci, w przypadku ktorej na
podstawie teorii wprowadzonych przez Kingery’ego 1 Hasselmana [88, 89], obliczono
parametry R (R, R*”’, R”*”’, Rst) opisujgce odpornos¢ materiatu na inicjacj¢ 1 propagacje
pekniecia. Zgodnie z otrzymanymi wynikami (Tabela 10) wspomniana sie¢ mikropeknieé
zwigkszala energi¢ pekania poprzez wydluzanie drogi peknigcia, co zgodne jest
z przeprowadzonymi obliczeniami teoretycznych parametrow R, ktore wykazaty, ze wraz
ze wzrostem zawarto$ci MgO w kompozycji wyjsciowej beton byt bardziej odporny na

inicjacje pekniecia z jednoczesng mniejszg odpornoscia na jego propagacie.

66




Tabela 10 Podsumowanie obliczonych parametréw R [88, 89] betonéw NCC.

Beton R (ATc) [°C] R"™[Pa’] R"™ [m] Ry [mK?]
NCC_5M 11,48 9,17E-04 0,163 5,243
NCC_5M_S 26,68 1,58E-04 0,054 6,773
NCC 3M SA 22,53 1.47E-04 0,043 6,960
NCC_5M_SA 22,38 1.63E-04 0,052 5,739
NCC_7M_SA 30,15 1.47E-04 0,043 6,960

Oznacza to, ze propagacja pgkniecia w materiale byta utrudniona, o czym $§wiadczytly
wyniki pomiaru przechodzacej predkosci fali ultradzwigkowej po kazdym cyklu grzania
1 chtodzenia, zgodnie z ktorymi procentowy spadek predkosci byl mniejszy dla betonu
0 nizszej zawartosci MgO w kompozycji wyjsciowe;.

Podsumowujac wlasciwosci otrzymanych prefabrykatéw betonowych NCC
ksztattowane byly poprzez odpowiedni dobor receptury wyjsciowej betonu, ktoéra
determinowata m.in.: ilo$¢, sktad i rozktad faz ciektych; ilo$¢, wielko$¢ czastek i rozktad

fazy spinelowej oraz porowatos$¢, a takze obecno$¢ fazy amorficzne;.
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12. WhiosKki

W ramach pracy doktorskiej okreslono mechanizm formowania si¢ wigzby
hydraulicznej betonu w wyniku hydratacji sktadnikéw osnowy w temperaturach ponizej
50°C, a nastepnie wigzby ceramicznej w materialach ogniotrwalych bezcementowych
1 ultra-niskocementowych korundowo-spinelowych podczas ich obrobki cieplnej
1 wypalania w temperaturze do 1500°C. Hydratacja ukierunkowana byta na otrzymanie
podwdjnego warstwowego wodorotlenku magnezowo-glinowego, ktérego obecnosé
w matrycy betonu determinowata zachodzace w trakcie obrobki cieplnej zmiany
strukturalne 1 mikrostrukturalne osnowy, co w konsekwencji decydowalo
o wlasciwosciach materiatu w temperaturach do 1000°C . W kontekScie przysziej
aplikacji materialu okreslono role fazy spinelowej oraz innych faz modyfikujacych
w ksztattowaniu wlasciwosci mechanicznych, termomechanicznych i odporno$ciowych
prefabrykatow betonowych, a takze wybrano beton charakteryzujacy si¢ najwyzszym
potencjatem aplikacyjnym. Na podstawie otrzymanych wynikow oraz obserwacji
z przeprowadzonych badan wysuni¢to nastgpujace wnioski:

1. Dobér warunkéw (temperatura, czas, zastosowane surowce) sezonowania betonu
determinuje przebieg hydratacji mieszanin reakcyjnych MgO-Al;03, jako
sktadnikow osnowy, odpowiadajacych za formowanie wiezby hydraulicznej
materiatu.

2. Kluczowymi warunkami w otrzymywaniu podwdjnego warstwowego wodorotlenku
magnezowo-glinowego jest zastosowanie nanometrycznego proszku Al,Os; oraz
podwyzszonej temperatury sezonowania (50°C).

3. Zastosowanie surowca magnezjowego w formie topionego lub spiekanego proszku
MgO w kombinacji z nanometrycznym proszkiem Al,Os pozwala na uzyskanie
zblizonego efektu zwigzanego z syntezg podwdjnego warstwowego wodorotlenku
magnezowo-glinowego w poréwnaniu do mieszanin zawierajacych nanometryczny
proszek MgO.

4. Zachodzace w trakcie obrobki cieplnej betonu reakcje rozktadu termicznego
sktadnikéw osnowy betonu, w tym gldwnie podwdjnego warstwowego wodorotlenku
magnezowo-glinowego, rehydratacja, rekombinacje struktur przejsciowych tj. tlenkow
mieszanych typu Mg(Al)O oraz faz przejsciowych Al>Os, a nastepnie ich reakcyjne
spiekanie umozliwity synteze¢ spinelu magnezowo-glinowego w temperaturze 700°C

oraz przyczynily si¢ do stopniowego przyrostu wytrzymatosci mechanicznej materiatu.
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Wiezba ceramiczna betonu, ktory nie zawieral w recepturze wyjsciowej cementu
glinowo- wapniowego stanowila efektywniejsze rozwigzanie pod wzgledem sity
wigzania gruboziarnistego szkieletu betonu w temperaturze 1450°C, co znalazto
swoje odzwierciedlenie w wyzszych wtasciwosciach termomechanicznych betonow
NCC w poréwnaniu do ULCC.

W betonie bezcementowym, ktory w recepturze wyjsciowej zawieral 7%mas MgO,
rozluznienie tekstury zachodzace na skutek syntezy fazy spinelowej w trakcie
wypalania, prowadzito do obnizenia Tos, HMoR oraz odpornosci na nagle zmiany
temperatury w poréwnaniu do betonu zawierajgcego 3%mas MgO.

Wystepowanie w mikrostrukturze sieci mikropekni¢¢ oraz fazy amorficznej, ktorej
obecnos¢ i1 udziat ilosciowy wynikaty z doboru surowcow i sktadu recepturowego
betonu, zwigkszato odporno$¢ prefabrykatow betonowych na nagle zmiany temperatury
poprzez ograniczenie propagacji peknie¢.

Wariant  technologiczny charakteryzujacy si¢ najwigkszym potencjatem
aplikacyjnym stanowil beton bezcementowy zawierajacy w kompozycji wyjsciowej
3%mas MgO, nanometryczny proszek Al,Os; w postaci wodnej zawiesiny oraz

mikrometryczny proszek SiO».
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14. Spis rysunkow
Rysunek 1. Diagram fazowy MgO-Al,O3 [21].

Rysunek 2. Wytrzymatos$¢ na $ciskanie (a) oraz zginanie (b) prefabrykatow betonowych
o roznej zawartosci cementu glinowo- wapniowego, poddanych obrobce cieplnej
w temperaturze: 300°C, 600°C, 800°C lub 1000°C [79].

Rysunek 3. Wynik analizy XRD probek po okreslonym czasie hydratacji (50°C) oraz
symulowany dyfraktogram MgeAl,CO3(OH)16:4H>O (JCPDS Card No. 00-022-0700)
w zakresie od 5-90% (od goéry) nM nA, pM nA, SpM nA, TopM nA, SpM nAs,
SpM_nAs_S oraznM pA [10.1; 10.2; 10.3].

Rysunek 4. Wynik analizy XRD probki nM nA po okreslonym czasie od rozpoczecia
hydratacji (po 1h, 3h, 5h oraz 24h) w zakresie 10-44°(a) oraz 5-30° (b).

Rysunek 5. Wynik analizy FTIR probki nM_nA po okreslonym czasie od rozpoczgcia
hydratacji (po 1h, 3h, 5h, 24h oraz 98dn.)].

Rysunek 6. Krzywe MS probki nM_nA po 12 godzinach i 98 dniach od rozpoczgcia
hydratacji oraz Mg(OH); [10.1].

Rysunek 7. Krzywe mikrokalorymetryczne probek SpM_nA, TopM_nA, MR66 5M oraz
AR78 5M uzyskane w temperaturze 20°C oraz 50°C [10.2]

Rysunek 8. Wynik analizy XRD produktéw otrzymanych w wyniku kalcynacji probki
nM_nA w wybranych temperaturach [10.3].

Rysunek 9. Wynik analizy 2’ Al MAS NMR produktoéw otrzymanych w wyniku kalcynacji
probki nM_nA w wybranych temperaturach [10.3].

Rysunek 10. Zdjecie mikrostruktury otrzymanego betonu bezcementowego poddanego
obrobce cieplnej w temperaturze 900°C [10.3].

Rysunek 11. Wynik analizy XRD matrycy otrzymanego betonu bezcementowego
poddanego obrobce cieplnej w wybranych temperaturach [10.3].

Rysunek 12. Wynik analizy FTIR matrycy otrzymanego betonu bezcementowego
poddanego obrdbce cieplnej w wybranych temperaturach [10.3].

Rysunek 13. Wynik pomiaru predkosci przechodzacej fali ultradzwigkowej przez
prefabrykat betonowy otrzymany w wyniku obrobki cieplnej w wybranych temperaturach
[10.3].

Rysunek 14. Zdjgcie mikrostruktury betonow: NCC 3M SA (a), NCC _5M SA (b),
NCC_5M (c), przyktadowego betonu korundowo-spinelowego ULCC przedstawionego
w [32](d).
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15. Spis tabel

Tabela 1. Podsumowanie opisywanych w literaturze przyktadowych wariantow
technologicznych betonéw ogniotrwalych korundowo- spinelowych.

Tabela 2. Podsumowanie roznic w reaktywnosci zastosowanych proszkow wyjsciowych.
Tabela 3. Podsumowanie wlasciwosci mechanicznych, termomechanicznych
1 odpornosciowych otrzymanych betonéw NCC oraz ULCC.

Tabela 4. Podsumowanie otrzymanych modelowych mieszanin reakcyjnych wraz z ich
nazewnictwem.

Tabela 5. Podsumowanie wytrzymatos$ci na zginanie oraz $ciskanie bezcementowego
betonu korundowo-spinelowego poddanego obrébee cieplnej oraz wypalaniu [10.3].
Tabela 6. Podsumowanie receptur wyjsciowych prefabrykatéw betonowych [10.4; 10.5].
Tabela 7. Zestawienie wybranych wlasciwosci mechanicznych termomechanicznych
1 odpornosciowych otrzymanych prefabrykatéw betonowych NCC 1 ULCC [10.4, 10.5].
Tabela 8. Zestawienie wybranych wlasciwosci fizycznych otrzymanych prefabrykatow
betonowych NCC [10.4, 10.5].

Tabela 9. Podsumowanie symulacji termodynamicznych przeprowadzonych w programie
FactSage [10.4; 10.3].

Tabela 10. Podsumowanie obliczonych parametréw R [88, 89] betonow NCC.
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ABSTRACT

Hydrotalcite-like compounds (HTlc) are commonly known anionic clay that may potentially be used as hydraulic
binder component for refractory materials, ion exchangers, catalyst or carrier of bioactive molecules. According
to current state of knowledge LDH (Layered Double Hydroxides) can be synthesized using various methods
including mechanochemical synthesis, hydrothermal precipitation, sol-gel syntheses and coprecipitation
method. Research on the synthesis of hydrotalcite in the mixture of oxide powders of Al,03 and MgO cured under
specific conditions is particularly important in case of the determination of the relationship between the type
(susceptibility to hydration, grain size and specific surface area) of initial powders and reaction kinetics. As a
result, the hydration of an equimolar mixture of magnesium and alumina oxides nano- or micro-powders has
been proven to be an effective low temperature method of synthesis well crystallized Mg—Al LDH with highly
ordered structures. This investigations clearly show that the kinetics of hydration is influenced only by properties
of aluminium oxide as initial powder. The synthesis of MgsAl,CO3(0OH)6-4H20 as a result of hydration is
associated with composite matrix formation which firstly consist of partly reacted initial powders bonded by
hydration products. The synthesis of MgeAl,CO3(OH)16 - 4H20 was discussed in terms of molar Gibbs free energy
change of reactions within the Mg0-Al,03-CO2-H20 system. The calculated formation Gibbs energy was nega-
tive, when Mg(OH), was formed as an intermediate product. The standard Gibbs free energies of hydrotalcite
formation was estimated based on the simple mechanical mixture model that treats MggAl,CO3(0OH)16+4H20 as
mixtures of simple oxides. Thermodynamic calculations were performed assuming an equilibrium state between
aqueous solutions and corresponding precipitates after synthesis.

1. Introduction

Layered double hydroxides (LDH) or hydrotalcite-like compounds

If the magnesium cation is replaced with an aluminium cation, the
sheet receives a positive charge, which is proportional to the number of
replaced divalent cations. To obtain an electrically neutral system, an

(HTLC) are commonly known anionic clays. There are many publica-
tions regarding the structure, properties and methods of LDH prepara-
tion (Allemman, Myiata, R.M. Taylor, Ross and Kodawa) (Myiata, 1975;
Myiata and Okada, 1977; Taylor, 1984). According to the current state
of knowledge the general formula of LDH is (M37,M>"(OH)2)**(Ax/
=)™, where the divalent and trivalent ions can be: Mg?*, Ca?*, Zn?*,
cu?*, Co?* or Ni%* and AI%T, Fe3* or Cr®*, respectively. The OH™, Cl~,
NO3, CO%’ or SO%’ ions can be considered as compensation ions. The
structure of these materials is similar to the structure of brucite Mg(OH)»
and consists of neutral sheets and magnesium ions coordinated octa-
hedrally by six OH- ions (Perez et al., 2004). The schematic structure of
Mg/Al hydrotalcite is shown in Fig. 1.

* Corresponding author.
E-mail address: ktyrala@agh.edu.pl (K. Warmuz).
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appropriate number and kind of anions are built in between the posi-
tively charged sheets. The mineral Mg/Al hydrotalcite (MgeAls.
CO3(OH);6-4H20) consist of positively charged brucite-like layers [Mg;-
xAl(OH),1*" with disordered opposite charged interlayers [(COg))%;z .
mH,01* (Myiata, 1983). According to Allmann et al. (Alemann, 1968;
Myiata, 1983), the Mg and Al atoms are distributed at random octahe-
dral positions. In addition, the magnesium ions dissolve in both A1(OH)3
and AlO(OH). On the other hand some Al*" ions dissolve in Mg(OH),.
According to this, the double-hydroxide phase have a wide range of
possible stoichiometries, as was also confirmed in the Mg(OH)2-Al(OH)3
system (Mascolo and Marino, 1980).

The recent findings from the literature reveal that the thermal
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Fig. 1. Schematic structure of hydrotalcite reproduced according to
(Reichle, 1986).

decomposition of Mg—Al hydrotalcite takes place in few steps. The first
step is a release of physically adsorbed water and occuring at tempera-
tures below 200 °C. Secondly, the interlamellar water is withdraw
(dehydration) between 150 and 250 °C. It is then followed by the loss of
CO, at approximately 300 °C, which overlaps with the dehydroxylation
process (Pesic et al., 1992; Forano et al., 2006). Interestingly, this effect
can be associated with the elimination of CO, groups through the fine
pores, which were generated on the surface of the hydrotalcite (Reichle
etal., 1986). Above 300 °C, the dehydroxylation of hydroxide layers and
the loss of exchange anions takes place. The thermal effects during
thermal decomposition of Mg—AIl LDH at the temperatures between 315
and 330 °C and between 350 and 370 °C are associated with the dehy-
droxylation of (Mg3)-OH- hydrotalcite sites and residues of magnesium
hydroxides ((Mgs)-OH-brucite-like sites), respectively. According to
data summarized above, the thermal stability of hydroxyl groups within
the [MgﬁAlz(OH)]6]2+ brucite-like octahedral sheet may be placed:
(Mgs)-OH < (Mg2Al)-OH, as confirmed by other authors (Forano et al.,
2006; Madej, 2018). At the temperatures above 1000 °C the decompo-
sition of Mg—Al hydrotalcite takes place, leading to the mixture of
MgAl»,04 and MgO as a final product (Valcheva-Traykova and Davidova,
1993).

The great interest of Mg—AIl hydrotalcite is due to a good potential in
various applications such as absorbents, CO, capture, ion exchangers,
catalyst carrier of bioactive molecules, and catalyst support due to their
structural stability, high surface area and phase purity (Forano et al.,
2006). Layered double hydroxides can be used in a wide spectrum of
organic reactions as either reagents or catalysts. On the other hand their
application is limited due to the required high crystallinity, low impurity
content and stable crystal structure (Wiyantoko et al., 2015).

The hydrotalcite can be synthesized using various methods including
mechanochemical synthesis or hydrothermal precipitation (Xu and Lu,
2005; Zhang and Li, 2013). In case of hydrothermal precipitation, the
two main reaction pathways based on the dissociation-deposition-
diffusion mechanism were observed, depending on the synthesis con-
ditions (Xu and Lu, 2005). Under basic pH conditions at 8.3, diffusion of
Al(OH)j ions onto the surface of Mg(OH), was observed. Under neutral
pH conditions at pH 7.0 or 6.5, Mg?>" and OH™ ions diffused onto the
surface of AI(OH)s. The residues were identified as MgO and Mg(OH),
under basic and neutral conditions, respectively (Xu and Lu, 2005).
According to Troczynski et al. (Ye and Troczynski, 2006) application of
various forms of magnesia (reactive, deadburned or fused) is associated
with significant difference in the hydration products. The authors
showed that the hydration of reactive alumina in the presence of reac-
tive magnesia leads to the hydrotalcite formation within the first 48 h at
20 °C, whereas in the mixtures containing deadburned magnesia and
fused magnesia, hydrotalcite was not found under the same curing
conditions. Additionally, a difference in product stoichiometry was
observed depending on the used magnesia raw material (Ye and
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Troczynski, 2006). It is also confirmed, that molar composition of
mixture affects chemical properties of hydrotalcite (Xu and Lu, 2005).
According to information presented above, the kinetics of the hydration
is influenced by the specific surface area development, degree of ho-
mogenization, degree of packing, type and size of grains of MgO and
Aly0O3 in initial powders.

In the last decade, the nanomaterials draw more attention in com-
parison with micron size materials due to a higher specific surface area
which leads to their specific properties (Dadkhah et al., 2014). The
significant increase in the specific surface area of the involved nano-
reactants results in enhancement in reactivity of nanoscale material
(Valliappan et al., 2005). This is also associated with an increase in the
number of contact points between the reactants (Shimizu and Saitou,
1990; Tomasi and Munir, 1999). The mechanism of highly exothermic
reactions that occur with the participation of solid nanoreactants
(simultaneous vaporization, melting, and decomposition of some of the
participating reactants takes place) is also more complicated. Moreover
nanopowders can improve strength and ductility of ceramic materials
(Dadkhah et al., 2014). In addition to the grain size, the specific surface
area is also affected by the grain shape and porosity of the powders, as
well as the method of preparation. Nanoscale of MgO and Al,O3 powders
may be obtained using sol-gel (Zeng et al., 1998) mechanical alloying
(Panchula and Ying, 1997), hydrothermal and aqueous wet chemical
methods (Panchula and Ying, 1997; Bhargava et al., 1998), flame spray
pyrolysis (Ding et al., 2001) or chemical gas phase deposition (Matthews
et al., 2000). Some of these methods require specific instrumentation
and sometimes relatively meticulous experimental procedures. On the
other hand these methods allow us to obtain e.g. nanosized MgO with
controllable structure and morphology, narrow grain size distribution
and large specific surface area. Hydrothermal method enables the con-
trol over: crystallite size, shape, and structure by applying appropriate
solvents and reaction conditions (Ding et al., 2001). MgO synthesized by
different routes has different surface morphologies, and thus the cata-
lytic activity and selectivity may vary (Klabunde et al., 1996; Khairallah
and Glisenti, 2007). Other parameters, such as treatment time, tem-
perature, gelling agent, pH, and heating atmosphere affect the activity of
the final product as well (Klabunde et al., 1996). Most of Al,O3 nano-
powders were prepared through the sol-gel route which involves the
precipitation of metal oxide particles from solution (Jiansirisomboon
and MacKenzie, 2006). The most common precursors of aluminium
oxide powder are boehmite (AIOOH), aluminium chloride, aluminium
isopropylate and aluminium sulphate (Ibrahim et al., 1996, Varma et al.,
1990;). Sol gel method enables obtaining of the boehmite (AIOOH) using
e.g. AlC13-6H50 as raw material. The calcination of boehmite powders
at temperatures between 500 and 1000 °C leads to the formation of
y-Al;03 and a-Al,O3 nanopowders, respectively (Zeng et al., 1998;
Jiansirisomboon and MacKenzie, 2006). Receiving a-Al,O3 is also
possible through high energy ball milling which results in the reduction
of the average crystallite size of the material, and thereby increase of the
sinterability of the powder (Panchula and Ying, 1997).

In this work, nano- and micro-powders of alumina mixed with
several forms of magnesia, were hydrated under the specific conditions.
The aim of this work was to determine the difference in the hydration
products between the blended pastes which contain Mg—Al layered
double hydroxide. Application of several forms of magnesia and alumina
allows to determine the mechanism and kinetics of hydration. Kinetics
was determined as the rate of loss of substrates.

2. Experimental
2.1. Sample preparation

MgO nano-powder (particle size <50 nm, Acros, 99.8% MgO), MgO
micro-powder (Acros, 99.8% MgO), Al,03 micro-powder (Almatis,

RG4000, 99.8% Al;03) and Al;O3 nano-powder (Aldrich, 99.8% Al,O3)
were used as starting materials for the preparation of binary mixtures



K. Warmugz and D. Madej

with the MgO:Al;03 molar ratio of 1:1. Three mixtures were composed
of nano-MgO and nano-Al,03, nano-MgO and micro- Al;03, micro-MgO
and nano-Al,O3 powders. For this purpose, dry powder mixtures were
weighed with the referred to above Al;03:MgO molar ratio of 1:1. Cal-
culations of powders mass included purity of the initial powders and the
amount of water bound physically or chemically by them. The content of
water in starting materials was determined by thermogravimetry (TG).
Each dry mixture of powders was homogenized for 30 min and then
mixed with water. The adopted amount of water allowed obtaining
homogeneous pastes in which no sedimentation was observed. The ratio
between water and dry mix (w/s) is presented in the Table 1. Samples in
the form of pastes were sealed in polyethylene bags and cured in a
laboratory climatic chamber under conditions of relative humidity of
95% at 50 °C until the samples reacted completely. To obtain reference
hydroxides, both MgO and Al,O3 nano- and micro- powders were mixed
with water and stored under the same curing conditions for 42 days.
After an appropriate time (12 h, 24 h, 3 days, 7 days, 14 days, 56 days
and 98 days) samples were ground in acetone (Chempur, 96% solution)
at ambient temperature to discontinue the hydration and remove free
water from the blended pastes. Table 1 summarizes the nomenclature of
both initial powders before and after hydration and obtained blended
pastes.

According to techniques presented in 2.2 part, samples which
contain only chemically bound water were investigated at any stage of
hydration, hence”free” water was withdrawn using cold acetone.

2.2. Characterization techniques

Progress of hydration was investigated as rate of product formation
and the disappearance of substrates, according to the methods presented
below. The simultaneous thermogravimetry (TG) and differential scan-
ning calorimetry (DSC) were carried out in flowing synthetic air (50
mL-min~ ) using a Simultaneous Thermo Analyzer (STA) TG-DSC
NETZSCH STA 449 F5 Jupiter coupled to mass spectrometry 403 D
Aéolos. Empty a-Al,O3 crucible was used as a reference substance. 10
mg of each sample was heated from 20 to 1000 °C (a heating rate of
10 °C-min™!) in corundum crucible.

Crystallographic structure and phase composition of the both initial
powders before and after hydration and blended pastes were measured
using X'Pert ProPANalytical X-ray diffractometer with Cu Ko radiation
(A =1.54060 nm), with 0.02° per step and 3 s time per step (20: 5°-90°).
The phases were identified using of HighScore Plus software (Pan-
alytical) with the JCPDS database (Powder Diffraction Files, Joint
Committee on Powder Diffraction Standards, Philadelphia PA, USA,
1997). Crystallite size was calculated on the basis of the full width at half
maximum (FWHM), by means of Scherrer equation (Zhang et al., 2013):

K-
Do = o5(@) - FwiM W
Table 1
Nomenclature of initial powders and mixtures.
Starting powder nano-MgO micro-MgO nano-Al;O3 micro-
AlyO3
Designation of initial nM uM nA pA
powder
Designation of initial nMh pMh nAh pAh
powder hydrated
counterparts
Binary mixtures of dry =~ nano-MgO+ nano-MgO-+ micro-
powders nano-Al,03 micro-Al,03 MgO+ nano-
Aly03
w/s 3 0.6 1
Designation of nM_nA_h nM_pA_h pM_nA_h

mixtures after
hydration
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where Dxgp is the crystallite size (nm), K is a numerical factor referred as
the crystallite-shape factor (0.90), A is the wavelength of the radiation
used [0.1540598 (nm)] and © is the Bragg diffraction angle. For Rietveld
amorphous quantification, blended pastes were mixed with 10% high-
purity ZnO as an internal standard. Each mixtures were homogenized
by hand milling in an agate mortar. Quantitative analysis of amorphous
and crystalline phases was presented elsewhere e.g. by S. Kemethmiiller
et al. (2006).

The FT-IR spectra of initial powders and mixtures were recorded
using the KBr pellets technique on a Fourier Transform Infrared Spec-
trometer from BRUKER (Vertex 70) in range of 4000-400 em L

The microstructure of both initial powders and hydrated blended
pastes was investigated using a scanning electron microscope (SEM, FEI
Nova Nano SEM 200). The chemical compositions of the samples were
determined with electron-probe microanalysis using an energy-
dispersive X-ray spectrometer (EDAX, Sapphire Si(Li) EDS detector).

The surface area of the initial powders was evaluated using the
Brunauer-Emmett-Teller (BET) method. Multipoint nitrogen adsorption
surface area measurements were performed at 77.35 K after drying of
single samples at 200 °C for 24 h, using a Micromeritics ASAP 2000. The
primary particle size Dggr was calculated using the following equation:

6000

s )

Dppr =

where d is the theoretical density of the powder determined from the
XRD (Winterer, 2002), S,y the specific surface area (Itatani et al., 1993;
Osinska et al., 2016).

The surface zeta potential of the starting powders of nM, nA, pA, pM
was determined with Zetasizer Nano ZS, Malvern Panalytical.

The pH of powders mixtures was determined with Sension+ MM
374, Hach.

3. Results
3.1. Characteristics of starting powders and their hydrated counterparts

Starting powders were tested for ability to form hydrates. Fig. 2a-d
shows diffractograms of the initial powders (nA, nM, pA, pM) and their
hydrated counterparts (nAh, nMh, pAh, pMh). Fig. 3(a-d) and Fig. 4(a-c)
present the SEM image and zeta potential analysis result of the starting
powders, respectively. As a result of 42 days of hydration hydrated
counterparts of starting powders were obtained successfully. Due to the
broad XRD peaks which are observed in Fig. 2a and b, it can be
concluded that both nM and nA are definitely more poorly-crystalline
than pM and pA samples, observed in Fig. 2¢ and d, respectively. The
diffractograms obtained of hydrated counterparts nMh and pMh are
similar despite the differences in the raised spectra background nM and
pM. As can be seen in Fig. 2b and d, magnesium oxide (JCPDS Card No.
96-900-6786) is the predominant crystalline phase in both nM and pM
samples. Magnesium hydroxide (JCPDS Card No. 96-900-6331) is also
observed in nM and pM. Nevertheless, magnesium hydroxide is an im-
purity that results from the unwanted hydration of both nM and pM
samples. XRD analysis of nMh and pMh samples revealed that MgO has
fully transformed into Mg(OH), after 42 days of hydration. In pA sample
before and after hydration process only pure a-Al,O3 was identified
(JCPDS Card No. 96-500-0093). Due to the lack of characteristic peak
belonging to the Al(OH); it can be concluded that pA has a poor ability
to form hydrated counterparts. Nevertheless in nA sample there are two
varieties of transition aluminas possible: y-AloO3 peak at 66.940°
(JCPDS Card No. 96-101-0462) and ©-Al,03 peak at 36.596° (JCPDS
Card No. 96-120 -0006) (Zhou and Synder, 1991; Boumaza et al., 2009).
Moreover gamma alumina is a dominant phase in nA sample. In nAh
sample both gibbsite (20 = 18.2616°, JCPDS Card No. 96-900-8238)
and bayerite (20 = 18.7674°, JCPDS Card No. 96-100-0062) were
observed. Presence of elevated background in XRD analysis of nAh
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Fig. 2. X- ray diffraction pattern of: nA and nAh (a), nM and nMh (b), pA and pAh (c), pM and pMh (d). Diamond: Mg(OH), (JCPDS Card No. 96-900-6331), circle:
a-Al,03 (JCPDS Card No. 96-500-0093),plus sign y-Al,O3 (JCPDS Card No. 96-101-0462), clover 0-Al,03 (JCPDS Card No. 96-120 -0006), degree sign MgO (JCPDS
Card No. 96-900-6786), up arrowhead: Gibbiste (JCPDS Card No. 96-900-8238), down arrowhead: Bayerite (JCPDS Card No. 96-100-0062).

sample suggests significant amount of poorly-crystalline phase.

According to the Scherrer eq. (1) the average crystallite size of initial
powders and their hydrated counterparts was calculated. Main diffrac-
tion peak was used to calculate the crystallite size. Based on eq. (2) the
primary particle size was calculated. Additionaly the degree of agglo-
metarion Dggp/Dxrp Was calculated from the primary particle size Dggr
determined from the specific surface area, and from the crystallite size
Dxrp (2) (Itatani et al., 1993; Alvarado et al., 2000). The characteristics
of the initial powders and reference hydroxide samples are reassumed in
Table. 2.

The nanopowders are characterised by relatively high BET specific
surface area, i.e. 28.2 and 56.6 [mz/g] for nM and nA, respectively
(Table 2). These tests revealed a very large difference in the crystallite
size of the both starting powders and reference samples. The degree of
agglometarion lower than 1 indicates the low tendency to agglomera-
tion (Itatani et al., 1993; Alvarado et al., 2000). The highest agglomer-
ation degree, 5.07 was for nM and indicates the greatest tendency to
agglometation.

Fig. 3a-d present the representative SEM images of the nA, nM, pA
and pM, respectively. The observation reveals significant differences
between the microstructures of initial powders samples under the same
magnification. The pA powder (Fig. 3c) is characterised by larger grain
size and elongated shape, whereas both nM (Fig. 3b) and pM (Fig. 3d)
powders consist of spherical, smaller grains. The SEM images of both nM
and pM show generally the similar morphology of their powder particles
and confirm the presence of agglomerates. The presence of agglomerates
was also confirmed by previous measurements.

According to literature sources the value of the zeta potential in-
dicates possible behavior of the dispersion. Generally, particles which
have the zeta potential between —30 to 30 mV tend to agglomerate. The
agglomeration is the most expressive at the isoelectric point, when the
zeta potential equals zero mV (Marsalek, 2014). Due to the fact that

agglomeration can modify reactivity and mobility of nanoparticles
(Henry et al., 2013) zeta potential as a function of pH and the initial pH
values of the different MgO and Al,O3 mixtures were measured.

Fig. 4 presents the result of zeta potential analysis and mobility of
initial powders as a function of pH and the results of pH measurement of
the different MgO and AlyO3 mixtures. According to obtained results,
zeta potential for nM and pM sample (Fig. 4a) over the entire mea-
surement range is within the 0 to 25 mV. This indicates the tendency to
the agglomeration and is in good agreement with previous studies.
Additionally this measurement does not show significant differences
between nM and pM initial powders. Analysing the results (Fig. 4b), it
can be seen that nA sample has a positive surface charge over the entire
pH range, which becomes progressively lower as the pH is increased.
According to obtained results (Fig. 4c) pH of each blended mixtures aim
to approximately 10.80. Comparing the Zeta potential analysis and pH
measurement it can be suggest that in the presence of magnesium oxide,
both pA and nA samples have the zeta potential approximately 10 and
20 mV, respectively, what indicate high tendency to agglomeration.
Additionally the mobility of nA powder particles (1.55 umem/VS), is
almost twice higher than that of pA powder particles (0.75 umecm/VS).
This results suggest that nA sample is characterised by slightly greater
reactivity and stability than pA sample.

The TG and EGA curves obtained for the nMh, uMh, nAh and pAh
samples are presented in Fig. 5a-b. This investigation makes it possible
to compare the hydration ability of initial powders. According to ther-
mogravimetric analysis results displayed as TG curves (Fig. 5a) the total
mass loss due to decomposition of the hydrated counterparts of the
initial powders within the temperature range 25 °C to 1000 °C was
0.66%, 4.99%, 31.29% and 31.97% of the initial mass of the pAh, nAh,
pMh and nMh samples, respectively. The oxides contained in nM and nA
samples are more susceptible to hydration than its pM and pA coun-
terparts. This proves the greater reactivity of nMh and nAh samples and
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Fig. 3. SEM images of the nA (a), nM(b), pA(c) and pM(d) samples.

confirms the results of previous studies. Since no effects connected with
H,0 release were observed in the ion current curve for m/z = 18 (H,0™)
of the pAh sample, no Al(OH)3; was formed as it was already confirmed
by XRD. According to the literature sources, peak at 253 °C for nAh
(Fig. 5b) can be assigned to the dehydration of bayerite or gibbsite
(Carrier et al., 2007; Zhu et al., 2010). This also confirms the significant
differences between nA and pA hydration ability and indicates higher
reactivity of nA than pA initial powder. However, in the case of mag-
nesium hydroxide identified in nMh and pMh samples, thermal
decomposition takes place at 377 and 398 °C, respectively and is
consistent with the literature data (Pan and Zhao, 2015; Pimminger
et al., 2016). According to the literature, lower decomposition temper-
ature of magnesium hydroxide in nMh than pMh sample is probably
associated with lower crystallite size and lower degree of crystallinity.

