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Abstrakt

Habilitacni prace se zaméruje na studium nanostrukturnich hydratacnich fazi v anorganickych pojivech
na bazi aluminosilikati, zejména systémi C-S-H, C-A-S-H a C-A-H. Tyto faze predstavuji klicové
produkty hydratace hydraulickych pojiv a zdsadné ovliviuji mikrostrukturu, mechanické vlastnosti a
trvanlivost stavebnich materidld. Prace shrnuje poznatky ziskané analyzou hydratacnich produktl
vznikajicich jak v pfirozeném prostiedi hydratace portlandskych a kalcium aluminatovych cementd, tak
v fizenych podminkdach laboratorni syntézy. Pomoci kombinace pokrocilych analytickych metod a
modelovych pfistupl byly sledovany rozdily v morfologii, chemickém sloZeni, polymeriza¢nim stupni
Si—0-Si vazby a strukturnim usporadani vznikajicich geld. Zvlastni pozornost je vénovana koloidni
povaze C-S-H gelu, jeho fraktalni strukture a vlivu substituce prvk( (napt. Al, Fe, Cu, Li, S) na jeho
vlastnosti. Prace rovnéz diskutuje vliv riznych syntetickych metod (mechanochemicka, hydrotermalni,
sol-gel, precipitacni) na strukturu a reaktivitu pfipravenych analogl. V kontextu souéasného trendu
snizovani emisi CO, ve stavebnictvi, zejména prostrednictvim redukce obsahu portlandského slinku ve
smésnych cementech, dochazi ke zménam ve sloZeni hydratacnich fazi. Tyto zmény se projevuji
zejména pfi pouiZiti pfimési s pucoldnovymi vlastnostmi nebo latentni hydraulicitou, jako jsou
vysokopecni struska, popilky ¢i metakaolin. Pfitomnost téchto slozek vede ke vzniku modifikovanych
gell typu (N, K)-C-(A, Fe)-S-H, schopnych inkorporovat nebo substituovat doprovodné prvky, ¢imz
dochazi k jejich imobilizaci. Ziskané poznatky maji vyznam nejen pro vyvoj nizkouhlikovych cementd,
ale i pro cilené aplikace v oblasti Zarovzdornych materiall, jaderné infrastruktury ¢i technologii pro
Upravu odpadnich vod.

Abstract

This habilitation thesis focuses on the study of nanostructured hydration phases in aluminosilicate-
based inorganic binders, particularly the systems C-S-H, C-A-S-H, and C-A-H. These phases represent
key products of hydraulic binder hydration and significantly influence the microstructure, mechanical
properties, and durability of construction materials. The thesis summarizes findings obtained from the
analysis of hydration products formed under both natural hydration conditions of Portland and calcium
aluminate cements, as well as under controlled laboratory synthesis. Using a combination of advanced
analytical techniques and model-based approaches, differences in morphology, chemical composition,
degree of Si—0O-Si polymerization, and structural arrangement of the resulting gels were investigated.
Special attention is given to the colloidal nature of C-S-H gel, its fractal structure, and the impact of
elemental substitution (e.g., Al, Fe, Cu, Li, S) on its properties. The work also discusses the influence of
various synthesis methods (mechanochemical, hydrothermal, sol—gel, precipitation) on the structure
and reactivity of prepared analogues. In the context of the current trend toward reducing CO;
emissions in construction, particularly through the partial replacement of Portland clinker in blended
cements, significant changes in the composition of hydration phases are observed. These changes are
especially pronounced when using supplementary cementitious materials with pozzolanic or latent
hydraulic activity, such as blast furnace slag, fly ash, or metakaolin. Their presence leads to the
formation of modified gels of the (N, K)-C-(A, Fe)-S-H type, capable of incorporating or substituting
accompanying elements, thereby achieving their immobilization. The insights gained are relevant not
only for the development of low-carbon cements but also for targeted applications in refractory
materials, nuclear infrastructure, and wastewater treatment technologies.
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,Chlupatd krdsa“ - Morfologie syntetického krystalického tobermoritu zachycend pomoci SEM:

Levy snimek ukazuje smés jehlicovitych, deskovitych a tabuldrnich krystald, pricemz nékteré jehlice
vyrastaji radidiné ze spolecného centra, coZ implikuje sféroliticky riist. Pravy snimek dokumentuje
hustou sit lameldrnich krystalt s prevdazné paralelni orientaci. Tato morfologickad variabilita odrdzi
rozdilné nebo ménici se podminky syntézy krystalickych C-S-H analogli — zatimco jehlicovité krystaly
vznikaji ristem z roztoku, lameldrni a tabuldrni formy se tvori topochemicky na povrchu pevnych fazi.

Podékovdni

Mé podékovani patfi vSem koleglim, ktefi se na letitém vyzkumu podileli — at jiz odbornou
spolupraci, kritickou diskusi ¢i technickou podporou. Zvlastni uznani patfi mentorim
prof. Brandstetrovi, prof. Ptackovi a prof. Cihlafovi, ktefi formovali mé védecké uvaZzovani, a také
pracovnim kolektiviim, s nimiz jsem méla tu ¢est spolupracovat na rliznych mezioborovych projektech
i pracovistich. DUleZitou soucasti vyzkumu byla a je spoluprace se studenty, ktefi se podileli na zna¢né
Casti prezentovanych vysledkd. Vyznamnym faktorem pro uskutecnéni bylo pracovni zazemi a
dostupna infrastruktura, které mi umoznily pristup k modernim analytickym metodam (zejména
rtznym typtm spektroskopii — XPS, FT-IR a Ramanovy), diky nim bylo mozZné realizovat komplexni
charakterizaci studovanych C-(A)-(S)-H systém(l. V neposledni fadé dékuji své rodiné za podporu a
trpélivost, bez nichz by vznik této prace nebyl mozny.



1. Uvod

V poslednich desetiletich Ize pozorovat zdsadni posun v pfistupu k ndvrhu a studiu anorganickych
material(, ktery je uUzce spjat s rostoucim porozuménim jejich chovani na nanourovni.
Aluminosilikatové systémy predstavuji vyznamnou tfidu materialG s Sirokym spektrem vyuziti — od
tradi¢nich pojiv az po pokrocilé kompozity a nanostrukturované materialy. Klicovym aspektem téchto
systému je jejich koloidni chovani, které zasadné ovlivriuje vyslednou mikrostrukturu i makroskopické
vlastnosti pfipravenych materiald. Povrchové interakce a elektrostatické vlastnosti ¢astic ve vodném
prostfedi hraji rozhodujici roli pfi stabilizaci disperzi a pfi pribéhu reakci béhem syntézy a procesu
hydratace a vytvrzovani (tj. tuhnuti a tvrdnuti). Procesy probihajici na rozhrani pevné a kapalné faze
jsou rozhodujici pro pochopeni hydrataénich mechanism( i pro predikci chovani vysledného
kompozitniho systému, tj. betonu.

Interdisciplinarni charakter vyzkumu, propojujici materidlové inZenyrstvi, fyzikdlni chemii a
analyticky pfistup, je nezbytny pro detailni popis mechanismG hydratacnich reakci na molekulové
urovni. Vyzkum v oblasti aluminosilikatovych systému se pro mé stal vice nezZ jen profesni cestou — stal
se vyzvou k porozuméni slozitym interakcim na fazovém rozhrani, které vyznamné ovliviuji
makroskopické vlastnosti materiadld. MozZnost pronikat do hloubky struktur hydratacnich produktd,
zkoumat dynamiku reakci v Case, predstavuje praktickou vyzvu s dopadem i na mozné primyslové
aplikace a inovace v oblasti materidlového inZenyrstvi. V pribéhu poslednich let jsem méla moZnost
sledovat, jak se pokroky v oblasti nanomateriall promitaji do studia anorganickych pojiv a soucasné i
vyvoje pokrocilych kompozitnich systéma.

Pfedmétem této habilitacni prace a soucasné i jejim nejvétSim prinosem je analyza a popis
komplexnich koloidnich interakci na povrchu rdznych aluminosilikdtovych matric béhem jejich
hydratace. Cilem je systematicky zmapovat a interpretovat jevy spojené s povrchovym chovanim ¢astic
v aluminosilikatovych systémech, se zvlastnim dlrazem na popis nanostrukturnich C-S-H, C-A-S-H a
C-A-H hydratacnich produktli, které byly analyzovany v ptirozenych procesech ¢i v fizenych
experimentech. Vysledna prace je souhrnem komentovanych vysledk(l uverejnénych ve védeckych
publikacich autorky, které jsou uvedeny v seznamu komentovanych publikaci a doloZeny pftilohou.
Poznatky prezentované v jednotlivych kapitolach vychazeji jak zjiz publikovanych vysledkd a
experimentalniho vyzkumu, tak z analyzy dostupné literatury a slouzi jako vychodisko pro dalsi
sméfovani v oblasti vyvoje funkcionalizovanych anorganickych systém@. Uvodni kapitola vénuijici se
popisu C-S-H struktur je teoretickym zakladem pro kapitoly nasledujici a je proto Sifeji rozpracovana
z teoretického pohledu a nasledné doplnéna komentovanymi vysledky autorky z oblasti syntézy C-S-H
analogl. Na kapitolu pak navazuji publikace autorky tykajici se dopované formy C-A-S-H v pfirozeném
systému smésnych cement( Ci alkalicky aktivovanych material(, dale publikace hydratacnich produkt
C-A-H vznikajicich pfi fizené hydrolyze syntetickych kalcium aluminatld a kalcium aluminatovych
cement(.

Zvolené téma, propojujici publikované védecké prace, aplikované vysledky a vedené zavérecné
prace, je zasadni oblasti vyzkumu a pedagogického zaméreni autora, ackoliv neni tématem jedinym.
Vyznamna cast publikovanych vysledk( autorky tykajici se syntézy a analyzy pokrocilych keramickych
material( neni z dlvodu zachovani tematické soudrZnosti prace vybrana ke komentarim, ale je
citovana a uvedena v Podkladech k habilitacnimu fizeni. Autorka je v soucasnosti spolufesitelem a
¢lenem odborného tymu projektl VaVai (projekty GA 23-05082S: ,Vlyzkum kombinovaného ucinku
oxidi siry, médi a lithia na tvorbu a vlastnosti slinku portlandského cementu”a GA 25-16766S: ,Rizend
prostorova distribuce hydrdti v nizkouhlikovych cementech”) a vedoucim bakalarskych ¢i diplomovych
praci, které Uzce souviseji s tématem habilitacni prace.

Prace je clenéna do tematickych celkl, které postupné rozvijeji pohled na vznik a funkci
nanostrukturnich hydratacnich fazi v aluminosilikatovych pojivech. Prvnim celkem je skupina C-S-H
struktur, véetné jejich historického vyvoje, molekulového usporadani a koloidnich modelt. Nasleduji
Casti zamérené na laboratorni syntézu C-S-H analogl rdznymi metodami (mechanochemicka,
hydrotermalni, sol-gel, precipitacni), jejich morfologii a reaktivitu. Vyznamna pozornost je vénovana
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substituci prvkd (napf. Al, Cu, Li, S) a jejich vlivu na strukturu gelu, véetné schopnosti imobilizace
doprovodnych iontl. Prace déle rozebira publikace autorky vénujici se aplikaci téchto poznatkl v
oblasti smésnych cementl, alkalicky aktivovanych materidld a Zarovzdornych kompozit.
Experimentdlni ¢ast je vyznamné podporena spektroskopickymi analyzami (FT-IR, Raman, XPS, NMR),
jejichZ aplikace pro analyzu gelli na molekularni Grovni je vyznamnym pfinosem préace a v soucasnosti
stale aktudlnim tématem. Vysledkem prace je zaroven propojeni ziskanych poznatk(l o strukture a
chovani C-(A,S)-H gell s jejich praktickym vyuZitim v ndvrhu funkénich a nizkoenergetickych pojivovych
systému vychazejici z koncepce ,Low carbon economy” dané politikou evropského ,Green Deal” a
strategii , Fit-for 55“.



2. Hydratace portlandského cementu

Maltovina je praskova hmota anorganického charakteru s mérnym povrchem vét$im nez 200 m?/g,
jejimz smichdnim s vodou lze pfipravit pojivo. Po urcitém case tato smés ztvrdne a vytvori pevny
kompozit. Maltoviny lze rozdélit podle zptsobu tuhnuti a tvrdnuti na [3]:

e Vzdusné —tuhnouci pouze na vzduchu (napf. vapno - karbonataci, saddra - hydrataci, Soreldv
cement — tj. cement na bazi oxidu hofe¢natého v kombinaci s roztokem horecnaté soli),

e Hydraulické — tuhnouci i pod vodou (napf. hydraulické vapno, portlandsky cement),

e Latentné hydraulické — aktivujici se az po smiseni s vodou nebo s pfimésemi ¢i aditivy (tj.
rtzné druhy kaolin( ¢i strusek),

e Smésné — obsahujici hydraulické i vzdusné slozky, které po smiseni s vodou hydratuiji.

Nejznaméjsim zastupcem hydraulickych maltovin je portlandsky cement (PC), ktery nabyva pevnost
hydrataci. Hydrataci rozumime proces transformace plavodniho praskového materialu za pfitomnosti
vody, tedy pfijimani a vazani vody, na pevny monoliticky kompozit. Tento proces probihd formou
soustavy chemickych reakci a fyzikalnich jev(, které urcuji vysledné vlastnosti kompozitu, jako jsou
pevnost, trvanlivost a celkova Zivotnost.

Na zakladé této definice a evropské normy EN 197-1 (¢eskou verzi je CSN EN 197-1, 2, 5 - LC?) je
cement hydraulickd maltovina, kterd se vyrabi mletim vypaleného tzv. portlandského slinku
se sadrovcem a primésmi (vysokopecni struska, popilky, mikrosilika) ¢i prisadami (napt. plastifikacni,
stabilizacni, provzdusiujici, urychlujici hydrataci, biocidni aj.). Norma uddva, Ze portlandsky cement
musi obsahovat alespori ze 2/3 tzv. silikatové slinkové mineraly, tj. C3S — trikalcium silikat (alit), C>S —
dikalcium silikat (belit), a z 1/3 tzv. aluminatovych slinkovych minerald, tj. CsA - trikalcium aluminat
(tmava spojovaci hmota) a C,AF — tetrakalcium aluminat ferit (svétla spojovaci hmota) [3]. Normalni
cementy obsahuji 50-75 % alitu, 5-20 % belitu a 5-15 % aluminatu a 5-15 % aluminat feritu, protoZe
je portlandsky cement velmi komplexni systém v soustavé Ca0-SiO,-Al,0s3 (Obr. 1), je jeho hydratace
procesem neméné slozitym. Jak jiz bylo vySe zminéno, hydratace portlandského cementu je obecny
proces reakci probihajicich na fazovém rozhrani voda-¢astice, kdy c¢astici je mysleno zrno slinku
v pfitomnosti sadrovce, prisad a pfimési. Pri kontaktu cementu s vodou se za¢nou uvolfiovat jednotlivé
ionty do roztoku, kde po dosazZeni kritické koncentrace, tj. stav pfesycenosti, dochazi k nukleaci novych
systému prevazné na povrchu ¢astic. V tomto komplexnim systému dochazi k rozpusténi jednotlivych
sloZzek v rizném case a pfi rliznych podminkach, coz ovliviiuje rychlost nukleace novych fazi a vede k
neustalym zménam fyzikalniho i chemického stavu povrchu reagujicich ¢astic.

Sio,

mikrdgilika

metakaolin

CaO Al,0;
Obr. 1 Fdazovy diagram soustavy CaO-SiO2z- Al20z (zpracovdno z [4])

Vysledkem hydratace je tvorba produktl na bazi hydratovanych kalcium silikata (C-S-H faze),
kalcium aluminatl (C-A-H faze), sulfoaluminatli a sulfoaluminoferitl (napf. ettringit (AFt) a
monosulfoaluminat (AFm)), ¢i karboaluminatl (MC faze). Tyto produkty hraji klicovou roli pfi fizeni
procesu tuhnuti a tvrdnuti hydraulickych pojiv a pucolanovych pfimési. Tvorba hydratacnich produktt
je ovliviovana mnoha vzajemné provazanymi faktory, coz ¢ini mechanismus vysoce komplexnim, a
jeho presny popis je obtizné definovatelny.



3.C-S-H faze
3.1.Historicky vyvoj popisu mechanismu hydratace kalcium silikdtu

Studium povahy vznikajicich ¢astic a mechanism hydratace bylo predmétem mnoha vyzkum [5-
9]. Na zakladé téchto praci vznikla fada hydratacnich a strukturnich modeld, kterym se dale vénuji
samostatné kapitoly. Mnohé zmodelld byly vyvrdceny a mnohé naopak diky modernim
experimentalnim a analytickym pFistupdm potvrzeny. Prvni pokusy o detailnéjsi popis hydratace
cementu se objevily jiz na konci 19. stoleti, napriklad krystaloidni teorie prof. Le Chateliera [10] a
koloidni teorie prof. Michaélise [11]. Ackoli byly tyto teorie historicky vnimany jako neslucitelné, ve
skutecnosti se vztahuji k odliSnym podminkdm hydratace — Le Chatelierova teorie predpoklada vysoky
vodni soucinitel a Uplnou hydrolyzu slinkovych minerdll, zatimco Michaélisova teorie popisuje
topochemicky ruast hydratacnich produktl za praktickych podminek. Tato rozdilnost vedla k
intenzivnimu empirickému ovérovani, teoretickému objasfiovani a vzniku dalSich koncepci, jejichZ
vyvoj trva dodnes. Pro ilustraci komplexnosti tématu jsou na Obr. 2 a Obr. 3 uvedeny milniky v teorii
hydratace, jejich autofi a pfinos v ¢asové ose od konce 19. stoleti aZ po soucasnost.
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Obr. 2 Casové schéma jednotlivych modeld hydratace (do roku 1962) (zpracovdno z [5])
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Popis realné struktury hydrat( kalcium silikatd a kalcium aluminat(i a objasnéni mechanismu jejich
vzniku za pritomnosti rliznych pfimési a prisad zlstava stdlym predmétem zajmu védecké komunity —
v minulosti, soucasnosti i s vyhledem do budoucnosti [5, 7, 8, 12].

Nasledujici kapitola poskytuje teoreticky prehled zaméreny na strukturu C-S—-H faze, véetné
mechanismu jejich vzniku, morfologie, mozZnosti syntézy, termodynamickych a kinetickych
charakteristik i pfistupt k jejich numerickému modelovani. Podrobné;jsi analyza popisu nanostruktur
tvofi zakladni rdmec pro dalsi kapitoly prace, které na dané poznatky navazuji — zejména v kontextu
substituovanych struktur alkalicky aktivovanych materialQ a interakci s koloidni silikou.

Autorka se ve svych publikovanych védeckych pracich vénuje vlivu podminek, pfisad a pfimési na
hydrataci rdznych typl cementd. Jednotlivé studie prinaseji odlisné pohledy na vznik hydratacnich
produktl — od vyuZziti sekundarnich surovin (napf. popilky, vysokopecni struska, vapenec, metakaolin)
[13-19], pfes bezcementové systémy zaloZené na alkalicky aktivované reakci [20-24] aZ po hydrataci
kalcium aluminat( [25-27]. Tyto préace pfrispivaji k hlubsimu porozuméni mechanismim hydratace a
zaroven maji prakticky vyznam pro vyvoj kalcium aluminatovych cementl, zejména v oblasti
Zarovzdornych materialQ, kterym se vénuje kapitola 5.2. Studium C-S-H struktur je dlouhodobou
soucasti vyzkumu, jak v rdmci disertacnich praci (Ing. Dlabajova [28]), tak i v souc¢asnych projektech.
Aktudlnim tématem je pfiprava dopovanych koloidnich C-S-H fazi a jejich vliv na hydrataéniho
mechanismus ve smésném cementu (GA 25-16766S). Nasledujici kapitoly shrnuji poznatky z téchto
vyzkumU a komentuji jejich vysledky.



3.2.Molekularni struktura C-S-H fazi

Stejné intenzivné, jako je diskutovana teorie hydratace, probiha i odborna diskuse o strukture
vznikajicich hydratacnich produktd. V padesatych a Sedesatych létech minulého stoleti prof. Powers i
prof. Taylor [29, 30] definovali vznikajici latky jako jeden z nejstarsich nanocdsticovych systémi se
strukturou kalcium hydrosilikatl xCaO-ySiO,-zH,0 (dale C-S-H) [31]. Kalcium silikaty zjednodusené
feceno reaguji s vodou za vzniku kalcium hydrosilikatového gelu (tj. C-S-H gelu) a portlanditu (CH) dle
obecnych rovnic [32]:

C3S + B—x+yH - C,—S—H, + 3—x)CH, (1)
C;S+ 2—-x+yH - C,—S—H, + (2—x)CH, (2)

kde se praveé odlisny C/S (C = Ca0, S = SiO,) pomér a rlzné vazana voda vyrazné projevuji. C-S-H vznikly
hydrataci C,S je odlisny od C-S-H gelu vzniklého hydrataci C3S [33]. S vy$simi poméry C/S (tj. nad 2) se
mUiZeme setkat pfi hydrataci za extrémnich podminek ¢i v pfitomnosti primési [4].

Porozumeéni procestim jako rozpousténi, difuze, nukleace, rlist, komplexace, adsorpce a kinetika ve
skute¢ném cementovém systému predstavuje velmi sloZity a narocny ukol, jak jiz bylo zminéno v
Uvodni ¢asti [12]. Nehomogenita vznikajicich hydratacnich produktl a jejich interakce s ostatnimi
fazemi se odrazi i v oznacenich typu C-S-H, C-A-H apod., ktera pomoci pomlcéek vyjadfuji, Ze nejde o
presné definované chemické slouceniny, ale o komplexni a proménlivé struktury. StéZzejnim se ukdazal
pomér mezi Ca a Si a mnoZstvi vody v systému vyjadiené jako hydroxyl ¢i hydrat. Prof. Richardson a
jeho tym byli mezi prvnimi, kdo detailné popsal C-S-H i C-(A)-S-H struktury [34-42]. Pomér Ca/Si
(vapnik/kfemik) se v redlném systému pohybuje mezi hodnotami 0,7 aZ 2,1 a mnozstvi vdzané vody se
meéni jesté vice [39, 43]. Skupina C-S-H fazi byla dale béhem ¢asu a nastupu novych analytickych metod
rizné délena a oznacovana. Taylor [44] ve své praci rozdélil C-S-H na dvé kategorie: na C-S-H | s
C/S<1.5aC-S-H Il s C/S>1,5. Nonat [45] pozdéji prvni skupinu jesté rozdélil na C-S-H (a) pro 0,66 <
C/S <1aC-S-H(B)vrozmezil < C/S < 1,5. Déle najdeme rozdéleni na LD (,,/low density” — nizkohustotni)
a HD (,,high density” = vysokohustotni) C-S-H, které vychazi z novéjsiho koloidniho modelu a fika ndm
0 usporadani jednotlivych C-S-H castic (v tomto pripadé globuli). Minerdly krystalizujici ze soustavy
Ca0-Si02-H,0 za raznych podminek jsou krystalickymi analogy C-S-H sloucenin vznikajicich pfirozené
béhem hydratace a sehraly vyznamnou roli pfi formulaci riznych strukturnich modell [45-47]. Na Obr.
4 jsou uvedeny fazové diagramy soustavy C-S a C-S-H.