Fig. 6 presents FTIR spectra and band assigments of the initial
powders and their hydrated counterparts from 4000 to 400 cm™'. The
infrared spectrum of pA sample shows the characteristic bands for
a-Al,O3 at 453, 602 and 640 em~! (AlI—O bonds) (Zhou and Synder,
1991; Boumaza et al., 2009). After the curing period of 42 days, no band
related to Al-OH is seen in the pA sample spectrum, indicating no
alumina hydroxides were formed, as shown in Fig. 6. The outline IR
spectrum of nA sample was similar to the spectrum characteristic for
y-AlyO3 presented in (Boumaza et al.,, 2009, Barton and Quintard,
1982;). We can observe wide, unresolved band in the range from 430 to
1000 cm™! with the maximum absorbance positions at 548 and 818
em! (AlOg and AlOy stretching, respectively) (Boumaza et al., 2009).
According to the other literature sources the ©®-Al,O3 phase infrared
spectrum has better resolved bands with the maximum absorbance at:
560, 620, 760, and 820 em™! (Boumaza et al., 2009). The characteristic
bands related to ®-Al;03 are highly overlapped and hidden in spectrum.

The outline spectrum of nA sample is close to the y-AloO3 which con-
firms that the gamma aluminium oxide is the dominant phase in the nA
sample.

Due to its greater reactivity in contact with water, presence of
gamma transition alumina is favourable (Tsuchida et al.,, 1975).
Furthermore, as regards band at 431 cm™! confirms the presence of
Mg—O vibrations (Kumar et al., 2015). Additionally the FTIR spectra of
nM, nMh, pM and pMh samples indicate in all case the presence of Mg
(OH), (band at around 3701 cm™"") and this is consistent with the XRD
analysis results reported in Fig. 2 (Kniizinger et al., 1993; Forano et al.,
2006; Madej et al., 2018).

Based on the conducted research of initial powders and their hy-
drated counterparts, it can be concluded that nA sample is characterised
by greater reactivity than pA sample. Additionally, slight differences
between nM and pM samples can suggest that the reactivity and kinetics
of binary mixtures will be probably affected by type of used alumina
powder. The given results will be useful for further monitoring of the
compositional changes within the obtained MgO-Al,03 blended pastes.

3.2. XRD analysis of binary MgO-Al;03 blended pastes

The low temperature X-ray diffraction and infrared spectroscopy
measurements within the MgO-Al,03 systems provided insights into the
mechanism of hydrotalcite formation. Fig. 7 presents the overview of the
XRD patterns of the examined blended pastes pM_nA_h (a), nM_pA_h (b),
nM_nA_h (c) and depicts the evolution over time for all blended pastes
after the selected (12 h, 3 days, 7 days, 14 days, 56 days and 98 days)
hydration time. Fig. 8 a-c presents the same diffractogram of the
examined blended pastes within the narrower range 2 theta of
10.0-44.0°. The course of the reaction was monitored based on the
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Fig. 4. Zeta potential and mobility of uM, nM (a) and pA, nA (b), the results of pH measurement of the different MgO and Al,O3 mixtures (c), and the insert graph
with pH measurement of 10 min (d). The light grey range indicate the area where the initial powders have a tendency to agglomeration.

presence of hydrotalcite according to simulated XRD patterns of
MgAl,CO3(0OH) 6-4H20 (JCPDS Card No. 00-014-0191) and con-
sumption of both magnesium oxide and magnesium hydroxide. Mag-
nesium hydroxide peak (characteristic diffraction peak 20 = 37.966°,
(JCPDS Card No 96-900-6331) occurs during first 12 h of hydration in
all samples. Since no peak at 20 = 42.888° (JCPDS Card No 96-900-
6786) associated with MgO was observed after 14 days (nM_pA_h
(Fig. 8b), nM_nA_h (Fig. 8c) samples) and 7 days (pM_nA_h (Fig. 8a)
sample) of curing, magnesium oxide has fully converted into either
brucite or hydrotalcite. It is worth noting that in nM_pA_h sample after
56 days of hydration there is a large amount of unreacted Mg(OH),
(Fig. 8b). After extended hydration time reaching 98 days, no both
starting MgO and intermediate product Mg(OH); were found in
pM_nA_h sample (Fig. 8a), hence fully-reacted blended paste was

obtained.

The samples were prepared from binary mixtures with the MgO:
Al;03 molar ratio of 1:1. This means that the starting Mg/Al molar ratio
was 0.5 while in the precipitated hydrotalcite described by the formula
MgsAl,CO3(0OH) 6+ 4H20 it is about 3. The molar composition of the
binary mixtures directly affect the chemical composition of the samples
after hydration. The quantitative analysis (Table 3) showed that a
greater amount of hydrotalcite was obtained in the nM_nA_h_98d sample
(58.6 wt%). In both samples approximately 35 wt% unreacted nano-
metric AlpO3 powder was still present. Additionally, according to Riet-
veld quantity analysis (Table 3) traces amount of magnesium hydroxide
(1.7 wt%) were found in nM_nA_h_98d sample. The amorphous phase in
the pM_nA h 98d sample reached over 20 wt% and probably mainly
consisted of AHs-gel, nano-metric AloO3 and certain quantities of
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Table. 2
Characteristics of the starting powders and reference samples.
Sample nM uM pA nA
Identified major MgO MgO Al,O3 Al,03
phase
FWHM [°] 0.7265 0.1895 0.1311 1.4428
20 [°] 42.9118 42.9118 43.3467  66.8232
Crystallite size of 11.75 45.05 65.23 6.66
starting powder
Dxgrp [nm]
Theoretical 3.58 3.58 3.99 3.61
density [g/cmg]
BET surface area 28.2 10.9 6.6 56.6
[m?/g]
Primary particle 59.54 153.86 227.94 29.03
size Dggr [nm]
Agglomeration 5.07 3.42 3.48 4.41
degree
Sample nMh uMh pAh nAh
Identified major Mg(OH), Mg Al,03 Al(OH)3
phase (OH),
FWHM [°] 0.2244 0.1152 0.1311 0.1756 0.2759
20 [°] 38.02338  38.0175 43.3467 18.7509 20.3042
Crystallite size of 37.45 72.94 65.23 45.84 29.25
hydrated (bayerite) (gibbsite)
powder [nm]
Q
o

0.66% b) 395°C

4.99%

lon current m/z 18 (H,0*)/ A

31.29%
~131.97%

L e L e v
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Fig. 5. TG curves (a) and evolution of the MS profile of the gaseous product
(m/z = 18 (H,0™")) (b) characteristic for the reference Mg and Al hydroxides
obtained via hydration of MgO and Al,O3 nano- and micro-powders.

hydrotalcite. It should be noticed, that crystalline products with higher
ordered arrangement of elements was obtained from the substrates in
less crystalline form (nM and nA). This suggests that the amorphous
phase can be considered as a precursor of crystalline hydrotalcite.
Comparing the obtained results with the simulated XRD pattern of
hydrotalcite, it can be seen, that the hydration of nM_nA_h (Fig. 7c) and
pM_nA_h (Fig. 7a) samples leads to Mg—Al hydrotalcite formation
within the first 12 h whereas in the nM_pA_h (Fig. 7b) trace amount of
hydrotalcite was found after 3 days. This suggest that the hydrotalcite
formation is determined by the reactivity of alumina. Due to the fastest
hydrotalcite formation the nM_nA_h and pM_nA_h mixtures are charac-
terised by the greatest reactivity. The gradual increase in XRD peak
intensities along with increase in the curing time (Fig. 8a-c) is associated
with an increase in both hydrotalcite content and probably crystalline
degree. The characteristic peak belonging to the stoichiometric Mg—Al
hydrotalcite described by the formula MgeAloCO3(OH);6+4H20 (Fig. 8a-
c) shifts towards to higher 2 theta value (20 = 11.6322° and 11.6169°
for pM_nA_h and nM_nA_h samples, respectively) what probably in-
dicates different stoichiometry in relation to theoretical X-ray
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Fig. 6. FT-IR spectra of initial powders and their hydrated counterparts in the
range of 400-4000 cm ™.},
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Fig. 7. Overview of the low-temperature XRD patterns of samples pM_nA_h (a),
nM_pA_h (b) and nM_nA_h (c) after the selected (12 h, 3 days, 7 days, 14 days,
56 days and 98 days) hydration time and nA starting powder. Black diamond:
Mg(OH), (JCPDS Card No. 96-900-6331), degree sign: MgO (JCPDS Card No.
96-900-6786), white diamond: MggAl,CO3(0OH)16-4H,0O (JCPDS Card No.
00-014-0191), black filled circle: a-Al,03 (JCPDS Card No. 96-500-0093).
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Fig. 8. X-Ray diffraction patterns of the samples pM_nA_h (a), nM_pA_h (b) and

nM_nA_h (c) after the selected (12 h, 3 days, 7 days, 14 days 56 days and 98

days) hydration time and simulated XRD pattern of MggAl,CO3(OH);¢+4H,0
(JCPDS Card No. 00-022-0700) in the range of 10-44°.

Table 3
The quantitative phase composition of the samples nM_nA_h 98d and
pM_nA_h_98d by the Rietveld method.

Phase Sample

nM_nA_h_98d pM_nA_h_98d

wt% according to Rietveld method
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diffraction pattern of hydrotalcite. According to other literature sources
this shift is connected with enrichment of hydrotalcite with a larger
amount of the smaller AI** ions (Madej et al., 2018).

According to the Scherrer eq. (1), the average crystallite size was
calculated and result of the hydrotalcite compound formed in nM_nA_h
and uM_nA_h blended pastes are shown in Table 4. Over time in the
samples, we can observe a decrease in the FWHM value and increase in
the size of crystallites. The hydrotalcite-like compound formed in the
Mg—Al blended pastes are all in nanoscale structures. In nM_nA_h
sample a tendency to form hydrotalcite of larger sizes was observed.

3.3. FTIR spectra analysis of binary MgO-Al;O3 blended pastes

The progress of formation of the Mg-Al-CO3 hydrotalcite-like phase
was also confirmed by the FTIR test result, which is shown in Fig. 9.
Fig. 9a-c present infrared spectrum of pM_nA_h, nM_pA h, and nM_nA_h
after 12 h, 3 days, 7 days, 14 days, 56 days and 98 days of hydration.
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Fig. 9. FT-IR spectra of the pM_nA _h (a), nM_pA_h (b) and nM_nA_h (c) sample
cured between 12 h and 98 days.
Table 4
XRD data and structural parameters of hydrotalcite-like compound.
Sample
nM_nA_h_98d nM_nA_h_56d nM_nA_h_14d pM_nA_h_98d pM_nA_h_56d pM_nA_h_14d
FWHM [°] 0.2339 0.3400 0.42 0.2677 0.4266 0.4515
20 [°] 11.6169 11.6276 11.47 11.6122 11.5705 11.4432
Crystallite size in the direction ¢ [nm] 34.15 23.48 18.90 29.83 18.72 17.68
FWHM [°] 0.1536 0.2304 0.3405 0.1728 0.3072 0.2882
20 [°] 60.7912 60.7718 60.4140 60.7687 60.7554 60.5357
Crystallite size in the direction a [nm] 59.96 39.97 26.99 53.29 29.98 27.57
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According to research, the outline IR spectrum of nM_pA_h sample was
close to pA (Fig. 5) through the analysed hydration period. Samples
containing nanometric Al,O3: pM_nA_h and nM _nA_h after 56 days of
hydration exhibited bands characteristic for hydrotalcite, which in-
dicates hydrotalcite as the main phase formed in the samples. In the
range below 1000 cm ™! we can indentify bands which are associated
with M-O stretching and M-OH bending vibrations (M = Mg and Al) in
the octahedral host layers near 550 and 447 cm™?, respectively. Other
absorptions near 679 cm ™! and 779 cm ™! correspond to antisymmetric
deformation mode (v4) and strong out-of-plane symmetric deformation
mode (v3) of hydrotalcite CO3™ ions, respectively (Forano et al., 2006).
During formation of hydrotalcite, Mg?* ions are replaced with AI** ions,
which requires compensation of charges by incorporation of carbonate
anions into interlayer spaces. The incorporation of CO3~ ions is observed
as a band at about 1360 cm ™! which is attributed to the antisymmetric
stretching vibration (v3) (Madej et al., 2018). The progress of the reac-
tion is proved by the disappearance of the sharp and narrow band at
about 3699 cm ™. This band belongs to the magnesium hydroxide (O—H
stretching vibration) which was formed in the initial reaction phase. It
was confirmed by measurement of starting materials and other literature
sources (Kniizinger et al., 1993). The disappearance of this band is the
result of the consumption of initially formed Mg(OH), and is associated
with the appearance of a wide band in the range of about 3200 cm ™! to
about 3700 cm™! which is characteristic for hydrotalcite. As is well
known, this broad band consists of the following bands: stretching vi-
brations of hydroxyl ~OH groups attached to Mg OH-Mgs: 3575 cm ™},
stretching vibrations of hydroxyl ~OH groups attached to both Mg and
Al: OH-MgyAl: 3454 cm™!, CO3~—H,0 bridging: 3252 cm™! and H-
bonded modes: 3069 cm™! (Valcheva-Traykova and Davidova, 1993;
Madej et al., 2018). These changes in the spectrum were observed for
both nM_nA_h and pM_nA_h samples. After 98 days no magnesium hy-
droxide band was identified in the pM_nA_h sample, which confirms the
fully-reacted blended paste. In the spectrum of nM_pA_h wide band at
around 3700 cm™! is not observed, which indicates a much slower
Mg—Al hydrotalcite synthesis reaction. Based on the obtained results, it
can be concluded that the presence of nanometric alumina oxide in the
binary mixture definitely accelerates the transformation of MgO firstly
to Mg(OH); and finally to Mg—Al hydrotalcite.

3.4. Thermal analysis of binary MgO-Al;O3 blended pastes

Fig. 10a-c shows the gas evolution curves which were obtained
during thermal analysis (DSC-TG-EGA-MS) for representative mass
spectroscopic ion fragments of HyO (m/z = 18) vapour during the
thermal decomposition of the Mg—Al blended pastes which were ob-
tained via different curing time (12 h, 14 and 56 days), whereas the
Fig. 11 presents the results of DSC, TG and EGA (MS) of the nM_nA
sample after 98 days of curing. Due to the greater precision/accuracy in
analysing the thermal effects associated with dehydroxylation and
dehydration EGA (MS) curves are presented instead of DSC curves for
studying the reaction progress in the intermediate steps. As it can be
seen in all EGA-H,O profiles, the main difference between hydrated
phases formed in the Mg—Al blended pastes obtained from various
precursors is the thermal stability of interlayer water and hydroxyl
groups within the structure of LDH minerals thus affects structural di-
versity of these phases. In the nM_nA_h (Fig. 10c) sample the measure-
ment result confirms previous arrangements. Four effects are observed
in sample after 56 days of curing, at temperatures, which are associated
with: elimination of interlayer water (223 °C), dehydroxylation of OH-
(Mgs) hydrotalcite layers (313 °C), dehydroxylation of residue magne-
sium hydroxide/dehydroxylation of brucite-like layers (358 °C) and
dehydroxylation of OH-(MgAl) hydrotalcite layers (398 °C) (Madej,
2018). Whereas in the nM_pA_h (Fig. 10b) sample present wide effect
associated with dehydroxylation of both magnesium hydroxide and
hydrotalcite with a maximum at 375 °C and 185 °C, respectively. The
sample is dominated by magnesium hydroxide and traces amount of
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Fig. 10. Evolution of the MS profile of the gaseous product (m/z = 18 (Hy07))
characteristic for the pM_nA_h (a), nM_pA_h (b) and nM_nA_h (c) blended pastes

decomposition vs. the temperature for different curing times (12 h, 14 days and
56 days).
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Fig. 11. TG-DTA profiles and gas evolution curves for representative mass
spectroscopic ion fragments of CO3 (m/z = 44) and H,O" (m/z = 18) vapours
during the thermal decomposition of the nM_nA_h sample after 98 days
of hydration.

hydrotalcite. It is worth noting that the presence of nanometric alumina
powder in the sample contributed to the shift of the decomposition
temperature of magnesium hydroxide towards lower temperatures. This
shift indicates change in thermal stability of structural hydroxyl groups.
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Fig. 11 illustrates results of DSC-TG-EGA analysis which characterize
the thermal behavior of the nM_nA_h blended paste after 98 days of
curing as a reference sample. During heating in the temperature range
between room temperature and 600 °C, the sample lost 24.92% of its
weight. The theoretical weight loss for a hydrotalcite sample with Mg/
Al = 3 is about 45% (Millange et al., 2000). This suggests that the sample
is not a pure hydrotalcite phase and is consistent with the XRD analysis
results reported in Fig. 7 and quantitative analysis. Additionally, it
should be noticed, that the obtained mass loss result is in a good
agreement with the theoretical weight loss based on hydrotalcite con-
tent evaluated by the Rietveld method (58.6%) and the expected weight
loss of 45% for a sample with MggAloCO3(OH);6+4H20. Indeed hydro-
talcite content evaluated by the Rietveld method multipled by he ex-
pected weight loss for mentioned sample is 26.4% which is close to the
obtained value of 24.92%. At temperature below 227 °C the dehydration
of amorphous gel products and physically adsorbed water molecules
takes place. Due to the high surface area of components of blended
paste, the high tendency to COy adsorption is observed during both
curing of blended pastes and sample preparation via quenching with
acetone. At temperatures below 227 °C the EGA (MS) profile of released
CO3 (m/z = 44) is slightly raised which indicates the CO, desorption.
The TG profile depicts that the mass loss at temperature of 227 °C is
associated with removal of interlamellar water (the EGA (MS) profile of
released HoO (m/z = 18)). The decarbonisation process takes place at
temperatures above 307 °C and 430 °C (the EGA (MS) profile of released
CO3 (m/z 44)). Comparing the EGA-H50 profiles presented in
Fig. 10c and Fig. 11 slight shifts of effects associated with dehydration
and dehydroxylation towards higher temperatures can be observed. The
appearance of the indicated thermal effects confirms the presence of
hydrotalcite in the sample.

3.5. SEM EDS studies of binary MgO-Al;03 blended pastes

Fig. 12 a-c presents the representative SEM images and results of EDS
analysis of the Mg—Al blended pastes. Fig. 12(a) and (b) show the SEM
image of both nM_nA_h and pM_nA_h samples, respectively, from which
it can be clearly seen that the hydrotalcite is composed of many nearly
monodispersed hexagonal plate-like structure. Hexagonal plate-like
structure in the nM_nA_h sample is significantly larger than which we
observe in the pyM_nA_h sample. According to EDS analysis molar weight
ratio of Mg:Al element is different in the pM_nA_h and nM_nA_h samples
and may indicate different stoichiometry of the hydrotalcite. This con-
firms previous results of the XRD analysis. The morphology of nM_pA_h
(Fig. 12¢) is definitely different from the others. It can be noticed that
the unreacted AloO3 powder and well crystallized brucite are present. In
the upper right corner of the Fig. 12b can be observed surface-reacted
initial powders in the form of clusters which is confirmed by the SEM
analysis. The results of the SEM analysis indicate a faster crystallization
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process and growth of hydrotalcite crystals in the samples where nA
have been presented. The SEM EDS observations is in good agreement
with both XRD and FTIR results.

4. Discussion

The XRD and FTIR analysis reveal significant differences between
Aly03-bearing raw materials while MgO-bearing raw materials are quite
similar. The nM and pM samples differ from each other in grain size and
tendency to agglomeration what was confirmed by SEM and BET anal-
ysis. The nA initial powder is characterised by greater reactivity due to
the smaller grain size and better mobility determined from Bru-
nauer-Emmett-Teller (BET) method and zeta potential investigation,
respectively. Additionally in the alkaline environment the nA sample
exhibits lower tendency to agglomeration than pA sample. It can be
expected that the nA and pA may behave differently in the presence of
MgO powder in terms of kinetics. This suggest that the reactivity and
kinetics of binary mixtures is probably affected by type of used alumina
powder. According to XRD and FTIR analysis, it can be concluded that
applications of pA as initial powder leads to slower hydrotalcite
formation.

In order to understand and modelled the mechanisms of hydrotalcite
formation within the hydrating mixtures of MgO-Al;03 powders with
different sized grains, the equilibrium of systems must be considered
with the help of thermodynamic data issued from the literature (Allada
etal., 2005, 2006; Costa et al., 2010). Generally, many difficulties in the
thermodynamic data determination for hydrotalcite arised from its
structure which exhibits wide compositional variations, disordering and
readily exchange anions. Additionally, in the consideration presented in
this work, the accurate prediction of the feasibilities of reactions in the
MgO-Al;03-CO2-HyO system requires reliable values for standard
entalpies of formation for a wide range of compounds belonging to
layered double hydroxides (LDH) or hydrotalcite-like compounds
(HTLC), magnesium hydroxide and aluminium hydroxide in both the
amorphous and crystalline states and also aqueous ions. Since, at each of
the individual stages of reaction within the system composed of micro-
metric- and nanometric-sized powders of MgO and Al,Oj3 the structural
inhomogeneity, as indicated by differences in phase composition and
varying with time phase composition was detected, the determination of
thermodynamic properties of the hydrating paste containing carbonate-
bearing hydrotalcite, magnesium hydroxide and aluminium hydroxide,
aqueous ions and starting materials is a difficult task. Moreover, the
thermodynamic equilibrium can not be assumed in this system due to an
excess of unconsumed Al,Os.

Being aware of these limitations, simple thermodynamic calculations
were performed assuming an equilibrium state between aqueous solu-
tions and corresponding precipitated phases after synthesis via novel
synthesis method of hydrotalcite-like compound of formula
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Fig. 12. SEM images and EDS analysis of the nM_nA_h (a), pM_nA_h (b) and nM_pA h (c) after 212 days of hydration.
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MgAl,CO3(0OH); 6+ 4H20. For this purpose, the model adopted for the
estimation of the thermodynamic properties of formation of hydrotalcite
based on the combinations of simple compounds in this clay mineral
structure is a combination of the compounds MgO, Al»03, CO3 and H20.
In order to estimate the Gibbs free energy of MggAlo,CO3(OH)16+-4H20
formation, we adopted a very simple approach presented previously
(Tardy and Uplay, 1992). The standard molar Gibbs free energy of for-
mation from the elements of hydrotalcite MggAlo,CO3(OH) 6 (6MgO-
-Al,03-CO2-12H50) is estimated as equal to the weighted sum of the
standard molar Gibbs free energies of formation from the oxides:

AG) [MgALCO3(0H),4-4H,0] =6AG [MgO]+AG{[AL O3] +AG}[CO;)

+124G[H,0] (3

The value of the standard Gibbs free energies of hydrotalcite for-
mation (AG}) [MgsAl,CO3(OH)16 » 4H20]) using Eq. (3) and data listed in
the Table 5 was estimated as —8236.98 kJ/mol.

In the next stage, we illustrate the effect of the substrates on our final
thermodynamic data by examining the energetic difference between
formation of MggAl;CO3(OH)16-4H20 from magnesium oxide,
aluminium tetrahydroxy ion, liquid water and carbonate ion (Eq. 4-5)
and from magnesium ion, aluminium ion, liquid water and carbonate
ion (Eq. 6-7) in calculation of the free energy of reaction (Eq. 8). The
relevant standard Gibbs free energies of formation (4 G}’, kJ/mol) oxides,
hydroxides and aqueous ions were previously presented in the Table 5.

The reaction of formation of MggAl;CO3(OH);6+4H20 from the hy-
droxides was formulated as:

6 Mg(OH), +2AI(OH),” +4H,0 + C0O;%~ < MggAl,CO5(OH) , - 4H,0

+40H" C))

AG reaction = [A G [MgsAL,COy(OH) o-4H,0] +4AG" [OH*}} - [(m G)[Mg

(OH),| +24G) [A(OH), | +44G)[H0]+4G) [CO3 || ®)

and,
the reaction of formation of MgeAl,CO3(OH)16:4H20 from the
aqueous species was formulated as:

6Mg™" + 2A1" 4+ CO3*~ +20H,0 = Mg,Al,CO;(OH),( -4H,0 + 16H*

(6)
A,G reaction = {AG}’ [MgALCO(OH) ,;-4H,0] + 164G [H*}] - [GAG?
[Mg**] 424G [AP*] + 204G} [H:0] + 4G} [€O% ] | @
where,
A,G reaction = Z AG? products — AG‘; substracts ®

In the first case:
- the free energy of reaction (Eq. 4 and 5) A,G was calculated as

Table 5
Standard Gibbs free energies of formation (AG}), kJ/mol) oxides, hydroxides and
aqueous ions.

Oxides and ions (AG}), kJ/mol) References

MgO (periclase) —569.2 Tardy and Uplay, 1992

Al,03 (corundum) —1582.2 Tardy and Uplay, 1992

CO, —394.38 Ahmad and Upadhyayula, 2019
H,O —237.1 Tardy and Uplay, 1992

Mg** g —453.99 Curtius et al., 2013

AP g —483.71 Curtius et al., 2013

OH ™ (aq) —157.27 Curtius et al., 2013

H g 0 Chang, 1982; Allada et al., 2006
co3” —528.1 Allada et al., 2006

Al(OH)4 —1305.3 Chang, 1982

Mg(OH), —832.3 Xiong, 2008
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—214.84 kJ/mol.

Whereas in the second case:

- the free energy of reaction (Eq. 6 and 7) A,G was calculated as
+724.48 kJ/mol.

Hence, based on the thermodynamic modeling presented here, it can
be concluded that the process of hydrotalcite formation in the MgO-
Al»03-CO2-H0 system is becoming more thermodynamically feasible
when magnesium hydroxide is formed as an intermediate product.

The Mg(OH), formation as a starting product of hydration in each of
analysed ternary system was confirmed by XRD and FTIR analysis
(Figs. 8 and 9). According to the obtained results and literature sources it
can be concluded that on the surface of the solid particles, before and
during hydrotalcite formation and development hydration of MgO
described as follows occurs:

MgO, +H,0,—~MgOH" + OH,, (©)
MgOH" + OH_, —~MgOH" - OH~ (10)
MgOH* - OH™ —Mg*" +20H" an

The magnesium oxide is a donor of the electron for proton from
water. MgO crystallites acquire a positive surface charge according to
eq. (9). Negative OH™ ions are adsorbed at the positively charged sur-
face (eq. 10). According to the eq. (11), the complex adsorbed on the
surface of the magnesium oxide is dissolved in the aqueous medium. In
this process, magnesium hydroxide precipitates as a layered structure on
the surface of magnesium oxide (Eliseev et al., 2002; Szczerba et al.,
2013). Noticeably, these reactions are all related with hydroxide anion
(OH7) and thus affected by the environment pH. It is why the lower
tendency of alumina oxide powder to the agglomeration in an alkaline
environment is important. The release of AI(OH)4 ions occurs in the
MgO-Al,03-H50 system due to the surface hydration of Al;O3 at a small
extent also. A small amount of hydrate gel is formed

AL O; +3H,0 < 2AI(OH) 12)

3 gel

Al(OH); ., +OH™ < Al(OH), 13)

When the saturation level is reached, the nucleation phase begins
and the hydrotalcite precipitate. The precipitation of the hydrotalcite
causes a decrease in the ion concentration which leads to further re-
actions described above. Aluminium ions substitute magnesium ions in
the brucite structure and to obtain an electrically neutral system the
CO3% ™ ions are incorporated into the structure. CO, have been absorbed
at the surface of Mg—Al hydrotalcite from air and a reaction occurs:

CO, + OH™—HCO; or CO, +20H™ —-CO3” + H,0 14
through which compensation anions (A™) for charge compensation are
delivered. The incorporation of carbonate ions is observed as a band
associated with the antisymmetric stretching vibration (v3) (1360
cm’l), what present Fig. 9 (Madej et al., 2018). The total reaction of
forming hydrotalcite is as follows and is associated with an increase in
pH:

aMg(OH), +bAI(OH); +xH,0 +A~ < Mg, Al,(OH),,, 4A +xH,0 +2bOH"~

(15)

b+a

It is worthwhile noting that analogous reactions are observed during
crystallization of many LDH phases, for example, Li—Al LDH (Edelstein
and Cammarata, 2002). According to Table 4, the crystallite sizes in-
crease with hydration time. This indicates an increase in size of
precipitated hydrotalcite crystals, which mesh and bond of hydrotalcite
crystallites with each other. Fig. 13 is a schematic summary of hydro-
talcite formation through the hydration process.
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Fig. 13. Proposed mechanism of hydrotalcite synthesis through the hydration process.

5. Summary and conclusions

According to the current research, few certain conclusions can be
drawn:

1. The reactivity of initial powders were analysed based on X-ray
diffraction, infrared spectroscopy, SEM morphology, zeta potential
analysis and DSC-TG-EGA measurement. This measurements confirm
that nanometric Al;O3 powder presents a greater ability to hydration
than micrometric AlyOs initial powder, while nano- and micrometric
MgO starting powders showed similar reactivity.

. A blended pastes containing hydrotalcite MgeAl,CO3(OH)16+4H20
was developed through the hydration of binary mixtures with the
MgO:Al,03 molar ratio of 1:1. For this purpose three mixtures which
consist of nano-MgO and nano-Al;03, nano-MgO and micro- Al;Os,
micro-MgO and nano-Al,03 powders were prepared.

. Since, no both starting MgO and intermediate product Mg(OH), were
found in pM_nA_h sample after 98 days of hydration, fully reacted
blended pastes were obtained successfully. Both nM_nA_h and
pMnA h blended pastes after hydration contained Mg—Al
hydrotalcite-like phase as the main product. Nevertheless pM _nA_h
sample contains the larger amount of amorphous phase than
nM_nA_h sample.

. Kinetics of the hydration was influenced by the type, grain size and
specific surface area of alumina powder. The type of magnesium
oxide does not significantly affect the kinetics of reactions.

. According to the thermodynamic modeling, it can be concluded that
the process of hydrotalcite formation in the MgO-Al;03-CO2-H20
system is becoming more thermodynamically feasible when mag-
nesium hydroxide is formed as an intermediate product.

12

6. Based on the hydration analysis of blended pastes, it can be
concluded that the synthesis of hydrotalcite takes place in several
stages and forms through a disappearance of initially formed Mg
(OH),. Firstly, magnesium hydroxide is precipitated as a layered
structure on the surface of magnesium oxide and slightly dissolved.
The release of Al(OH)s ions occurs also. Secondly, the nucleation
phase begins and precipitation of the hydrotalcite takes place.

7. The Mg—Al hydrotalcite synthesis through hydration of binary
mixtures which contain nanometric alumina powder is a simple and
effective method of obtaining high purity Mg—Al LDH and is char-
acterised by high degree of conversion.
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Abstract

In this work, two types of cement-free and CAC-containing binders were designed, prepared, and studied. The main purpose
of this work was to demonstrate an alternative route to elaborate CAC-free hydraulic binder systems designed for monolithic
refractories, e.g., castables. The fundamental research presented in this paper was focused on comparing CAC-containing and
CAC-free (mixtures of simple oxides such as MgO and Al,O;) hydraulic binders in terms of hydrated matrix formation within
refractory castables designed for fast-drying. Complete structural (XRD, FTIR) and thermal (D(TA-TG-EGA(MS)) charac-
terizations of the hydration products of the mixtures allowed us to determine their reactivity. The effects sample composition
and temperature on the hydration behavior of binders were explored by using the TAM Air isothermal calorimetry system
at two temperatures (20 °C and 50 °C). It has been proven that the main hydrate in the cement-free system was hydrotalcite
MgzAl,CO5(OH),4-4H,0, which was confirmed by the presence of a characteristic diffraction line at 20=11.498°. Mg—Al
hydrotalcite was not synthesized in samples with CAC. Additionally, CAC-containing binders that contain free MgO intro-
duced with spinel raw material were characterized by greater reactivity than the second CAC-containing sample because
they contained larger amounts of hydrated phases. The findings obtained for the CAC-based binder showed that elevated
temperature induced alterations in the calorimetric curve that were the same as those observed for the MgO-Al,O;-type
cement-free sample. The induction period was shortened, and only one exothermic peak was detected.

Keywords Heat flow calorimetry - Thermal analysis - Mg—Al hydrotalcite - Hydraulic binder

Introduction

Three types of calcium cements (CACs) are available: dark,
gray, and white and they present significant differences in
their chemical compositions. White CACs are mainly com-
posed of three main clinker phases: calcium monoalumi-
nate (CA, CaAl,0, or Ca0O-Al,05) and calcium dialumi-
nate (CA,, CaAl,O, or CaO-2Al,0;). However, dark and
gray CACs consist of CA, dodecacalcium hepta-aluminate
(C2A4, Caj,Al O35 or 12Ca0-7A1,05), melilite (gehlen-
ite C,AS-alkermanite C,MS, solid solution) and belite
(larnite) p-C,S, [1]. It has been confirmed that hydration
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of CAC depends on the conditions (temperature, humidity,
time and water-to-binder ratio) [2]. According to literature
data obtained at low temperature (0—15 °C) the metastable
phase CAH,, can be formed. When the hydration tempera-
ture is raised above 15 °C, CAH, can coexist with C,AHgq
and AH;. The major crystalline products formed from CA
at intermediate temperatures (between 27 and 35 °C) are
C,AHg, AH; and C;AHg, with AH; forms at higher tem-
peratures (from 35 °C) [3-5]. Other literature sources [6]
claimed that in the temperature ranges 15-30 °C and above
30 °C the predominant phases were C,AHg with AH; and
C;AH¢ with AH;, respectively. In the prior work, it was
suggested that the temperature ranges should be considered
approximate due to the self-heating that occurred, since
this influenced the formation of hydrates [6]. The reactions
involved in CA hydration depend on temperature and are
presented in Egs. (1)—(3):
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T=~1-15°C
CaAlLO, + 10H,0 — CaAlLO, - 10H,0 (1
T=~15-35°C

2CaAl,0, + 11H,0 —  Ca,Al,Os - 8H,0 + 2AI(0H),  (2)

3CaAl, O, + 12H,0 >3 Ca;Al,O¢ - 6H,0 + 4A1(OH);
3
With the passage of time or at elevated temperature, the
metastable phases convert into C;AHg according to the
Equations below:

T=~30°C
3(CaAlL0, - 10H,0) — Ca,ALO, - 6H,0 + 2AI(OH), + 18H,0
4)

3(Ca,ALO, - 8H,0) o * 2(CasALO, - 6H,0) + AI(OH); + 9H,0
)

Ca,AlLO, - 19H,0 + Ca,Al,O, - 8H,0 5  2(CazAl,0, - 6H,0) + 15H,0
(6)
CACs are multipurpose cements, and they cover a wide
market in civil engineering or the refractory industry due
to their unique properties; these include rapid strength
development, high-temperature resistance and refractory
performance, and resistance to chemically aggressive envi-
ronments [6-9]. The added advantages of the CAC bonding
system for the refractory industry are suitable working, cur-
ing and demolding times, availability, and price [10-12].
However, application of cement is associated with the for-
mation of low-melting phases formation, such as anorthite
(Ca0-AlL,04-2Si0,) or gehlenite (2Ca0-Al,05-Si0,) [13].
This leads to deterioration of important refractory castable
properties such as thermal shock resistance, hot modulus of
rupture, refractoriness, and refractoriness under load [15,
16]. Additionally, CAC affect the mechanism of MgO hydra-
tion [10, 16]. Hydration of MgO depends on the content of
the binder used in the castable composition. According to
literature data, the amount of CAC in MgO-based refrac-
tory materials influences the apparent volumetric expansion
generated by magnesium oxide hydration, which leads to
microcrack formation [17]. Therefore, inappropriate selec-
tion of amount of calcium aluminate cement could result in
a decrease in green mechanical strength for refractory casta-
bles [11, 17]. On the other hand, changes in the mechanical
properties of refractory castables caused by CAC binder can
also be associated with carbonization [17]. During calcium
alumina cement carbonation hydrates (CAH,,, C,AHg and
C;AHg) react with CO, and calcium carbonate and alu-
minum hydroxide are formed according to the Equations
below [18]:

Ca,ALL0, - 10H,0 + CO, + xH,0 — CaCO; + ALO; - yH,0 + (10 + x — y)H,0

(N
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Ca, AL Os - 8H,0 + 2CO, + xH,0 — 2CaCO; + Al 05 - YH,0 + (8 +x — y)H,0
(®)
Cay AL O - 6H,0 + 3CO, + xH,0 — 3CaCO; + ALO; - YH,0 + (6 +x — y)H,0
©))
Additionally, Ca,Al,O;-19H,0 can be partially
dehydrated and then carbonated. According to Eqs. 10
and 11 as a result of the aforementioned reactions
Ca;AlL,O¢ - CaCO; - 11H,0 may be formed [19]:

partial dehydration
Ca,ALO, - 19H,0' —  Ca,ALO, - 13H,0 + 6H,0
10)

carbonation

— Ca;AlL,0 - CaCO; - 11H,0 + 2H,0
1D

Calcium aluminates in CACs are inherently hydrau-
lic i.e., capable of reacting with water to form crystal-
line hydrates, and these reactions are rather fast. On the
other hand, the rates of reaction within MgO-Al,0,
powders can be increased by increasing the surface areas
of these two substrates through use of a fine powder.
Hence, formation of the ternary hydration products from
the MgO-Al,0;-H,O system is rather slow, and these
hydrates can occur in amorphous, semicrystalline or
crystalline forms. This is associated with lower amounts
of chemically bound water and gradual water removal.
Additionally, bonding through the amorphous hydrates
decomposes at lower temperatures than that for crystal-
line hydrates.

There is currently increasing interest in modern sup-
plementary binders, which are environmentally friendly
alternatives to CAC. The combination of Al,O; and
MgO powders mixed with water gives a cement-free
binding system based on the M—A—-H phase designed
for refractory corundum castables. Hydration of MgO
and Al,0; powder mixtures leads to Mg—Al hydrotal-
cite (MgzAl,CO;(OH),44H,0) formation. In our recent
paper [20], we showed that the type, grain size and spe-
cific surface area of alumina powder affect the kinetics of
hydrotalcite synthesis. Additionally, the properties of both
magnesium and aluminum oxides also determine hydrau-
lic (cementitious) activities. This kind of binder has an
additional advantage associated with low-temperature
in situ spinel synthesis, which exhibits very good mechani-
cal properties, a high melting point and good chemical
resistance to alkaline substances. On the other hand, it is
becoming common to use a binder combination of MgO
and Al,O; powders combined with CAC. The sintering
process for these components leads to MgAl,O, spinel and
CA formation within the fine-grained matrix in refractory
corundum castables.

Based on the results described above, the two most
important aspects of CAC-based and CAC-free hydrated

Ca,Al,0; - 13H,0 + CO,
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binders were investigated in our work. First, the mechanism
for hydration of the calcium aluminates depends on a con-
gruent dissolution of the material and formation of hydrate
crystallization nuclei. Hence, CAC-based binders generate
high green mechanical strength in refractory castables in a
short period of time. Nevertheless, optimization of the casta-
ble composition to improve the drying and high temperature
behavior of refractory castables must be done. On the other
hand, CAC-free binders, especially MgO-containing binders,
are capable of forming magnesia-alumina-hydrates within
alumina-based castables designed for fast drying. This can
result from progressive dehydration behavior occurring over
a wide temperature range during the heating stage, whereas
dehydration of calcium aluminate hydrates occurs within a
narrow temperature range.

Hence, the main aim of this work was to compare the
formation of hydrated mixtures designed for fast drying, i.e.,
mixtures for which dehydration is possible at low tempera-
ture, within mixtures of simple oxides such as like MgO and
Al,O5 and mixtures containing CAC modified with MgO
powder. Additionally, the influence of MgO on CAC hydra-
tion was analyzed.

*Cement chemists abbreviation notation is used; thus,
C=Ca0, A=Al,0;, H=H,0, M=MgO.

Preparation of cement-free
and CAC-containing binders

In this work, two types of cement-free and CAC-containing
samples were subjected to thermal analyses and structural
investigations. Binder samples were prepared with and
without addition of calcium aluminate cement, and they
constitute excellent simulations of modern ULCC and
NCC refractory castables matrixes. The magnesia-alu-
mina-based binders were prepared by mixing fused MgO
(98% MgO) or dead-burned MgO (98% MgO) and Al,O4
nanopowder (Sigma-Aldrich, 99.8% Al,0;) with a MgO/
Al,O; molar ratio of 1:1. Binders with ultra-low levels of
calcium aluminate cement content were prepared by mix-
ing: calcium aluminate cement (Gérkal G70, 30% CaO),
reactive Al,O; (Almatis, CTC40, 99.8% Al,0;), Al-rich
magnesium alumina spinel (Almatis, AR78) or Mg-rich

magnesium alumina spinel (Almatis, MR66). Composi-
tions of the samples were selected so that the total amount
of magnesium oxide (both in free and spinel form) was kept
constant. Therefore, dead-burned MgO was added to the
sample containing Al-rich spinel. Four mixtures were pre-
pared: dead-burned MgO mixed with nanopowder Al,O;
(SpM_nA), fused MgO mixed with nanopowder Al,O;
(TopM_nA), Mg-rich spinel and CAC mixed with reactive
AlL,O; (MR66_5M), Al-rich spinel, CAC and dead-burned
MgO mixed with reactive Al,O; (AR78_5M). Table 1 sum-
marizes the nomenclature and composition of each sample.

Dry raw materials were weighed and prehomogenized
for 30 min. The SpM_nA and TopM_nA mixtures were pre-
pared with a water—solid material ratio (abbreviated w/s) of
1.5:1, while both the MR66_5M and AR78_5M mixtures
were prepared with w/s=0.5. The difference in the amount
of water added was related to the presence of nanometric
alumina oxide powder. Each dry mixture of powders was
mixed by hand in a glass beaker until the water and powders
were uniformly distributed. Mixtures were placed in a sealed
polyethylene bag in a laboratory climatic chamber with the
relative humidity maintained at 95% and the temperature
of 20 °C and 50 °C. After an appropriate time of hydration
(12 h, 24 h, and 72 h) the hydration process was stopped by
grinding the samples in acetone (Chempur, 96% solution) at
ambient temperature.

Characterization

The samples for XRD, FTIR and TG-DSC-EGA investiga-
tions were obtained by grinding the hardened binders with
acetone after an appropriate curing time. Thermal decom-
position data for hydrated mixtures after selected hydration
times (72 h) were obtained by using simultaneous thermo-
gravimetry (TG), differential scanning calorimetry (DSC)
and evolved gas analysis-mass spectrometry (EGA-MS)
with the help of NETZSCH STA 449 F5 Jupiter coupled to
a QMS 403 D Aéolos. The TG-DSC-EGA (MS) analyses
were carried out with a sample mass of 10—15 mg in alumina
crucibles in flowing synthetic air (50 mLemin~') at a heating
rate of 10 °C-min~!. An empty a-Al,05 crucible was used
as a reference substance. The crystalline phases in hydrated

Table 1 Nomenclature and composition of binary mixtures cement-free and CAC-containing samples

Designation of sample ~ SpM_nA TopM_nA

MR66_5M AR66_5M

Composition of sample 28.3 mass % dead-burned
MgO nanometric 71.7
mass % Al,O; powder

w/s 1.5 1.5

28.3 mass % fused MgO
71.7 mass % nanometric
Al,0O; powder

59.8 mass %Mg-rich spinel
28.4 mass % reactive
Al,05 11.8 mass % CAC

54.9 mass % Al-rich spinel
4.9 mass % dead-burned
MgO 28.4 mass % reac-
tive Al,O; 11.8 mass %
CAC

0.5 0.5
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cementitious mixtures were identified by X-ray detection
(XRD). X-ray analyses were carried out with an X'Pert
ProPANalytical X-ray diffractometer with Cu Ka radiation
(A=1.54060 nm), with 0.02° per step and 3 s time per step
(26: 5-70°). The phases present in samples after the hydra-
tion time were identified using HighScore Plus software
(Panalytical) with the JCPDS database (Powder Diffraction
Files, Joint Committee on Powder Diffraction Standards,
Philadelphia PA, USA, 1997), and the PDF-2 database sup-
ported by ICDD was used for data analyses. The FT-IR spec-
tra of the binary mixtures of MgO and Al,O; powders and
CAC-containing samples were recorded on a Fourier Trans-
form Infrared Spectrometer from BRUKER (Vertex 70), and
KBr pellets were studied in the range 400-4000 cm™".

The evolution of hydration heat for mixtures containing
dead-burned or fused MgO and nanometric Al,O; powders
with an MgO/Al,O; molar ratio of 1:1 and the CAC-contain-
ing binders was determined with a TAM Air microcalorim-
eter (TA Instruments) at 20 °C and 50 °C (40-h hydration
process) by integrating the continuous heat flow signal. In
all cases, the mass of each substrate was calculated in such
a way that the heat capacity of the sample was equal to heat
capacity of the reference sample. Each mixture was intro-
duced into the calorimeter after preliminary homogenization
of the dry powders, but before mixing with water and an
isothermal environment was obtained. After inserting the
ampoule into the calorimeter, the powders were mixed with
water (in situ mixing procedure). Better stability of the base-
line (before and during measurement) was obtained due to
the application of a second glass vial that contained sand
as an inert reference in the twin channel of the calorimeter.

The specific surface area of fused and dead-
burned magnesium oxide were evaluated using the
Brunauer-Emmett-Teller (BET) method. Multipoint nitro-
gen adsorption surface area measurement was performed
with a Micromeritics ASAP 2000 at 77.35 K after drying
single samples at 200 °C for 24 h. Additionally, grain size
distributions of the powders and CAC were determined with
a Mastersizer 2000.

Table 2 Typical chemical compositions of raw materials [21-24]

Results and discussion
Characteristics of starting powders

The aim of this work was to compare the hydration of simple
oxide mixtures such as MgO and Al,O5 with those of hydrat-
able compounds based on CAC. Therefore, it was necessary
to highlight the differences between the raw materials used.
Material type, specific surface area, grain size distribution or
varieties of transition phases present may have a significant
influence on reactivity in the presence of water and the abil-
ity to form hydrates. General information on the chemical
compositions of the selected starting materials is presented
in Table 2.

It is worth noting the differences between the raw materi-
als used. Two kinds of spinel, both alumina and magnesium
oxide, were used. Mg-rich spinel has a higher content of
magnesium oxide than Al-rich spinel. Almatis spinel MR
66 contains a certain amount of free magnesia. This free
magnesium oxide reacts during sintering with aluminum
oxide to form secondary spinel. Additionally, free MgO can
also be used as a setting agent. Both Mg-rich and Al-rich
spinel should be considered inert; however due to the pres-
ence of free MgO in spinel MR66 partial hydration could
be expected.

a-Al,O; is the dominant phase in reactive alumina
(CTC40). According to our previous work [18] nanometric
aluminum oxide is composed of two transition aluminas,
v-Al,O5 and 6-Al,05. Moreover, high BET specific surface
area and great susceptibility to hydration indicate high
reactivity. It is commonly known that the presence of tran-
sition aluminas is favorable and leads to greater reactivity
than that seen for a-Al,O; alone.

Two types of magnesium oxide dead-burned and
fused, were used. The average grain sizes in the dead-
burned and fused magnesia samples ranged between
2.507-64.69 4 um (dy s=17.353 um) and 2.438-66.879 um
(dy5=17.605 um), respectively. Dead-burned MgO exhib-
ited a higher specific BET surface area (0.9077 m?g~})

Chemical Mg-rich Al-rich spinel (AR78) CAC (G70) Dead-burned MgO Fused MgO Al,O; (CTC 40) Nanometric Al,O5
composition spinel

[mass %] (MR66)

Al O, >63.00 >74.00 69.00-71.00 <1.80 <0.80 >99.80 >99.80

Sio, 0.09-0.15  0.10-0.15 0.50 <5.00 <2.50 0.03-0.07 -

MgO 33.0-35.0  22.05-24.00 - >90.00 >96.00 - -

CaO 0.39-0.60  0.24-0.30 28.0-30.0 <2.50 <2.50 0.03-0.07 -

Na,O 0.03-0.20  0.09-0.32 0.50 - 0.08-0.12 -

Fe,0; 0.20-0.30  0.15-0.25 0.30 <1.30 <1.00 0.03 -
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than fused MgO (0.8770 ng_l). The results of both meas-
urements indicated that dead-burned MgO has a greater
ability to form hydrated counterparts.

GORKAL 70 is a hydraulic binder with a high Al,O4
content. According to the product data sheet, setting times
within the range 160-240 min can be used for various
refractory products. Additionally, the average grain sizes
in the CAC samples ranged between 1.992 and 47.686 um
(dy5=16.968 um).

X-ray diffraction characterization of cement-free
and CAC-containing samples

The XRD method was used to analyze the progress of hydra-
tion for both Mg—Al cementitious matrixes and cement
binders. All results from X-ray analyses are presented in
Fig. la—d. These figures present diffractograms illustrating
phase evolution after 12 h, 24 h, and 72 h hydration at 20 °C
or 50 °C. Since the peak at 20=37.966° (JCPDS Card No.

°:MgO, 6:A,05, 7-ALO; 4 :MgBAI,CO4(OH)5-4H,0
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[—TopM_nA
ﬂ
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96-900-6331), which is associated with Mg(OH),, was not
observed in either SpM_nA or TopM_nA, magnesium oxide
was converted only into Mg—Al hydrotalcite. Nevertheless,
the process of hydrotalcite formation through hydration is
thermodynamically preferred when magnesium hydroxide is
formed as an intermediate product [20]. This suggests that
Mg(OH), was formed in the investigated CAC-free bind-
ers simultaneously consumed for Mg¢Al,CO;(OH),44H,0
synthesis. The intensity of the characteristic diffraction
peak belonging to the MgsAl,CO;(OH),s+4H,0 (JCPDS
Card No. 00-014-0191, 20=11.498°) indicated that at
each stage of hydration, more hydrotalcite was present
in SpM_nA than in TopM_nA. In comparing the results
obtained for the mentioned Mg—Al cementitious matrixes,
it is clear that the SpM_nA sample at 50 °C exhibited the
highest degree of magnesium oxide conversion directly into
Mg-Al hydrotalcite. Additionally, hydration of the SpM_
nA sample (Fig. 1b) led to Mg—Al hydrotalcite formation
within the first 12 h whereas in the TopM_nA sample, a

a: o-Al,059:CAHg  4:C4A-CaCO,11H,0, +: CA, 0: CAH, . AH
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Fig. 1 a—-d X-ray diffraction patterns of the both cement-free (SpM_nA and TopM_nA) and CAC-containing (AR78_5M and MR66_5M) sam-
ples after 12 h, 24 h and 72 h of curing at 50 °C and 20 °C in the range of 5-70° and 5-45°, respectively
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trace amount of hydrotalcite was found after 72 h. Accord-
ing to the results obtained after 72 h of hydration at both
temperatures, MgO, Mg—Al hydrotalcite, y-Al,0; and
0-Al,0; were present in all samples. The presence of MgO,
v-Al, 05, MgcAl,CO4(OH),(-4H,0 and 6-Al,O5 were con-
firmed by peaks at 26: 42.888° (ICDD Card No. 01-087-
0651), 66.940° (JCPDS Card No. 96-101-0462), 11.489°
(JCPDS Card No. 00-014-0191) and 36.596° (JCPDS Card
No. 96-120-0006), respectively.

Figure lc, d presents diffractograms for the examined
cementitious mixtures within the 26 range 5-45°. X-ray
diffraction analyses allowed us to determine the effects of
hydration temperature and time on the phase compositions
of the obtained mixtures. As noted above, cementitious
samples contain prefabricated spinel and CAC in addition
to both Al,0; and MgO introduced as free or with spinel.
The Mg-rich spinel MR66 contain the free magnesium oxide
introduced with Mg-rich spinel. Therefore, a different com-
positions of the MR66_5M and AR78_5M samples before
and after hydration should be expected.

The X-ray diffraction measurements of MR66_5M and
AR78_5M revealed differences between hydration processes
run at different temperature. It was clearly seen that, after
12 h of hydration at 20 °C (Fig. 1c), both the MR66_5M
and AR78_5M samples contained MgO (ICDD Card No.
01-087-0651, 260 =42.888°), a-Al,0; (JCPDS Card No
96-900-9674, 20=43.537°), CaAl,0, (ICDS Card No.
98-018-0997, 20 =30.043°) and Mg—Al spinel (JCPDS Card
No 96-900-2168, 20=37.070-37.206°). The intensity of the
characteristic peak observed for CA after 12 h of curing was
definitely higher in the diffractogram for AR78_5M than
in that for MR66_5M. Identification of only starting sub-
strates in both samples suggested that curing for 12 h led
to the formation of amorphous hydration products, which
should be confirmed by FTIR measurements. Extending
the curing time to 24 h led to crystallization of hydration
products, which were initially considered amorphous. X-ray
diffraction patterns for powders obtained after 24 h of hydra-
tion at 20 °C confirmed the presence of hydration products
and consumption of the CA during hydration. After 24 h of
hydration, the following phases were formed: CAH,, 1COD
Card No. 00-011-0204, 26=6.176) and C;A-CaCO5;-11H,0
(JCPDS card No. 01-087-0493, 26=11.706°). The presence
of C3A-CaCO;-11H,0 resulted from an unwanted carboniza-
tion process, which probably took place during grinding of
the samples in acetone. With the passage of time, the inten-
sity of the characteristic peak belonging to CAH,, constantly
increased. Since the peak at 20=39.21° associated with
C;AH (JCPDS Card No. 96-900-1773) was not observed
after 72 h of curing at 20 °C, it appeared that metastable
hydrate dominated and there was no conversion into C;AHg.
Additionally, XRD measurements did not reveal the pres-
ence of AH; (JCPDS Card No. 98-024-5301, 20=18.268°).
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After 12 h of curing at 50 °C (Fig. 1d), the peak associated
with CA was not observed. This suggests that elevated tem-
perature accelerated hydration. Additionally, X-ray diffrac-
tion patterns for samples cured at 50 °C for 12 h confirmed
the presence of crystalline hydration products. The diffrac-
tion peak centered at a specific angle 20 =8.170-8.180°
was in good agreement with JCPDS cards No. 00-014-628
and No. 00-045-0564 for C,AH,4 and C,AHg, respectively.
Nevertheless, the X-ray diffraction patterns of C,AHg and
C,AH,, are very close, so a clear distinction between these
two hydration products is not possible. Although C;AH¢
formation at 50 °C is more thermodynamically preferred,
the aforementioned metastable phases were formed. Addi-
tionally, AH; and MgO were observed. According to these
results, further hydration of the MR66_5M and AR78_5M
samples led to a decrease in the intensity of the diffraction
line for both C;AH,4 and C,AHg, which is associated with
conversion of the mentioned metastable phases into C;AHg.
Formation of C;AH, was indicated by the appearance of a
characteristic diffraction peak at 260=39.21°.

It is worth noting that after each stage of hydration at
both temperatures, the characteristic peak for Mg(OH), was
not observed. Additionally, the intensities of the diffraction
peaks belonging to the hydrates were higher in MR66_5M
than in AR78_5M, which indicated greater reactivity of the
MR66_5M cementitious binder. In the MR66_5M sample,
magnesium oxide was enclosed inside inert spinel grains.
This suggests that all added water was consumed for calcium
aluminate hydrate formation. On the other hand, magnesium
hydroxide was not found in the AR78_5M sample, although
MgO was added as a separate component. Most likely, the
cement prevented the MgO from undergoing hydration.

FTIR analyses of cement-free and CAC-containing
samples

FTIR spectra for the SpM_nA, TopM_nA, MR66_5M
and AR78_5M samples are shown in Fig. 2a-d. The FTIR
spectra of the SpM_nA and TopM_nA samples (Fig. 2a, b)
confirmed previous findings. The absence of a character-
istic sharp and narrow band at approximately 3700 cm™"
(O—H stretching vibration) confirmed the lack of Mg(OH),,
which indicated consumption for Mg—Al LDH synthesis
[20]. Additionally, the higher temperature of the hydra-
tion process and the application of dead-burned magne-
sium oxide, accelerated the synthesis of hydrotalcite. This
was also confirmed by the presence of a band at approxi-
mately 1360 cm™!, which was related to the antisymmetric
stretching vibration (v;) of CO§‘ ions incorporated into the
structure of hydrotalcite. This incorporation of carbonate
anions into the hydrotalcite structure resulted from the
replacement of Mg?* ions by AI** ions, which required
charge compensation. The IR spectra of both the SpM_nA
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and TopM_nA samples were similar to that of y-Al,O,
throughout the hydration period. This suggests that
v-Al,O5 was the dominant phase in the nanometric alu-
minum oxide powder used. The most characteristic band
for the hydrotalcite-like phase can be found in the range
of approximately 3200 cm™ to approximately 3700 cm™"
This broad band consists of a few bands: H- bonded modes
(3023 cm™"), CO3™—H,0 bridging (3281 cm™"), stretching
vibrations of hydroxyl —OH groups attached to both Mg
and Al, HO-Mg,Al (3452 cm™), and stretching vibra-
tions of hydroxyl —OH groups attached to Mg, HO-Mg;
(3564 cm™") [25].

Figures 2c, d show FTIR spectra for the MR66_5M and
AR78_5M samples hydrated at 20 °C and 50 °C, respec-
tively. In the 400-1200 cm™' region there is a very complex
vibrational peak indicating presence of a few phases. Due
to the preponderance of both magnesium aluminum spinel
and a-Al,O; in the compositions of the samples, assignment
of their characteristic bands was possible. The FTIR spectra
of both the AR66_5M and MR66_5M samples (Fig. 2c, d)
showed bands at 449, 592 and 655 cm™', which are char-
acteristic of a-Al,Oj; (stretching vibrations of Al-O bonds

[26]). Moreover, bands at 549 and 692 cm™! were assigned
to MgAl,O,.

The IR spectra of both the AR78_5M and MR66_5M
samples hydrated at 20 °C presented a broad and intense
band in the 3400-3650 cm™! region, with maxima near
3500 cm™, arising from OH vibrations of water molecules.
This band is associated with the presence of metastable cal-
cium aluminate hydrates and amorphous AH; [17, 27]. Since
no band was observed at approximately 3670 cm™', C;AHg
was not formed throughout the hydration period in samples
hydrated at 20 °C. It is worth noting that a broad band was
present after just 12 h of curing of both samples, and this
confirmed previous XRD results indicating the absence of
peaks belonging to hydrated phases. Thus, the hydration
products obtained after 12 h of curing were amorphous
rather than crystalline materials. The very weak band at
approximately 1630—-1650 cm™! was related to the deforma-
tion mode of water [27]. Additionally, the IR spectra of the
samples presented a broad strong v; carbonate band between
1300 and 1600 cm™'. This band was stronger for samples
hydrated at 20 °C, thus confirming the results obtained by
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XRD, which showed more carbonation of MR66_5M and
AR78_5M hydrated at 20 °C than at 50 °C.

As with to the Mg—Al cementitious samples, elevated
temperature accelerated the hydration process. According
to XRD measurements for samples treated at 50 °C, the
presence of C;AHg and AH; was confirmed after 24 h of
hydration. The FTIR spectra obtained for the MR66_5M and
AR78_5M hydrated mixtures after 12 h of curing contained
a very broad O—H stretching band in the 3300-3700 cm™!
region (Fig. 2d) which indicated the presence of amorphous
hydrates. It is clearly seen that raising the temperature to
50 °C led to more crystalline hydration products, which
were indicated by sharper bands with higher resolution
in the mentioned range. These spectra have bands at 3466
and 3622 cm™! due to OH vibrations of molecular water in
C,AHg, 3527 cm™! due to the presence of AHs, and an OH-
free absorption band at 3666 cm™! due to C;AH, [3].

Calorimetric studies of calcium aluminate cement
(CAC)-containing and CAC-free hydrating mixtures

Isothermal calorimetry was used to evaluate the kinetics of
CAC-containing and CAC-free binder hydration by meas-
uring heat evolution. The continuous test results presented
as hydration kinetics curves were used to compare these
materials, which could be considered necessary precursors
for formation of the hydrated castable matrix. Hence, hydra-
tion kinetics were represented by two types of curves: rate
of hydration versus time, which was defined as the deriva-
tive curve (Figs. 3a, b and 4a—c), and total degree of hydra-
tion versus time, which was defined as the integral curve
(Fig. 3c). Despite the fact that the temperature for mixing,
installing, and curing refractory castables ranged from ca.
20 °C to 25 °C, calorimetric experiments were performed
both at room and elevated temperatures. Hence, both the
time-and temperature-dependent reaction curves are pre-
sented in Figs. 3a-c and 4a-c.

Hydration of the CAC-containing mixtures AR78_5M
and MR66_5M at 20 °C was represented by two exother-
mic peaks and the dormant period, during which the rate of
hydration occurring between the first and the second exo-
thermic peaks slowed (Fig. 3a). During the first 24 h, free
MgO which was added to the AR78_5M sample shortened
the dormant period, whereas magnesium oxide introduced
together with the spinel MR66 accelerated the initial hydra-
tion of the MR66_5M binder constituents, as indicated by
increases in the intensities of the first and the second peaks
of the heat evolution curve. The characteristic features of the
calorimetry curves measured at 50 °C were also significantly
affected by temperature (Fig. 3). As shown in Fig. 3a, b,
heat release (one peak) was connected with both the initial
wetting of cement-containing samples and the hydration
reaction. Hence, over the course of ca. 1.5 h, the hydration
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reactions were diffusion controlled. According to the XRD
and FTIR test results for CAC-containing samples the
MR66_5M sample exhibited higher reactivity and elevated
temperature accelerated the hydration process. There is an
obvious relationship between the higher amount of hydrated
compounds produced in the MR66_5M sample hydrated at
both 20 °C and 50 °C, and the high intensities of both the
first and the second peaks of the heat evolution curve.
Hydration of the CAC-free hydrating mixtures SpM_
nA and TopM_nA at 20 °C and 50 °C was represented by
one broad exothermic peak without any dormant period
(Fig. 4a—c). As shown in Fig. 4, in the case of cement-free
mixtures, the intensity of this peak was strongly reduced due
to the elevated temperature. Similar observations from XRD,
FTIR and calorimetric results, such as the highest intensity
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of the first exothermic peak of the heat evolution curve, gen-
erated similar interpretations concerning the higher amount
of hydrated products generated in the SpM_nA sample cured
at 50 °C.

Thermal analysis of CAC-free and calcium aluminate
cement (CAC)-containing hydrating mixtures

Studies were undertaken to characterize the ability of both
CAC-free and CAC-containing mixtures to form hydrated
counterparts. Since physically bound water was removed
from the SpM_nA, TopM_nA, MR66_5M and AR78_5M
(Table 1) hydrating mixtures by acetone quenching, which
was used to stop hydration at 12 h, 24 h and 72 h, the results
of DSC-TG-EGA(MS) thermal analyses directly confirmed
the amounts of chemically bound water and the presence of
hydration products. Hence, both the decomposition tempera-
ture/steps characterized via DSC-TG and the gases evolved
from samples in real-time, which were identified via mass
spectrometry (MS), were helpful in comparing the ability of
CAC-free and CAC-based binders to form hydrated products
within the SpM_nA, TopM_nA, MR66_5M and AR78_5M
samples. Moreover, MS can be considered a more sensitive
tool than DSC in terms of peak detection.

Figure 5a, b shows TG-DSC-EGA(MS) data for
acetone-treated CAC-containing mixtures (MR66_5M
sample) heated from room temperature to 1000 °C at a
heating rate of 10 °C min~!, whereas Fig. 6a, b presents
TG-DSC-EGA(MS) data for acetone-treated cement-free
binder (SpM_nA sample). The fragments with mass-to-
charge ratios (m/z) 18 and 44 likely arose from H,O and

(a) |
ik ! +\Q/l
fa®
TG 2
; <3+\Q
- v
? 41 DSC -_%+\B§ <
; | m/z =18 (H,0") &
€ 2 |
£ g |
QA 2] 944 _M\QE
== e h
....... | \g
0_ — m/z = 44 (CO,’) —— | |
904 ' | | ' I
200 400 600 800 "0
Temperature/ °C
(b) .
64 100 &S
|m/z =18 (H,0") o

DSC/mW-mg~!
HO'Y/A
.
ER 2
g 8y
%, %
lon current m/z 44 fCOr VA

lon current m/z 18 (
T
5
‘0

S

T

T T
400 600 800 1000
Temperature/ °C

Fig.5 a, b TG-DSC, fragment m/z=18 (H20+) and fragment
m/z=44 (CO2+) in the EGA-MS profiles of the MR66_5M sample
at 72 h of curing at 20 °C (a) and 50 °C (b). Measured in air flow at
the heating rate 10 °C-min~"

CO,, respectively. Some very important similarities can be
noticed in the results presented i.e., the progress of hydration
after 12 h and 72 h for both CAC-containing and cement-
free binders mixed with water, which was measured as mass
losses in the curves (TG). All reactions were accelerated at
temperatures higher than room temperature especially in the
cement-free samples. The amount of water chemically bound
by the main binder constituents was indicated by the mass-
loss behavior revealed by TG at 1000 °C, and the amount
was greater for the CAC-based sample hydrated at room
temperature than for the cement-free sample hydrated at two
temperatures and the cement-containing sample hydrated at
50 °C for 72 h. However, this last point does not apply to the
MR66_5M sample hydrated at 20 °C for 72 h, in which the
the water-deficient calcium aluminate hydrate C;AH, was
identified by XRD.

In detail, the TG curves in Fig. 6a, b and in Fig. 5a, b
showed multistage mass losses over a broad temperature
range. The overall mass loss corresponded to the loss of
water and carbon dioxide, as indicated by mass spectrometric
(MS) detection of H,O (m/z=18) and CO, (m/z=44). The
DSC curves showed that all stages involving decomposition
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reactions of hydrates and carbonated products were endo-
thermic. Interestingly, EGA-H,O revealed that during
the first period of mass loss within the temperature range
40-250 °C and the second period within the temperature
range 250-450 °C, large amounts of water were evolved
from the CAC-free samples formed within 72 h of curing.
This first step in thermal decomposition corresponded to
the removal of physically adsorbed and interlayer water
molecules (dehydration, removal of H,O), whereas the
second step corresponded to elimination of OH™ groups.
These behaviors are mainly associated with decomposition
of hydrotalcite MgAl,CO;(OH),4-4H,0 [20, 28]. Generally,
there were no significant changes in the thermal decomposi-
tion behavior of CAC-free samples cured at room tempera-
ture and at 50 °C since, there was also no qualitative change
observed in the phase composition as a function of the cur-
ing temperature (Fig. 1a, b). The nature of the TG curve and
the total mass loss for the SpM_nA sample hydrated at 20 °C
(6.75%) were comparable with those of the SpM_nA sample
(7.45%) hydrated at elevated temperature. The evolved gas
analysis (EGA) curves for CO, vapor from the CAC-free
samples (Fig. 6a, b) also showed peaks due to decarbonation
of the hydrotalcite-like phase [20].
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Well-defined DSC-TG-EGA(H,0) curves for the
MR66_5M sample cured at 50 °C for 72 h exhibited two
consecutive decomposition within the temperature range
25-1000 °C (Fig. 5b). The first stage occurred in the tem-
perature range 25-275 °C and the DSC-EGA(H,0) peak
at ca. 263 °C corresponded to a water mass loss of ca.
3.23% due primarily to decomposition of AH;-gel and
Al(OH);, and residual C,AHg, C;A-Ca(OH),-18H,0 and
C;A-CaCO;-11H,0 [30, 31]. The second stage occurred in
the temperature range 275-1000 °C with a DSC-EGA(H,0)
peak at ca. 289 °C corresponding to a water mass loss of
ca. 4.18% due primarily to decomposition of C;AH,. The
total mass loss from this sample at 1000 °C was 6.15%.
Completely different thermal decomposition behavior was
observed for the CAC-based binder (MR66_5M) cured at
room temperature, for which the initially formed unstable
hexagonal hydrates CAH,, and C;A-CaCO;5-11H,0, and
AHj;-gel dominated [31, 32]. The TG curve showed a mass
loss of 5.96% at 250 °C with a broad and diffuse endother-
mic peaks and EGA-H,O profiles and a total mass loss of
8.31% at 1000 °C. Here, no sharp temperature peaks for
maximum water release were detected compared with the
MR66_5M sample hydrated at 50 °C for 72 h. The evolved
gas analysis (EGA) curves for CO, vapor from the CAC-
containing samples (Fig. 5a, b) also showed peaks due to
decarbonation of the C;A-CaCO;-11H,0 phase and other
residual carbonated hydration products.