H,0
A Ca-Faujasite
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= aee ; Bultfonteinite
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5 Truscotite Gyrolite
5 © @ Jaffeite Vi
o y- C,S hydrate - . i 2.ph
= Hillebradite & a-C,SH o A ase
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C,S
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Ca0/Si0; mole ratio of starting materials

Obr. 4 Fazové diagramy soustavy CaO-SiOz a Ca0-SiOz-H:0 (prevzato z [1] a [2])

C-S-H slouceniny mohou vznikat v amorfni, semikrystalické i krystalické podobé, vse se odviji od
podminek jejich nukleace a rlstu. Tyto latky jsou strukturné velmi podobné krystalickym analoglim

s ee

minulého stoleti (prof. Taylor, viz. Tabulka 2). Na zakladé rliznych experimentdlnich dat mizZzeme C-S-
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H gel popsat pomoci mineral( s riznym C/S pomérem — tj. skupina_wollastonitu, jennitu, hillebranditu
a zejména tobermoritu.

Obecné je jiz uznavanym faktem, Ze nejvétsi podobnost s redinym C-S-H gelem je pfisuzovdna
strukture tobermoritu s urcitym poctem strukturnich defektt [48], a dle poslednich studii s atomarniho
pohledu je nejvétsi podobnost s clinotobermoritem (viz Tabulka 1) [49, 50].

Tzv. superskupina tobermoritu [51] vychazi z jeho vrstevnaté struktury, tzv. ,order-disorder” (OD)
(Obr. 5) a jednotlivé minerdly se lisi rozdilnou bazalni mezivrstevnou vzdalenosti (doo2) danou stupném
hydratace a symetrii burniky. Centralni vrstva obsahuje CaO s atomy vapniku v cik-cak usporadani a
koordinaénim cislem 7, které jsou podélné propojeny ve sméru osy b. Vrstva CaO sdili kyslikové atomy
se silikdtovymi retézci typu dreirketten po obou stranach. Toto usporaddni se opakuje kazdé tfi
silikatové retézce, pricemz dva jsou tzv. parové a jsou propojeny s centralni CaO vrstvou sdilenim 2
kyslikovych atomi a treti tzv. mlstkovy, ktery sméruje do mezivrstevného prostoru [52-55]. Celd
jednotka lze nazyvat komplexnim modulem [56]. C-S vrstvy leZi v xy nebo roviné (001) s periodicitou
7,3 A, zatimco periodicita v ose zje ddna opakovanim vrstev za sebou. Mezivrstevny prostor je
vyplnény vodou a vapenatymi ionty, které zajistuji kohezi zplsobenou disperznim prostfedim a
elektrostatickymi interakcemi [57].

S|I|katovy retézec (B)  méistkovy tetraedr

PP

Obr. 5 Schéma struktury vrstev v tobermoritu (a) a detail ,,dreierketten” (b) usporddani silikatovych retézcu
(upraveno z [58])

parovy tetraedr

vrstva CaO

Rozlisujeme nékolik tzv. polytypl lisicich se od sebe mezivrstevnou vzdalenosti (dooy), ktera je vétsi
s rostoucim hydrataénim stupném. Na Obr. 6 je zobrazena struktura 9, 11 a 14A tobermoritu. Déle u
tobermoritu hovofime o tzv. MDO? strukture, ktera rozlisuje typy tobermoritl dle krystalické mfizky a
usporadani vrstev. Vsechny zndmé druhy jsou niZe shrnuty v Tabulka 1.

14 R

(a) (b) 11 A

v P ),_,W

Obr. 6 Schéma polytypti tobermoritu: a) 94, b ) 114, c) 144 (upraveno z [58])
Rozdil mezi jednotlivymi typy neni jen v mezivrstevné vzdalenosti, ale i v chovani béhem tepelného
namahani. Ze 14A tobermoritu lze ziskat polytypy s mensi vzdalenosti (jak 11A tak i 9A) a to pomoci
dehydratace za zvy3ené teploty (cca 200 °C). 11A tobermorit vykazuje odli$né chovani oproti ostatnim

1 MDO je ,maximum degree of order” — pfedstavuji idedlni, pravidelné se opakujici se uspofadani vrstev, které
se lisi typem translace vrstev.
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polytyplim, coZ souvisi s jeho schopnosti vytvaret kondenzac¢nim mechanismem dvojité wollastonitové
fetézce propojujici mistkové silikatové retézce sousednich vrstev. Tyto fetézce obsahuji tzv. zeolitové
kavity, v nichZ se nachazeji intersticialni kationty Ca?*. Jejich pfitomnost je disledkem substituce Si*
za APP* v tetraedrickych pozicich silikatovych fetézcl (zejména v Q% a Q3 pozicich), ktera generuje
zaporny naboj vyZzadujici kompenzaci. Diky této struktufe lze pfi zahtivani rozlisit béznou formu
tobermoritu, bohatou na Ca, od anomalni formy, ktera je na Ca ochuzend. U anomalniho tobermoritu
nedochazi p¥i dehydrataci ke zmenseni mezivrstevné vzdalenosti na 9,3 A, jak je tomu u béZné formy,
protoZe postrada zeolitové kavity s vyménnymi kationty. Tim padem nedochazi ani k preusporadani
Ca?* do koordinacniho ¢isla 7. Pfi tepelném zpracovani nad 800 °C se vSechny C-S-H struktury rozpadaji
za vzniku wollastonitu [59, 60].

Tabulka 1 Polytypy tobermoritu dle nomenklatury Biaginiho [51]

doo2 (A) Ndzev minerdlu Chemické sloZeni Krystalicka mrizka Citace
14,0 Plombierit CasSis016(0OH),-7H,0 ortorombicka/monoklinicka? [61]
Tobermorit CasSig017:5H,0 monoklinicka? [59]
11,3 Kenotobermorit* CaySig015(0OH),-5H,0 ortorombickal/monoklinicka? [59]
Clinotobermorit CasSig017:5H,0 monoklinickal/triklinicka? [62][63]
93 Riversideit ) CasSis016(0OH); ortorombickal/monoklinicka? [63]
! Clinotobermorit 9 A CasSis016(0H), monoklinicka?/triklinicka? [62]

*ve vétsiné literatury oznacovén jako anomalni tobermorit;! typ MDO1 ; 2 typ MDO,

Z historického pohledu je potfeba zminit i mineraly skupiny jennitu. Dlouhou dobu se uvaZovalo
nad strukturnim modelem C-S-H gelu s vysokym C/S pomérem vychazejiciho z této struktury [64].
lennit, se vzorcem CasSisO15(OH)s - 8H,0 a Ca/Si pomérem 1.55, je tobermoritu podobny diky jeho
vrstevnaté struktufe obsahujici silikdtové fetézce wollastonitového typu a v pfirodé se vedle
tobermoritu i velmi ¢asto vyskytuje. V soucasnosti modely zaloZzené na strukture jennitu ztraceji na
vyznamu. Experimentdlni data ukazuji, Ze struktury s vysokym pomérem Ca/Si mohou vznikat i pfi
zachovani tobermoritové strukturni architektury. Jak experimentalni, tak teoretické studie navic
potvrzuji, Ze charakteristické rysy struktury tobermoritu nejlépe odpovidaji strukture C-S-H gelu [50,
65, 66].

H - hydroxyl OH

P - parovy Si tetraedr Si
B - mistkovy Si tetraedr

[010]

[100]

Obr. 7 Struktura jennitu (upraveno z [67])

Pro popis C-S-H muiZeme vyuzivat mnoho druhl modelll — empirickych, numerickych ¢ci
atomistickych. V dnesni dobé se empirické modely trochu upozaduji na ukor numerickych simulaci na
atomarni Urovni, je to opét v souvislosti s novymi moZnostmi analyz, které v minulosti nebyly. | pfesto
diky témto modellm, byla struktura C-S-H gelli popsana a jsou dalezitymi milniky ve védnim oboru
cementovych pojiv.
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3.2.1. Empirické modely struktury C-S-H

Védci se dlouhodobé vénovali empirickym popisim modelu struktury C-S-H fdzi a s ¢asem bylo
navrzeno, diskutovano i vyvraceno mnoho hypotéz. A praveé koloidni povaha C-S-H gelu byla v minulosti
upozadéna ve prospéch interpretace zaloZzené na strukturalni podobnosti s minerdly skupiny
tobermoritu (Obr. 5) a jennitu (Obr. 7). ,,Powerstv koloidni model” [29] vznikajictho C-S-H gelu byl
nahrazen modelem ,vrstevnatym dle Bernala, Feldmana — Seredy” [68], modelem , defektnich struktur
na bazi tobermoritu a jennitu” dle Taylora, Conga a Kirkpatricka [46, 47]. Po roce 2000 se diky nastupu
modernich analytickych metod, jako jsou nukledrni magnetickd rezonance (MAS-NMR), rentgenova
fotoelektronova spektroskopie (XPS) Ci vibracni spektroskopie (tj. FT-IR a Ramanovy), a vSseobecného
,boomu nanomaterial(“ se diskuse opét vratila ke koloidni povaze C-S-H sloucenin [69-75]. Opét se
vracime k jiZz uvedenému, Ze navzdory rozsahlému experimentalnimu i teoretickému zkoumani zGstava
atomarni struktura C-S-H faze ne zcela jednoznacné vymezena. V Tabulka 2 jsou shrnuty vybrané
empirické modely spolu s experimenty, které teorie podpofily.