Conclusions

The main purpose of this study was to demonstrate an
alternative route for elaborating the CAC-free hydraulic
binder systems designed for monolithic refractories, e.g.,
castables. The fundamental research presented in this
paper was focused on comparing CAC-containing and
CAC-free hydraulic binders in terms of hydrated matrix
formation within refractory castables designed for the
fast drying procedure. Hence, two types of cement-free
binary mixtures (dead-burned MgO mixed with nanopo-
wder Al,O;, fused MgO mixed with nanopowder Al,05)
and CAC-containing binders (Mg-rich spinel and CAC
mixed with micropowder Al,O5; Al-rich spinel, CAC
and dead-burned MgO mixed with micropowder Al,O;)
were designed, prepared, and analyzed to determine the
mechanism and capacity for formation hydrated mixtures.
According to the obtained results, the following conclu-
sions can be drawn:

1. Hydration of binary mixtures composed of MgO and
Al,O4 led to Mg(Al,CO;(OH),-4H,0 synthesis, while
hydration in the presence of CAC did not lead to hydro-
talcite formation.
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2. Since the peak at 20=37.966° associated with Mg(OH),
was not observed in either CAC-free sample, Mg(OH),
was probably formed and rapidly was consumed for
MgcAl,CO5(OH),44H,0 synthesis.

3. XRD and FTIR data for CAC-containing samples
revealed that the sample containing MgO introduced
with preformed spinel MR66 was characterized by
higher reactivity than the sample that contained free
MgO; this reflected the greater amount of hydrated prod-
ucts in the former. Additionally, an elevated temperature
accelerated hydration of the CAC.

4. The findings obtained for the CAC-based binder showed
that elevated temperature induced alterations in the calo-
rimetric curve that were similar with those observed for
the MgO-Al,0O;-type cement-free sample. The induction
period was shortened, and only one exothermic peak was
detected.

5. The remarkable feature is that the two exothermic peaks
for CAC-based mixtures prepared at 20 °C were inte-
grated into one exothermic peak, which was attributed to
the heat release from CAC-based binder prepared at 50
°C. Then, the intensity of peak decreased and the outline
of hydration vs. time, which was defined as the deriva-
tive curve, approached zero, indicating that hydration
was diffusion controlled. This suggests that the hydra-
tion kinetics of the CAC-based mixture were similar to
those of the CAC-free binder at elevated temperatures.
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ARTICLE INFO ABSTRACT

Keywords: The mechanical properties of in-situ spinel (MgAl,04)-forming alumina-based castables under intermediate

REfra_C“’riesl temperatures are of critical importance before the refractory lining system reaches normal operating conditions.

glu(;“‘“al's}’md castables The objective of this study is to elucidate the role of the hydrotalcite formed within a fine-grained castables
ydrotalcite

matrix, in which no strength loss of the MgO-bonded alumina-based castables without silica fume was observed.
Numerous fundamental studies were conducted to examine the factors influencing hydrotalcite formation within
the blended pastes composed of MgO and Al,O3 nanopowders; dead burned or fused magnesia and Al;O3
nanopowder; dead burned magnesia and water-dispersed sol of fumed alumina by using: XRD and DSC-TG-EGA
(MS). The XRD, FTIR and %Al MAS NMR analysis of the hydrotalcite calcination products revealed that the
spinel begins to form at temperatures as low as 700 °C. Finally, the physical properties, phase composition and
microstructure of the refractory castables bonded with the hydrotalcite decomposition-routed nanostructured

27A1 MAS NMR
Microstructure evolution

spinel were evaluated.

1. Introduction

Castable refractory materials are a type of unshaped monolithic re-
fractory material composed of refractory grain, matrix components,
bonding agents, admixtures, and water. As is well known, the type of
binder and its properties have a significant influence on the workability,
green mechanical strength, and both mechanical and thermomechanical
properties of refractories. The use of ultrafine-SiOy and MgO particles
ultrafine-Al;03 and MgO particles, and superfine colloidal materials
such as silica or alumina has expanded the horizons for refractory
technologists [1]. High-alumina cement is a frequently used binder for
refractory castables. Calcium oxide affects the hot properties of castables
by forming CaO phases with low- melting points [1,2]. Additionally,
calcium oxide can react with matrix components such as SiOy, Al,O3,
and MgO to form low- melting phases, such as gehlenite, anorthite, and
monticellite, respectively, each of which has a melting point of: 1593 °C,
1553 °C and 1485 °C [3]. This results in a loss of refractoriness under
load, thermal shock resistance, refractoriness and hot modulus of
rupture [4,5]. Additionally, the mechanical strength of calcium alumina
cement bonded castables degrades between 300 and 900 °C. This is due
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https://doi.org/10.1016/j.jeurceramsoc.2022.01.009

to the dehydration process, which results in the destruction of the ce-
ment’s hydrate network [6,7]. Correspondingly, the dehydration of
CaA1204 <10 Hgo, C32A1205 o8 Hzo, Ca3A1206 6 H20, and gibbsite has
been reported at temperature of 120 °C, 170-195 °C, 240-370 °C, and
210-300 °C, respectively [8]. As some authors [9-13] have suggested,
the decomposition of these hydration products may result in a reduction
in the mechanical properties of CAC-bonded castables. Nonetheless, at
temperatures between 700 °C and 900 °C, the decomposition reaction
does not result in a significant decrease in the mechanical strength of
these castables [6,7]. According to Zhang et al. [6] this can be attributed
to the significant morphological difference between CagAl,Og «6 Hy0O
and gibbsite, as well as, their decomposition products.

Increasing the properties of the refractory castables in many cases is
frequently associated with glowering the cement content. Low cement
castables (LCC) and cement-free/ no-cement-content (NCC) containing
in situ or pre-formed spinel (MgAl;04) have developed rapidly in recent
years and are now widely used for steel ladles. Due to the lower water
content required for hydraulic bonding in comparison to conventional
castables and the effective dewatering of castables, both physically
absorbed and chemically bonded water is removed, thereby improving
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the mechanical, physical, and high-temperature properties of both NCC
and LCC castables [2]. Additionally, it has been confirmed that in-situ
spinel forming castables exhibit superior slag resistance to pre-formed
spinel containing castables due to the finer and more evenly distrib-
uted spinel grains derived from the reaction between MgO and Al,O3
during sintering [2]. The most frequently used method for obtaining
MgAl,O4 spinel is through ceramic-powder processing, specifically
through the solid-state reaction of Al,O3 and MgO at 1600 °C [14].
Formation of spinel occurs by opposite directed diffusion of the mag-
nesium (Mg?") and aluminium (AI**) ions through the rigid oxygen
lattice of MgAl,04 [15]. According to various sources of literature, the
process of in-situ spinel formation results in a volume increase between
5 % and 7 %, which can result in an increase in the apparent porosity, as
well as induce the formation of several microcracks in the microstruc-
ture [15]. Additionally, reaction sintering has several disadvantages
including a limited degree of chemical homogeneity, a high-temperature
reaction, and lack of sintering ability [15]. As a result, several novel
methods for powder preparation have been developed in recent years,
including spray-pyrolysis, freeze-drying, sol-gel, and pyrolysis of com-
plex compounds [16-21]. These methods enable the production of
powders with higher homogeneity, resulting in an increase in reactivity
and sintering ability at low temperatures [14]. Unconventional methods
for obtaining MgAl»O4 spinel, such as precipitation, aerosol method, and
classical or modified sol-gel method by combining gelation and copre-
cipitation processes, also exist [22]. However, in the refractory industry,
the cost and versatility of the chosen synthesis method are critical.

One of the possible methods of obtaining MgAl,0y4 is through the
synthesis of Mg-Al hydrotalcite. We have previously demonstrated [23]
that the hydration of binary mixtures containing nanometric MgO and
Aly,03 powders is a facile and effective approach for obtaining high
purity Mg-Al hydrotalcite. Additionally, the use of hydrotalcite enables
the low-temperature synthesis of spinel phase at temperatures as low as
600—700 °C. This indicates that the combination of powder hydration
and calcination at 700 °C may be an interesting spinel synthesis route in
the refractory industry. Thus, the purpose of the current study is to
elucidate the role of hydrotalcite [MggAloCO3(OH)16+4H20] formed
within a fine-grained castable matrix, in which no strength loss of the
MgO-bonded alumina-based castable in the absence of silica fume was
demonstrated.

2. Experimental procedure
2.1. Samples preparation and characterisation techniques

2.1.1. Synthesis via natural curing and calcination of Mg-Al hydrotalcite
The Mg-Al hydrotalcite-like phase was formed by the hydration of
three different types of magnesium oxides: the reactive MgO nano-
powder (particle size <50 nm, Acros, 99.8 wt. % MgO), fused MgO
(Denmag, 98 wt. % MgO), and dead- burned MgO (RHI Magnesita, 98
wt. % MgO), with Al,O3 nano-powder (Aldrich, 99.8 wt. % Al;03) or
Al,03 sol (Evonik Aerodisp W 450 ZX). Correspondingly, four mixtures
were designed. These include nanopowder MgO combined with nano-
powder Al,O3, dead-burned MgO combined with nanopowder Al;Os,
dead-burned- MgO combined with sol Al;03 and fused-MgO mixed with
nanopowder AlyO3. Dry powder mixtures were weighted with an Al;O3:
MgO molar ratio of 1:1. Each dry powder mixture was homogenised for
30 min before being combined with water. The amount of water used
resulted in the formation of pastes wherein no sedimentation was
observed. Table 1 lists the nomenclature and other pertinent informa-
tion concerning the binary mixtures that were analysed. Samples in the
form of pastes were sealed in polyethylene bags and cured in a labora-
tory climatic chamber at a relative humidity of 95 % and a temperature
of 50 °C. Following a period of 12 h, 24 h, 3 days, and 7 days of hy-
dration, samples containing dead-burned or fused MgO were ground in
acetone (Chempur, 96 % solution) at room temperature to stop the hy-
dration and remove free water from the blended pastes. XRD analysis
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Table 1
Nomenclature and details of binary mixtures.
Composition of  nanopowder dead-burned- fused-MgO  dead-
binary MgO + MgO + + nano burned
mixtures nanopowder nanopowder powder MgO +
Al,O5 AlLOs Al,O5 sol Al,O5
w/s 3 1.5 1.5 1.5
Designation of MA_O d-MA f-MA d-MAs
mixtures (reference
sample)
Curing time 110 days 12 h, 24 h, 3 days, 7 days

was used to confirm the presence of Mg-Al hydrotalcite the in obtained
samples. Additionally, after a 110-day curing period, reference sample
(MA_0) was ground in acetone. A previous study [23] described the
hydration mechanism and confirmed that after 98 days of hydration, a
fully reacted blended paste consisting primarily of Mg-Al hydrotalcite
with trace amounts of Mg(OH), was obtained. As a result, the MA_O
sample was defined as the reference sample after 110 days of hydration.
Thermal analysis techniques such as simultaneous thermogravimetry
(TG), differential scanning calorimetry (DSC), and evolved gas
analysis-mass spectrometry (EGA-MS) were used to determine the
thermal stability of the hydrotalcite structural groups. Following that,
the sample containing the reference synthetic hydrotalcite was heated to
250, 340, 390, 425, 600, 700, 800, 900, and 1000 °C and maintained at
the selected temperature for 2 h. Subsequently, XRD, FTIR, and 7M1
MAS NMR measurements were used to characterise the calcination
products.

2.1.2. Alumina magnesia refractory castables sample preparation and
gradual firing process

Vibratable no-cement castables were designed using the Dinger and
Funk particle packing model (q = 0.26). The starting materials used in
the experiment clude 80.6 wt. % of tabular alumina (grain size: 0—6
mm, Almatis) as inert grains and 19.4 wt. % of matrix components. The
castables matrix comprised 7 wt. % of dead-burned magnesia, reactive
alumina (CTC 40, Almatis) and some amount of Al,O3 sol. The binder
components were magnesium oxide and alumina oxide in form of both
powder and sol. Table 2 contains the general information about the
selected raw materials. In the laboratory-scale mixer, the mixtures were
dry-mixed for 5 min and then wet-mixed for 5 additional minutes.
Subsequently, vibration was used to cast the mixed castables into 40 mm
x 40 mmx 160 mm moulds. The castable samples were then de-moulded
and cured for 5 days at 50 °C, 70 °C and 90 °C in a laboratory climatic
chamber with a relative humidity of 95 %. The curing process was
gradual. After 24 h of drying at 110 °C, the samples were partially fired
for 2 h at temperatures ranging from 250 °C to 1200 °C.

After drying and firing at the following temperatures 250 °C, 340 °C,
390 °C, 425 °C, 500 °C, 600 °C, 700 °C 800 °C, 900 °C, 1000 °C, 1100 °C
and 1200 °C the sonic velocity along the longest direction of each
specimen was measured. A section of the dried sample was cut to place
in resin and cross-polish. After each firing temperature the cross-polish
section was examined using a scanning electron microscope. Addition-
ally, to obtain refractory castables matrix samples, portion of the sample
was crushed and then inert corundum grains were separated from matrix
components following heating at each temperature. The samples

Table 2
Typical chemical compositions of raw materials [24,25].
Chemical composition Tabular Reactive Magnesium
[wt. %] alumina alumina oxide
Al,05 99.50 99.80 0.30
SiOy 0.09 0.03 0.34
MgO - 0.04 97.95
CaO - 0.02 0.91
others 0.41 0.11 0.50
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obtained in this manner were characterised by using XRD, FTIR and
DSC-TG-MS (EGA) techniques. Further mechanical tests were conducted
on samples fired at 425, 700, 900, and 1200 °C, based on the results of
on the sonic velocity test. Additionally, the modulus of rupture (MOR)
and cold crushing strength (CCS) of the castables after firing at the
specified temperatures were determined at room temperature.

2.2. Detailed description of characterisation techniques

Three different types of samples were analysed in this work. The first
type of sample consisted of blended pastes created by combining dry
powders and water. These samples may provide an indirect indication of
the matrix of refractory castables, from the time the substrates are mixed
to the end of the curing process. Calcination of reference sample allowed
for the generation of second type of sample. Additionally, the calcina-
tion of samples aided in the understanding of the reactions that occur
within the matrix of refractory castables during the firing process. The
third type of sample was castables matrix that had been separated from
inert grains following each stage of the precast beam firing process.
Table 3 lists the nomenclature of the samples used in this study.

The reference sample and the castables matrix were analysed by
employing simultaneous thermogravimetry (TG) and differential scan-
ning calorimetry (DSC) in synthetic air (50 mL min~?) at a heating rate
of 10 °C min~ " using a Simultaneous Thermo Analyzer (STA) [TG-DSC,
NETZSCH STA 449 F5 Jupiter] coupled to a mass spectrometer 403 D
Aéolos. An empty a-Al;O3 crucible was used as the reference substance.
For the assessments, 10 mg of dried sample was heated from 20 to 1000
°C in corundum crucible.

The phase composition of the blended and dehydrated pastes, as well
as the matrix of castables, was determined using an X'Pert ProP-
ANalytical X-ray diffractometer with Cu Ko radiation (A = 1.54060 nm),
with 0.02 ° per step and 3 s time per step (20: 5°-90 °). For data analysis,
the phases were identified using HighScore Plus software (Panalytical)
used in conjunction with the ICDD-supported PDF-2 database and the
JCPDS database (Powder Diffraction Files, Joint Committee on Powder
Diffraction Standards, Philadelphia PA, USA, 1997). The crystallite size
was determined using the Scherrer equation at full width and half
maximum (FWHM) [26]:

K2

cos(@)« FWHM )

DXRD =

where Dygp is the crystallite size (nm), K is a numerical factor referred as
the crystallite-shape factor (0.90), A is the wavelength of the radiation
used [0.1540598 (nm)] and 6 is the Bragg diffraction angle.

The FTIR spectra of reference hydrotalcite before and after calcina-
tion, as well as castables matrix after each firing stage, were recorded in
the range of 4000-400 cm™' using the KBr pellets technique on a
BRUKER (Vertex 70) Fourier Transform Infrared Spectrometer.

The %A1 MAS NMR spectra of reference hydrotalcite sample before
(MA_0) and after (MA_250, MA_340, MA_390, MA_425, MA_500,

Table 3
Summary of designation of samples.
Type of Binary Nano-powder Reference Castables
sample mixtures MgO + sample after matrix
composed nanopowder calcination separated
of dead- Al,O3 as process from inert
burned or reference grains after
fused MgO sample firing
with Al,O3 process
in the form
of sol or
powder
Designation d-MA MA_Calcination C_Firing
of sample f-MA MA_O temperature temperature
Example d-MAs MA_250 C_250
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MA_600, MA_700, MA_800, MA_900, MA_1000) calcination process
were acquired using Bruker AV III 400WB (9.4 T) spectrometer,
(BRUKER BioSpin, Rheinstetten, Germany).

The Vikasonic was used to determine the sonic velocity along the
longest direction of each test specimen. Additionally, Young’s modulus
was calculated according to Panakkal and Ghosh [27,28] using the
following equation:

E=Viep(l+p)+(1=2p)

(1—n) @

where: Vj- sonic velocity after testing [kmes!], u -dynamic Poisson’s
ratio and p- apparent density of specimen after testing. For refractory
castables p is about 0.16.

The bending strength of refractory castables was determined by a 3-
point bending test using a specimen measuring 40 x 40 x 160 mm, with
a span dimension of 100 mm, and a test speed of 50 N/s. To determine
the cold crushing strength, half of each sample after the 3-point bending
test, was placed in the compression testing equipment. The loading
speed was 2.4 kN/s.

Bulk density and apparent porosity tests of refractory castables
samples were done by standard methods, based on the Archimedes’
principle, according to the PN-EN 993-1:2019-01 standard.

A scanning electron microscope (SEM, FEI Nova Nano SEM 200) was
used to investigate the microstructure evolution of castables. Electron-
probe microanalysis with an energy-dispersive X-ray spectrometer
(EDAX, Sapphire Si(Li) EDS detector) was used to determine the
chemical compositions of the samples. After drying at 110 °C, a repre-
sentative sample of castables was ground and using a pressing force of
40 [N], a rotational speed of 300 RPM, and a continuous water wetting
of the diamond surface disc. After polishing, the specimen was placed in
an ultrasonic cleaner with isopropyl alcohol in a baker for approxi-
mately an hour. After microscopic examination, the sample was fired at
the next selected temperature (250, 340, 390, 425, 500—1200 °C),
gently polished and subjected to the SEM-EDS examination once more.

3. Results and discussion

3.1. Effect of the raw material type and the curing time on the synthesis of
Mg-Al hydrotalcite within the mixtures of the powders of MgO and Al;03
and water

The X-ray diffraction method was applied to analyse the degree of
conversion of the substrates into Mg-Al hydrotalcite. The time interval
between the appearance of Mg-Al hydrotalcite in the sample and the
intensity of the characteristic diffraction peak (determined by the XRD
patterns of stoichiometric hydrotalcite MgeAloCO3(OH);6+4H20, JCPDS
Card No. 00-014-0191, 20 = 11.489 °) were used to determine the re-
action rate and degree of MgO conversion, respectively. Additionally,
the hydration kinetics analysis enabled the determination of the feasi-
bility of using the selected raw materials in the refractory industry as
Mg-Al layered double hydroxide-like phases. The XRD patterns of the
binary mixtures d-MA, f-MA, and d-MAs after the selected hydration
times (12 h, 24 h, 3 days, and 7 days) are shown in Fig. 1. In addition to
the reference sample following 110 days of hydration. After 7 days of
hydration, each sample contained MgO, Mg-Al hydrotalcite, y-Al,03 and
0-Al503. Both y-Al;03 and 0-Al,03 were detected using peaks at 66.940 °
(JCPDS Card No. 96-101-0462) and 36.596 ° (JCPDS Card No. 96-120
-0006), respectively. Due to the persistence of the peak at 20 = 42.888
° (ICDD Card No. 01-087-0651) associated with MgO after 7 days of
curing, fully reacted samples were not obtained. By comparing the ob-
tained results to those obtained from the reference sample it can be seen,
that the hydration of d-MA and f-MA samples results in the formation of
trace amounts of hydrotalcite after 12 h whereas the presence of Mg-Al
hydrotalcite was confirmed after 3 days in the d-MAs sample. This in-
dicates that the hydration of a mixture composed of fused or dead-
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Fig. 1. Overview of the low-temperature XRD patterns of samples: d-MA (light
grey curve), f-MA (black curve) and d-MAs (grey curve) after the selected (12 h,
24 h, 3 days and 7 days) hydration time and MA_O sample. Degree sign: MgO
(ICDD Card No. 01-087-0651), plus sign: 6-Al,03 (JCPDS Card No. 96-120
-0006), minus sign: y-Al,O3 (JCPDS Card No. 96-101-0462).

burned magnesia and nano-metric aluminium oxide powder is a viable
method for obtaining Mg-Al hydrotalcite. Additionally, when alumina is
used in the form of a sol the reaction rate is reduced probably due to the
presence of stabilisers in the sol. Moreover, it is clearly observed that,
after 7 days of hydration, the intensity of the characteristic peak
belonging to hydrotalcite is greater in the d-MA sample than in the f-MA
or d-MAs samples. This demonstrates a higher concentration of Mg-Al
hydrotalcite in the d-MA sample, as well as a higher degree of sub-
strate conversion. Additionally, the main diffraction peak associated
with MgeAloCO3(0OH);6°4H20 (JCPDS Card No. 00-014-0191, 20 =
11.489 °) shifts towards a higher 20 = value (11.5242 ° and 11.5161 °)
for d-MA and f-MA samples, respectively, while simultaneously shifting
towards a lower 20 = value (11.3162 °) for d-MAs. This could indicate
that the hydrotalcite synthesised in the examined samples had different
stoichiometry. According to the obtained results, using the aforemen-
tioned raw materials as components of the castable matrix and curing at
a temperature of 21 °C for at least 12 h should most likely result in the
formation of Mg-Al layered double hydroxide-like phases as the pre-
cursors for low-temperature synthesis of magnesium alumina spinel in
the refractory castables at intermediate temperatures.

3.2. Fundamental research on evaluation of the low-temperature Mg-Al
spinel formation via decomposition of hydrotalcite

Thermal analysis was performed on a reference sample composed
primarily of Mg-Al hydrotalcite. Thermal analysis of the MA_0 sample
enabled the thermal stability of hydroxyl groups and thus the calcination
temperatures to be determined. The results of the DSC-TG-EGA analysis
are presented in Fig. 2, and these characterise the thermal stability of the
MA_0 blended paste after 110 days of curing. The total weight loss of the
sample was 27.97 % during heating in the temperature range of
20-1000 °C. The MA_0 sample was prepared from a binary mixture with
a MgO:Al,03 molar ratio of 1:1. The suggested molar ratio for the
precipitated hydrotalcite sample (MggAloCO3(OH)16 4H,0) is
approximately 3, whereas the starting Mg/Al molar ratio was 0.5 due to
the sample preparation. The theoretical weight loss is approximately 45
% for a Mg-Al hydrotalcite sample with Mg/Al = 3 [29]. When the total
and theoretical weight loss of the sample are compared, it is possible to
infer the presence of other phases such as unreacted Al,O3. The mass loss
is a result of hydrotalcite’s dehydration, dihydroxylation, and decar-
bonisation processes. According, to the obtained results and corre-
sponding literature sources [30], it can be noticed that the removal of
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Fig. 2. TG-DSC profiles and gas evolution curves for representative mass
spectroscopic ion fragments of COy™" (m/z = 44) and H,0" (m/z = 18) vapours
during the thermal decomposition of the synthetic hydrotalcite.

interlayer water and the dehydroxylation of Mgs-OH hydrotalcite layers
occur at 229 °C at 312 °C, respectively. Additionally, the weight loss at
376 °C and 424 °C may be assigned to dehydroxylation of residual
magnesium hydroxide and dehydroxylation of the Mg»Al-OH hydro-
talcite layers, respectively. The MS profile of COy (m/z = 44) release
indicates that the decarbonisation process occurs currently with dehy-
droxylation in the hydrotalcite structure and occurs at approximately
435 °C. Following calcination temperatures of 250, 340, 390, 425, 500,
600, 700, 800, 900 and 1000 °C were determined in the terms of further
heat treatment of alumina- magnesia castables based on thermal
analysis.

Thermal analysis of the MA_O sample enables the calcination tem-
peratures to be determined. The calcination products were analysed
using XRD and FTIR to determine the progress of the low-temperature
MgAl,04 synthesis. Fig. 3a-e presents the low-temperature XRD pat-
terns of the reference sample before and after calcination at the appro-
priate temperatures. The XRD analysis revealed that the major phase in
the reference sample hydrated for 110 days was crystalline Mg-Al
hydrotalcite. When the sample is heat-treated at 250 °C the character-
istic peak belonging to the Mg-Al hydrotalcite (26 = 11.71 °, JCPDS Card
No. 00-014-0191) shifts to a higher 260 value. Additionally, a significant
broadening of this peak can be observed, in addition to the presence of
amorphous hydrotalcite calcination products. This shift in the diffrac-
tion peak indicates structural changes as a result of interlayer water
elimination [31]. At intermediate temperatures (340, 390, and 425 °C),
the calcination products exhibit a low degree of crystallinity. Due to the
presence of amorphous calcination products, it was not possible to
accurately identify all phases in the sample. As shown in Fig. 3c-d, the
predominant phases in sample MA calcined at temperatures of 340, 390,
425, 500, and 600 °C, are transition alumina type structures, Mg(Al)O
mixed oxides or spinel nuclei; this was also confirmed in other studies
[32-34]. Additionally, at the temperatures of 340, 390, and 425 °C,
there were no hydrotalcite-related diffraction peaks and no significant
outline XRD changes were observed. The absence of diffraction peaks
associated with the presence of Mg-Al hydrotalcite indicated that the
layer structure had been completely destroyed during the dihydrox-
ylation and decarbonisation processes of the brucite-like layers [29].

A trace amount of magnesium hydroxide (ICDD Card No. 01-083-
0114) were detected only in the MA_250 sample, whereas the magne-
sium oxide peak (characteristic diffraction peak 26 = 42.94 °, ICDD Card
No 00-045-0946) does not appear until after calcination at 500 °C. This
indicates that the magnesium oxide was amorphous between 250 °C and
500 °C, or that the amount of MgO was less than the XRD detection
threshold. At 600 °C, a magnesium aluminate spinel peak (characteristic
diffraction line 20 = 36.91 °, JCPDS Card No. 96-900-3481) also ap-
pears. The average crystallite size was calculated using Scherrer’s Eq. (1)
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Fig. 3. Low-temperature XRD patterns of the MA sample before (a) and after
calcination in the temperature range 250-1000 °C (a-e). Diamond: MgAl,O4
(JCPDS Card No. 96-900-3481), filled black circle: Mg(OH), (ICDD Card No.
01-083-0114), degree sign MgO (ICDD Card No. 00-045-0946), asterisk: tran-
sition alumina-type structures, Mg(A)O mixed oxides or spinel nuclei.

and results of the spinel phase formed in samples calcined at tempera-
tures ranging from 700 to 1000 °C are shown in Table 4. The half-width
at half maximum of spinel’s characteristic peaks decreases as the
calcination temperature increases. This is due to an increase in the
crystallinity or particle size of magnesium- alumina spinel, or a combi-
nation of the two. The increase in the intensity of the XRD diffraction
line further indicates an increase in the spinel phase content of the
sample as the firing temperature is increased.

Infrared spectroscopy is a method of research that complements X-
ray diffraction. FTIR enables the investigation of functional group
changes and tracking of COZ%~ ions incorporated into the hydrotalcite
structure. The FTIR spectrum of the reference sample is shown in Fig. 4

Table 4
XRD data and structural parameters of spinel formed in reference sample as a
result of calcination process.

Sample
MA_700 MAB800 MAO900 MA_1000
FWHM [°] 1.0209 0.7353 0.5599 0.4261
20 [°] 36.9723  36.8983  36.8768  36.8963
Crystallite size in the direction 8.2 11.4 15.0 19.7
[nm]
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Fig. 4. FTIR spectra of the Mg-Al layered double hydroxide before and after
calcination in the temperature range 250-1000 °C.

before and after calcination at the appropriate temperatures. The FTIR
method confirmed previous XRD results by observing the progress of
dehydration, decarbonisation and spinel formation in the MA_0 sample.
The FTIR spectrum of the MA_0 sample reveals characteristic bands for
Mg-Al hydrotalcite which contains CO%~ as the compensation ions.
Additionally, the incorporation of interlayer ions is observed as a band
at approximately 1350 cm ™! which corresponds to the antisymmetric
stretching vibration (v3) [35]. Additionally, bands at 683 and 779 em !
are associated with v4 antisymmetric deformation mode and vy strong
out-of-plane symmetric deformation mode of hydrotalcite CO2~ ions,
respectively [36]. Moreover, the first two bands (447 and 550 cm™ D)
correspond to MO—H bending vibrations and MO— stretching in the
octahedral host layers (where M = Mg and Al). According to current
knowledge hydrotalcite has a broad band in the range of approximately
3200-3700 cm ! that consists of the following bands: H- bonded modes:
3069 cm ™}, CO2™- Hy0 bridging mode: 3252 em ™}, stretching vibra-
tions of hydroxyl —OH groups: 3454 cm ™! (OH-Mg,Al) and 3575 cm ™
(OH-Mgs). Additionally, at approximately 1600 cm ™!, a low band in the
intermediate frequency region was observed, which is associated with
the bending mode of interlayer water [35].

Calcination at 250 °C results in the separation of the carbonates’ v3
band into two bands at 1354 cm™ ! and 1554 cm ™ [29,37]. According to
literature sources [38,39] this split occurs as a result of the carbonate
rearrangement in the interlamellar space due to the interlamellar water
release. At temperature below 250 °C, the carbonate groups are sym-
metrically coordinated to interlayer water. During interlamellar water
release, the carbonate groups may coordinate with hydroxyl groups in
the octahedral brucite-like layers. This results in the formation of new
mono- or bidentate coordinations in the interlayer space between car-
bonates and structural hydroxyl groups [39]. According to Hibino et al.
[37], these two split bands are in good agreement with those observed
for bridged bidentate CO3 complexes. This suggests that the carbonate
exists as bridged bidentate ligands at temperatures of~ 250 °C when
interlayer water is lost. Simultaneously, the water-carbonate bridging
mode (at about 3252 cm™ 1) vanished, as did the water molecules’
bending vibration (dOH—) [40,41]. Owing to the absence of both bands
at 1600 cm ™! and 3252 cm ™}, the spectra indicate that interlayer water
is completely removed at 250 °C. Additionally, MA_250 sample’s FTIR
spectrum contains a broad band at 430 cm ™!, which is probably asso-
ciated with the vibrations of the oxides (MgO, Al;03) [29].

At temperatures greater than 250 °C (i.e. 340—600 °C), FTIR spectra
significantly differ from those obtained previously. These spectra are
characterised by a broad band at 1417 em™!, which correspond to
O—CO— vibrations for non-interlayer carbonate, adsorbed on the sur-
face of the calcination products [29,37]. As shown in Fig. 4, the spectra
of the sample calcined at temperatures greater than 700 °C exhibit two
distinct spinel bands at approximately 513 and 694 cm™! [42]. This



K. Warmuz and D. Madej

demonstrates that spinel can be synthesised at low temperatures when
hydrotalcite is used as a precursor.

Fig. 5 shows the 2’Al MAS NMR spectra of the sample before and
after calcination at temperatures ranging from 250 to 1000 °C. The
result of the A1 MAS NMR analysis result for the sample prior to
calcination is a combination of resonance peaks derived from Mg-Al
hydrotalcite and small amount of alumina oxide, whereas in samples
after calcination at temperatures above 600 °C, Mg-Al spinel phase
resonance peaks can also be found. As a result, precise the exact inter-
pretation of results is extremely difficult.

The room temperature 2’Al MAS NMR spectrum of the uncalcined
(MA_0) sample exhibits a prominent narrow resonance peak at a
chemical shift, §, of ~2, corresponding to AI(OH)¢ octahedral coordi-
nation. According to literature sources [43,44], when a sample is
calcined at 250 °C, during interlamellar water release, AI>* ions migrate
from octahedral to tetrahedral coordination [45]. This is indicated by
the appearance of an Al peak at approximately § ca value of 40—80 ppm
[46-48]. The 27 A1 MAS NMR spectrum of the MA_250 sample reveals the
presence of four-coordinate Al (peak at approximately & ca. 57 ppm) and
a much larger six-coordinate Al peak. Additionally, the 2’A1 MAS NMR
spectroscopy demonstrates that as hydroxyl groups are removed, tetra-
hedral resonance at 57 ppm continues to grow at the temperature range
of 340 °C-390 °C. Calcination between 425 and 500 °C initially in-
creases the intensity of both resonance peaks. However, upon further
heating up to 800 °C a decrease in the intensity of aforementioned
resonance peaks is observed. Additionally, calcination at temperatures
of 900 °C and 1000 °C significantly increases the intensity of both
resonance peaks, which is associated with an increase in intensified
spinel synthesis.

Based on the XRD measurements, it is difficult to clearly identify the
calcination products, when the calcination temperature reaches ~ 340
°C. The changes in the outline Al MAS NMR spectra of samples
calcined at 340—1000 °C are due to three overlapping processes. These
include, the conversion of possible transition alumina polymorphs or
transition alumina type-structures to the most stable a-AlyOs, the
migration of AI** ions in solid solution [unstable MgO-like phase or
periclase Mg(A1)O] from periclase structure and the primary and sec-
ondary spinel formation as a result of reactive sintering of MgO-Al,03
mixed oxides (hydrotalcite calcination products).

3.3. SEM investigation of microstructural changes of MgO-fume bonded
corundum castables versus temperature

SEM-EDS analysis was used to examine the microstructure evolution
of no-cement corundum-spinel refractory castables during heat treat-
ment at temperatures ranging from from 250 to 1200 °C. Figs. 6a-d, 7
a—c and 8 illustrate the microstructure, chemical composition analysis

0 5‘0
27 Al chemical shift 3 [ppm]
Fig. 5. The room-temperature 2’Al MAS-NMR spectra of the Mg-Al-CO3
hydrotalcite-like phase formed in the reference MA sample and calcined in the
temperature range 250-1000 °C.
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in the microareas, and EDS line scan obtained by the SEM-EDS mea-
surements of MgO-fume bonded corundum castables after heat treat-
ment at various temperatures. Fig. 6a—e show the typical distribution of
coarse tabular alumina grains imbibed in a fine-grained magnesia-
alumina matrix. It is worth noting that the obtained castables have a
significantly denser microstructure than conventional castables. This is
almost certainly due to the presence of nanoparticles introduced previ-
ously via water-dispersed sol of the fumed alumina. For example,
numerous authors [49] have confirmed that adding silica sol densifies
the microstructure and accelerates the sintering process, allowing for
the formation of mullite at lower temperatures. The obtained results,
therefore, indicate that the application of nanoparticles from sol can
similarly result in microstructure compacting at lower temperatures and
intensifying the sintering process.

As illustrated in Fig. 7a-c, the majority of the microstructural
changes observed in MgO-fume bonded corundum castables were
associated with a fine-grained castables matrix. As previously stated and
discussed in the 3.2 section, fine powders of MgO and Al,O3 in the
presence of water were easily converted to magnesium hydroxide,
aluminium hydroxide and Mg-Al-hydrotalcite in the presence of water,
as confirmed by the XRD and FTIR measurements presented in the
following section. Thus, the castables made from a blend of coarse,
medium and fine grains exhibit excellent gains in green mechanical
strength following demoulding. It can be assumed that crystalline Mg-
Al-hydrotalcite formed in-situ in the MgO-fume containing corundum
castables modifies and reinforces the nanostructure of the MgO-Al;Os-
Ho0 matrix. As previously stated in the results section, Mg-Al-
hydrotalcite thermally decomposes upon heating into several interme-
diate products, and then transforms into single-phase spinel and alumina
via reactive sintering. This very brief summary of the structural of
changes that occur in the Mg-Al-hydrotalcite-containing castables ma-
trix during heat treatment at temperatures ranging from 25 t01200 °C
leads to the conclusion that the structural changes associated with these
processes must have to find a corresponding consequence in the evolu-
tion of the microstructure. This, on the basis of evolution, clear evidence
can be found based on more detailed microstructure observation at
higher magnification, as illustrated in Fig. 7a—c. This detailed exami-
nation of the castables matrix following heat-treatment at 900 °C
revealed that, in the case of the sample dried at 110 °C (Fig. 7a), the
castables matrix’s internal heterogeneous microstructure is rather
dense. Additionally, numerous pores can be observed among the parti-
cles within the granular body during heating (Fig. 7b). Moreover, the
sintering process began at higher temperature, and numerous connec-
tions between particles have also formed (Fig. 7c). Additionally, the
reactive sintering of particles formed during the decomposition of the
MgO-Al;03-H;0 matrix transforms and sinters them into a two-phase
matrix of Aly03-MgAl,O04. As shown in Fig. 9, the relative composi-
tions of several elements (Mg, Al and O) were also determined using an
EDS line scan across the dehydrated and reacted MgO-Al,O3 castables
matrix.

The SEM EDS line scan enables the investigation of changes in fine-
grained matrix microareas. Fig. 9 shows the line scan for the C_900
sample. As observed, spinel particles formed by the reactive sintering of
mixed oxides Mg(Al)O exhibit a “single mountain” profile in the EDS Al
Ka, Mg Ko and O Ko intensity line scans. Additionally, it is clearly seen
that magnesium aluminium spinel-like phase was formed during sin-
tering as a result of recombination of the hydrotalcite calcination
products. This is further confirmed by the concurrent increase in line
scan intensity, which indicates the presence of Mg, Al, and O. Thus, the
obtained results are consistent with the Al*’ MAS NMR measurement.

3.4. XRD, FTIR and DSC-TG-EGA(MS) investigation of structural and
phases changes of MgO-fume bonded corundum castables matrix versus

temperature

Thermal analysis, XRD, and FTIR measurements were performed on
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Fig. 6. a—e. Microstructure overview (SEM images with magnification of 350x) of the MgO-fume bonded corundum castables after heat treatment at 110, 250, 425,

900 and 1200 °C.

matrix samples obtained by crushing a piece of castables and separating
the inert corundum grains. Fig. 9 illustrates the castables matrix’s low-
temperature XRD patterns following appropriate temperature firing.
The XRD analysis revealed the presence of a-AloO3 (JCPDS Card No. 96-
900-9674) as the major phase and both p-Al;03 (ICDD Card No. 01-084-
0381) and MgO (ICDD Card No 00-045-0946) as minor phases in each
sample. Additionally, the obtained results confirm the presence of spinel
MgAl;04 (JCPDS Card No. 96-900-3481) in both the C_1000 and C_1200
samples. Although, XRD analysis did not show the presence of MgAl,04
in the castables matrix fired at temperatures lower than 1000 °C, it
cannot be ruled out that the spinel was synthesised at lower tempera-
tures. Spinel-like phases may exist in an amorphous state or may be
undetectable due to the lower detection threshold of the equipment.
Fig. 10 shows the FTIR spectrum of the matrix samples after they
have been heated to appropriate temperatures. The outline IR spectrum
of the sample after drying (C_110 sample) in the range between 400
cm ! and 1000 cm ™! was similar to that of a-Al,05 described in both
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[42] and [49]. Thus, we can confirm that the bands at: 457, 608, and 640
em ™! in this range, are associated with Al-O bond stretching vibrations
[50]. Additionally, the bands at 1093, 1167, and 1408 can be attributed
to p-Al,O3 and HyO deformation vibrations, respectively [51]. More-
over, the broad band in the range 3000—3750 em~! (C110 sample) is
most likely due to hydroxyl groups bonded to Al [30]. The obtained
results, therefore, indicate that there are significant differences in the
dehydration of samples when compared to conventional castables. With
increasing heating temperature band associated with water deformation
vibrations narrows, but completely vanishes at temperature above 700
°C. The SEM analysis confirms that the microstructure of the obtained
castables was extremely dense, and as a result of this, it was possible that
hydrothermal conditions were created in the castables sample during
the firing process. This most likely results in the rehydration of Al;Os.
The results obtained are unprecedented of in the scientific literature.
Additionally, the FTIR spectra of samples fired at 900 °C, 1000 °C, and
1200 °C show the presence of bands characteristic of MgAl,04 (553 and
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Fig. 7. a—c. Detailed microstructure analysis (SEM images with magnification of 10 000x) of the MgO-fume bonded corundum castables matrix after heat treatment

at 110, 900 and 1200 °C and EDS analysis results.

Fig. 8. Microstructure overview and SEM-EDS analysis in line-scan mode of the
MgO-fume bonded corundum castables matrix after heat treatment at 900 °C.

692 cm™ 1), which is consistent with the XRD results shown in Fig. 9. The
presence of spinel bands in a sample fired at 900 °C further indicates that
the spinel comprised amorphous. MgAl,04 which underwent crystal-
lisation as its amount increased with the increase in temperature.

The thermal stability of a no-cement spinel-forming refractory cast-
ables matrix was determined at 110, 390, and 500 °C using simultaneous
application of thermogravimetry (TG) and differential scanning calo-
rimetry (DSC) in conjunction with coupled with mass spectrometry
(EGA-MS). The analysis results are shown in Fig. 11. The black lines
represent the weight loss of the samples mentioned above as a result of
thermal decomposition. Additionally, the thermal decomposition of the
castables matrix-based samples occur in a series of steps, even when the
samples have been pre-heated. Consequently, the weight loss in the
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Fig. 9. Low-temperature XRD patterns of the castables matrix after heating in
appropriate temperature in the range of 5-45 °. Down arrowheads: a-Al,O3
(JCPDS Card No. 96-900-9674), clover: p-Al,O3 (ICDD Card No. 01-084-0381),
degree sign: MgO (ICDD Card No 00-045-0946), diamond: MgAl,O4 (JCPDS
Card No. 96-900-3481.

C_110 sample was attributed to thermal decomposition of Mg(OH); and
various forms of hydrated aluminas, whereas weight loss in the C_390
and C_500 samples was attributed to thermal decomposition of hydrated
aluminas. As a result, it can be assumed that the in-situ rehydration of
the intermediate decomposition products occurred within the dense
structure of nano-bonded MgO-containing castables. As a result, a im-
provements in the properties of castables at intermediate temperatures
are expected. Moreover, the thermal decomposition of the hydraulically
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Fig. 11. Thermal analysis results of no-cement spinel-forming refractory cast-
ables matrix after heat-treatment at selected temperatures.

bonded castables was assumed to occur in a few steps. Up to ca. 250 °C,
both physically bound water and zeolitic water were lost in the inter-
layer regions. Additionally, more strongly bound water and the hydroxyl
units found in the structure of hydrates were lost above ca. 250 °C.

3.5. Physical properties of the spinel forming refractory castables

The evolution of the microstructure and property changes of
corundum-spinel refractory castables may be attributed to structural
changes that occur within the matrix, as well as to the processes related
to sintering. Based on the changes in sonic velocity following samples
dried and fired at 425, 700, 900, and 1200 °C were chosen for further
investigation. Subsequently, the refractory castable samples were sub-
jected to both 3-point bending and compression tests. The results of the
changes in sonic velocity and calculated Young’s modulus (calculated
using Eq. 2) vs. firing temperature, as well as the results of apparent
density and porosity, cold crushing strength, and cold modulus of
rupture are summarised in Figs. 12 and 13a, b, respectively.

According to the obtained results it can be seen that as firing tem-
perature increased, the sonic velocity changed in three distinct stages.
The primary stage comprised a reduction in sonic velocity (up to 390 °C
firing temperature). The second stage involves a gradual increase up to
600 °C firing temperature followed by a decrease (up to 800 °C firing
temperature). Finally, above 900 °C, the sonic velocity increases once
again. The first sonic velocity change is almost certainly due to the
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°C) refractory castables.

elimination of physically and chemically bound water which results in
the breakdown of hydraulic bonding in the matrix of refractory castables
and a slight increase in apparent porosity. It is worth noting that heating
above 425 °C results in an increase in sonic velocity. The increase in
sonic velocity in samples heated at temperatures between 425 and 600
°C seems to have two overlapping reasons, one being is compacting of
the castables microstructure due to the presence of nano-particles
introduced previously with water-dispersed sol of fumed alumina, the
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second being the rehydration of matrix components, which was
confirmed by previous results. When the firing temperature reached 600
°C, the increase in sonic velocity was halted. According to previous
findings, MgAl;04 spinel can be synthesised at temperatures greater
than 700 °C when Mg-Al hydrotalcite is used as a precursor. According
to current knowledge, the process of in-situ spinel formation is associ-
ated with an increase in volume, which results in an increase in apparent
porosity and the formation of a few microcracks in the microstructure.
The decrease in sonic velocity and increase in apparent porosity of re-
fractory castables fired above 600 °C may be attributed to the formation
of fine crystalline spinel from Mg-Al hydrotalcite-like phases. Due to the
small particle size of magnesium- alumina spinel, which was most likely
synthesised from Mg-Al layered double hydroxides the increase in
apparent porosity of castables fired to 900 °C is negligible. Sintering
occurs at temperatures greater than 900 °C, resulting in the formation of
a ceramic bond and an increase in cold crushing strength and cold
modulus of rupture. On the other hand, a significant increase in
apparent porosity can be observed as a result of increased magnesium
alumina spinel synthesis. Due to the overlap of two processes (spinel
synthesis and sintering), the increase in sonic velocity along the sam-
ple’s longest direction at temperatures ranging from 900 to 1200 °C is
negligible.

4. Summary and conclusions

First, the complete structural (XRD, FTIR and 27A1 MAS NMR) and
thermal characterisations [DSC-TG-EGA(MS)] of hydrotalcite MggAls.
CO3(0OH)14+4H20 and its calcination and reactive sintering products
were performed as a part of the fundamental research on the hardened
blended paste initially composed of both MgO and Al,03 nanopowders.
This approach was used to simulate subsequent reactions that occur
within the fine-grained matrix of the in-situ spinel-forming castables.
From these findings it is clear that the calcination of hydrotalcite results
in the formation of mixed oxides, which can be obtained via reactive
sintering at relatively low temperatures to generate spinel.

Second, two commercially available magnesia raw materials, namely
dead-burned and fused magnesium oxide micropowders, in combination
with aluminum oxide nanopowder or aqueous dispersion of hydrophilic
fumed aluminium oxide (Evonik Aerodisp W 450 ZX), were mixed with
water, cured at 50 °C for up to 7 days, and evaluated for their ability to
synthesise hydrotalcite in a time-dependent manner. After 12 h of hy-
dration, structural investigations confirmed the trace amounts of
MgAl;,CO3(0H) 4-4H20 in the samples composed of fused or dead-
burned MgO and nanometric Al,O3 powder. Additionally, the pres-
ence of nanometric alumina demonstrated an increased hydrotalcite
formation efficiency. Moreover, due to the ease of distribution and lack
of dusting, the Al;,03 was introduced into the castable matrix as a water-
dispersed sol of fumed alumina.

Third, a fine-grained matrix of the in-situ spinel-forming castables
was isolated directly from the precast beams and characterised using
XRD, FTIR, and DSC-TG-EGA(MS). After firing at temperatures up to 700
°C, the FTIR spectrum of the castables matrix separated from the inert
grains revealing the presence of a band at 1408 cm ™! associated with
H20 deformation vibration. Thermal analysis confirmed the presence of
water as well. This indicates that the in-situ rehydration of the inter-
mediate decomposition products occurred within the dense structure of
the castables. According to the obtained results, after firing at 900 °C, a
characteristic diffraction peak associated with the presence of MgAl,O4
appears. This confirmed the formation of spinel phase at low tempera-
tures within the castable matrix.

Finally, both the results of the sonic velocity test and the mechanical
investigation indicate that the castables exhibit improved properties at
intermediate temperatures when compared to conventional castables.
This is most likely due to two overlapping factors: the first one being is
the extremely dense microstructure, which was confirmed by SEM-EDS
analysis, and investigation, and the second being the rehydration of
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matrix components. These findings, therefore, establish a direct link
between the matrix structural changes and the properties of refractory
castables.

Thus, several certain conclusions can be drawn from the obtained
data:

1 Hydration of dead-burned or fused magnesium oxide mixed with
nanometric alumina oxide in the form of powder or sol allows for the
facile preparation of Mg-Al hydrotalcite.

2 The thermal decomposition of samples containing primarily
MgsAl,CO3(0OH) 6°4H20 is associated with structural changes
caused by the removal of interlayer water and the dehydroxylation
process, which ultimately result in the formation of Mg-Al spinel and
magnesium oxide.

3 The use of a water-dispersed sol of fumed alumina results in a
significantly denser, which facilitates the in-situ rehydration of the
castable matrix intermediate decomposition products.

4 By combining dead-burned or fused magnesium oxide with a water-
dispersed sol of fumed alumina as a refractory castable matrix,
properly selecting the curing conditions, and then firing at 900 °C,
Mg-Al hydrotalcite is first formed, followed by low temperature
spinel synthesis.

5 The results of sonic velocity tests and mechanical measurements of
the smart refractory castables demonstrate the relationship between
matrix structural changes (i.e., thermal decomposition of hydro-
talcite, rehydration of intermediate decomposition products, low
temperature spinel synthesis, and sintering) and properties of re-
fractory castables.

It was demonstrated that compared to conventional CAC-containing

castables, MgO-bonded alumina-based castables without silica fume

exhibit no strength loss at intermediate temperatures.
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Thermomechanical properties are the most important for refractories and these give an idea about the bonding
strength between the fine-grained matrix and the aggregates in the refractory body. Mentioned properties
characterize the deformation of the refractories at high temperature, mainly due to the formation of the liquid
phases of different quantity and viscosity. The objective of this study is to elucidate the role of the Mg-Al spinel
content, stoichiometry and synthesis method on structural, microstructural, thermomechanical and other

properties NCCs and ULCCs. The results show that the differences in thermomechanical performance of the
ULCCs can be related to the CAg, Al;03 and both pre-formed and in situ Al-excess Mg-Al spinel contents, whereas
NCCs exhibit the best performance decreasing with an increasing the Al-rich spinel content. The thermodynamic
simulation via FactSage 8.2 showed consistent results managing to indicate the effect of liquid phase on the
thermomechanical properties of castables.

1. Introduction

According to current state of knowledge, castable refractory mate-
rials have found more and more applications in the last 20 years. The
growing interest results mainly owing to their advantages in work-
ability, energy-saving and cost efficiency [1,2]. In view of good ther-
momechanical properties and thermal shock resistance, high alumina
refractory castables are one of the most popular within the various
monolithics [3-5]. Nevertheless, the type of binder and its properties
have a significant influence on the final properties of refractories such as
green mechanical strength, mechanical properties, Refractoriness Under
Load (RUL), creep in resistance (CIC), Hot Modulus of Rupture (HMoR)
and Thermal Shock Resistance (TSR). Calcium aluminate cement (CAC)
is widely used binder in the refractory industry due to its properties such
as suitable working, curing and demolding times, good resistance to
chemically aggressive environments, good high- temperature resistance
and rapid strength development [1, 6-11]. In general, calcium hex-
aluminate (CAg, CaOe6Al,03) is the main compound that forms at high
temperatures in refractory systems based on calcium aluminate cements.
It must be emphasized that an important aspect associated with calcium
hexaluminate formation is its distribution within the refractory matrix.
According to various literature sources [12-15], the CAg crystals
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location in the refractory microstructure depends on both microsilica
content and type of spinel (generated in situ or pre-formed). In re-
fractory castables which contain SiOj, the presence of in situ Mg-Al
spinel leads to CA¢ formation mainly at the border of the coarse
alumina grains, while the presence of pre-formed spinel is associated
with CAg formation within the matrix region [16,17]. The synthesis of
CAg takes place in several stages. Liquid phase with chemical compo-
sition similar to gehlenite is formed initially. Subsequently, CaM-
g2Al1602; precipitation from mentioned liquid phase followed by
CapMgoAlpgO46 formation takes place. The final stage is both CAg and
MgAl,0, generations. Mg>" ions are characterized by faster diffusion at
elevated temperatures than Al>" ions, thus in situ spinel is formed in the
matrix region and at the border of the alumina aggregates. This is also
associated with even distribution of calcium hexaluminate crystals
within microstructure. Nevertheless, the application of CAC favors the
formation of low-melting phases during heating due to the presence of
bauxite, mullite and microsilica in this type of castable [11,18,19].
Hence, the ultra-low cement castables (ULCCs) and cement-free/
no-cement-content (NCCs) have developed rapidly in recent years and
are widely used for e.g., steel ladles. These refractory castables exhibit
valuable properties, including good thermal conductivity, low thermal
expansion coefficient, good thermal shock resistance, good corrosion
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resistance and high strength at both high and low temperatures [20-22].

The development of various new binders e.g. hydratable alumina
[23-25], ultrafine-Al;03 and MgO particles, colloidal silica [26-28],
and mullite sol [29] has expanded the horizons for refractory technol-
ogists. The trend of recent years is the search for smart and modern
supplementary binders, which constitute eco-friendly alternatives to
CAC. Such an environmentally friendly alternative is the mixture of
Al,03 and MgO powders mixed with water. We have previously
demonstrated [30-34] that by combining MgO powder with both
powder or water-dispersed sol of fumed Al;O3 as a refractory castable
matrix components, properly selecting the curing conditions, and then
firing, Mg-Al hydrotalcite (MggAloCO3(OH)16-4 H20) is first synthe-
sized, followed by low-temperature in situ MgAl,O4 synthesis through
the formation of MgO-Al,O3 mixed oxides. The synthesis of Mg-Al
hydrotalcite takes place in few stages and forms through the disap-
pearance of initially formed magnesium hydroxide. Firstly, Mg(OH) is
precipitated as a layered structure on the surface of MgO and slightly
dissolved. The release of Al(OH); ions occurs also. Secondly, the
nucleation phase begins and precipitation of the MggAls
CO3(0OH);14:4 HO takes place. The thermal decomposition of samples
containing pure Mg-Al hydrotalcite is associated with structural changes
due to the removal of interlayer water and the dehydroxylation process,
which ultimately result in the formation of Mg-Al spinel and MgO [30,
33].

The most commonly used method for obtaining Mg-Al spinel is the
solid-state reaction of Al,0O3 and MgO at 1600-1800 °C. During ceramic-
powder processing formation of MgAl,04 occurs by opposite directed
diffusion of the aluminium (AI**) and magnesium (Mg2+) ions through
the rigid oxygen lattice of spinel [35]. The unit cell of spinel is charac-
terized by general formula AB204 in which the cations A and B occupy
tetrahedral and octahedral sites, respectively. According to the various
literature sources two types of spinel can be distinguished: normal in
which all sixteen AI*" jons are in octahedral coordination and all of
eight Mg?™ ions are in tetrahedral coordination and inverse in which the
Mg?t and AI®* ions occupy the octahedral sites in equal proportions.
Moreover, there exist intermediate phases with random cation distri-
butions. This kind of partial inversion may be described as disorder
parameter y, which is the fraction of octahedral sites occupied by Mg?*
ions and ranges from O for the normal spinel to 0.5 for the inverse spinel
[36]. Thus, the general formula may be written as (Mgi_2,Alo,)
[Mg2,Al> 2,104, where () and [] denote tetrahedral and octahedral sites,
respectively.

On the other hand, the general formula of spinel can be written as
MgOxAl,03 also. In many cases x is greater than 1, which indicates
nonstoichiometry where excess AI** ions occupying tetrahedral sites,
substitute for Mg?" ions. The AI** ions are characterised by smaller
diameter than Mg?", thus proportional decrease of lattice parameter
with the amount of excess Al*" is observed. As some authors [37,38]
have suggested, the excess Al>* ions implemented a substitution defect
on the tetrahedral magnesium site (Al,'v,g) or magnesium vacancy (V;,,g) is

formed to compensate for the excess positive charge as demonstrated in
the following equations:

4AL 03 —06AL, + 120, + 240, + V. €}

ALOs—2AL, + 3045+ Ve +V,, @)

It is worth to notice that the quantity and type of defects both on the
surface and in the bulk of the material changes as a function of spinel
stoichiometry. According to various literature sources [39-41] defects in
structure may lead to changes in the properties of material such as:
surface and optical properties. Nevertheless, there are no published data
concerning relationship between spinel stoichiometry and both ther-
momechanical and mechanical properties of spinel- containing re-
fractory materials. Most of the scientific work [2, 42-45] focuses on the
correlation between the amount and grain size of both pre- fabricated
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and generated in situ magnesium aluminate spinel. It has been found
that an optimal amount of pre- formed spinel ranges from 15 to 30 wt%
while the most favourable content is between 20 and 25 wt% [2]. The
thermomechanical properties like HMoR and RUL of low-cement con-
tent castables are improved by adding high purity magnesium aluminate
spinel as shown by various authors [2,46,47]. The increase of these
thermomechanical properties may be associated with the bridging be-
tween the spinel grains and the CAC crystals formed at high tempera-
tures [48,49]. Moreover, the pre-formed spinel addition enhances the
TSR of alumina-based castables which may be explained by the different
thermal expansion coefficients between spinel (o = 7.60107° K1) and
alumina (xAly03 = 8.5¢10°% K1) [50-52]. The different expansion is
associated with microcracks formation within the castable matrix that
act as crack branchers and thus the TSR is improved [2]. On the other
hand, according to the current state of knowledge, in situ spinel forming
castables exhibit better properties e.g. slag resistance, both mechanical
and thermomechanical properties, compared to pre-formed spinel con-
taining castables. This is associated with more evenly distributed spinel
grains within castable matrix [53]. However, the in situ spinel formation
is associated with a relatively large volume expansion of about 8% and
increase in porosity. This volumetric expansion may lead to spalling of
castable linings due to the lack of the volume stability [2] while increase
in apparent porosity deteriorate the mechanical strength (cold modulus
of rupture MOR and cold crushing strength CCS). Braulio et al [42]
confirmed that the MgO grain size affects the expansion of spinel con-
taining castables. The increase in the MgO grain size is associated with
reduction in the magnesium aluminate spinel content and lead to a
higher overall expansion. Additionally, the presence of coarse, unreac-
ted magnesium oxide grains could be associated with the crack propa-
gation during thermal cycling because of thermal expansion mismatch
between alumina, spinel and magnesia [18, 50-52, 54]. Additionally,
Shuhe Hu et al. [45] reported that the thermal shock resistance is
improved while HMoR is decreased of spinel- forming castables with
augmenting the MgCO3 amount to 2.0 wt% which was used as spinel
precursor. All mentioned above examples show how much important is
properly designed castable composition and thus microstructure. The
microstructure elements including apparent porosity, size, morphology
and distribution of the crystalline phases and amount, composition and
distribution of liquid phases determine the mechanical and thermo-
mechanical properties significantly. RUL, CIC and HMoR properties are
related to the formation of the liquid phases of different quantity and
viscosity and thus strength of bonding between the fine-grained matrix
and the aggregates. Solid-state compatibility and melting relationships
in the Al,03-MgO-CaO-SiO,, Al;03-Ca0O-SiO, and Al,0O3-MgO-CaO
systems were studied by many authors [55-59]. The presence of
microsilica significantly decreases the eutectic temperature. In the
quaternary system Al,O3-MgO-CaO-SiO, such phases may coexist
together: CA,-CA-CoAS, CM5Ag-C2AS-CAS,, CAS,-CMS5-S,
C2MS,-CS-CoAS, and CMoAg-CAS»-A (A-Al,O3, M-MgO, C-CaO, S-Si03).
For example CAS; causes the formation of liquid phase in the presence of
C2AS or MA at 1400 and 1425 °C, respectively, [56,59]. The high tem-
peratures (1730 °C) of first liquid phase formation in the alumina rich
part of AlpO3-MgO-CaO system explains good thermomechanical
properties of castables designed in this area of the ternary system,
particularly if they are formulated within the Al,O3-MgA-
1,04-CaAl;5019 subsystem. In that case the temperature of first liquid
formation is about 1850 °C [55].

The objective of this study was to elucidate the role of the Mg-Al
spinel content and synthesis method on structural, microstructural,
and both mechanical and thermomechanical properties of cement-free
(NCCs) and ultra-low cement castables (ULCCs). For this purpose
cement-free and ultra-low cement containing castables with different
type of spinel (in situ spinalization, mixed in situ spinalization and pre-
formed) were prepared and subjected to RUL, CIC, HMoR and other
measurements. The thermodynamic simulation via FactSage 8.2 allowed
to determine the possible phases formed, the temperature of liquid
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phase formation, the liquid content versus temperature and Mg-Al spinel
composition changes versus temperature.

2. Experimental part
2.1. Materials preparation

In this work, three type of cement-free (NCCs, CAC-free spinel-
forming castables) and two type of ultra-low cement containing (ULCCs,
CAC-containing alumina-based spinel-forming/spinel-containing mixed
castables) vibratable castables were designed considering the Dinger
and Funk particle packing model and distribution coefficient (q) equal to
0.26. Tabular alumina (grain size: 0-6.0 mm, Almatis) and Al-rich
magnesium aluminate spinel (AR 90 grain size: 0-0.5 mm Almatis)
were used as aggregates. The matrix for no-cement content castables was
obtained by mixing dead-burned magnesia, reactive alumina (CTC 40,
Almatis), microsilica (Elkem, 971) and some amount of Al;03 sol. On the
other hand the CAC- containing castables matrix comprised calcium
aluminate cement (Gorkal 70, 30% CaO) dead-burned magnesia, reac-
tive alumina, microsilica and additives (water, Castament® FS 20 from
BASF). Table 1 lists the nomenclature and compositions of the castables.
Calculations of CAC-containing alumina-based spinel-forming/spinel-
containing mixed castables composition included 3 wt% of MgO intro-
duced as magnesia fume and pre-formed spinel. This calculation method
of the initial composition of castables is unparalleled in the literature of
refractory materials. In the laboratory-scale mixer, the mixtures were
dry-mixed for 5 min and then wet-mixed for 5 additional minutes.
Subsequently, vibration was used to cast the mixed castables into
40 x 40 x 160 mm and 230 x 110 x 60 mm moulds. The castable
samples were then de-moulded after 24 h. CAC-containing alumina-
based spinel-forming/spinel-containing mixed castables samples were
immediately dried at 110 °C for 24 h, while CAC-free spinel-forming
castables were firstly cured for at 50, 70 and 90 °C in a laboratory cli-
matic chamber. Subsequently, samples were dried at 110 °C for 24 h
also. After 24 h of drying at 110 °C, each sample was fired at 1500 °C
with retention time 10 h.

The specimens of 40 x 40 x 160 mm were made for the measure-
ment of the apparent porosity, bulk density and both mechanical (MOR
and CCS) and thermomechanical (HMoR, TSR) tests. Additionally, both
before and after first TSR test the cross-polish section was examined
using a scanning electron microscope.

Samples of 230 x 110 x 60 mm were subjected to mechanical
treatment in order to prepare them for further testing. A cylindrical test
pieces (diameter and height 50.0 + 0.5 mm with coaxial bore of
12-13.0 mm) for RUL and CIC tests have been cut. For X-ray diffraction
(XRD) the castable pieces were ground using a ball mill to obtain fine
powders with grains below 63 um.

Table 1

Journal of the European Ceramic Society 44 (2024) 1239-1255
2.2. FactSage 8.2 thermodynamic simulation

The chemical thermodynamic results, containing the details of the
possible phases formed, the temperature of liquid phase formation, the
liquid content versus temperature and Mg-Al spinel composition
changes versus temperature were generated by entering the represen-
tative oxides of the chemical composition of the five castables (Table 2),
in the “Equilib” module of the FactSage version 8.2 software, using the
selection options “A-Slag-liq all oxides + S”, “A-Spinel” and “A-Mon-
oxide” for CAC-free systems, and “A-Slag-liq all oxides + S”, “C-Spinel”
and “A-Monoxide” for CAC-containing systems. For all phases, the se-
lection option was used as “possible 2-phase immiscibility”. The data-
bases “FactPS”, “FTmisc” and “FToxid” were used in all calculations.
Calculation parameters were set at 1 atm pressure of air. All calculations
were performed from 1000 °C to 1600 °C with an interval of 100 °C.
Additionally, the changes in spinel composition within the MgO-Al,0O3-
CaO system with increasing temperature and CaO content (between 1 wt
% and 5 wt%) has been simulated. Mentioned calculations were per-
formed from 1300 °C to 2000 °C with an interval of 50 °C. Calculations
were made for both modeled stoichiometric Mg-Al spinel and Al-rich
Mg-Al spinel which chemical composition used as inputs for FactSage
8.2 thermodynamic simulations shows Table 2.

2.3. Detailed description of characterisation techniques

The XRD patterns were recorded on a XPert Pro PANalytical
diffractometer within the range of 20 values between 5° and 90° using
Cu Ka radiation (A = 1.54060 nm) at 45 kV (step size of 0.008°). The
phases were identified using HighScore Plus software (Panalytical) used
in conjunction with the ICDD-supported PDF-2 database and the JCPDS
database (Powder Diffraction Files, Joint Committee on Powder
Diffraction Standards, Philadelphia PA, USA, 1997).

The bending strength of refractory castables was measured by a 3-
point bending test using a specimen of 40x40x160 mm, a span of
100 mm and a test speed of 50 N/s. In order to determine the CCS, half
of each sample after the 3-point bending test, was placed in the

Table 2
Chemical composition of castables used as inputs for FactSage 8.2 thermody-
namic simulations.

Castable compositions Oxides [wt%]

Al,O3 MgO SiO, CaO
NCC_3M 95.98 2.96 1.06
NCC_5M 94.00 4.94 1.06
NCC_7M 92.02 6.91 1.07 -
ULCC_3M_2Mw 95.07 2.99 1.05 0.89
ULCC_3M_1Mw 95.03 3.02 1.05 0.90
Stoichiometric spinel MA 71.67 28.33 - -
Al-rich spinel 90.00 10.00 -

Nomenclature and composition of cement- free and ultra-low cement containing castables.

Composition of samples [wt%] Designation of samples

CAC-free spinel-forming castables

CAC-containing alumina-based spinel-forming/spinel-mixed castables

NCC_3M NCC_5M NCC_7M ULCC_3M_2Mw ULCC_3M_1Mw

Tabular alumina (1.0-6.0 mm) 38.42 38.42 38.42 40.14 39.64
Tabular alumina (0-1.0) 42.17 42.17 42.17 27.14 18.28
Spinel AR 90 (0-0.5 mm) - - - 10.53 21.16
Reactive Al,O3 15.41 13.41 11.41 15.90 15.70
Dead-burned MgO 3.00 5.00 7.00 2.01 0.99
SiO, micro-powder 1.00 1.00 1.00 1.12 1.11
CAC - - - 3.16 3.12
Al,03 sol + + + - -
Dispersing additive 0.10 0.10 0.10 0.10 0.10
Water 3.50 3.50 3.50 4.50 4.50
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compression testing equipment. The loading speed was 2.4 kN/s. Both
MOR and CCS measurements were carried out according to EN
196-1:2005 and EN 993-5:1998 standards, respectively.

Bulk density and apparent porosity tests of refractory castables
samples were carried out by standard methods, based on the Archi-
medes’ principle, according to the PN-EN 993-1:2019-01 standard.