Tabulka 2 Empirické modely C-S-H struktur (zpracovano z [58] a [6])

Kdo Kdy Co Jak Cim Reference
Kapilarni porozita;
Powers and S struktura .
Brownyard 1946 P-B: koloidni gelu/absorbovand a Pyknometrie, Sorpce [29]
neabsorbovana voda
Bernal 1952 Vrstevnaty  Tobermorite a XRD (76]
silikdtovy monomer
XRD, mérna
Taylor and , Tobermorit Ca/Si T
Howison 1956 Vrstevnaty nad 0,83 hmotnost, index [77]
lomu,
Kurczyl.< and 1962 vrstevnaty tobermorite Tem, SEAD, XRD, FT- [78]
Schwiete IR
Struktura defektniho N, adsorpce:
Brunauer et al. 1967 Vrstevnaty tobermoritu a 29 P .' [79]
- porozimetrie
jennitu
. — . N, adsorpce;
Witman 1976 Koloidni model C-S-H jako xerogel . . [80]
porozimetrie
. N, adsoprce;
Feldman a 1966, 1980 F-S:vrstevnaty | VTStV gelusporya 22050P [68]
Sereda mezivrstvy s vodou mechanika
Stade, Wieker, 1980 . Smes dlm?r @ Rozpustnost, [81]
Glasser Tobermorit polymernich termodynamika
1987 silikatovych retézc ¥ (82]
Defektni struktury Struktura na
Taylor 1986 tobermoritu a atomarni drovni XRD, TGA [47]
jennitu 3n-1
Richardson a Tobermorite, jenni Ukoncené Silikatové Stupen hydratace
Groves 1992 a ortlan;ijit fetézce s MCL? P Nl\\//IR ' (83]
P (3n—1) avrstvy CH
Cona a Struktura Ca-OH a
onga 1996-7 1,4nm tobermorit $i-OH dle C/S MAS-NMR (46]
Kirkpatrick .
poméru
Nonat a Lecoq 1998 1,4nm tobermorit MCL (3n-1) MAS-NMR [84]

2 MCL —,, mean chain lenght, tj. délka silikatového fetezce
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. Koloidni a fraktalni
Jennings 2000, 2004 model - CM | LD a HD C-S-H gel SANX-NMR [70, 71]
Tob it and
Chen 2004 obermoritan MCL (3n - 1) MAS-NMR [85]
jennit
Nonat 2004 Tobermorit, jennit | RUZN€ struktury C5- 1 e yRD, AFM 86]
H dle C/S poméru

Jennings 2008 Koloidni rl'?odel M Usporasl:(a)r;lul]:? CS-H Chemisorpce [74, 75]

P-B (Powers-Brownyard) model jako jeden z prvnich popsal vznikajici C-S-H béhem procesu
hydratace cementovych past v zavislosti na rGzném vodnim souciniteli jako 3D systém (xerogel)
skladajici se z koloidnich ¢astic o velikosti 14 nm s nanoporezni strukturou (tzv. ,Munich model“, Obr.
8a). Milnikem modernich koloidnich modell byla prace tymu prof. Allen (Obr. 8b), ktefi vyuZili
experimentalnich dat ze SANS (,Small Angle Scattering”) k popisu globulek gelu o velikosti 5 nm
vznikajicich jiz v ranych fazich hydratace, jez s Casem agreguji do vétsich struktur (kolem 40 nm) [87].

a) B AN b) y ;

4 —C-S-H &astice

__— C-S-H vrstvy

.

T~ mezivrstva s fyzikalné
vazanou H,0

!‘>-~~kapila’rn|' pc')ry adsorbovana H70

51— povrchové H20 v nanopérech

vazana voda

Obr. 8 ,Munich (a) a Allentiv (b)”“ model C-S-H globulek (upraveno [71])

Na tyto prace navazal tym prof. Jenningse [70, 71, 75], ktery zformuloval postupné nékolik verzi
koloidniho modelu (CM I, fraktalni CM | model, CM II). Na pocatku jeho prace bylo potvrzeni Munichova
a Allenova zjisténi sférického tvaru C-S-H ¢astic o velikosti okolo 2,2 nm se strukturou podobnou
jennitu ¢i tobermoritu (Obr. 8). Tyto pevné ¢astice se spojuji do klastr( — globuli o velikosti 5,6 nm a na
zékladé rtznych typl pFitomnych péri se tyto globule uspofadévaji (LD C-S-H a HD C-S-H3, Obr. 9).
HD C-S-H je vyrazné pevnéjsi a vznikd na rozhrani s nezreagovanych povrchem zrn a také byva
oznacovan jako vnitfni C-S-H. Zatimco LD C-S-H vznika napfi¢ celou matrici zejména v pocatecnich
fazich hydratace a je diky své hustoté pfistupny vniku plynu (N2), a proto je hlavni slozkou hodnoty
specifického povrchu, ziskaného metodou BET (Brunauer—Emmett—Teller). Koloidni model CM | byl

pozdéji potvrzen i numerickym modelem zaloZzenym na Monte Carlo pfistupu ([88, 89]).
LD C-S-H 37% porozita gelu

C-S-H matrice
globule: stavebni jednotka
C-S-H gelu

HD C-S-H 24% porozita gelu
Obr. 9 C-S-H globule a jejich usporddani dle hustoty na LD a HD C-S-H (zpracovdno z [71])

31D -, low density”, nizkohustotni a HD — ,high density”, vysokohustotni.
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Koloidni model CM I v jeho plGvodni formé, ale nebyl experimentalné potvrzen z hlediska HD C-S-H,
rozsiteni CM | se podaftilo experimentalné doplnit prof. Jenningsovi. Ten vysel z komplexnich informaci
o poérové strukture, nejenom v souvislosti s hustotou globuli, ale i z naméreného obsahu vody, porozité
v gelu a mérného povrchu LD C-S-H ziskaného pomoci BET, doplnéné o fyzikdIni data chemického
smrsténi hydratovanych cementovych past v case a rGzné vlhkosti [69, 90]. Model byl znovu
pfepracovan v souvislosti s experimentalnimi daty ziskanymi z NMR analyzy. Dava do souvislosti vztah
pohybu C-S-H globuli béhem vysychani, mechanického namahani ¢ smrstovani béhem procesu
starnuti spojeného s polykondenzaci silikatovych fetézcli [6]. Z chemického pohledu se jedna o
podstatu ,,sol-gel procesu” [91] daného rovnicemi (3-5), kde se kondenzaci uvoliuje voda a vznikaji
polymerni klastry (5), které mohou mit podobu gelu ¢i ¢astic [73, 92]:

=Si—0OH+H,0= &=Si—0" + H;0% (3)

=Si—-0OH+0 —Si=e=8Si—-0—-Si=+0H" (4)
HY ¢ioH™

=Si—-OH+HO—-Si=——>=S5i—0—-Si=+H,0 (5)

Porézni gel, ktery ma schopnost vyplnit volny prostor, vznikd pouze tehdy, kdy je reakce (5)
nevratnda. Schematicky je zavislost typu gelu na sméru reakce (5) ukazana na Obr. 10, kdy je zcela
zfetelné, Ze pro C-S-H gel tvofici hlavni pojivovou matrici je stézejni mechanismus nevratné
polykondenzace silikatovych fetézcll. Za podminek, kdy v systému probihaji jak vratné reakce (napfr.
reakce 4), tak nevratné (napf. reakce 5), dochazi k ristu silikatovych zpolymerizovanych klastrd do
takové velikosti, az samovolné vyprecipituji. Tyto precipitdty maji gelovou strukturu a vznikaji agregaci
koloidnich ¢astic. BEéhem starnuti dochazi k synerezi — vytlacovani kapaliny z gelové sité, kterd se
nasledné oddéluje jako volna faze. Vysledny systém pak neni schopen vyplnit cely dostupny prostor. Z
hlediska klasifikace geld se jedna spiSe o koagel neZ o spojity lyogel. Na zakladé fyzikalniho pohledu na
gely Ize C-S-H gel vznikajici v cementové matrici povazovat za koloidni gel s ¢astecné spojitou
strukturou, ktera vznika agregaci globuli. Tento typ gelu je nékdy oznacovan jako ,,nepravy gel”, ktery
Ize chapat jako specificky pripad koloidniho gelu s fraktalni strukturou [73, 93, 94]. Starnutim dochazi
k postupné polykondenzaci silikatovych fetézcl, kterd zvySuje stupen polymerizace C-S-H gelu.
Synereze gelu je vyznamnym jevem zejména u koloidnich alkalickych silikat(, alkalicky aktivovanych
material( a geopolymeru [95]. Vysledky 2°Si NMR analyz publikované prof. Jenningsem potvrzuji, ze
stupen polymerizace se zvySuje nejen s C¢asem, ale i s rostouci teplotou. Starnutim dochazi ke
transformaci LD C-S-H na hutnéjsi analogy HD C-S-H, a tedy dochazi k poklesu mérného povrchu
(méfreno metodu BET). Tomuto tématu se vénuji publikace (Kalina, Bartonickova a kol. [96], Kunovsky,
Bartonickovd a kol. [19]) studujici vliv koloidnich silikatd na tvorbu C-S-H gelu ve pérech jiz
vytvrdnutého betonu. Jedna se o techniku vytvrzovacl, koloidnich povlakli a nanoseed, které jsou
soucasti tzv. ,self-healing” systém [96].

SOL nevratna kondenzace

—

Sy
SOL vratna kondenzace

Obr. 10 Schéma C-S-H gelu vznikajiciho polykondenzaci (zpracovdno z [73])
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Novéjsi poznatky ze SANS analyzy a nanoindentacnich méreni ukazaly, Ze zdkladni stavebni
jednotka C-S-H gelu je vétsi, nez bylo dfive urceno a odpovida velikosti 4,4 nm, cozZ je blize k dfive
stanovené velikosti C-S-H globule. Voda obsaZend uvnitf globule nebyla v modelu CM | brana v potaz.
Ve fraktalni pfistupu k CM | se C-S-H usporadava stale do LD a HD struktury, ale nyni bylo LD C-S-H
popsano pomoci struktury s gelovymi péry o rGzné velikosti (az 10 nm), coZ ukazuje na jesté nizsi
hustotu nez v modelu predeslém [74, 97]. Jak jiz bylo zminéno vySe, koloidni model CM | nebere v potaz
vodu uzavienou uvnitf v C-S-H globulich, jejich zménu uspofadani béhem vysychani a smrstovani, a
proto byla vyvinuta snaha model prepracovat a upravit. Diky novym experimentalnim datim byl
pGvodni koloidni model CM | prepracovan do podoby koloidniho modelu CM I, ktery spojuje
vrstevnaty F-S model s modelem koloidnim a byl nazvan jako ,,granularni“ [75] (Obr. 11). Globule jsou
tvoreny destickovitymi ¢asticemi se strukturou podobnou tobermoritu ¢i jennitu, kdy v jednotlivych
mezivrstvach o velikosti mensi neZ 1 nm je voda. Tato pronikajici voda napomaha ke tvorbé dvou typu
gelovych porl o rdzné velikosti (SGP - ,,Small Gel Pores“ — 1-3 nm, LGP -, Large Gel Pores“ — 3-12 nm),
ale model stale nepocita s vodou v mezivrstvach a chovani béhem mechanického namahani. Struktura
LD C-S-H neni tedy jednoznacnd, jelikoz z experimentalnich dat neni jasné, zda zahrnuji vodu
v mezivrstvach ¢i ne [75]. K objasnéni souvislosti v nanopdrovitosti a vodou v mezivrstvach pfispél
experiment zalozeny na mrazicich cyklech pomoci nizkoteplotni DSC analyzy, ktery ukazal, ze primarni
krystalicky led s ¢asem prechdzi na led amorfni a piky odpovidaji malym a velkym gelovym pérdm i
pordm uvniti globuli [98].

b)

saturovany

SGP

~ i LGP=3-12nm SGP=1-3Him
nova mezivrstva

50 nm E

vysuseny

Obr. 11 Schéma uspordddni C-S-H &astic do globuli dle koloidniho CM Il (upraveno z [75])

Porovnani empirickych modul( a jejich findlni kombinace v podobé ,,granuldrniho” modelu CM 1l je
zobrazeno na Obr. 12.

mezivrstva s fyzikalné
vazanou H,0

mezivrstva s fyzikalné
kapilarni péry ——— vazanou H,0

adsorbovana H,0
kapilarni H,0

’ » vrstvy tobermoritu
adsorbovana H,0 =

\ﬂ

vazby mezi ¢asticemi

5

vrstvy C-S-H

a)

b) neuspofadané vrstvy

velké pory v gelu
d) - —
—— e
e = e
e = ==

=
= = e

o e ]
globule: stavebni jendotka == ) %é
C-S-H gelu N, &S=&s=pory v globulich
kapilarni pory \ s
malé pory v gelu
malé pory v gelu E@e velké péry v gelu
pory e =

Obr. 12 Schéma nanostruktury C=S—H gelu vychdzejici z riznych empirickych modeli: a) koloidni P-B model
b) vrstevnaty F-S model, c) koloidni model CM | ad) koloidni model CM Il (zpracovano z [29], [68], [71], [75])
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3.2.2. Numerické modely struktury C-S-H

Studium C-S-H struktur mlze byt zkoumano z rliznych pohled(i od atomu pfes nano a meso po
mikrostrukturni méfitko, kdy kazdda droven vnasi jiné informace pro popis hydratace jako komplexniho
systému. Novodobéjsim pfistupem k popisu C-S-H struktur jsou modely vyuZivajici numerické simulace,
které vyuzivaji tzv. atomisticky pristup k popisu struktury. Na Obr. 13 jsou uvedeny rGzné numerické
metody pro vypoctové modely v zavislosti na velikosti retézce.

N )

bl Mesoscale (R 84
S DFT. (.‘i' :{}{‘ '
O “‘ > 3"%!}?
€ ".*_ ! e ; /__g:_.,,‘{\
“ Atomistic ot P 1ot it & |
v 4 GCMC

am T R
AT A
= “\ M\ 'f(
Ab initio MD REMD

délka retézce

kmMmcC

Obr. 13 Souhrn metod molekuldrniho modelovdni® v souvislosti na velikosti fetézce (zpracovdno z [95])

Atomarni Urovni je minén pohled na slouceninu z hlediska usporadani atomi v krystalické
strukture, ktery je mozny diky novodobym analytickym technikdm jako je MAS-NMR, infracervena,
Ramanova spektroskopie, ¢i synchrotronni rentgenova difrakéni analyza (XRD), rentgenovy rozptyl pod
malymi ahly (SAXS), rentgenova fotoelektronova spektroskopie (XPS), absorpcni rentgenova analyza
(EXAFS), metoda rozptylu neutroni pod malymi uhly (SANS) ¢i quasi-elasticky neutronovy rozptyl
(QENS) [42, 99-102]. Kromé pomérl C/S a C/S/H lze C-S-H strukturu popsat pomoci délky silikatového
fetézce (MCL) a pomoci typu silikatového fetézce z polymerniho hlediska (tzv. Q"). Q" jednotky oznacuji
typ SiO4 tetraedru podle poctu kyslikovych mustk( (tzv. ,bridging oxygen”, BO), které sdili s jinymi
tetraedry a nemdUstkovych kyslikG (tzv. ,non-bridging oxygen”, NBO). Usporadani jednotek Q"
v silikdtovém tetézci (viz Tabulka 3) Ize hodnotit jak v krystalickém, tak i amorfnim systému, coz pravé
vnasi nové poznatky v mechanismu vzniku C-S-H a jeho strukture. StarS$i modely nepocitaly s morfologii
gelu a nahliZely na systém jako na definovany krystal, coZ uz novéjsi modely zahrnuji [58].

4 DFT - density functional theory, MD-molekuldrni dynamika, MC — Monte Carlo, REMD — ,reactive exchange
molecular dynamic”, kMC — kinetic Monte Carlo, GCMC -, grand canonical Monte Carlo, DLCA - diffusion-limited
cluster—cluster aggregation
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Tabulka 3 Prehled Q" silikatovych jednotek (zpracovdno z [103, 104]

Q" jednotka a typ Schéma Konfigurace NBO/T® Vzorec
Q- | \% 4 Si04*
izolovany/monomer OH // iy
Q! - par - ~.|. E 4’ 3 Si07%
BO/ " oH
7 -\
QZ —kruh o X X 2 Sieolg”‘
|
oH—" . iy ‘7
BO/ BO
Q? - linedrni Fetézec VA\V AV 2 Si206*
OH A A /A
Q! nebo Q2 — dvajity | V V V V Lrebo2 | Sious-
fetezec oH //SI o A e A . & A o
’ 7 V V
7 -\ A__A
\ XV X
OH A & —
Q3 - vrstva //s|n e Z Ai Z 1 Si,0s5%"
b &+o-
7\
\ 7 V V
Q*- 3D sit ﬁ 0 SiO2

Si

o iy,
BO / K

BO

Numerické modely vychazeji z teoretickych poznatk( kvantové chemie na molekulové Urovni
a uplatnuji se zde vypoctovy pristupy typu Monte Carlo, DFT ¢i molekulové modelovani (Obr. 14) a
mnoho dalsich. Vyhodou prediktivnich modelii vychazejici z vypoctl je popis chovani, struktury i jinych
vlastnosti hydratacnich produktli na atomarni trovni, jejichZ experimentalni potvrzeni by mohlo trvat
i nékolik let. Prof. Pelleng a jeho tym navrhli novéjsi model neusporddaného C-S-H, ktery koreloval
Ca/Si pomérem (1,7) vredlném C-S-H,

svys$si  hustotou

(26g-cm™) a

5 NBO/T = pocet nemUstkovych kysliku na silikatovy tetraedr.
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tobermoritu /jennitu (2,23 g.cm3/0,83 a 2,32 g.cm3/1,5). Chemické sloZeni navriené struktury bylo
(Ca0)1,65(Si02)(H20)1,75, coz se ukazalo jako velmi podobné primérnému sloZeni experimentalné
zjisténému dle prof. Allena (Ca0);,7(SiO2)(H20)1,8 [100]. Struktura obsahovala pfiblizné stejné mnozstvi
vody jako u struktury 14 A tobermoritu, ale je rozmisténa v mezivrstevném prostoru ndhodné. Model
byl experimentalné potvrzen pomoci XRD, EXAFS and FT-IR analyz [99, 105, 106]. Samoziejmé se
béhem Casu objevila kritika navrzeného modelu a nesrovnalosti v jeho vypoctu, ale i presto je model
povazovan za nejvétsi milnik novodobého popisu struktury tobermoritu na molekularni bazi.
Nejvyznamnéjsi numerické modely v ¢ase jsou shrnuty v Tabulka 4.

Tabulka 4 VVyznamné numerické modely C-S-H struktur (zpracovadno z [58] a [6])

Kdo Kdy Co Pomocny model Cim Reference
. Klouzavy model .
Gmira 2004 Tobermorit Monte Carlo [107]
C-S-H vrstev
Nonat »004 Povrchovy model Lamelarni a m’e zcela Termodynamické [108]
C-S-H amorfni kalkulace
Stability
Ayuela 2007 silikatového (3n-1) délka retézce DFT [109]
fetézce
Mechanismus N Sy
Ayuela 2007 ristu Tobermorit a jennit Ab initio vypocty [110]
Polymerace
Ayuela 2007 N v5|l|lc<atovychv , | Tobermorit a jennit Molekul'arnl [111]
fetézcud v prostredi dynamika
bohatém na Ca
;. Ab initio vypocty,
Pelleng 2008 vaalentnl sily Nanokrystaly molekularni [112]
mezi C-S-H vsrstvy .
dynamika
Nanokrystalinita :::ﬁtzziar;&z
Skinner 2010 v syntetickém C-S- 11A tobermorite ., y, N - [113]
parova rozdélovaci
H
funkce
Gonzdlez- Nepfistupnost HD Nanoglobularni
201 M |
Teresa 010 C-S-H dusikem model onte Carlo (88]
Model pro C/S L, SANS, adsorpce
Dolado 2011 VyEsi ne 1,7 Koloidni model vody, XRD, NMR [114]
Model Reactive force field
Vv -S-H ’
Manzano 2012 oc?la v C,S polarizovatelného ReaxFF Molekularni [115]
mikropéry 0 :
naboje dynamika
Abdolhosseini Optimalizace Molekularni
Qomi 2014 Pelleng modelu Nanokrystaly dynamika [116]
Kovacevic 2015 3 modely C-S-H 11A tobermorite Molekul.arnl [117]
dynamika
Syntéza C-S-H pfi "
. . . DFT,
Mohamed 2018 raznych C/S 14A tobermorite FT molelfularnl [118]
M dynamika
pomérech
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5nm

Obr. 14 Ukdzky zobrazeni vychdzeji z a) numerického modelu na bdzi modelovdni pomoci molekuldrni
dynamiky (prevzato z [119] a [120])

V publikaci Kaliny, Bartonickové a kol. [96] byla publikovana data poskytujici informaci o stupni
polymerizovatelnosti (Q" jednotek) v koloidnich povlacich na bazi lithnych silikatl pred a po gelaci
organickym ¢&inidlem. Na Obr. 15 je vidét znatelny nardst Q? silikdtovych jednotek, coZ odpovida
pokrocilé fazi gelace systému. Data jsou zcela v korelaci s publikacemi, které uvadéji vliv alkalii na C-S-H
systémy [121].
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LnSD—4.0—-~M U[\ \/\______
LiSD—3.8-—-——-—-—-‘}b!(f\\J; \/\————
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Obr. 15 NMR (a) a FT-IR (b) analyza Q" sealert na badzi lithnych silikati: a) pred, b) po gelaci organickym
cinidlem (prevzato z Kalina, Bartonickovd a kol. [96])

Novodobéjsi experimenty a modelovani jdou cestou syntézy C-S-H struktur za laboratornich
podminek a jejich analytického popisu. Syntéze C-S-H struktur jsou vénovany price Dlabajovd,
Bartonickovd a kol. [13] a disertacni prace Ing. Dlabajové [28]. Syntéza amorfnich a krystalickych fazi
a C-S-H analogt je i soucasti vySe zminénych aktualné bézicich projektl (GA 23-05082S, GA 25-16766S)
a aktualné zaslanych vysledkl k publikaci (Kunovsky, Bartonickova a kol.) [19]. Synteticky pfistup k
popisu mechanismu tvorby C-S—-H je zaloZen na termodynamickych modelovych vypoctech a
experimentalnich datech. Tématu se intenzivné vénuji zejména vyzkumné skupiny prof. Lothenbach
[122], prof. Scrivener [123] &i prof. Siaucilinase [124]. VyuZivaji se pro né rdzné termodynamické
databdze jako je CEMDATA® ¢i Nagra’ a softwary GEMS, pic® ¢i aplikace modeld typu CSHQ [125]. Pro
co nejpresnéjsi popis je nezbytné cilené fizeni podminek — od uUvodniho termodynamického
modelovani a kinetiky, pres navrh a fizeni reaktort, az po numerické modelovani procest a sktruktur.
| pfes nové pristupy a techniky je stale komplexni popis C-S-H velmi sloZity.