The Refractoriness Under Load (RUL, Netzsch, RUL 421) was
determined according to the PN-EN ISO 1893:2008 standard. A cylin-
drical test piece was subjected to a constant compressive load (0.2 MPa)
and heated at a 5 °C/min up to 1500 °C. The deformation of the test
piece was recorded as the temperature increases, and the temperatures
corresponding to specific deformation were determined.

The HMoR and CIC were determined according to PN-EN ISO
1927-6:2013-06 and PN-EN ISO 1927-6:2013-06 standards, respec-
tively. To describe creep of each analysed samples the 6-projection
concept [35, 60-63] was used. According to this model, the following
constitutive relationship is proposed to evaluate the creep curve
behavior of refractory castables:

e=00(1—c ) +0; 00,01 3)
where ¢ is the creep strain [%], 61, 02, 03 and 04 are the fitting param-
eters, t- time [min]. Based on the experimental creep deformation-time
curves the 6; parameters were calculated by using the Origin software
(OriginLab Corporation, USA, 2022) and the ExpLinear function.
Mentioned mathematical fitting leads the following equation:

4

where p;, p;, ps and p; correspond to 6;, 0,71, —6,and 03 e 0,,
respectively.

The TSR of the corundum-spinel castables were carried out according
to own laboratory procedure based on the ASTM C1171 - 05 standard.
The samples with dimensions of 40x40x 160 mm were put into furnace
with a temperature of 950 °C for 45 min before they were shocked by
quenched into water at 20 °C for 3 min. The percent sonic velocity along
the longest direction of each specimen before and after each heating and
cooling cycle was measured using the following equation:

Vi

-V
20" o 100[%]
Vo

y=piee4pitp ex

(5)

Where Vy-original sonic velocity of each specimen [m e s7!].

V- sonic velocity of each specimen after testing [m e s7!].

The TSR was additionally evaluated by comparing the MOR and CCS
of three samples of each composition before first and after third and fifth
thermal procedure.

A scanning electron microscope (SEM JEOL 6610) was used to
investigate the changes in microstructure that occurred as a result of the
castables TSR tests. Electron-probe microanalysis with an energy
dispersive X-ray spectrometer (OXFORD X-Max) was used to determine
the chemical compositions of the castables by EDS surface mapping.
Castables samples both before and after first heating and cooling cycle
was polished and using a pressing force of 40 [N], a rotational speed of
300 RPM, and a continuous water wetting of the diamond surface disc.
After polishing, the specimen was placed in an ultrasonic cleaner with
isopropyl alcohol in a baker for approximately an hour. The final stage
was gold plating using sputter coater Cressington.

3. Results and discussion

3.1. Evaluation of thermodynamic simulation (FactSage 8.2) for the
interpretation of the thermomechanical properties of castables

3.1.1. FactSage simulations of spinel composition
Mg-Al spinel composition changes versus temperature were simu-
lated using FactSage 8.2. This was done to predict and compare the
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products expected during the heat-treatment tests in RUL and CIC. The
chemical compositions used for the preparation of each refractory
castable (Table 2) were used as input in FactSage 8.2. Fig. 1 to Fig. 2
show the mass fraction of the products that were predicted by FactSage
8.2.

At temperatures higher than 1000 °C, FactSage 8.2 predicts the
formation of spinel for the CAC-free spinel-forming castables. The Mg-Al
spinel consists of Al304 [1 + 1, AlO4 [5-]1, MgAly04, AlMgy04 [1-],
Mg304 [2-] and MgO4 [6-] fractions, according to the FToxid-SPINA
database (A-Spinel oxide Spinel (cubic) AB5O4-type cubic spinel solu-
tion containing Al-Mg-O (2 + and 3 + oxidation states only)). These
fractions vary with temperature, as shown in Fig. 1, for the NCC_3M,
NCC5M and NCC.7M castables. For the ULCC_3M_2Mw and
ULCC_3M_1Mw castable compositions, the Mg-Al spinel consists of
Al304 [1 + 1, AlO4 [5-1, MgAl;04, AIMg204 [1-1, Mg304 [2-1, MgO4 [6-],
CaAly04 [1-] and MgCap04 [2-] fractions, according to the FToxid-
SPINC database (A-Spinel oxide Spinel (cubic) AB;O4-type cubic spinel
solution containing Al-Mg-O (2 + and 3 + oxidation states only).

As shown in Figs. 1 and 2, two of these curves, called the MgAl,04
and Al30y4, clearly confirm the existence of cluster structure in Mg-Al
spinel phase. A three-sublattice model has been used with Mg2+ and
AI** mixing on tetrahedral and octahedral sites while 02 fills the third
sublattice. When Al304 spinel is mixed with MgAl,O4 spinel to form
spinel solid solution, AI** can enter in both tetragonal and octahedral
sites of the spinel. Thus, this solution is the spinel solid oxide solution
MgAl,04 dissolving excess Al;Os, called here Al-excess Mg-Al spinel. It
can be commented here that the thermomechanical properties of all
castable compositions were also affected by the microstructural changes
induced by the structural changes of spinel phase connected with an
increase in Al concentration. This structural changes as a result of
introduction of aluminum ions into the Mg- Al spinel structure were also
confirmed by XRD analysis (Fig. 3b) due to the shift in the characteristic
diffraction peak belonging to the spinel to a higher 26 value.

Fig. 3a,b show changes in mole fraction of Al, Mg, O and Ca in the
Mg-Al spinel phase obtained from FactSage 8.2 calculation during the
heat treatment of mixtures containing stoichiometric or Al-rich Mg-Al
spinel and CaO. Mixtures containing stoichiometric spinel or Al-rich
spinel and CaO whose content varied from 1 to 5 wt% were consid-
ered. The chemical composition of stoichiometric and Al-rich spinel
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Fig. 1. Mass fraction of Al3O4 [1 + ], AlO4 [5-]1, MgAl,04, AIMg,04 [1-],
Mg304 [2-] and MgO4 [6-] in the Mg-Al spinel phase obtained from FactSage
8.2 calculation during the heat treatment of castable compositions, according to
the FToxid-SPINA database. CAC-free castable compositions NCC_3M, NCC_5M
and NCC_7M.
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Fig. 2. Mass fraction of Al304 [1 + 1, AlO4 [5-]1, MgAl,04, AIMg,04 [1-],
Mg304 [2-], MgOy4 [6-], CaAl,04 [1-] and MgCas04 [2-] in the Mg-Al spinel
phase obtained from FactSage 8.2 calculation during the heat treatment of
castable compositions, according to the FToxid-SPINC database. CAC-
containing castable compositions ULCC_3M_2Mw and ULCC_3M_1Mw.

used as inputs for FactSage 8.2 thermodynamic simulations have been
presented in Table 2. According to obtained results it is clearly seen that
both the stoichiometry of spinel phase and initial amount of CaO in the
mixture significantly determines the Ca mole fraction. The Ca mole
fraction increase to the temperature of 1850 °C for mixtures containing
stoichiometric spinel, while for mixtures which contain Al-rich spinel,
the concentration of Ca increase to 1750 °C. Mentioned increase is
associated with the incorporation of Ca into spinel structure. Changes in
spinel composition are directly associated with the liquid phase
composition which amount increase with increasing temperature.

3.1.2. FactSage simulations of liquid phase

The RUL represents the resistance of refractory material to defor-
mation when heated at high temperature and load of 0.2 MPa for dense
refractory castables. CIC refers to the percent of shrinkage of a refractory
test piece under a constant load and exposed to a constant high tem-
perature over a long period of time. Whereas HMoR concerns the
maximum load at high temperature and is defined as the maximum
stress of a test piece which can withstand maximum load until it breaks.
Both RUL, CIC and HMoR are of more practical significance than
refractoriness of refractory material. As it is possible to see in Fig. 6,
Fig. 7, Fig. 8, Table 3 and Table 4, the RUL/CIC and HMoR results
(Fig. 6, Fig. 7, Fig. 8) are very dependent on liquid content (Table 3,
Table 4) as calculated from equilibrium FactSage 8.2 considerations.
Analyzing the FactSage 8.2 results, it can be seen that all castable
compositions showed liquid phase formation. Table 3 presents the re-
sults of calculations for the finding the temperature at which the tar-
geted liquid phase begin to form (temperature of first liquid phase
formation). The results presented in Table 4 showed that the formation
of liquid phase was mainly affected by an increasing temperature. For
NCC_3M, NCC_5M and NCC_7M compositions, the liquid phase forma-
tion occurred at 1471°C, whereas for ULCC_3M_2Mw and
ULCC_3M_1Mw samples it happened close to 1432 °C. It is well estab-
lished that there is a strong correlation between mass fraction of liquid
obtained from FactSage 8.2 calculation versus temperature (Table 4)
and RUL-CIC results for all castable compositions (Fig. 6 Fig. 7). Addi-
tionally, it is clearly seen that amount of liquid phase content strongly
depends on the spinel content.

Fig. 6, Fig. 7 presents the RUL and CIC curves of the five castables
after firing at 1500 °C. CAC addition had significant effect on the
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percent of shrinkage of castables test pieces under a constant load of
0.2 MPa and exposed to a constant high temperature (1500 °C) over a
long period of time (25 h). This deformation is mainly related to the
presence of large amounts of liquid phase (Table 4) and spinel distri-
bution/the amount, particle size and distribution of spinel in these two
alumina-based spinel-forming/spinel-containing mixed castables with
an initial MgO content of 3 wt% (ULCC_3M_2Mw, ULCC_3M_1Mw). It is
worth noting that the ULCC_3M_2Mw sample showed higher amount of
in situ spinel formation from dead-burned magnesia and alumina within
the fine-grained refractory matrix. On the other hand, CIC tests revealed
an reduction in the creep behavior of three CAC-free spinel-forming
castables treated at 1500 °C in comparison to the CAC-bonded alumina-
spinel castables, since to three CIC curves derived from NCC_3M,
NCC_5M and NCC_7M samples lie above the curves belonging to both
ULCC_3M_2Mw and ULCC_3M_1Mw samples. Moreover, the findings
from both RUL-CIC and XRD results, and FactSage simulations presented
here demonstrate that the deformation resistance determined in the
RUL-CIC and HMOoR tests (Figs. 6, 7, 8) of the 3 M, 5 M and 7 M spinel-
forming refractory castables depends mainly on the spinel content
(Table 5), since the chemical composition of liquid phase versus tem-
perature predicted based on the FactSage 8.2 are the same for these
three NCC_3M, NCC_5M and NCC_7M samples. In this regards, the
softening behavior is similar for NCC_3M and NCC_5M samples up to
1500 °C, and these composition were better correlated with NCC_7M.
Furthermore, the CAC-free compositions were more resistant to creep at
1500 °C (Fig. 7) in comparison with the CAC-containing castables both
ULCC_3M_2Mw and ULCC_3M_1Mw samples. The RUL-CIC properties of
these two samples are not consistent with the NCC_3M sample, where an
initial MgO content was kept constant at 3 wt% in these three castable
compositions. It can be hence concluded that the RUL-CIC properties of
the ULCC_3M_1Mw and ULCC_3M_2Mw castable compositions were
affected mainly by the amount of spinel phase and particle size distri-
bution of all crystalline phases.

Based on the FactSage 8.2, according to the FToxid-Slag database for
both CAC-free spinel-forming castables and CAC-bonded alumina-spinel
castables compositions chemical composition predictions of liquid phase
versus temperature were performed. As mentioned above, predicted
chemical composition of liquid phase versus temperature there is no
change in composition within the compositions of CAC-containing and
CAC-free corundum castables. The liquid at 1500°C predicted by
FactSage consists mainly of Aly03 (39.95%), MgO (16.43%) and SiO2
(43.62%) for NCC_3M, NCC5M, NCC_7M castable compositions,
whereas it consists mainly of Al,O3 (38.66%), MgO (8.66%), SiO;
(38.01%) and CaO (14.67%) for ULCC_3M_2Mw and ULCC_3M_1Mw
castable compositions. It is worth to notice that with increasing tem-
perature the liquid phase is enriched with aluminum ions. The liquid at
1600°C predicted by FactSage consists of Al,O3 (48.16%), MgO
(15.90%) and SiO, (35.94%) for NCCs, whereas it consists of Al;O3
(48.03%), MgO (7.56%), SiO3 (29.20%) and CaO (15.22%) for ULCCs.
Moreover, with increasing temperature, both liquid phase content and
oxide content in liquid phase increase. It is worth noting that the
appearance of the liquid phase is a consequence of the appearance of
eutectics in a system equivalent to the given chemical composition. The
equilibrium liquid phase composition for CAC-free spinel-forming cast-
ables (NCC_3M, NCC_5M, NCC_7M) which chemical composition used as
inputs for FsactSage thermodynamic simulations have been presented in
Table 2 is 37.619 wt% Aly03, 46.015 wt% SiOz and 16.366 wt% MgO.
For both CAC-containing alumina-based spinel-forming/spinel-
containing castables ULCC_3M_2Mw and ULCC_3M_1Mw the equilib-
rium liquid phase composition is 33.893 wt% Al;03, 43.169 wt% SiOo,
14.324 wt% CaO and 8.6141 wt% MgO.

The findings presented here demonstrate that the key factors
affecting the thermomechanical properties of the castable compositions
investigated here can be summarized as follows: (i) the degree of direct
bonding among different particles; (ii) the amount, composition and
distribution of liquid phases; (iii) the amount, particle size and
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Fig. 5. Summary of the apparent porosity, bulk density (a) and mechanical properties (b) of NCCs and ULCCs after firing at 1500°C.
distribution of spinel phase, and (iv) the porosity of the castables. spinel-forming/spinel-containing mixed castables samples after firing at
1500 °C. Fig. 4b presents the same diffractogram of the examined cast-
ables within the narrower range 2 theta of 36.7-37.4°. Additionally, the
3.2. Characteristic of phase composition and physical properties of NCCs separation of main diffraction peak associated with magnesium alumi-
and ULCCs nate spinel was carried out using Gaussian deconvolution. The summary

of Gaussian deconvolution is presented in Table 5. Table 6 shows the
The castables samples were analysed using XRD to determine the quantitative phase composition of the both ULCCs and NCCs by the

phase composition of mentioned samples and to monitor changes in Rietveld method. Table 7 summarizes both lattice and oxygen parame-
magnesium aluminate spinel stoichiometry. XRD measurement was ters of the Mg-Al stoichiometric spinel ss and Al-excess Mg-Al spinel ss.
performed on samples obtained by crushing and grinding a piece of The XRD analysis revealed the presence of a-Al,O3 (JCPDS Card No.

castables. Fig. 4a presents the low-temperature XRD patterns of both 96-900-9674), Al-excess Mg-Al spinel ss (ICSD Card No. 98-005-6355)
CAC-free spinel-forming castables and CAC-containing alumina-based
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Fig. 7. Creep resistance (24 h at 1500 °C) of both ULCCs and NCCs prefired at 1500°C for 10 h.

and Mg-Al spinel ss (ICSD Card No. 98-009-6833) as the major phases in
each samples and CAg (ICDD Card No. 98-020-2616) as minor phase in
CAC-containing alumina-based spinel-forming/spinel-containing mixed
castables. The amount of magnesium aluminate spinel phase in NCCs
results from the spinel formation as a consequence of reactive sintering
of MgO and Al;03 while in ULCCs is a sum of both the addition of
prefabricated spinel as aggregates and generated in situ. We have pre-
viously demonstrated [31] that by combining dead-burned MgO with a
water-dispersed sol of fumed Al,O3 as a refractory castable matrix and
properly selecting the curing conditions leads to MggAls.
CO3(0OH) 404 HoO synthesis. The thermal decomposition of samples
containing primarily Mg-Al hydrotalcite ultimately results in the for-
mation of Mg-Al spinel and magnesium oxide [33]. The obtained results
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did not show the presence of MgO in the both CAC-free and
CAC-containing castables matrix. Magnesium oxide both added and
formed as a result of thermal decomposition and calcination of Mg-Al
hydrotalcite, finally reacted with the alumina oxide to generate spinel.
Additionally, these results confirm also that fully reacted samples were
obtained.

According to obtained results (Fig. 4a,b), it can be seen, that the main
diffraction peak associated with magnesium aluminate spinel shifts to-
wards a higher 26 value. This indicates that Al-excess Mg-Al spinel was
obtained in the examined samples due to the excess of alumina oxide in
relation to magnesium oxide. It is worth noting that the position of
characteristic  diffraction peak belonging to spinel for both
ULCC_3M_1Mw and ULCC_3M_2Mw samples was more shifted towards a
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Table 3
Temperatures of first liquid phase formation for all castable compositions.

CAC-free spinel-forming castables ~ CAC-containing alumina-based spinel-forming/

spinel-containing castables

NCC_3M
1471 °C

NCC_5M
1471 °C

NCC_7M
1471 °C

ULCC_3M_2Mw
1432°C

ULCC_3M_1Mw
1432°C

higher 260 value than for CAC-free spinel-forming castables samples. This
indicates that Al-rich magnesium aluminate spinel aggregates were also
enriched in aluminium ions during firing process. Table 5 presents the
summary (full width at half maximum (FWHM), fitted 26 position, area
intg.) of the separation of main diffraction peak associated with mag-
nesium aluminate spinel. The obtained results for CAC-free samples
confirms the presence of both Al-excess Mg-Al spinel ss and Mg-Al spinel
ss in a 20 position approximately 36.97° and 37.06°, respectively.
Interestingly, obtained results for CAC-containing samples indicates the
presence of not only Mg-Al spinel ss but also Al-excess Mg-Al spinel ss
with two maxima in a 26 position approximately 37.07° and 37.12°. The

Table 4
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20 position and thus the difference in magnesium alumina stoichiometry
result from the initial castable composition. Moreover quantities of both
Al-excess Mg-Al spinel ss and Mg-Al spinel ss evaluated by the Rietveld
method were consistent with surface area of Gaussian deconvoluted
diffraction peaks.

According to the Rietveld quantitative analysis method (Table 6), the
highest content of Al-excess Mg-Al spinel ss was obtained in NCC_7M
sample which results directly from the highest magnesium oxide content
in castable composition. The ULCC_3M_1Mw, ULCC_3M_2Mw and
NCC_3M castables should have comparable amount of Mg-Al spinel.
Nevertheless, according to obtained results and Rietveld quantity anal-
ysis, ULCC_3M_1Mw sample contain higher total amount of magnesium-
aluminate spinel (16.9 wt%) than castables with equal content of MgO.
The total amount of magnesium- aluminate spinel is the sum of both Mg-
Al spinel ss and Al- excess Mg-Al spinel ss. The Al-excess Mg-Al spinel ss
content in ULCC_3M_1Mw is highest which is associated with the highest
AI** ion enrichment which is confirmed by both integrate area under the
peak and fitted position 20 (Table 5). Additionally, Al-rich Mg-Al spinel
ss in ULCC_3M_1Mw may be characterized by higher degree of

Table 6
The quantitative phase composition of both ULCCs and NCCs samples by the
Rietveld method.

Phase Sample
NCC.7M NCC5M NCC3M ULCC3M_IMw  ULCC_3M_2Mw
wt% according to Rietveld method
Al- 21.3 19.1 10.9 14.2 10.3
excess
Mg-Al
spinel
ss
Mg-Al 9.8 6.7 3.5 2.7 3.9
spinel
ss
a-Al03 68.9 74.2 85.6 78.7 81.2
CAq - - - 4.4 4.6
Table 7

Lattice and oxygen parameters of the Mg-Al spinel phases.

Phase Lattice parameter ag [A] Oxygen parameter
Stoichiometric Mg-Al spinel ss 8.0670 0.23739
Al-excess Mg-Al spinel ss 8.0410 0.23970

Mass fraction of liquid obtained from FactSage 8.2 calculation versus temperature for NCC_3M, NCC_5M, NCC_7M, ULCC_3M_2Mw and ULCC_3M_1Mw castable

compositions.

Temperature / °C

Castable compositions 1500 1550 1600 1650 1700 1750 1800 1850 1900 1950 2000

NCC_3M 2.43 2.67 2.95 3.28 3.71 4.29 5.16 6.64 9.68 18.65 67.03

NCC_5M 2.43 2.67 2.95 3.28 3.71 4.29 5.16 6.64 9.68 18.65 100

NCC_7M 2.45 2.70 2.98 3.31 3.74 4.33 5.21 6.70 9.77 18.72 100

ULCC_3M_2Mw 2.76 3.09 3.60 4.57 6.27 7.61 9.61 12.88 19.18 36.63 84.01

ULCC_3M_1Mw 2.76 3.09 3.60 4.57 6.32 7.67 9.68 12.98 19.31 36.85 84.81
Table 5

Results of fitting of XRD fitted to the Gaussian function of spinel phase.

Sample Mg-Al spinel ss Al-excess Mg-Al spinel ss

FWHM [°] Fitted position 26[°] Area Intg [%] FWHM [°] Fitted position 20 [°] Area Intg [%]
NCC_7M 0.10439 36.999 30.29 0.07844 37.063 69.71
NCC_5M 0.12913 36.982 27.71 0.09091 37.060 72.29
NCC_3M 0.11696 36.958 24.92 0.10795 37.052 75.08
ULCC_3M_1Mw 0.11545 36.928 11.86 0.136740.06364 37.06037.121 69.5518.59
ULCC_3M_2Mw 0.14308 36.965 22.71 0.132150.04474 37.08337.129 69.248.05
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crystallinity. Lattice parameter decreases with the amount of excess AI>*
ions (Table 7). The decrease in lattice parameter is due to the smaller
ionic radius of Al in comparison to Mg [37,38].

It is worth to notice that the differences between Mg-Al spinel both
stoichiometry and quantity may affect the microstructure and thermo-
mechanical properties of castables.

Fig. 5a-b illustrate the results of bulk density, apparent porosity, CCS
and MOR of CAC-containing and CAC-free corundum castables after
heat treatment at 1500 °C. Mentioned measurements were performed to
determine the relationship between castables composition and physical
properties. According to obtained results, bulk density slightly
decreased whereas apparent porosity increased with increase of Al-
excess Mg-Al spinel content for both CAC-free and CAC-containing
castables. The in-situ spinel formation via sintering of magnesium and
alumina oxides is associated with a volume increase, which result in an
increase in the apparent porosity, as well as induce the formation of
several microcracks in the microstructure [64]. This is why in CAC-free
spinel-forming castables the apparent porosity increase with the
increased MgO content in initial castables composition. An inverse
relationship was observed in case of CAC-containing alumina-based
spinel-forming/spinel-containing mixed castables. It is clearly seen that
amount of magnesium oxide did not significantly affect the bulk density.

MOR (Fig. 5b) of CAC-free samples suggests that the amount of the
magnesium-aluminate spinel phase no influence the cold modulus of
rupture. In case of application of CAC than mixed oxide binder, a sig-
nificant improvement in bending strength is observed (about 38%). The
significant improvement in MOR of CAC-containing castables results
from CAg enchances direct bonding between alumina and spinel grains.
Obtained results suggest that the application of prefabricated
magnesium-aluminate spinel was more beneficial than presence of
generated in situ in terms of MOR.

It is worth noting that CAC-free castables are characterized by higher
CCS than CAC-containing castables, despite higher apparent porosity.
Moreover, NCC_3M sample is characterized by much better compressive
strength than both ULCC_3M_2Mw and ULCC_3M_1Mw castables which
contain similar MgO amount. This suggest, that the use of magnesium
and alumina oxides as in situ spinel precursors was more advantageous
than prefabricated spinel as castable matrix component in view of CCS.
This was probably related to both particle size and more even distri-
bution of spinel within the castable matrix and alumina-spinel grains
direct bonding. Nevertheless, comparing the bulk density, apparent
porosity and mechanical test results obtained only for ULCCs it can be
concluded that the application of prefabricated spinel was more ad-
vantageous than generated in situ.

3.3. Composition effects on the thermo-mechanical behavior of smart
ULCCs and NCCs refractory

3.3.1. Refractoriness Under Load (RUL) test
Fig. 6 shows thermomechanical behavior in term of RUL of CAC-free

Table 8
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and CAC-containing castables. The characteristic temperatures
including peak temperature (Tpax, the temperature corresponding to the
maximum linear expansion point) and temperatures of deformation
To.05, To.10, To.15 To.20, To.25: To.30, To.35, To.40, To.as and To5 (the
temperatures corresponding to the deformation of 0.05%, 0.10%,
0.15%, 0.20%, 0.25%, 0.30%, 0.35%, 0.40%, 0.45% and 0.50% of initial
height, respectively) are the most important determinant of RUL. Ac-
cording to various sources of literature, T¢ s is considered as the rec-
ommended maximum working temperature of the examined refractory
castables [65]. For samples for which it was impossible to determine T 5
based on the RUL test results, the theoretical temperature Tps5 was
determined. The summary of characteristic temperatures for each cast-
ables is presented in Table 8. Generally, RUL of the refractory castables
depends on three microstructural features termed; (1) apparent porosity,
(2) amount, composition and distribution of glassy phases, and (3)-size,
morphology and distribution of the crystalline phases.

All refractory castables samples revealed similar expansion behavior
in the temperature range from 20 °C to 1175 °C. In the given temperature
range, the thermal expansion coefficient varied from 7.66107% °K~! to
8.820107° °K ! for ULCC_3M_1Mw and NCC_3M, respectively. Accord-
ing, to the obtained results and corresponding literature sources [18], it
can be noticed that the determined thermal expansion coefficient is
similar to thermal expansion coefficient of corundum 8.51076 °K 1,
Comparing the results obtained for CAC-free spinel-forming castables it
can be noticed that with the increasing magnesium aluminate spinel
content, thermal expansion coefficient decreased which is associated
with a lower thermal expansion coefficient for spinel than corundum
(¢tAl,03 = 8.5010 % °K 1, aspinel = 7.6010 ° K1), Further temperature
increase above 1175 °C lead to continuous subsidence of all samples
which was associated with the softening of the refractory structures.
Nevertheless, the subsidence rate of the samples was different and
dependent on the castables matrix composition and, consequently, the
amount, particle size and distribution of spinel, apparent porosity and
amount of liquid phase. The softening of structure and liquid phase
formation was explained through thermodynamic simulation via
FactSage 8.2.

The maximum expansion of ULCC_3M_2Mw castable made using
high purity CAC was 0.92% at 1185 °C and Ty 59 was 1427 °C. Above
1185 °C mentioned sample started to rapidly deform under combined
effects of mechanical load and increasing temperature. This was asso-
ciated with the softening and melting of low melting point phases in the
matrix. According to other literature sources [22-24] and obtained re-
sults it can be suspected that due to the presence of SiO; in castable
composition, both CAS; and C,AS were formed locally in micro-areas,
which could have been associated with the formation of liquid phase
at mentioned temperature. Moreover, it can be suggested that applica-
tion of prefabricated spinel was more favorable in CAC-containing alu-
mina-based spinel-forming/spinel-containing mixed castables than
generated in situ from the perspective of RUL. Quite different behavior is
presented by each CAC-free spinel-forming castables, dl/Lo-temperature

Characteristic temperatures of the corundum- spinel refractory castables based on the RUL tests.

Samples NCC_3M NCC_5M NCC_7M ULCC_3M_2Mw ULCC_3M_1Mw
Tmax [°C] 1200 1191 1159 1185 1410

dl/Limax [%] 0.96 0.94 0.91 0.92 0.99

To.05 [°C] 1285 1341 1298 1260 1500

To.10 [°C] 1340 1435 1373 1300 -

Toas [°C] 1415 1470 1422 1324

To.20 [°C] 1469 1495 1457 1344

To.2s5 [°C] - - 1467 1357

To.30 [°C] B - 1377

To.35 [°C] - 1390

To.40 [°C] - 1406

To.45 [°C] B - - 1414 -

To.50 [°C] 1658(Theoretical) 1604 (Theoretical) 1596(Theoretical) 1427 1549(Theoretical)
o [K] 8.82¢107° 8.49¢107° 8.17¢107° 8.03¢107° 7.66 0107°
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curves were almost horizontal which is probably associated with both
better distribution of ultra-fine grained spinel and structural stability as
a result of alumina-spinel grains direct bonding due to both matrix
composition and application of sol.

Based on the obtained results, RUL curves for CAC-free spinel-
forming and ULCC_3M_1Mw castables were extrapolated in order to
determine the theoretical characteristic temperature Tg 9. Character-
istic temperature T 5 was determined with a very good correlation, with
regression coefficient (r?) values higher than 0.99. According to the
obtained results it can be seen that all analyzed CAC-free spinel-forming
castables are characterized by a high theoretical Ty 5 (Table 8) while
both ULCCs castables has significantly lower recommended working
temperature. This may suggest higher amount of liquid phase at
mentioned temperatures in ULCCs than NCCs. Additionally, the ob-
tained results should be compared with the results of the CIC and TSR in
order to evaluate the structural stability of materials and assess the
applicability of the designed castables.

3.3.2. Creep in Compression (CIC) test

Creep resistance similarly to RUL depends on microstructural fea-
tures such as liquid phase, apparent porosity and size and location of
crystalline phases. To investigate the structural stability of the CAC-
containing and CAC-free refractory castables during long-term expo-
sure at elevated temperatures and under compressive stress, the creep
strain-time curves at 1500 °C were analysed, as depicted in Fig. 7. It is
worth noting that CAC-free spinel-forming castables were creep resistant
and presented quite similar results despite significantly different mag-
nesium aluminate spinel content. Higher in situ spinel content should
influence the greater amount of both cracks and pores in the micro-
structure which deteriorate the creep resistance. Comparing the results
obtained for CAC-free castables it is clearly seen that NCC_3M castable is
characterized by the highest creep resistance that can be directly related
to the apparent porosity and thus with microstructure. Moreover,
considering the apparent porosity higher creep for the NCC_7M castables
should be expected because it exhibits the highest values after sintering
at 1500°C for 10 h (Fig. 5a). Nevertheless, the highest creep was
observed for both CAC-bonded alumina-spinel castables which were
characterized by low apparent porosity. Obtained results suggests that
application of both pre-formed spinel and CAC as binder were
unfavorable.

According to the O-projection model [60,66], two parts can be
distinguished in a typical creep curve, i.e. the primary stage showing a
declined creep rate and the stationary stage with a constant creep rate,
which can be expressed by the Eq. 3. The 6; parameters, i.e. 6; and 0,
refer to the total strain and curvature in the primary stage, respectively
while 03 e 64 parameter is analogue to the creep rate in the second stage
[60-63, 66]. For all analyzed castables, the fitting of the 6; parameters
resulted in a very good correlation, with regression coefficient (r?)
values higher than 0.96. Based on Egs. 3 and 4 and employing the
mathematical fitting by using the Origin software, the creep rate of
samples in the second stage were calculated and the results are shown in
Table 9. The calculated creep rate in second stage of CAC-free spine-
I-forming castables was order of magnitude lower than creep rate of
CAC-bonded alumina-spinel castables. This clearly indicates that,
CAC-free spinel-forming castables are a better alternative to
CAC-containing alumina-based spinel-forming/spinel-containing mixed
castables in terms of view of technological properties.
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All these results imply that the presence of liquid phase played the
most important role in the creep behavior of the analyzed refractory
castables. Probably the liquid phase formation occurred at lower tem-
perature for the CAC-bonded alumina-spinel castables than CAC-free
spinel-forming castables as confirmed by the thermodynamic simula-
tion via FactSage 8.2. Moreover, higher liquid phase content for CAC-
containing alumina-based spinel-forming/spinel-containing mixed
castables should be expected. Temperatures of first liquid phase for-
mation and amount of the liquid phase results directly from castable
matrix composition and thus with type of used binder. Additionally, CIC
of the refractory castables depends on microstructural features such as
the amount of spinel phase and particle size distribution of all crystalline
phases.

3.3.3. Hot Modulus of Rupture (HMoR)

The HMoR is mainly influenced by both microstructure and liquid
phase contents in the castables. Fig. 8 illustrates the effect of composi-
tion on HMoR of CAC-bonded alumina-spinel castables and CAC-free
spinel-forming castables. As indicated in Fig. 8 the HMoR of CAC-
bonded castables are lower than that of castables without calcium
alumina cement. Moreover, comparing the MOR (Fig. 5b) and HMoR
(Fig. 8) measurements results it can be seen that HMoR as opposed to
MOR significantly depends on the spinel content (Table 6). According to
the obtained results it is clearly seen that, with the increasing in situ
spinel content the HMoR decreased. This is probably associated with
microstructural features like apparent porosity (Fig. 5b), amount and
distribution of magnesium aluminate spinel phase and amount,
composition and distribution of glassy phases. Additionally, loosening of
structure found in some regions of spinel grains. Despite equal content of
MgO at 3wt% for NCC3M and both ULCC3M_ 1Mw and
ULCC_3M_2Mw castables, the HMoR properties of mentioned castables
are not comparable. The CAC-containing alumina-based spinel-forming/
spinel-containing mixed castables presented more than twice lower hot
strength than NCC_3M sample. It may therefore be concluded that the
HMoR properties of both ULCC_3M_1Mw and ULCC_3M_2Mw castables
mainly depended on presence of greater amounts of liquid phase which
was confirmed by FactSage 8.2 simulations. Additionally,
ULCC_3M_1Mw sample presented slightly higher hot elastic modulus
what suggest that for ULCCs the use of pre-formed spinel was more
advantageous than generated in situ.

3.3.4. Thermal Shock Resistance (TSR)

Among the diverse phenomena causing the wear of refractory lin-
ings, the harsh alteration of temperature at the surface (thermal shock)
is the most likely to lead to premature and uncontrolled wear. Proper
evaluation of resistance to thermal shock is a key issue for both pro-
ducers and users of refractory materials. This is why refractory tech-
nologists are forced to develop smart and modern materials with
outstanding the TSR. An equally important is to develop a method that
allows evaluate and compare the TSR of refractory materials.

The results of the percent sonic velocity vs. heating and cooling cycle
number, as well as the results CCS and MOR are summarised in Fig. 9
and Fig. 10a, b, respectively. According to the obtained results it can be
seen that with each successive heating and cooling cycle the sonic ve-
locity decreased. It is clearly seen that, for CAC-free spinel-forming
castables changes in sonic velocity and mechanical properties are
directly associated with magnesium aluminate spinel content.