5 https://www.sciencedirect.com/science/article/pii/S0008884617312073?via%3Dihub
7 https://www.psi.ch/en/les/database

8 https://cemgems.org/gems/about-gems/

9 https://micepfl.sourceforge.net/
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3.3. Syntéza C-S-H struktur

Kfemik jako prvek IV.A skupiny periodické tabulky, se typicky vyskytuje v konfiguraci s
tetraedrickou geometrii o koordinaénim &isle 4. Nejéastéjsi formou vyskytu je iont (SiO4)*, jenZ
predstavuje zédkladni stavebni jednotku vétsiny silikdtovych materiall. Vazba Si—0-Si diky iontovému
a soucasné kovalentnimu charakteru umozZfiuje vznik rdznych uspofadani tetraedru (SiOs)*, od
jednoduchych retézcli po sloZité 3D sité (tj. polymerizace jednotek a Q" oznaceni). Tato volnost
konfigurace umoznuje inkorporaci Siroké skaly kationtd diky kompenzaci zadporného naboje zakladni
Si jednotky. Struktura poskytuje i plnou substituci centrdlnich kationtd, typicky hlinik
v aluminosilikatech (tomuto tématu je vénovana kapitola 4) [123, 126]. Béhem syntézy silikatl jsou
vazebné struktury mezi silikdtovymi jednotkami vyrazné ovliviiovany hodnotou pH, iontovou silou
prostfedi a pritomnosti rdznych kationtl a podléhaji polykondenzaénimu mechanismu, jak jiz bylo
zminéno v kapitole 3.2.1. Polykondenzacni reakce je katalyzovana kationty H* pod pH 2 a anionty OH"
(viz rovnice (5)) pfi pH vyssich a postupné vznikaji dimery, trimery a dalsi oligomery. Teorie prof. lllera
[127] Fikd, Ze tato reakce je prvnim krokem celého procesu a je nasledovana tvorbou koloidnich
zarodk( a jejich rlstem. V prostredi rizného pH jsou i jiné formy Si struktur, rovnice (6) a Obr. 16 a
popisuje jejich vzadjemnou rovnovaznou zavislost.

K1 K2
Si(OH), < SiO(OH)3 + H* & Si0,(0OH)3™ + 2H* (6)
100 | . 100
\ 4
\ s1,0400H)% su,ol.(om,
80 80
® 60 * 60
=) 2
» 40 &» 40
20 20
0 0

Obr. 16 Vliv pH na tvorbu silikatovych jednotek (prevzato z [91])

Z Obr. 16 je patrné, ze SiO(OH)3 je mirné kyselé a stabilni pfi pH okolo 11. Si0,(0H)3™, ktery se
podili na precipitaci C-S-H, mze tvofit stabilni roztoky diky elektrostatickym odpuzujicim sildm mezi
jednotlivymi Si anionty (maZe byt vidén i zapis H,Si04%), se tvofi nevratné aZ pfi pH nad 12. Déle se na
rovnovaznych reakcich podili i koncentrace Ca®* iont( ve vznikajicim C-S-H i v mateéném roztoku. Za
normalni teploty se jednd o metastabilni rovnovahy, které vsak zvySenim teploty prejdou do
nevratnych déji a dovoli vznikat i krystalickym C-S-H analogim [44, 63]. Na Obr. 17 je zobrazena
zévislost C/S poméru vznikajici C-S-H struktury na koncentraci Ca** v mateéném roztoku.
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Obr. 17 Zavislost C/S poméru vznikajiciho metastabilniho C-S-H na koncentraci CaO v matec¢ném roztoku

(zpracovdno z [63])
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3.3.1. Termodynamicky popis nukleace a ristu
Obecnd teorie nukleace a nukleace kapaliny z pdry bez primé ndvaznosti na CSH gel

Vlastni kapitolou je v této problematice termodynamické modelovdni, které bylo v oblasti studia
hydratace smésnych cementovych past zavedeno jiz v 90. letech 20. stoleti [128]. Z tohoto pohledu se
jednd o popis reakéni rovnovahy mezi produkty a vychozimi latkami, pricemz smér reakce je urcen
zménou Gibbsovy volné energie systému AG, ktera je obecné dana rovnici (7)[126, 129].

c,.d
AG = AG® + RT In (“g_“ ) (7)

a%-ab.

kde T je absolutni teplota, R je molarni plynova konstanta, AG®e standardni Gibbsova energie
systému, zlomek v logaritmu jsou aktivity a produktd C a D ku aktivitam vychozich latek A a B
umocnéné na jejich stechiometrické koeficienty. Pro popis procesli nukleace a rlstu nuklei Ize
ziednodugené AG bliZici se k nule definovat jako:

AG = —RT - In (i) (8)

Qo

kde a je aktivita vdaném stavu a ap aktivita ve stavu rovnovazném. Pokud definujeme tzv. iontovou
koncentraci v ¢ase (IAP a W = IAP/Ks,) a index nasyceni SI neboli koeficient rozpustnosti S (S! = log (W)
nebo S = C/C.q4) dostaneme rovnici (9) podle které miZzeme odhadnout, kdy bude systém rovnovazny
(Sl =0), kdy pFesyceny (Sl > 0) nebo nenasyceny (Sl < 0):
rap
Ksp

AG =RT ln( ) = RTIn(W) = RT (SI)nebo = —RT - In(S). (9)

Ridici silou precipitace novych ¢astic je rozdil mezi iontovou koncentraci IAP a soudinem
rozpustnosti Ksp. Reakéni kinetika pfi rdznych teplotach a stanoveni minimalni aktivaéni energie vzniku
stabilniho nuklea (AG,), pro vznik ¢astic, je opét dalsi dilkem do celkovych poznatk(i o mechanismu
vzniku C-S-H struktur.

Mechanismus precipitace (Obr. 18) je sloZen z dvou zdkladnich krok(, prvnim je proces nukleace
jemnych castic z roztoku, ktery je nasledovan jejich rstem. Oba procesy podléhaji sobé navzajem a
jejich kontrola je hlavnim cestou, jak ovlivnit vysledné vlastnosti vzniklych struktur [130].

Nukleace je zavisla na aktivacni energii vzniku stabilniho nuklea (AG.), kterd se odviji od kritické
velikosti nuklea (r.). Pokud je velikost nuklea (r) mensi nez kriticka velikost (r < rc), nemohou rist a
zpétné se transformuji na kapalnou fazi, zatimco kdyz je velikost nuklei vétsi nez kriticka velikost, tak
mohou déle existovat a rist. Od toho se tedy odviji rovnice (10) a (11), kdy pfi platnosti d(AG,)/d, =0
muzeme fici, Ze:

_ 2yv;
e = krin(/po) * (10
3,,2
AGe = — XL = Znyly, (12)

 3[kTIn(p/po))* 3

kde G, je volna energie souvisejici s utvofenim nuklea kulovitého tvaru, po je parcialni tlak soustavy
nad rovinnym rozhranim, p je parcidlni tlak soustavy nad zakfivenou plochou, y je specificka
povrchova energie klastru a v, je molarni objem kapaliny, k je Boltzmannova konstanta, T je absolutni
teplota a r je velikost vzniklého nuklea.

Dale je proces nukleace popisovan pomoci tzv. stupné nukleace /, ktery udava rychlost tvorby nuklei
schopnych rlstu. Pro pfiblizné vyjadreni veli¢iny I je nutné vzit v Gvahu, Ze rlst nuklei bude zavisly také
na schopnosti atomu se shlukovat (¢len exp(-AGn/kT) v rovnici (12)), kde v je charakteristicka frekvence
a AG, je aktivacni energie migrace atom(. Spojenim vsech ¢lend a vztahu v = kT/h, kde h je Planckova
konstanta, Ize stupen nukleace popsat pomoci rovnice [130]:

o NET —Gm i L2
I'= h exp( kT )exp {3kT[len(p/p0)]2}' (12)
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Obr. 18 Schéma procesu precipitace (zpracovdno z [131])

Veli¢ina N je pocet atoml na jednotku objemu dané faze prochazejici transformaci. Pfi nukleaci
z roztoku (fazova pfeména (/) — (s)) musime brat v vahu hydrataci iontd kovu. Z hydratovanych iontt
se tvofi polynuklearni ionty, které jsou prekursory pro tvorbu nuklei. Pro efektivni proces je potreba
mit urcitou koncentraci téchto iontl (viz koeficient pfesyceni rovnice (10)). Na zakladé téchto vztahl
Ize stupen nukleace ¢astic z roztoku vyjadfrit takto:
2Nvg(kTy)1/2 —AG —16my3v2
1~ 2RC— e (S52) e (Smeimescorn) (13)
kde N je pocet atoml na jednotku objemu v roztoku, vs objem molekuly vzniklé pevné faze, y je
specificka povrchova energie rozhrani (/) — (s), AG, je aktivacni energie potfebna pro migraci iontd, Css
je koncentrace presyceni a C; je koncentrace iontl v nasyceného roztoku. Proces nukleace (/) —(s) a
zejména jeho rychlost je zavisla na koeficientu presyceni S [130, 132].

Vyse je popsana klasicka teorie primarni homogenni nukleace z pfesycenych roztokd (Obr. 18a), ale
velkou roli zde hraje i tzv. sekundarni nukleace (Obr. 18b), kterd je spojena z nukleaci zarodk z jiz
pfitomné krystalické faze v mate¢ném roztoku (tzv. Ostwaldovo zrdni, kde mensi zarodky se
rozpoustéji a prispivaji k rstu jiz vzniklych zarodka).

Kritické pfesyceni roztoku
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x
(8] .
S Homogenni nukleace
§ CSS r ----- ettt T T I S ———
N
o 1 '
8 . ]
B : ! Rust kontrolovany difGzi
8 1 ¢
g i
2 : 1
! : Rozpustnost
c, |- ! : m ===
| L}
1 : 3| : .
1 i !
tl t2 t3

Cas
Obr. 19 Lamertyv diagram nukleace a ristu (zpracovdno z [133])

K procesu rlstu dochazi jiz se vznikem prvnich nuklei v roztoku. M(iZe byt rozdélen a popsan na
nékolika Urovnich podle velikosti, z makroskopického hlediska je rlst kontrolovan hmotnostnim
transportem a jeho zménami. Lze mluvit i o pfenosu tepla v daném roztoku, pokud je teplo krystalizace
velmi velké. Pokud jsou fluktuace tepelného gradientu znacné, mulze to zpUsobit nerovhomérné
shlukovani, vznik dendritickych struktur ¢i jinych nezddanych struktur. Na mikroskopické drovni je
shlukovani pfitomno vidy, vzhledem ke klesajici rychlosti difuze molekul na povrchu. Kvali témto
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shlukim dochazi napf. k zachycovani rozpoustédla uvnitf struktury krystalu. Na molekuldrni Grovni
difunduji rastové jednotky do krystalu a atakuji samy sebe, priCemZ se zaclenuji do struktury
vznikajiciho krystalu nebo se opét vraci do roztoku. Rychlost rlistu ¢astice je uréena jak difuzi reaktantd
smérem k castici, tak i stalym pFisunem novych molekul z povrchovych reakci [129]. Lameriv diagram
(Obr. 19) zobrazuje tvorbu distribuce velikosti ¢astic v souvislosti s koncentraci nuklei v roztoku.