Table 9
Summary of i parameters calculation for corundum- spinel refractory castables based on the CIC tests.
Samples NCC_3M NCC_5M NCC_7M ULCC_3M_2Mw ULCC_3M_1Mw
Tmax [°C] 1250 1200 1100 1450 1300
dl/L [%] 1.03 1.04 0.95 0.91 1.01
03 © 04[%/min] -5.37¢10°° -4.20010°° -7.01e10°° -2.98¢10* -4.0201074
> 0.996 0.995 0.960 0.999 0.999
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According to scientific knowledge and obtained results, the process of
in-situ spinel formation is related to an increase in volume and thereby
in an increase in apparent porosity (Fig. 5a). As the apparent porosity
increase, the amount of stress concentrators increase also. This leads to
the formation of greater number of microcracks in the microstructure
which was confirmed by faster decrease in both sonic velocity and me-
chanical strength for NCC_7M and NCC_5M than NCC_3M castables.
Additionally, a network of microcracks which were formed within the
fine-grained NCC_3M castable matrix absorbed the energy of another
crack’s propagation probably. Thus the TSR for NCCs which had the
content of MgO as 3 wt% was improved. It can be suspected that the
character of the microcracks in NCC_3M castable was different than in
other NCCs, which was confirmed by microstructural examination.
The results obtained for ULCCs show that ULCC_3M_1Mw presents
higher TSR than ULCC_3M_2Mw sample. The significant difference in
the results is probably associated with the CAg distribution within the
microstructure. The location of calcium hexaluminate crystals depends
on the type of spinel (generated in situ and pre-formed) [12]. This
suggests that in ULCCs application of pre-formed spinel was more
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favourable than generated in situ. Summing up the results of castables
with 3 wt% MgO is can be concluded that despite similar results of
percent sonic velocity after each heating and cooling cycle, technolog-
ically most appropriate variant of analysed castables was NCC_3M due to
the lowest percentage decrease in mechanical strength.

3.4. Microstructural examination

The microstructure of the studied castables was examined by means
of SEM analyses on polished samples before and after first thermal
shock. Fig. 11 a-e shows the microstructure of the castables after heat
treatment at 1500 °C; NCC_3M (a), NCC5M (b), NCC_7M (c),
ULCC_3M_2Mw (d) and ULCC_3M_1Mw (e). Figs. 12 and 13 show the
microstructure of the same castables after the first thermal shock. The
low-magnification SEM images of the NCCs samples can be seen in
Fig. 12a-c together with the element distribution maps for two selected
elements Mg and Al. The low-magnification SEM images of the ULCCs
samples can be seen in Fig. 13a-b together with the element distribution
maps for two selected elements Mg, Al and Ca. However, Si and O were
omitted from the presentation in these figures. Characteristic X-ray en-
ergy maps of Mg and Al or Mg, Al and Ca are very effective in revealing
the location and distribution the alumina and spinel phase or alumina,
spinel phase and calcium hexaluminate (CAg) within the microstructure
of both NCCs (Fig. 12a-c) and ULCCs (Fig. 13a-b), respectively.

It can be seen from Figs. 11a-e, 12a-c and 13a-b that both NCCs and
ULCCs are composed of fractions of fine to fairly coarse particles. The
NCCs microstructure after heat treatment at 1500 °C consists of
corundum aggregates, held together by a bond of fine alumina and Al-
rich spinel phase which is different stoichiometry. The ULCCs micro-
structure after heat treatment at 1500 °C consists of corundum aggre-
gates, held together by a bond of fine alumina, Al-rich spinel phase with
different stoichiometry and calcium hexaluminate or CAg (Fig. 11d-e).
In addition, in order to better differentiate the microstructure elements,
the corundum aggregates has been marked in white. The corundum
aggregates are marked as A, fine- grained matrix is designated as B.
Elemental distribution maps of main regions in the NCCs after one
thermal shock cycle in water at 950 °C show homogeneous distribution
of Al and Mg in the two phases present. The Mg sites are concentrated
within the Al-rich spinel phase located within the fine-grained castable
matrix (Fig. 12a-c). Generally, Fig. 12a-c confirms the homogeneous
distribution of spinel grains in the matrix of NCCs. Samples ULCCs are
typical of a microstructure showing additional CA¢ bonding between
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Fig. 11. Microstructural overview of the castables after heat treatment at 1500 °C and before the first thermal shock cycle; NCC_3M (a), NCC_5M (b), NCC_7M (c),
ULCC_3M_2Mw (d) and ULCC_3M_1Mw (e). A- corundum aggregates, B- fine-grained matrix.

alumina and Al-rich spinel phases (Fig. 13a-b). Because of the thermal
expansion mismatch between the alumina and Al-rich spinel in the NCCs
(0Al,03 = 8.50107% K~!, aspinel = 7.60107% K1) [50-52], and
alumina, Al-rich spinel and CAg in the ULCCs, cracks nucleate at the
level of the fine grained matrix boundaries after the sintering and the
first thermal shock cycle in water at 950 °C, as can be seen in
Figs. 12-13. Moreover, CA¢ exhibits significant thermal expansion
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coefficient anisotropy, ap =11.86107° K~! and ab = 7.5¢107% K?
within the temperature range between 20 and 800 °C, where b and p
indicate basal planes and perpendicular to the basal planes, respectively
[52].

It was found that the MgO or spinel content was able to alter the
thermal shock characteristics of the NCCs, as presented in Fig. 12a-c.
The NCCs which had the content of MgO as 3 wt% was able to develop a
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Fig. 12. Microstructure and EDS element distribution maps (Mg, Al) of the NCCs after heat treatment at 1500 °C and after one thermal shock cycle in water at

950 °C; NCC_3M (a), NCC_5M (b), NCC_7M (c).

network of small microcracks within the fine-grained castable matrix.
Those microcracks can later absorb the energy of another crack’s
propagation, and are particularly important in imparting TSR on cast-
ables. The NCCs containing the 5 and 7 wt% of MgO showed more sig-
nificant evidence of thermal shock while undergoing a similar heating
cycle. Here, the stresses induced by the temperature difference of the
thermal shock causes nucleation of deep and wide cracks within the
matrix because of obvious high degree of connections between the
alumina and spinel grains. These cracks are also able to propagate
within the matrix and along the alumina aggregate grains, where the
individual grains of alumina were very effectively separated from the
binder matrix (Fig. 12c). Elemental X-ray distribution image of NCCs
showing crystal boundaries and Mg distribution demonstrates that the
sample with 3 wt% MgO shows a spinel phase separation (Fig. 12a). The
samples with 5 and 7 wt% begin to exhibit spinel phase connection and
the amount of this phase increases with the increase of MgO content
within the NCCs matrix. Based on the microstructural examination and
other results, the TSR of the NCCs can be ordered according to the MgO
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content as the NCCs with 3 wt% with the best TSR, and the NCCs with
7 wt% with the worst TSR.

From the Fig. 13a-b, it is observed that a calcium-enriched phase is
distinguishable from the X-ray mapping of the ULCCs. Its concentration
was extremely high in the region of plate-like shape of CAg crystals. An
important aspect related to CAg distribution is its location within the
microstructure of ULCCs, where CAg crystals have occurred in the fine-
grained matrix region (comprised by alumina and spinel), at the border
of the tabular alumina coarse aggregates and inside the aggregates. The
obtained results can be clearly confirmed by other authors [12-17, 67,
68] according to which CAg location depends on the spinel source (in
situ generated or pre-formed) and the microsilica content. Here, the
location and morphology influence various castables’ properties, such as
thermomechanical properties and TSR. Based on the microstructural
examination and other results, the best TSR of the ULCC’s exhibits the
sample ULCC_3M_1Mw with two spinel sources i.e. in situ generated and
pre-formed (mixing thereof), where pre-formed spinel was dominated.
The TSR of ULCC’s with the mixed spinel sources is closely related to the
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initial open microstructure, where a volumetric expansion during syn-
thesis both spinel and CAg phases occurs. An open microstructure was
created by synthesis of phases with very different thermal expansions
which on cooling cause characteristic microcracks and the distribution
of reinforcing agent CA¢ between in situ generated and pre-formed
spinel. Hence, technologically most appropriate variant of the ULCCs
is the ULCC_3M_1Mw sample. Nevertheless, the NCCs counterpart with
3 wt% MgO was better, considering the results of percent sonic velocity
after each heating and cooling cycle.

4. Summary and conclusions

The main purpose of this study was to determine the role of the
magnesium aluminate spinel content and synthesis method on struc-
tural, microstructural, and both mechanical and thermomechanical
properties of CAC-free spinel-forming castables and CAC-containing
alumina-based spinel-forming/spinel-containing mixed castables. First,
the structural (XRD) characterisation and mechanical measurements of
designed ULCCs and NCCs were performed as part of basic research. This
approach was used to monitoring of the both amount and stoichiometry
of magnesium aluminate spinel and evaluate the influence of matrix
composition on physical properties of refractory castables. The XRD
analysis revealed the presence of a-Aly03, Al-excess Mg-Al spinel ss and
Mg-Al spinel ss as the major phases in each samples and CAg as minor
phase in CAC-containing castables. From these findings it is clear that
firing of analyzed castables led to in situ MgAl»O4 synthesis, followed by
AP enrichment of spinel.

Second, the thermomechanical measurements such as RUL, CIC,
HMOoR were performed to evaluate their structural stability and the
application capabilities of the designed castables. All these results imply
that thermomechanical properties of the analyzed refractory castables
have been greatly improved by removing calcium alumina cement or
decreasing spinel content to 3 wt%. Additionally, the use of CAC as
binder was associated with liquid phase formation at lower temperature
than application of environmentally friendly mixture of Al,03 and MgO
powders mixed with water as a binder. According to FactSage 8.2 cal-
culations approximate temperature of liquid phase formation was 1432
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and 1471 °C for ULCCs and NCCs, respectively. Hence NCCs presented
significantly better thermomechanical properties than ULCCs. The
thermomechanical tests results (RUL, CIC, HMoR) clearly revealed that
the key factors which affect the thermomechanical properties were: the
degree of direct bonding among different particles; the amount,
composition and distribution of liquid phases; the amount, particle size
and distribution of spinel phase, and the porosity of the castables.

Finally, the thermodynamic simulation via FactSage 8.2 confirmed
that the formation of liquid phase was mainly affected by an increasing
temperature and its amount depended on the spinel content. Addition-
ally, Mg-Al spinel composition changes versus temperature and the ex-
istence of cluster structure in Mg-Al spinel phase were confirmed. The
amount of magnesium aluminate spinel increasingly stronger impacted
on amount of liquid phase with increasing temperature. Thus, several
conclusions can be drawn from the obtained data:

. XRD data for CAC-containing and CAC-free castables revealed that
the main diffraction peak associated with magnesium aluminate
spinel shifts towards a higher 20 value which indicate that Al-excess
Mg-Al spinel was obtained in the examined samples. Additionally,
obtained results for CAC-containing samples indicates the presence
of Al-rich spinel phase with different stoichiometry.

. Comparing the results obtained for ULCCs it can be concluded that
the use of pre-formed spinel was more advantageous than generated
in situ in this kind of castable. This results directly from the distri-
bution of reinforcing agent CAg between in situ generated and pre-
formed spinel and thus open microstructure formation.

. It has been demonstrated that more effective in terms of the bonding
strength of a coarse grained castable microstructure at temperature
of 20-25°C is a ceramic castable truss which contain after firing
magnesium aluminate spinel and CAg (CAC-containing castables),
while at temperature of 1450 °C a matrix without CAg (CAC-free)
turned out to be more effective, as confirmed MOR and HMoR tests
results, respectively.

. It was also shown that the increase in the magnesium oxide content
in castable composition, led to the loosening of the texture of NCCs
during firing, which was confirmed by an increase in apparent
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porosity. The consequence of increase in apparent porosity and
loosening of texture was evident deterioration of the thermo-
mechanical properties.

. The results of thermomechanical (RUL, CIC, HMoR), TSR, mechan-
ical and microstructural measurements clearly showed that techno-
logically most appropriate variant of analysed refractory materials
was cement free castable which contain 3 wt% magnesium oxide.
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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini No-cement spinel-forming castable refractories exhibit significantly improved resistance to mechanical and
corrosive environments at high temperatures compared to calcium aluminate cement-bonded, spinel-containing
monolithic refractories. In the present study, the effects of microsilica, nano-colloidal alumina, and MgO content
on thermal shock resistance were investigated.

This study involved experimental analysis of modified spinel-forming, alumina-based castable refractories,

Keywords:
Work of fracture
Thermal shock resistance

Refractori . . . . . .
Afuiiicnzfézsinel castables combined with a theoretical evaluation based on Thermal Shock Resistance (TSR) theory. The analysis was
Microstructure supported by FactSage software, XRD, SEM-EDS, thermal property tests, mechanical tests, and compactness

YA

measurements. TSR was evaluated experimentally and expressed using parameters (R, R”, R”, Rg) based on the
theories developed by Kingery and Hasselman.

Both spinel and silica additions influence thermal shock resistance, as reflected in the theoretical TSR pa-
rameters and supported by experimental data on Young’s modulus after each thermal shock cycle. Analysis of the
TSR parameters shows that increasing the amount of in situ spinel formed improves resistance to crack initiation
(R parameter) during thermal shock but deteriorates resistance to crack propagation (R” and R"” parameters).
There is no evidence suggesting that the precursor (nano-colloidal alumina or alumina powder) of the spinel
affects the TSR parameters. While silica enhances resistance to crack initiation (R parameter) during thermal
shock, it negatively impacts crack propagation resistance (R” and R"” parameters). This is connected to the glassy
phase in which silica is present.

1. Introduction

One of the most important factors determining the wear resistance of
refractory materials under operating conditions is their resistance to
thermal shock (TSR). Thermal shocks are always associated with me-
chanical stresses, which affect the microstructural properties and,
consequently reduce the corrosion resistance of refractory materials.

Numerous studies have been conducted on the thermal shock resis-
tance of refractory materials [1-8], aiming to understand their behavior
under rapid temperature changes. These studies explore various aspects
regarding the thermal stress resistance of ceramics, including the gen-
eral theory of spalling, methods for evaluating thermal shock resistance
in refractory materials using ultrasonic pulse velocity, investigations
into the thermal shock behavior of porous refractories through the
strain-life fatigue method, influence of temperature of heat treatment of

* Corresponding author.
E-mail address: rprorok@agh.edu.pl (R. Prorok).

https://doi.org/10.1016/j.ceramint.2025.07.325

the materials, technological strategies to enhance thermal shock resis-
tance, and theoretical analyses of refractory performance under thermal
shock conditions [1-8]. Many of them address the issue of thermal
stresses from both theoretical and experimental perspectives.

Similarly, extensive research efforts have been directed toward
improving the thermal shock resistance of refractory materials, reflect-
ing the critical role this property plays in high-temperature applications
[9-20]. One effective method for improving the thermal shock resis-
tance of refractories involves introducing foreign phases into the host
material [9-11]. Many research efforts have been directed specifically
toward corundum-spinel refractories [18-24].

The study [14] concentrated on the interface between aggregates
and the matrix in corundum-spinel castables. The authors reported that
modifying the surface of corundum aggregates with a lanthanum hex-
aaluminate layer significantly enhanced the material’s resistance to
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thermal shock. A comparable effect was observed in another study [15],
where the addition of CaCl; led to a more homogeneous distribution of
calcium hexaaluminate, thereby improving thermal shock resistance. In
a separate investigation [16], the influence of fused zirconia-alumina
(FZA) on the fracture behavior and thermal shock resistance (TSR) of
alumina-spinel castables was examined. The authors showed that the
introduction of micrometric FZA induced non-linear fracture behavior of
the material, which was associated with a reduction in stored elastic
energy, an increase in specific fracture energy, and a notable improve-
ment in TSR. Similarly, Liu et al. [17] demonstrated that by controlling
the hydration of calcium aluminate cement (CAC), it is possible to in-
fluence pore structure and fracture characteristics. The improved
toughness was attributed to the complex pore network, which facilitated
the dissipation of elastic energy at crack tips and resulted in more stable
fracture propagation. Further research [18] confirmed that incorpo-
rating a submicrometric spinel component into the bonding system also
enhances the thermal shock resistance of alumina-spinel castables.
Additionally, Chen et al. [19,20] showed that the inclusion of hydratable
magnesium carboxylate (HMC), either alone or in combination with
submicron alumina, creates more homogeneously distributed,
fine-grained spinel and significantly improves the TSR of alumina-spinel
castables.

Spinel (MgAl»0,4) is a well-studied phase that enhances the thermal
shock resistance of alumina-based materials [20,21]. From this
perspective, spinel can improve the performance of ordinary corundum
castables [20], but its effect varies depending on the method used to
introduce the spinel phase into the material. In this work, alumi-
na-spinel castables with in situ synthesized spinel were tested for their
thermal shock resistance. The results of this investigation were
compared with theoretical predictions based on TSR theory.

Several theories have been developed to describe the phenomena
that occur during thermal shocks. Kingery’s theory, known as the
thermoelastic theory, was the first comprehensive attempt to describe
ceramic materials in terms of thermal shock resistance [1]. This theory
focused on the crack initiation process and introduced the R and R’ pa-
rameters, which characterize crack initiation in materials under
different heat transfer rates. A different approach was presented by
Hasselman, who focused on crack propagation and introduced the R”
parameter [22]. Based on these two theories, a unified theory of thermal
shock resistance was proposed, incorporating parameters that describe
both crack initiation and crack propagation. This theory introduces two
new parameters, R” and Rst, which represent materials with smaller and
larger initial crack sizes, respectively [23-26].

Despite the development of a unified theory, thermal shock resis-
tance remains a challenge in refractory materials technology, particu-
larly in reconciling theoretical predictions with experimental results and
ensuring consistency across different testing methods.

Many tests evaluating the thermal shock resistance of refractories
have been presented in the literature [27-29]. In reference [27], Schmitt
presents the application of numerical tools to predict the macroscopic
thermal shock resistance of heterogeneous refractory materials. Bourdel
et al. [28] studies the thermo-mechanical behaviour of magnesia—spinel
refractories in relation to their microstructures, using the non-linear
mechanical properties of these materials. Due to the thermal expan-
sion mismatch between magnesia and spinel, radial matrix micro-
cracking occurs around the spinel grains. According to this study,
increasing the spinel content increases thermal damage and decreases
tensile strength, but simultaneously improves fracture energy. Fracture
energy is associated with strain to rupture, and an increase in this
parameter enhances thermal shock resistance. Andreev et al. [29] pre-
sent alternative methods for assessing thermal shock in silica re-
fractories. The authors compare the thermal shock test with cyclic
three-point bending, monotonic wedge splitting, and standard
three-point bending tests. They state that mechanical strain-controlled
fatigue tests correlate with thermal shock tests for silica refractories.
Once similar correlations are established for other refractory materials,
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these methods could serve as effective tools for comparing thermal
shock resistance. Despite the development of new techniques for eval-
uating thermal shock resistance, most of the methods currently in use
rely on heating and cooling cycles, with results assessed by measuring
the residual Young’s modulus, residual flexural strength, or the number
of cycles to failure [30]. Although the results of these analyses are often
difficult to compare, it should be noted that these tests are relatively
easy to perform under industrial conditions. In such methods, the
heating and cooling cycles, as well as the shape and size of the test
samples can vary significantly. Cooling is typically performed using
water or air, which poses challenges for certain materials. For example,
evaluating the thermal shock resistance of magnesia-carbon refractories
is difficult due to the reactivity of magnesia with water and the oxidation
sensitivity of carbon. All these factors make it very difficult to compare
results across different types of tests and to establish a universal testing
method for all types of refractory materials [26-28]. Similarly,
comparing experimental methods with theoretical predictions also re-
mains a challenge.

In this study, no-cement alumina-based castables with in situ spinel
forming were investigated with respect to their thermal shock resis-
tance, both theoretically and experimentally. The first section of the
paper focuses on quantifying properties relevant to the unified theory of
thermal shock resistance. The second section presents the results of
thermal shock resistance testing. The primary objective was to establish
a correlation between theoretical predictions derived from the unified
theory and the experimental results, aiming to support the effective
design and application of spinel-containing castables.

2. Experimental part
2.1. Materials preparation

In this work, vibratable no-cement in situ spinel-forming alumina
based castables were designed according to the Dinger and Funk particle
packing model with distribution coefficient of q = 0.26. The tabular
alumina (grain size 0-6.0 mm, Almatis) was used as aggregate
(80.59-81.59 wt%) with other fine-grained components. General in-
formation on the chemical compositions of the selected raw materials is
presented in Table 1. Considering the castable matrix, three kind of
castables can be distinguished. First type of no-cement castables con-
tained dead-burned magnesia, reactive alumina (CTC 40, Almatis),
microsilica (Elkem, 971) and some 2 % of water-dispersed sol of fumed
Al;03. The second type of considered castables contained dead-burned
magnesia and reactive alumina as a binder only, while the third kind
included dead-burned magnesia, reactive alumina and microsilica as a
binder. Table 2 presents the detailed compositions of castables and
nomenclature.

Corundum (a-Aly03) is the dominant phase in both reactive alumina
(CTC 40) and tabular alumina. According to our previous work [35]
nanometric Aly03 sol is composed of both transition aluminas, y-Al,O3
and 0-Al,03. Taking into account high BET specific surface area and
great susceptibility to hydration of nanometric Al;O3 sol, the presence of
transition aluminas leads to greater reactivity than that seen for a-Al,O3.

Table 1

Typical chemical compositions of raw materials [31-34].
Chemical Tabular Dead- Microsilica Al,03 Nanometric
composition alumina burned 971 (CTC 40, Al,03 sol
[wt. %] (Almatis) MgO Elkem) Almatis) (Elkem)
Al,03 >99.50 <1.80 0.07 >99.80 >99.80
SiOy <0.09 <5.00 >97.00 0.03-0.07 -
MgO - >90.00 0.18 - -
CaO - <2.50 0.29 0.03-0.07 -
NayO <0.40 - 0.25 0.08-0.12 -
K,0 - - 0.22 - -
Fe,03 <0.02 <1.30 0.07 0.03 -
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Table 2
Nomenclature and detailed composition of no-cement in situ spinel forming
alumina based castables.

Composition of samples [wt.
%]

Designation of samples

7M_SA SM_SA 3M_SA SM_S 5M

Tabular alumina (1.0-6.0 38.42 38.42 38.42 38.42 38.42
mm)

Tabular alumina (0-1.0) 42.17 42.17 42.17 42.17 43.17
Reactive Al,O3 11.41 13.41 15.41 13.41 13.41
Dead-burned MgO 7.00 5.00 3.00 5.00 5.00
SiO, micro-powder 1.00 1.00 1.00 1.00 0.00
Total 100 100 100 100 100
Al,03 sol 2.00 2.00 2.00 - -
Dispersing additive 0.10 0.10 0.10 0.10 0.15
Water 3.50 3.50 3.50 4.50 4.5

Additionally, nanometric alumina oxide sol contain 49-51 % wt. of
Al;O3 and is characterised by negative surface charge as a result of
stabilization based on citric acid. The stabilization based on citric acid is
favorable due to potential retarding of MgO hydration. The average
grain sizes in the dead-burned ranged between 2.507 and 64.694 ym
(do.s = 17.353 pm), BET surface area 0.9077 mz/g which indicated that
dead-burned MgO has a good ability to form hydrated counterparts.
Each different type of no-cement in situ spinel-forming alumina based
castables contained water and Castament FS 20 or FW 10 from BASF as
additives. Water, dispersing additives, and Al;O3 sol were all added in
amounts exceeding 100 wt% of each castable’s composition.

In the laboratory-scale mixer, the mixtures were dry-mixed for 5 min
and then wet-mixed for 5 additional minutes. For castables which con-
tained Al,Os sol, the final stage of sample preparation was the addition
of MgO and quick mixing. Subsequently, vibration (5 min, amplitude 50
Hz) was used to cast the mixed castables into 40 x 40 x 160 mm molds.
Firstly, castables containing Al;O3 sol (3M_SA, 5M_SA, 7M _SA) were
cured at room temperature (22 °C) for next 24 h, then were de-moulded
and cured at 50, 70 and 90 °C for 24 h at each temperature in a labo-
ratory climatic chamber. The castables labeled 5M_S and 5M were
conventionally cured at 22 °C for 24 h before being removed from their
molds. Then, castables were dried at 110 °C for 24 h. The final stage was
two-stage firing at 830 °C and 1500 °C with retention time 10 h.

2.2. Thermochemical simulations

Results of thermodynamic calculations performed using FactSAGE™
8.3 containing the temperature of first liquid phase formation, the liquid
content versus temperature and the effect of temperature on viscosity
changes were generated by entering the representative oxides of the
chemical composition of NCCs (Table 3), in the “Equilib” module of the
FactSAGE™ version 8.3 software, using the selection options “A-Slag-liq
all oxides + S”, “A-Spinel” and “A-Monoxide”. For all phases, the se-
lection option was used as “possible 2-phase immiscibility”. The data-
bases “FactPS”, “FTmisc” and “FToxid” were successfully used in all
calculations. Calculation parameters were set at 1 atm pressure of air.

Table 3
Chemical composition of castables used as inputs for FactSAGE™ 8.3 thermo-
dynamic simulations.

Castable compositions Oxides/wt.%

AlyO3 MgO SiO2
7M_SA 92.02 6.91 1.07
SM_SA 94.00 4.94 1.06
3M_SA 95.98 2.96 1.06
5M_S 94.00 4.94 1.06

5M 95.06 4.94 -
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2.3. Detailed description of characterization techniques

2.3.1. Physical and mechanical properties

The XRD patterns were recorded on a samples milled under 63 pm on
a X’Pert Pro PANalytical diffractometer within the range of 20 values
between 10° and 90° using Cu Ka radiation (A = 1.54060 nm) at 45 kV
(step size of 0.008°). The phases were identified using HighScore Plus
software (Panalytical) used in conjunction with the both ICDD-
supported PDF-2 database and the JCPDS database (Powder Diffrac-
tion Files, Joint Committee on Powder Diffraction Standards, Philadel-
phia PA, USA, 1997), additionally the Rietveld quantitative analysis
were performed.

A scanning electron microscope (SEM, FEI Nova Nano SEM 200) was
used to investigate the microstructure of the castables. Electron-probe
microanalysis with an energy-dispersive X-ray spectrometer (EDAX,
Sapphire Si(Li) EDS detector) was used to determine the chemical
compositions of the samples. The representative sample of each cast-
ables was both polished and then mechano-chemically etched to reveal
microstructure details. Each sample was polished using a pressing force
of 40 N, a rotational speed of 300 RPM, and a continuous water wetting
of the diamond surface disc. After polishing, castable samples were
placed in an ultrasonic cleaner with isopropyl alcohol in a beaker for
approximately an hour, and before examination sputtered with carbon
conductive layer.

Apparent porosity and bulk density tests of refractory in situ spinel-
forming alumina based castables samples after firing at 1500 °C, were
carried out by standard methods, based on the Archimedes’ method,
according to the EN 993-1:2019-01 [36] standard.

The bending strength (CMOR) of refractory in situ spinel-forming
alumina based castables was determined by a 3-point bending test
using a specimen measuring 40 x 40 x 160 mm, with a span dimension
of 100 mm, and a test speed of 50 N/s. To determine the cold crushing
strength CCS, half of each sample after the 3-point bending test, was
placed in the compression testing equipment. The loading speed was 2.4
kN/s [37].

2.3.2. Thermal properties

The thermal expansion coefficient («) was determined from depen-
dance (1) [38]. The factor dL/Ly as a function of temperature was
measured by a Netzsch DIL 402C dilatometer in the range 20-1500 °C
with heating rate of 5 °C/min.

AL

=t 1/K W

where:

Ly - initial length of the sample [m]
AL - linear expansion of the sample after change of temperature [m]
AT - change of temperature [K]

The specific heat (C,(T)) was measured by Netzsch STA 449 F3 by
Differential Scanning Calorimetry (DSC) method in Pt crucibles in Ar
atmosphere in the range of 20-1250 °C with heating rate 5 °C/min.

The thermal diffusivity (a(T)) was measured by Netzsch LFA 427
equipment by Laser Flash Analysis (LFA) method. The measurement
were conducted under Ar atmosphere with Radiation + pulse correction
calculation model on six different temperature levels. The laser voltage
was 550 V with thermal pulse duration of 0.8 ms.

The thermal conductivity (A(T)) was calculated on the base of the
above measured thermal properties according to following equation (2)
[39]:

A(T) =a(T)-Gy(T)-p(T) )

where:
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a(T) - thermal diffusivity [mmzs’l],
Cp(T) - specific heat [Jg'lK’l],
p(T) — bulk density [gcm’e'].

2.3.3. Properties connected with TSR

The velocity of the ultrasonic waves was measured using the pass-
through method, by Material Tester CT 3 apparatus with transducer
for longitudinal waves 1 MHz and UZP-1 apparatus with transducer for
longitudinal waves 2 MHz. Based on measuring the velocity of longi-
tudinal and transverse ultrasonic waves the dynamic Poisson’s ratio has
been calculated according to following equation (3) [40]:

(W -2vr?)
=2y, —2v?) ®
where:

Vp, - longitudinal wave,
Vr — transverse wave.

The Thermal Shock Resistance (TSR) of the corundum-spinel cast-
ables were carried out according to own laboratory procedure based on
the ASTM C1171 - 05 standard [41]. The samples with dimensions of 40
x 40 x 160 mm were put into furnace with a temperature of 950 °C for
45 min before they were shocked by quenched into water at 20 °C for 3
min. The specimens after each heating and cooling cycle was dried in
110 °C for 24 h to remove any physically adsorbed water. The percent
sonic velocity loss (longitudinal waves) along the longest direction of
each specimen before and after each heating and cooling cycle was
measured using the following equation (4):

Percent sonic velocity loss = @-100 [%)] 4
0

where:

Vo-original sonic velocity of each specimen [m-s~'],
V;- sonic velocity of each specimen after testing [m-s!].

Additionally, Young’s modulus was calculated according to Panakkal
and Ghosh [42,43] using equation (5):

_VEp(+p)-(1—2p)

E 5)
(1—p)

where:

Vi-sonic velocity before or after testing {kms’l} ,

u -dynamic Poisson’s ratio,

p-bulk density of specimen after testing.

The fracture toughness Kjc was estimated by equation (6) [44-46].

1.5FLYc%S 1

KI. = e {MPamz} (6)
where:

Y is defined according to equation (7) [45,46]:

c c\2 c\3 c\*4

Y =1.93-3.07;+13.66(;) —2398(;) +25.22(;) @)
where:

F - load applied [N],

L - support span length [mm],
b — width of the bar [mm],

h - height of the bar [mm],
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¢ — depth of the notch [m].

The energy needed to create a new surface area during crack initi-
ation ynpr was estimated by fracture toughness Kj¢ and Young modulus
according to equation (8) [45-47].

KI.)
YNBT = % [J ] (®

Respectively, the work of fracture ywor was calculated according to
the area under the curve of the strain-stress relationship from equation
(9) [46,47].

ode J/m] ©

Ywor = 24 [

where:

¢ — displacement [m],
o —load [N],
A — new created surface area [mz].

Based on obtained results and calculation series of parameter char-
acterizing Thermal Shock Resistance (TSR) were evaluated according to
Unified Theory (UT) of thermal shock fracture initiation and crack
propagation in brittle materials [23,40].

In the case of this theory, the R parameter describes the resistance to
sudden changes of the temperature under conditions of rapid heat flow
from the material to the environment and applies to surface phenomena.
R parameter is often related with AT, or the critical temperature dif-
ference that lead to the formation of unstable crack. It means that
fracture of the material appears when the thermal stress equals or ex-
ceeds fracture strength of the material. The R parameter is given by
equation (10) [1,27,47]:

_o(1-v)
R="Fr 10)

where:

o5 —load [N],
a — thermal expansion coefficient [1/K].

Different approach is presented by Energy Balance Approximation
(EBA) developed by Hasselman. In this case fracture of the samples
occurs when thermoelastic energy exceed energy needed for the creation
of the new crack surfaces. In this approach two new parameters are
defined R” given by equation (11) and R" given by equation (12). The
later one is also linked with critical crack length Lc equation (12) [27,47,
48].

R = an
o7(1-v)
m " Eywor
R" =R — __WOoF __ 12
Ywor 2(1-1) ¢ (12)

Another parameter defined by the Unified Theory (UT) is the thermal
stress crack stability (Rg). This parameter is given by equation (13) and
define how crack after initiation will behave, under the thermal stress
[27,47,48].

1
Ywor]2
Rer = [Lct] (13)

It can been state that in Unified Theory (UT), the first parameter R is
connected with crack initiation during sever thermal shock while pa-
rameters R”, R” and Rg; are rather connected with situation when crack
already propagate. The R’ parameter in this case is omitted because its
define situation with slow heat flow while during thermal shock the heat
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flow is very fast (high Biot number) [27,47].
3. Results and discussion

3.1. Thermochemical calculations

The behaviour of materials during thermal shocks can be differen-
tiated by both thermal shock resistance parameters (discussed in the 3.3
part), the content of liquid phase (Fig. 1), both chemical composition
(Fig. 2) and viscosity (Fig. 3) [49]. To calculate content and parameters
of the liquid phase the EQUILIB module of FactSAGE™ 8.3 was used.
Analysing these thermodynamic calculation results, it can be seen that
the 3M_SA, 5M_SA, 7M_SA and 5M_S NCCs showed liquid phase for-
mation during firing at 1500 °C. No liquid formation was identified both
at 1450 °C, and for the 5M composition. Based on the calculation results
for determining the temperature at which the targeted liquid phase
starts to form (temperature of initial liquid phase formation), in can be
stated that this liquid phase appears at 1471 °C in the 3M_SA, 5M_SA,
7M_SA and 5M_S NCCs, whereas it happens close to 2005 °C in the 5M
NCC. In the latter scenario, this is true at temperature above the heat
treatment temperature.

The results of FactSAGE™ 8.3 thermodynamic calculations also
indicated that the formation of the liquid phase was primarily influenced
by increasing temperature, as shown in Fig. 1. Based on the results of this
study, it can be concluded that the addition of microsilica (Table 2)
enhances the liquid phase formation, whereas no liquid formation was
predicted in silica fume-free composition. This is related to the ability of
SiO4 to form a liquid phase at elevated temperatures, which in turn
initiates the dissolution of other components of the material. This is why
samples with silica addition are enriched in the liquid phase, while those
without it do not exhibit liquid phase formation, even at high temper-
atures. The chemical composition of the liquid phase for the microsilica-
containing NCCs stays unchanged, regardless of the MgO content in the
samples. However, it varies with temperature (Fig. 2).

The liquid phase composition at 1500 °C (Al03 39.95 mas.%, MgO
16.43 mas.% and SiO, 43.62 mas.%) was chosen to further determine
the viscosity of the liquid phase. Fig. 3 shows the effect of temperature
on viscosity changes in 3M_SA, 5M_SA, 7M_SA and 5M_S NCCs, pre-
dicted by FactSAGE™ thermodynamic calculations. It can be said that
the temperature has a large influence on the viscosity of liquid phase,
especially up to around 850 °C.
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Fig. 1. The effect of temperature and castable composition on total liquid
phase content in all NCCs, predicted by FactSage thermodynamic calculations.
No liquid formation was identified at 1450 °C, and for the 5M composition.
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Fig. 2. The effect of temperature on the Al,O3, SiO, and MgO oxides contents
in 3M_SA, 5M_SA, 7M_SA and 5M_S castables, predicted by FactSage thermo-
dynamic calculations.
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Fig. 3. The effect of temperature on viscosity changes in 3M_SA, 5M_SA, 7M_SA
and 5M_S castables, predicted by FactSage thermodynamic calculations.

3.2. Phase composition of in situ spinel-forming alumina-based castables

The XRD phase analysis with the Rietveld refinement allows define
type and content of the phases in analysed materials. The type and
quantity of the phases present in refractory materials can have crucial
impact on their behavior during thermal shocks.

Analyses of the diffractograms of the studied castables after heat
treatment at 1500 °C are shown in Fig. 4a. The results indicate on the
absence of periclase in the samples, in which place can be observe the
spinel phase. This means that the synthesis of the spinel has occurred,
however, due to the excess of aluminum oxide, spinel show some non-
stoichiometry. This is visible on diffractograms in slightly shifts of the
peaks assigned to the spinel phase to the higher values of 20 angle with
increase of the MgO content in the sample. Mentioned shift to the higher
values of 26 angle has been revealed at Fig. 4b on the example of the
main diffraction line characteristic for spinel. This indicate on presence
of magnesium aluminate spinel as well as Al-excess magnesium alumi-
nate spinel. In addition to spinel, an o-alumina phase can be also
observed. Based on the presented diffractograms, it can be concluded



R. Prorok et al.

o: a-Al,O5 (JCPDS Card No. 96-900-9674),
0: Al-excess Mg-Al spinel ss (ICSD Card No. 98-005-6353 )

¢ : Mg-Al spinel ss (ICSD C.ard No. 98-007-7587)
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Fig. 4. Diffractograms of the in situ spinel-forming alumina-based castables
after heat treatment at 1500 °C in the range of 10-90° (a) and 36.6-37.6° (b)
(JCPDS Card:a-Al203 No. 96-900-9674; ICSD Cards: Al-excess Mg-Al spinel ss
No. 98-005-6353, Mg-Al spinel ss No. 98-007-7587).
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that at 1500 °C, the periclase phase has completely reacted to form
spinel, while the addition of SiO; at this temperature can form a glassy
phase similar in its composition to mullite phase. This may be the reason
for the absence of mullite in the SiOz-added castables samples confirmed
by by FactSAGE™ thermodynamic calculations and the SEM analysis
(presented in 3.3 section).

According to Rietveld analysis Fig. 5 the quantitative content of the
phases in analysed samples varied depending on the silica and fumed
alumina presence. In case samples with fumed alumina, amount of
a-alumina decrease with increase of magnesium oxide, from 85.7 % for
3M_SA sample to 68.9 for 7M_SA sample. Simultaneously overall
amount of spinel’s phases increase. But amount of the Al-excess mag-
nesium aluminate spinel is much higher than for stoichiometric spinel
around twice times (in case of sample 5M_SA over 2.5 times). Getting in
to account Wagner mechanism of the synthesis of the spinel, the reac-
tivity of the alumina plays crucial role in both spinel formation as well as
saturation of the spinel by excess of alumina ions [50,51]. Opposite
situation is observed for samples without fumed alumina where main
substrate in synthesis of the spinel is less reactive a-alumina. In samples
5M and 5M_SA content of the stochiometric spinel in relation to
Al-excess spinel is higher and vary from around 4 times higher for
sample 5M to 5.5 higher for sample 5M_S. Base on this findings it could
be state that mobility of the Al ions is important factor in saturation of
the spinel by the excess of the Al ions. Also silica addition to the samples
effect on overall spinel content (stochiometric spinel and Al-excess
spinel).

The effect of the silica addition is visible when results for samples 5M
and 5M_S are compare. The results shows that sample without silica has
higher amount of spinel than sample with silica addition, around 26 %
versus 21 %. This suggest that silica addition inhibit spinel synthesis.
This can be connected with creation of the silica liquid phase, which
have high content of the magnesium oxide in its composition (around
16.5 %) and trap some Mg ions. Moreover this phase can also create
some insulating layer on the surface of the alumina grains, which
decrease contact of the MgO with AlyO3 grains. Low viscosity of the
liquid phase in temperature of the spinel synthesis can also support this
claim.

3.3. Mechanical characterization, thermal and physical properties of in
situ spinel-forming alumina-based castables

Evaluation of the physicomechanical properties allows to determine
basic properties of the studied castables as well as theoretical thermal

100
] B A0,
90 4 I Vig-Al spinel ss
| [ ] Al-excess Mg-Al spinel ss
80
70
60

50-
40
30-
20

10 4

wt. % according to Rietveld method [%]

0 -

s Sh an Sk .S N

_Sh

Fig. 5. Rietveld analysis of the in situ spinel-forming alumina-based castables
after heat treatment at 1500 °C.
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shock resistance parameters. The physicomechanical studied castables
were measured with respect to procedures presented in experimental
part of the work. Tables 4-6 present the summary of sample dimensions,
bulk density, apparent porosity and mechanical, thermal and fracture
properties of the studied materials, respectively.

The tests results of the density (Table 5) indicated that with
increasing in situ magnesium-aluminate spinel content the apparent
porosity increases while bulk density decreases. Overall, it can be
concluded that the increase in the MgO content in initial castable
composition, led to the texture weakening during firing process. This
was confirmed by both our previous work [52,53], other literature
sources and results. From the volume increase between 5 % and 7 %
during spinel formation [54]. According to obtained results (Table 6), it
is clearly seen that samples which contain microsilica 3M_SA, 5M_SA,
7M_SA, 5M.S in initial castables composition were characterized by
significantly better both CMOR and CCS than samples without micro-
silica 5M. Moreover, CMOR and CCS of analysed castables suggest that
there is no correlation between the amount of spinel phase generated in
situ and mechanical properties (sample 7M_SA versus 5M_SA and
3M_SA). But, CMOR and CCS of analysed castables suggest that there is
optimal content of spinel (sample 5M_SA) that improve/do not decrease
mechanical properties of the castables. Nevertheless, based on the
CMOR test results (Table 6), it can be observed that the presence of
water-dispersed sol of fumed alumina in initial castable matrix compo-
sition results in improvement in bending strength of analysed castables
despite higher apparent porosity (Table 5). This indicate that the
application of nanoparticles from sol can result probably in micro-
structure compacting at lower temperatures, intensifying the sintering
process and thus enhances direct bonding between alumina and spinel
grains and/or create beneficial microstructure which relaxed stresses or
deflect crack propagation.

Obtained results for Young Modulus (E) and Poisson’s ratio (v) for
each analysed castables are comparable (Table 6). Moreover, E and v
decrease with increasing spinel content while the presence of water-
dispersed sol of fumed alumina in initial castable matrix composition
led to their increase, sample 5M_S versus 5M. The work of fracture of
castables which contain microsilica in initial composition is high. For all
analysed refractory castable samples, ynpr is significantly lower than
ywor (17-25 times for 5M_S and 3M_SA, respectively (Table 6)). This
indicate that studied castables are more resistant to propagation than to
crack initiation which is common for refractories and in accordance with
other literature sources [55,56].

Thermal expansion coefficients at 950 °C (Table 4) varied from 5.68 -

109K 1t07.86 - 107 ° K! for 5M_S and 5M_SA, respectively. Taking

into account that composition of mentioned castables (5M_S and 5M_SA)
differs only in the introduction into the castable matrix as a water-
dispersed sol of fumed alumina (Table 2), it is clearly seen that the
thermal expansion coefficient o slightly increases as the grain size within
the matrix composition decreases. This is probably due to the better
contact between neighboring microvolumes of the material.

Based on the obtained results (Table 5) and corresponding literature
sources [57], it is clearly seen that, the determined thermal expansion
coefficient is lower than thermal expansion coefficient of corundum 8.5 -

10~ K~ 'which is related to the presence of the spinel phase (thermal
expansion coefficient: 7.6 - 107 K™1) and also probably amorphous

Table 4
The summary of sample dimensions, bulk density and apparent porosity of
studied castables.

Sample  Width of the bar Height of the bar Depth of the notch
[mm] [mm] [m]

7M_SA 40.72 39.94 0.1002

SM_SA 40.68 39.87 0.0999

3M_SA 41.06 39.85 0.1006

5M_S 40.50 40.51 0.1040

5M 41.18 41.19 0.1096
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aluminosilicate phase.

According to current state of knowledge, heat may be transferred
through convection, radiation and conduction. The dominant type of
heat transfer in refractory materials is conduction. Moreover, for the
heterogeneous materials just like refractories, the thermal conductivity
depends especially on physical structure and microstructure [58]. The
thermal conductivity of gas through the pores of the refractory castables
is much lower than that of through solid substance, this is why the
material microstructure is extremely important. Based on the obtained
results and other literature sources [59], the key factors affecting the
thermal conductivity of analysed castables can be summarized as fol-
lows: both magnesium aluminate spinel and also amorphous alumino-
silicate phase (similar in its composition to mullite) content, porosity,
density and presence of microcracks.

The determined values of work of fracture, thermal expansion co-
efficients, thermal conductivity as well as Young’s modulus, Poisson’s
ratio and fracture toughness (Tables 5 and 6) allowed to determine the
correlation among TSR, R, R”, R and Ry what is presented below (3.5
section).

3.4. Microstructural examination of in situ spinel-forming alumina-based
castables

SEM analysis was performed to compare the microstructure of in situ
spinel-forming alumina-based castables and was carried out on polished
samples. Fig. 6a-e illustrate the microstructure and 7 a-e chemical
composition analysis in the micro areas obtained by the SEM-EDS
measurements of the castables after heat treatment at 1500 °C. The
microstructure of all castables after heat treatment at 1500 °C (7M_SA
(Fig. 6 a), 5SM_SA (Fig. 6 b) and 3M_SA (Figs. 6 ¢), 5M_S (Figs. 6 d), 5M
(Fig. 6 €)) consists of corundum aggregates, held together by a bond of
fine alumina and magnesium-alumina spinel phase. In fact, this is the
typical distribution of coarse tabular alumina grains within in a fine-
grained matrix. Corundum aggregates are labeled as A, the fine-
grained matrix as B, and microcracks as C. Pores are additionally
highlighted with circles. It is worth noting, that the obtained castables
are characterised by significantly denser microstructure than conven-
tional castables. The significantly denser microstructure may results
from the well-selected grain composition of castables, small amount of
water in initial composition and presence of nanoparticles which were
introduced previously via water-dispersed sol of the fumed Aly,O3
(7M_SA, 5M_SA, and 3M_SA samples (Fig. 6a—c)). The small amount of
amorphous phase could also be distinguished in the matrix due to the
presence of SiO; (Table 2) in initial castable composition.

According to current state of knowledge, the in situ spinel synthesis
via sintering of MgO and Al,Oj3 is associated with a volume increase
between 5 % and 7 %, which may led to both increase in the apparent
porosity and formation of microcracks in the microstructure [54].
Nevertheless, despite the lowest content of the MgO in initial castables
composition and therefore spinel phase in castables after heat treatment,
the microstructure of 3M_SA sample (Fig. 6 c) contains a network of
small microcracks within the fine-grained castable matrix which sepa-
rated alumina aggregate grains. Taking into consideration the apparent
porosity and bulk density of analysed castables it is worth to notice that
3M_SA sample was characterised by the highest compactness. This
suggest that dense microstructure in combination with intensification of
the sintering process at a lower temperature due to the presence of
nanoparticles may led to difficult in both dehydration and dehydrox-
ylation, therefore propagation of microcracks within the matrix.
Mentioned network of microcracks maybe contribute to the absorb the
energy of another crack’s propagation, therefore may improve the TSR
and on the other hand, reduced mechanical properties (CMOR and CCS)
of castables. The SEM images of the 5M_SA, 7M_SA, 5M S and 5M
(Fig. 6a—e) also confirmed the presence of few microcracks within the
matrix. It is clearly seen that microstructure of 5M_S, 5M and 5M_SA
(Fig. 6b, d, e) castables contain definitely lower amount of microcracks
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Table 5

Density and thermal properties of the studied castables.

Ceramics International xxx (XXxX) XXX

Sample  Bulk density [g/ Apparent porosity Thermal diffusivity Specific heat Thermal conductivity coefficient A Thermal expansion coefficient «
cm’] %] [mm/s] g 'K [W/mK] [1/K]
7M_SA 3.035 17.59 1.054394 1.34461 4.86 5.73E-06
5M_SA 3.088 16.81 1.160641 1.43553 5.66 6.99E-06
3M_SA 3.187 15.07 0.940737 1.35448 4.38 6.69E-06
S5M_S 3.110 16.12 0.922834 1.46668 4.48 6.93E-06
5M 3.090 16.42 0.884757 1.38816 3.75 6.55E-06
Table 6
Mechanical and fracture properties of the studied castables.
Sample  Load Cold modulus of rupture Cold crushing Young Modulus Poisson’s Work of fracture Kic [MPa/ Crack initiation
applied [N] (CMOR) [MPa] strength (CCS) [MPa]  E [Pa] ratio [—] ywor [N/m] m'/?] energy ynpr [J]
7M_SA 5915.0 3.4500E+07 226.8 1.410E+11 0.194 291.8 2.397 20.372
5M_SA 5913.3 3.4810E+07 253.8 1.580E+11 0.202 321.3 2.403 18.273
3M_SA 6280.0 3.4320E+07 211.6 1.610E+11 0.203 341.7 2.543 20.080
5M_S 6095.0 3.4200E+07 249.0 1.550E+11 0.162 341.5 2.467 19.639
5M 4153.3 1.4500E+4-07 89.9 1.510E+11 0.217 177.9 1.652 9.033

than 7M_SA (Fig. 6 a) castable due to the lower content of magnesium
oxide in initial castable composition. In this case the presence of
microcracks  probably  results more from the in @ situ
magnesium-aluminate spinel synthesis during heat treatment than
difficult water evacuation.

Fig. 7a-e presents the detailed microstructure analysis with EDS
analysis results of analysed castables. The EDS analysis of 5M_S, 3M_SA,
5M_SA and 7M_SA (Fig. 7a—d) castables fine-grained matrix confirm the
presence of magnesium aluminate spinel, a-Al;03. The SEM did not
show presence of mullite phase which is also in agree with XRD analysis.
But according to results of these analysis, it could be confirmed presence
in the samples of - Al;O3 and some amorphous silicate phase. The sil-
icate phase is absent in case of sample 5M (Fig. 7 e), but in this sample
there can be identified spinel, corundum (a-Aly03) and p- AlyOs.

3.5. Thermal shock resistance of in situ spinel-forming alumina-based
castables

The TSR is one of the most important properties of refractory ma-
terials because sudden temperature changes at the surface (thermal
shock) may lead to uncontrolled and premature damage of refractory
linings. There is not just one universal test which allow to evaluate the
TSR of refractories and also take into account the thermal cycles, sample
geometry and working conditions. Nevertheless, experimental methods
based on sudden heating and cooling allows compare the TSR of similar
ceramic materials.

The results of the percent sonic velocity loss vs. heating and cooling
cycle number, same as the results of Young Modulus are summarized in
Fig. 8aand b, respectively. Obtained results show that course of changes,
for each sample is similar. Taking into account castables with different
amount of the MgO in initial, it is clearly seen that the percent sonic
velocity reduction is higher for sample with higher spinel content.
Sample 5M without microsilica shows initial strong decrease percent
sonic velocity and after second thermal cycle moderate decrease
reaching similar value as sample with highest spinel content 81.6 % and
82.02 % respectively. The lowest percent sonic velocity decrease shows
samples 3M_AS and 5M_S after fifth thermal cycle reach 77.74 % and
78.20 % respectively An increased number of heating and cooling cycles
may lead to sample failure due to the formation of a critical-length
crack. According to above, sample 7M_AS will be destroyed first,
which is in good agreement with theoretical predictions. According to
theoretical calculations of R parameter, 7M_AS is characterized by the
shortest critical crack length (R””). This result highlights the importance
of optimizing phase composition and microstructure in refractory ma-
terials to enhance their thermal shock resistance. Similar course of

changes as for percent sonic velocity loss shows Young modulus, but it
should be notice that this results are dependent on Poisson ratio mea-
surements. Therefore, they are subject to additional uncertainty of the
determination of the Poisson modulus.

3.6. Thermal shock-both fracture initiation and damage resistance
parameters evaluation/calculations

The sample dimensions concerns the single edge notched beams
which were used to determine both work of fracture ywor and Kjc. Ac-
cording to other literature sources, the ywor is considered as the work
done in propagating a crack to break a sample with a notch, divided by
twice the fracture surface areas (since two new faces are created). Be-
sides the work of fracture, the second important parameter related to the
resistance to crack propagation initiation is yxpr. Based on the ywor vs
ynar relationship (presented in Table 6), it can be determined whether
the material will be more resistant to propagation than to crack initia-
tion (ynpr< ywor). Additionally, ywor/ynsr ratio is a reliable indicator
theoretical thermal shock resistance and is beneficial that it be large.
Taking in to account results ywor/ynpT ratio for considered samples with
the highest value shows sample 5M around 19.698 while for samples
containing silica around 17.583-17.017 to 14.324. Although such value
should be beneficial for sample 5M, it should be notice that high value of
the yyor/yner ratio is connected with low values of crack initiation
energy yngr as well as work of fracture ywor, in comparison with others
samples. Its indicate that this sample is less resistant to propagation as
well as initiation process than it would be indicated by ywor/ynsr ratio.

Table 7 presents the summary of theoretical thermal shock resistance
parameters (R, R”, R and Rg) for each analysed in situ spinel-forming
alumina-based castables which were calculated according to equations
(10)-(13). Mentioned calculations were performed based on determined
mechanical and thermal properties which were given in Tables 4 and 6
Thermal shock parameters may be divided at these which concern the
resistance to fracture caused by thermal stresses (R) or ability of the
material to resist crack propagation and further damage (R”, R”). The
Rg: parameter which relates to the thermal stress crack stability has been
also defined by other authors. According to obtained results it is clearly
seen that parameter R which consider crack initiation is very different
and ranges from 11.48 °C to 34.39 °C for sample respectively 5M and
7M_SA, respectively. The low value of this parameter for sample 5M
confirm low resistant to crack initiation under thermal shock condition.
But at the same time due to low mechanical strength of sample 5M
indicate on lower risk of catastrophic cracking occurring and strong
decline in mechanical properties of the material [60]. Among samples
with fumed nano Al,O3 addition we can see that R parameter value for
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Fig. 6. Microstructural overview of the in situ spinel-forming alumina-based castables after heat treatment at 1500 °C; 7M_SA (a), 5SM_SA (b), 3M_SA (c), 5M_S (d),
5M (e). A-corundum aggregates, B- fine-grained matrix, C- microcracks, circle-pores.

samples 3M_SA and 5M_SA and 5_S reach respectively 25.40 °C and
25.16 °C and 26.68 °C while for sample 7M_SA 34.39. It’s meant that
samples 7M_SA has higher critical temperature difference that lead to
the formation of unstable crack in comparison to samples with lower
MgO content in initial composition.

Both R” and R" values for 5M_S, 3M_SA, 5M_SA and 7M_SA are at
similar level while 5M sample is characterized significantly higher
values of the mentioned parameters. R” values for first group of samples
is in range 1.47.107% - 1.72.10™* [Pa’l] while for sample 5M around
9.17-10~* [Pa~!]. Similarly in case of the R” parameter different be-
tween 5M sample and the samples containing silica is about threefold.
This suggest that 5M sample should have the highest resistance to crack
propagation, unstable cracking and further damage. This can find

confirmation in results of percent sonic velocity after each heating and
cooling cycle. Although sample 5M has initial strong decrease of sonic
velocity which can be connected with crack initiation further decline is
small and almost constant which mean that propagation of the crack
occurs uniformly without drastic changes. While for others samples
percent of sonic velocity change much stronger and do not stabilized but
change after each thermal cycle. Thermal crack stability parameter Ry
shows different results, with sample 5M showing the lowest value of this
parameter while sample 7M_SA has the highest value of the Ry 5.243
and 7.933 [mK'/?] respectively.

Obtained results of both R” and R” indicate that with increasing
spinel content mentioned parameters decreases. Surprising there is no
evidence for effect of the fumed alumina on TSR parameters (results
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Fig. 7. Detailed microstructure analysis (SEM images with magnification of 3 000x) of the in situ spinel-forming alumina-based castables after heat treatment at
1500 °C and EDS analysis results; 7M_SA (a), SM_SA (b), 3M_SA (c), 5M_S (d), 5M (e)
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Fig. 8. Percent sonic velocity loss (a) and calculated Young Modulus (b) after each heating and cooling cycle.

sample 5M_S versus 5M_SA).
Table 7

Thermal shock resistance parameters.

4. Summary
Sample R (ATe) [°C]  R’[Pa'] R”I[m] Ry [mK“?]  ywor/ynsrl-]

7M_SA 34.39 1.47E-04 0.043 7.933 14.324 Thermal shock resistant of in situ spinel-forming alumina-based
SMSA 2516 1.63E-04  0.052 6.453 17.583 castables is shaping up similarly for all castables with silica content. In
SMSA - 25.40 1.728:04  0.059 6.886 17.017 this case decrease the MgO content in initial composition (decrease in
5M_S 26.68 1.58E-04  0.054 6.773 17.389

5M 11.48 017E-04  0.163 5.943 19.698 spinel content) has beneficial effect on thermal shock resistance. The
results of both theoretical calculations of the unified theory (UT) of
thermal shocks fracture initiation and crack propagation (R”, R") as
well as experimental date are consistent. Although sample 3M_SA has
lower R parameter and its less resistant to crack initiation than sample

10
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7M_SA it has more stable cracks for further propagation (higher R” and
R" parameters as well as ywor/ynpr ratio). This is supported by the
lowest decrease of percent sonic velocity after 5 cycles of heating and
cooling during determination of the thermal shock resistant. This could
be connected with the microcracks network present in the microstruc-
ture especially the 3M_SA sample. Newly formed crack’s, propagating
owing thermal stresses during temperature changing can be deflect and
its energy can be adsorb on microcracks in microstructure of the mate-
rial. Contribution of this mechanism in improvement of thermal shock
resistant can be confirm by results of work of fracture and also K. factor.

Another factor that should be taken into account is addition of fumed
alumina in composition of the castables. In direct comparison samples
5M_S versus 5M_SA (samples without and with fumed alumina respec-
tively) it can be notice that addition of nanometric alumina increase
compactness and mechanical properties of the studied castbales. It need
to be notice that this differences has almost no effect on theoretical
thermal shock resistance parameters. But in experimental results dif-
ferences are apparent and the sample 5M_S shows better results than
sample with nano-addition.

The castables without silica addition distinct from samples with sil-
ica in initial composition. Theoretical thermal shock resistant parame-
ters indicate that sample 5M has small resistant against crack initiation R
(ATc) 11.48 [°C] this is reflected in experimental results where sample
5M has high decline of percent sonic velocity after first and second
heating and cooling cycle 49.8 % and 67.9 %. In the next thermal
heating and cooling cycles changes of percent sonic velocity are almost
at constant level. This results can be connected with specific crack
propagation where crack are stable and increase in each cycle in the
same way without catastrophically cracks propagation. This find its
reflection in theoretical thermal shocks parameters where R” shows
threefold higher than for samples with silica addition. It mean that this
sample has higher resistant for unstable crack propagation but simul-
taneously is less resistant for stable crack propagation connected with
Rgt parameter [48]. For the samples containing silica changes of the
percent sonic velocity indicate on more unstable character of crack
propagation. This character can be connected with a glassy phase
created from silica in samples in high temperature.

The present study introduces a novel approach to enhancing the
thermal shock resistance (TSR) of aluminum-based castables by
combining in-situ spinel formation, both nano-scale alumina water
dispersant and microsilica addition. Additionally, the experimental re-
sults were compared with both theoretical calculations and FactSage
thermodynamic simulations.

According to current literature sources [20,61,62] the presence of
spinel is desirable from the point of view of TSR. In accordance with
obtained results, with increasing MgO content in initial castable
composition, the TSR decreased which is associated directly with
microstructure of the castables (Fig. 6). Moreover, according to theo-
retical considerations with increasing spinel content, increase resistant
for crack initiation but at the same time has negative effect for crack
propagation processes. This dual effect is consistent with the observed
experimental trend. Comparing TSR results of samples 5M and 5M_S it is
clearly seen that microsilica addition strongly affect the TSR. Sample
5M_S was characterized by higher TSR which was confirmed by lower
percent sonic velocity loss. Taking into account the theoretical R
parameter, sample with silica addition has better resistance to crack
initiation and stable crack propagation connected with Ry parameter.
On the other hand, samples without silica addition has higher resistance
for unstable crack propagation and also has higher yWOF/yNBT ratio.
The experimental investigation indicated that the presence of nano--
Al,O3 water dispersant in the initial composition of castables doesn’t
affect the TSR. In light of FactSage thermodynamic simulations, this lack
of influence of the presence of alumina sol on the TSR results can be
explained by the absence of meaningful differences in the theoretical
amount and chemical composition of the liquid phase formed during the
firing process. These findings demonstrate the complex interplay
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between phase composition, microstructure, and thermal shock resis-
tance, and highlight the need for a balanced design strategy that opti-
mizes both crack initiation and crack propagation.

5. Conclusion

It has been proven that silica content in in situ spinel-forming
alumina-based castables has strong influence on thermal shock resis-
tance. This phenomenon is primarily attributed to the phase and pores
distribution within the microstructure and the content of the glassy
phase, which significantly affect the mechanisms of crack initiation and
propagation under thermal shock conditions. Sample with microsilica
addition has better resistance for crack initiation (R parameter) and
stable crack propagation connected with Ry parameter. Samples without
microsilica addition exhibit enhanced resistance to unstable crack
propagation, as evidenced by a higher ywor/ynpT ratio.

Based on Thermal Shock Resistance (TSR) theory, materials can be
differentiated in terms of their susceptibility to degradation, either due
to crack initiation or due to crack propagation sensitivity. As a result,
this approach enables a more accurate prediction of material behavior
under thermal shock conditions, specifically in determining whether
strength degradation is more pronounced during the initial stages due to
crack initiation, or in the later stages during next thermal shocks, where
the propagation of pre-existing cracks becomes the dominant factor.

Spinel content increase resistant for crack initiation but at the same
time has negative effect for crack propagation processes. Addition of
nano-metric alumina, although change compactness and mechanical
properties of in situ spinel-forming alumina-based castables do not
change notably thermal shock resistance.

Research on thermal shock resistance remains critically important
for the future, as it directly contributes to extending the service life of
refractory materials.
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udziat w korespondencji z redakcjq czasopisma i recenzentami, zapewnienie
finansowania badan z projektu badawczego LIDER VIII.

Podpis Dominika Madej
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OSWIADCZENIE

Oswiadczam, ze w publikacji:

.Synthesis and evaluation of Mg-Al hydrotalcite formation and its influence on the
microstructural evolution of spinel-forming refractory castables under intermediate
temperatures”, Karina Warmuz, Dominika Madej, Journal of the European Ceramics Society,
vol. 42, 5, 2022, s. 2545-2555, doi: 10.1016/j.jeurceramsoc.2022.01.009

powstatej w ramach projektu badawczego pt. ,Innowacyjne bezcementowe ogniotrwate
betony korundowo-spinelowe o zmodyfikowanej osnowie” finansowanego przez NCBIR
w ramach programu LIDER VIII - nr umowy LIDER/5/0034/L-8/16/NCBR/2017
(Kierownik: Dominika Madej),

wktad merytoryczny byt nastepujacy:

1. Karina Warmuz (50%): przygotowanie probek do badan, przeprowadzenie badan
laboratoryjnych, zebranie materiatu badawczego, analiza wynikéw badan XRD, FT-IR,
witasciwosci fizycznych, wizualizacja wynikéw badan, analiza merytoryczna wynikéw,
udziat w przygotowaniu tresci manuskryptu, korespondencja z redakcjg czasopisma i
recenzentami.

2. Dominika Madej (50%): tworca hipotezy badawczej, pomystodawca i autor
koncepcji badan, przeprowadzenie badan termicznych DSC-TG-EGA(MS), 27Al MAS-
NMR, mikrostruktury m.in. SEM-EDS wraz z analizg i opisem wynikdéw, nadzér
merytoryczny, opracowanie koncepcji i tresci manuskryptu pracy, korekta
merytoryczna i edytorska publikacji, udziat w korespondencji z redakcjg czasopisma i
recenzentami, zapewnienie finansowania badan z projektu badawczego LIDER VIII.
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Podpis Karina Warmuz

Podpis Dominika Madej
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OSWIADCZENIE
Os$wiadczam, ze w publikacji:

,Thermomechanical evaluation and thermodynamic simulations of MgO-based ULC
castables with different ALOs content” Karina Warmuz, Krzysztof Ziewiec, Dominika Madej
Journal of the European Ceramic Society, Volume 44, Issue 2, February 2024, Pages 1239-1255
DOI: https://doi.org/10.1016/j Jjeurceramsoc.2023.09.036,

powstalej w ramach projektu badawczego pt. .Innowacyjne bezcementowe ogniotrwale betony
korundowo-spinelowe o zmodyfikowanej osnowie” finansowanego w ramach programu LIDER
VIII - nr umowy LIDER/5/0034/1-8/16/NCBR/2017 (kierownik: dr hab. inz. Dominika Madej).
wktad merytoryczny byl nastepujacy:
1. Karina Warmuz (45%): przygotowanie probek do badan, przeprowadzenie badan
laboratoryjnych, zebranie materiatu badawczego, analiza wynikow badan XRD. RUL-
CIC, HMoR, TSR, wizualizacja wynikéw, analiza merytoryczna wynikow, udziat
w przygotowaniu tresci manuscryptu, korespondencja z redakcja czasopisma
i recenzentami, cze$ciowe finansowanie badan w ramach minigrantu uczelnianego

IDUB. g 107,)
C

2. Krzysztof Ziewiec: przéprowadzenie badan mikrostruktury betonéw ogniotrwatych

metoda SEM- EDS, Ry
3. Dominika Madej:( srca hipotezy badawczej, pomystodawca 1 autor koncepcji badan,

przeprowadzenie” symulacji termodynamicznych FactSage wraz z opracowaniem,
analiza i opisem wynikow, analiza 1 opis wynikéw badan SEM-EDS, nadzor
merytoryczny, opracowanie koncepcji 1 treSci manuscryptu pracy, korekta
merytoryczna i edytorska publikacji, udzial w korespondencji z redakcja czasopisma,
zapewnienie finansowania badan z projektu badawczego LIDER VIIL

Podpis; Kr ygtof Ziewiec
Podpis: Dominika Made]
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OSWIADCZENIE

Oswiadczam, ze w publikacji:

~Comprehensive experimental verification and theoretical modeling of cement-free
alumina-based castables forming in-situ spinel (MgAIl2z0s) with enhanced thermal
shock resistance”, Prorok Ryszard, Karina Warmuz, Dominika Madej, Ceramics
International, 2025, doi:10.1016/jceramint.2025.07.325,

powstatej w ramach projektu badawczego pt. ,Innowacyjne bezcementowe ogniotrwate
betony korundowo-spinelowe o zmodyfikowanej osnowie” finansowanego przez NCBIR w
ramach programu LIDER VIII - nr umowy LIDER/5/0034/L-8/16/NCBR/2017 (Kierownik:
Dominika Madej),

wktad merytoryczny byt nastepujacy:

1. Ryszard Prorok (60%): tworca hipotezy badawczej, pomystodawca i autor koncepdcji
badan, przygotowanie prébek do badan, przeprowadzenie badari laboratoryjnych,
zebranie materiatu badawczego, analiza wynikéw badan XRD, termicznych oraz badan
zwigzanych z odpornoscia na wstrzasy cieplne, wizualizacja wynikéw badan, analiza

merytoryczna wynikéw, opracowanie koncepcji i tresci manuskryptu, korekta
merytoryczna i edytorska publikacji, korespondencja z redakcjg czasopisma i
recenzentami.

2. Karina Warmuz (20%): przygotowanie probek do badan, przeprowadzenie badan
laboratoryjnych, zebranie materiatu badawczego, analiza wynikéw badarn SEM-EDS,
wizualizacja wynikéw badan, udziat w przygotowaniu tresci manuskryptu.

3. Dominika Madej (20%): przeprowadzenie analizy termodynamicznej przebiegu
reakcji chemicznych wraz z opracowaniem, analizg i opisem wynikdw, analiza i opis
wynikéw badan, nadzér merytoryczny, udziat w przygotowaniu treéci manuskryptu,
korekta merytoryczna i edytorska publikacji, zapewnienie finansowania badan z

projektu badawczego LIDER VIII. v
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Podpis Karina Warmuz
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Podpis Dominika Madej

Podpis Ryszard Prorok