Vysledna distribuce velikosti ¢astic je tedy dana pomérem mezi jednotlivymi ristovymi mechanismy
(difuzi a povrchovymi reakcemi). Jak uvadéji rGzni autofi [134, 135], difuzné limitovany rist vede k
rovhomérnému velikostnimu rozdéleni ¢astic, zatimco rist fizeny pouze povrchovymi reakcemi
naopak zpUsobuje zvysSujici se nerovnomérnosti v distribuci velikosti ¢astic s casem [129].

Nukleace a rist C-S-H

Termodynamické modelovani fizené syntézy C-S-H gelu pomoci GEMS ¢i pic umoziuje fidit proces
tak, aby nukleace probihala velmi kratkou dobu, kdy vSechny zarodky vznikaji za obdobnych podminek,
coz zajisti jejich uniformitu. DosaZeno toho je, pokud je rlst presné definovan vytvorenim dostatecné
kritické koncentrace — presycenosti, kterd je nasledné skokové snizena pod kritickou koncentraci
nutnou pro vznik zarodkd. Idealni stav je termodynamicky model dat na vstupu do reakce >
monitoring proménnych béhem reakce - analytickad data (XRD, Raman, FT-IR, XPD, NMR, SEM-EDX,
ICP, AAS) + morfologie (SEM, TEM, obrazova analyza) - atomistické numerické simulace.

Syntéza mUze probihat dle obecné pucoldnova reakce (rovnice (14)):

xCa(OH) 5, ySiO, + yH,0 — xCaO - ySiO, - (x + z)H,O0. (14)
Historicky prvni experimenty simulujici nukleaci a rist C-S-H gelu byly zaloZzeny na kontrolované
hydrataci trikalcium silikatu, kterd sice ukazuje na zajimavé vysledky, ale ¢as reakce je pocitany
v mésicich aZ rocich. Reakce je pomala diky nizké rozpustnosti vychozich latek a vétsinou jsou finalni
produkty semikrystalické az amorfni. Zvyseni teploty a tlaku muze vézt k uspokojivéjsim vysledkim, tj.
rychlej$imu vzniku cilenych struktur. Stézejnim faktorem stupné krystalinity C-S-H je teplota, tlak, C/S
pomér, typ vychozi latky, atmosféra (tj. uzavieny a otevieny systém). Za pokojovych podminek vznikaji
faze C-S-H I a C-S-H II. Nizkd reaktivita je ddna nejenom teplotou, ale vyssi koncentraci vody v systému
nutnou pro dispergaci latek v suspenzi [44, 136]. Pro zvyseni reaktivity systému byly zkouseny rlzné
metody, zejména mechanochemicka syntéza, hydrotermdlni (ddle oznacovano jako HT) ¢i sol-gel
pfistup.

3.3.2. Mechanochemicka syntéza

PF¥i mechanochemické uUpraveé se vyuzivd mechanické energie vzniklé b&€hem mleciho procesu. Tato
energie mUzZe iniciovat chemické reakce, které by za laboratorni teploty bézné neprobihaly. Obecné
plati, Ze mechanochemické reakce vykazuji nizsi zavislost na vnéjSim tlaku a teploté a jejich rychlost
byva Casto o nékolik radd vyssi nez u reakci iniciovanych pouhym zvySenim teploty. Proto hovofime i o
aktivaci systému (napf. zvySeni rozpustnosti SiO,). BEéhem mleti mize dochazet k Sirokému spektru
procesu, véetné rozkladu, oxidace, redukce a syntézy novych slouéenin. Pro experimenty se pouZiva
vysokorychlostnich planetovych ¢i vibracénich mlynd. Prace publikovana tymem prof. Boldyreva [137]
dokonce uvadi, Zze pfi definované koncentraci vody dochazi lokalné kvzniku hydrotermalnich
podminek. Autofi [138-140] pfi syntéze nanostrukturnich C-S-H (afwilit, tobermorit) vychazeli ze
silikagelu/aerosilu  a hydroxidu/oxidu vapenatého ve vodném prostfedi. Produkty byly
charakterizovany pomoci MAS NMR, XPS ¢i Ramanovou spektroskopii a vysledky ukazaly na
nanokrystalickou fazi C-S-H, ale oproti redlnému C-S-H gelu byly vice usporadané. Nejlepsich vysledku
ukazala kombinace mechanochemické aktivace nasledovana hydrotermalni syntézou [141]. Na tyto
poznatky jsme navazali v publikacich Galvdnkovd, Bartonickova a kol., Kunovsky, Bartonickovd a kol.
[13, 19] a také v aktudlné bézicim projektu GA 25-16766S.

Pro ptipravu C-S-H seedd (tzn. zarodk() (Kunovsky, Bartonickovad a kol. [19]), které se vyuZivaji jako
akceleratory hydratace, je mechanochemicka cesta také moZnosti pfipravy definované struktury. Na
Obr. 20 je zobrazeno jednoduché schéma syntézy mletim [2]. Tento postup neni vhodny pro
velkoobjemovou pfipravu C-S-H seedd, kvali dlouhym reakénim ¢astim a ekonomické naro¢nosti.
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Obr. 20 Schéma syntézy C-S-H seedi pomoci mleti

Na Obr. 21-24 jsou uvedeny vysledky dvoukrokové mechanochemické syntézy s cilem pfipravit
11 A tobermorit. V publikacich Dlabajovd, Bartonickovd a kol. [13, 28] byly testovany réizné druhy
vychozich zdroju Si (kfemenna moucka, mikrosilika ¢i hydrolyzat SiIOOH). Reakéni smési byly mlety po
dobu 4 h, poté vysuSeny a podrobeny dalSimu hydrotermdlnimu zpracovani s novym matecnym
roztokem (1-5 d) [13, 28]. Hydrotermalni syntéza je rozvedena vice v nasledujici kapitole. Na Obr. 21
je zobrazena morfologie po mechanochemické aktivaci sol-gel prekursoru SiOOH a kiemenné moucky
Dorsilit. Snimky ukazuji vyrazné odliSnou morfologii ¢astic u sol-gel prekurzoru ve srovndni s
referenénim materidlem. Pro srovndni je pouzita surovina Dorsilit, ktery se na zakladé minulych
experimentl ukazal, Ze je nejvhodnéjsi surovinou pro nasledujici hydrotermalni syntézu.

Tabulka 5 Specificky mérny povrch a velikost ¢dstic po aktivaci

Surovina Dorsilit | M_Dorsilit | SIOOH | M_SiOOH
Seer [m?/g] 2,0 75,9 6,7 25,2
dso [um] 5,3 2,6 8,2 2,3
doo [pum] 24,6 9,8 22,5 7,0

Mletim se vyrazné zvysil specificky mérny povrch u obou prekursor(l (Tabulka 5). U kiemenné
moucky bylo mletim ziskano aZ 3 000x vétsiho povrchu, nez méla plvodni surovina, coZ naznacuje
potencialné vyssi reaktivitu béhem nasledujici reakce. U sol-gel prekursoru mletim nedochdzelo az
k tak vysokym zménam ve velikosti ¢astic, ale dochazelo s nejvyssi pravdépodobnosti uz k reakci
samotné a je vidét povrchova vrstva novych produktl (Dlabajovd, Bartonickova a kol.) [28].

Obr. 21 Morfologie prekursoru pred a po mechanochemické aktivaci:a+c) Dorsilit, b+d) sol-gel SIOOH
(prevzato z DizP Dlabajovad (Bartonickova skol. spec.) [28])

Po nasledujici HT reakci se vSak ukazalo, Ze mletim se sice zvysil povrch, ale reaktivita zlstala nizka
dokonce nizsi nez u vzorkd bez mechanochemické aktivace. Syntézou byl sice pfipraven cileny
tobermorit, ale objevili se i sekundarni produkty reakce jako gyrolit ¢i faze strukturné podoba C-S-H |,
ale méné usporadana [28, 138, 142].
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Obr. 22 Fdzové sloZeni C-S-H synt. dvoukrokovou metodou pri 180 °C, 3 mg/I: a) Dorsilit b) SIOOH, (C-kalcit,
T-tobermorit, G-gyrolit, Z-Z—fdze, I-C—=S—H (1)) (prevzato z DizP Dlabajovd (Bartonickova skol. spec.) [28]
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Obr. 23 Mikrostruktura C-S-H syntetizovanych dvoukrokovou metodou pfi 180°C: a) Dorsilit, b) SiOOH
(prevzato z DizP Dlabajovd (Bartonickova skol. spec.) [28]

Na Obr. 23 je vidét mikrostruktura syntézy vychazejici z Dorsilitu a SIOOH. V obou pfipadech jsou
znatelné lamelarni krystaly, které by zdanlivé mohly patfit C-S-H strukturam, avsak analyza prokdzala
pfitomnost karbonatovanych fazi, zejména kalcitu. Tento jev je Casty a publikovany [143, 144]. Ackoliv
pro syntézu jev nechtény, pro cilenou karbonataci velmi vyhodny. V projektu VaVal dr. Masilka
(GA 24-12423S, autorka byla ¢len odborného tymu) tykajici se cilené karbonatace pucoldanovych
sloucenin je toto téma malou kapitolou vyzkumu.

Na Obr. 24 je znatelna nanostruktura vzniklych C-S-H fazi v porovnani u rizného typu syntéz. Pfi
jednoduché HT reakci vznikaly desti¢kovité krystaly 11 A tobermoritu s velikosti do 5 pm spole¢né s
neusporadanou amorfni ¢i semikrystalickou C-S-H fazi ve formé drobnych listkd, zatimco u
dvoukrokového procesu byla struktura nerozeznatelna a nejspiSe patfila vySe zminéné neusporadané
fazi C-S-H [28].

Obr. 24 SEM snimky iontového vybrusu mikrostruktury nano C-S-H s lameldrni strukturou vzniklych pri
dvoukrokové syntéze z kremenné moucky: a) HT syntéza, b) dvoukrokovd (pfevzato z DizP Dlabajovd
(Bartonickova skol. spec. [28])
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3.3.3. Hydrotermadini syntéza

Priprava minerdall za hydrotermalnich podminek se simuluje jiz od 19. stol., kdy se poprvé podafilo
Uspésné pripravit krystaly kfemene [145]. K syntéze se vyuZiva autoklavovatelnych reaktord, v nichz
tlak odpovida tlaku nasycenych par rozpoustédla pfi dané teploté. Dle rozpoustédla miZou byt reakce
hydrotermalni (voda) ¢i solvotermalni (organické rozpoustédlo) a pti subkritickych ¢i superkritickych
teplotach. Kromé zmén fyzikalnich vlastnosti dochazi pfi prechodu pres kriticky bod také ke zméndm
kinetiky chemickych reakci. ZvySend teplota a tlak dana kritickym bodem rozpoustédla béhem
hydrotermalnich procest vedou ke zlepSeni rozpustnosti vychozich latek, a tim i ke zvySeni celkové
reaktivity systému. Klicovym rozdilem mezi reakcemi probihajicimi v pevném stavu a hydrotermalnimi
reakcemi je mechanismus tvorby novych fazi. Zatimco v pevném stavu je reakéni pribéh primarné fizen
difuzi reaktantl k fazovému rozhrani, v pfipadé hydrotermalnich syntéz dochazi k reakcim mezi ionty
nebo molekulami v mate¢ném roztoku.

Vysledna kinetika téchto proces( je proto uréovana predevsim rozpustnosti vychozich latek a jejich
aktivitou v roztoku [146, 147]. MUZeme hovorit opét o dvoukrokové syntéze — v prvnim kroku dochazi
k rozpusténi vychozich latek a jejich homogenizaci, v druhém kroku dochazi k nukleaci z nasyceného
roztoku. Termodynamicky vychazime ze stejnych reakénich mechanismU nukleace a rlstu podrobné
popsanymi jiz vySe, pricemz vyssi teplota a tlak pfi reakci dovoluji posunu reakéni rovnovahy smérem
k produktim a sniZeni potfebné aktivacéni energie vzniku nuklei. Z pocatku je hlavnim Fidicim
mechanismem rychlost rozpousténi zrn pozitého zdroje kfemiku (tj. kfemicitant). Po urcité dobé
dochazi ke zméné hlavniho fidiciho déje a hlavnim fidicim mechanismem se stava jejich difuze skrz
vrstvu produktl na povrchu zrn. V posledni fazi reakce dochazi k posledni zméné mechanismu, kdy je
hlavnim fidicim déjem reakce zbylého SiO; se vzniklymi C-S—H fazemi [148-150]. Reakéni mechanismus
vychazi z typu kiemicitého zdroje a jeho granulometrie. Diky postupnému rozpusténi se béhem reakce
méni rozpustnosti a tim i C/S pomér pripravenych latek (viz rovnice (15) [13].

Ca(OH) , + Sio, = C—S—H(U+a-C,S (hydr.) » C—S—H (I) - tobermorit - xonotlit (15)

Primarné vznikly C-S-H 1l reaguje s dalS$imi rozpusténymi ionty Si z roztoku za vzniku C-S-H | (C/S
1,25). C-S-H Il déle reaguje s ionty Ca®* a C/S pomér produktu klesne na 0,8, ktery je potifebny pro
krystalizaci tobermoritu. Pokud C/S pomér klesne jesté nize mlze dojit k transformaci produktu na
gyrolit, coz neni termodynamicky stabilni fdze a metastabilni tobermorit spiSe pfechazi do formy
xonotlitu [151-153].
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Obr. 25 Analyza produkt HT syntézy z Dorsilitu - v/p 0,3, 1 - 3 d: a) SEM, b) XRD, c) Raman, d) FT-IR (pfevzato
z DizP Dlabajovd (Bartonickova Skol. spec. [28]) a publikace (Galvdnkovd, Bartonickovd a kol. [13])
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DuleZitym parametrem kromé typu vychoziho zdroje a jeho granulometrie je mnoZstvi vody
v systému (v/p pomér = voda/prasek). V literature je vliv vody na pfipravu tobermoritu popsan
rGznorodé, nékdo vychazi z faktu, Ze mensi velikost ¢astic SiO, ma vliv na v/p pomér vody a urychluje
vznik tobermoritu [150], zatimco jini uvadéji, Ze pod v/p pomér 1,7 tobermorit nevznika a nad pomér
1,7 uz koncentrace vody nemd na vznik vliv [154]. Experimenty (Dlabajovd, Bartonickovad a kol. [13])
vychdazejici z jednokrokové hydrotermalni syntézy a rGznych druhl zdroji kfemene ukazaly, Ze pouZziti
velmi jemné kifemenné moucky Dorsilit a HT reakce podobu 1 dne jiZ staci pro syntézu tobermoritu
s viditelnou lamelarni/destickovitou mikrostrukturou (viz Obr. 25). Provedené analyzy prokazaly
krystalickou strukturu odpovidajici 11 A tobermoritu [13, 28]. Pomoci Ramanovy spektroskopie a FT-
IR analyzy byla analyzovéna pfitomnost silikatovych jednotek Q". Obé analyzy potvrdily majoritu Q?
usporadani, ale také zna¢nou miru karbonatace povrchu ¢astic, ktera je bohuzel nezadoucim déjem
béhem syntézy i béhem dalsiho uchovavani produktu (Dlabajovd [28], Kunovsky, Bartonickovad a kol.
[19]).

3.3.4. Sol-gel syntéza C-S-H

V kapitolach vyse byl jiz sol-gel proces diskutovan z pohledu kondenzace silikatovych fetézc( pfri
vzniku C-S-H systému. V minulosti byly publikovany c¢lanky vénujici se sol-gel syntéze oxidl
alkoxidovym mechanismem na bazi titanu ¢i lanthanoid( (Bruzl, Bartonickova a kol., CihldF,
Bartonickovd a kol., Cdstkovd, Bartonickovd a kol., Bartonickovd a kol. [129, 155-158]). Tyto
publikace nejsou soudasti komentovaného souhrnu, ale jsou dilezitym milnikem, nebot jsou cennym
zdrojem zkusenosti pro nasledujici syntézy C-S-H struktur.

Cilend syntéza probiha z nevodnych prekursorl a jejich fizenou hydrolyzou a polykondenzaci
(rovnice 16 a 17) [91], tzn. pouZiti organického alkoxidu kfemiku (napf. tetraethylorthosilikat,
Si(OCzHs)s -TEOS [159]):

hydrolyza/esterifikace

Si(OEt), + nH,0 Si(OEt)4_n,(OH), + nEtOH (16)
kondenzace
28i(0Et)4—n(OH), —— (OEt)4—n (OEt) 4y + nH,0 (17)

Hydrolyza probihd mechanismem nukleofilni substituce, ktera je zavisla na pH systému. Velmi ¢asto
je katalyzovana, pfi bazické katalyze (OH") dochazi k nukleofilni adici hydroxylového iontu na silikatovy
fetézec, ve kterém je Si kladné nabit, a zvySuje tim jeho koordinacni cislo. DalsSim krokem je prenos
naboje v rdmci vzniklého prechodného stavu vedouci k oddéleni alkoxidového aniontu, ktery dale
reaguje svodou v matecném roztoku. Prti kyselé katalyze dochazi k protonaci kyslikového atomu
alkoxidového ligandu vedouci ke vzniku reaktivniho kationtu. Vytvoreny kation nasledné reaguje s
vodou a stejné jako pfi bazické katalyze je vytvorena Si—OH vazba a je uvolnén alkohol. Kyseld katalyza
urychluje hydrolyzu, zatimco pfti bazické katalyze je reakce sice pomalejsi, ale jeji pribéh Ize Iépe Fidit
[91, 160]. Molarni pomér hydrolyzy je pomér poctu moll kiemiku ku poctu mold vody. Vznika tedy
komplex o obecném vzorci [MOxH2x-1]%". Povaha komplexu zavisi na ndboji z, koordinagnim ¢&isle N,
elektronegativité 11?4 kovu (kfemiku) a na pH matecného roztoku. Vliv pH na naboj Za existencni
oblasti vyskytu ligandd OH, 0%, H,0O jsou uvedeny na Obr. 26. V Tabulka 6 jsou uvedeny rdzné
katalyzatory, jejich koncentrace a gelaéni €asy. Je vidét, Ze rozdilné pH i iont radikalné méni pomér
hydrolyzy/kondenzace systému a ¢as gelace.
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Tabulka 6 Vliv bazickych a kyselych katalyzdtort na hydrolyzu Si(OR)

Katalyzator | Koncentrace (mol/TEOS) | pH na poéatku reakce | Cas gelace (h)

HF 0,05 1,90 12

HCI 0,05 0,05 92
HNO3 0,05 0,05 100
H2S04 0,05 0,05 106
HOAc 0,05 3,70 72
NH4OH 0,05 9,95 107

bez - 5 1000

Z 4
+8

| | | -
0 7 14 pH

4

Obr. 26 Zdvislost ndboje Z na pH, kterd urcuje tfi existencni oblasti vyskytu ligandd (,aqua”, ,,hydroxo” a
,0x0") (zpracovdno z [32])

Soucasné s hydrolyzou probihd v systému proces polykondenzace. Jedna se o komplexni
vicestupriovy proces, pro ktery jsou v literature popsany tti zakladni mechanismy, pfi¢emz dominantni
reakéni cesta zavisi na konkrétnich podminkach prostfedi. Pfi alkoxolaci a oxolaci dochazi ke vzniku
oxo-mustku mezi dvéma atomy kiemiku. Oba mechanismy probihaji obdobné: v pfipadé alkoxolace je
po substituci eliminovdna molekula alkoholu, zatimco u oxolace dochazi k eliminaci molekuly vody.
Pokud nejsou viechna koordinaéni mista atomu kiemiku obsazena, mUzZe nastat i tfeti typ kondenzacni
reakce — olace. Tato reakce vede k vytvoreni hydroxo-mUstku mezi atomy kifemiku a je doprovazena
eliminaci molekuly rozpoustédla (vody nebo alkoholu). VSechny vyse uvedené reakce jsou
katalyzovany protony a podobné jako u hydrolyzy plati, Ze za zasaditych podminek dochazi ke
zpomaleni jejich prtibéhu [91, 159, 160]. V kyselém prostiedi (pH < 1,5) je rychlost hydrolyzy
dominantnéjsi nez kondenzace, ktera je ovlivnéna i délkou vznikajiciho silikdtového retézce. Proto v
kyselém prostiedi vznikaji nejdfive jednoduché retézce, které se rozvétvuji az casem béhem starnuti.
Obecné plati, Ze rychlost kondenzacnich reakci je nejnizsi v rozmezi pH 2-3, coZz odpovida
izoelektrickému bodu kyseliny kfemicité. P¥i pH > 3 roste rychlost hydrolyzy a vysledkem je zesitovany

gel.
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Obr. 27 Schéma synereze a vznik xero- Ci aero-gelu (zpracovdno z [95, 161]

Struktura a morfologie vysledného gelu vsak nejsou ovliviiovdny pouze typem katalyzy a pH
reakcniho prostredi, ale i celou fadou dalSich parametr(. Mezi klicové faktory patfi zejména: chemicka
struktura prekurzoru, hydrolyzni pomér (tj. pomér vody k reaktantu), koncentrace katalyzatoru, typ
pouzitého rozpoustédla a v neposledni fadé také teplota reakce. Tyto parametry urcuji nejen kinetiku,
ale i mechanismus rlstu a vysledné vlastnosti vzniklého silikatového gelu [159, 160]. Proces sol-gel
neni ukoncen vznikem gelu, ale pokracuje ddle. S casem dochazi k synerezi gelu, jiz zminéné i u popisu
koloidniho modelu CM II. Dochdzi k preusporadavani struktury a pokracovani v polykondenzacnich
reakcich, vlivem toho se zvySuje soudrinost gelu a snizuje se porozita. Gel se ,vysusuje” a po
odstranéni kapaliny z pérd vznika xerogel ¢i aerogel v zavislosti na typu suseni (viz Obr. 27). Pro
pfipravu C-S-H seedU se sol-gel proces jevi jako vhodna technika, limitaci je cena vstupnich chemikalii
a taktéz reprodukovatelnosti vlastnosti pfi velkoobjemova produkci. Touto technikou Ize ziskat amorfni
gel se strukturou obdobnou CSH | a Il. V publikaci Kunovsky, Bartonickovad a kol. [19] se vychazelo
z alkoxidového sol-gel mechanismu pro pfipravu amorfniho tobermoritu.
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Obr. 28 FT-IR analyza gelt pripravenych hydrolyzou z TEOS: a) pH 3, b) pH 12 (prevzato z Kunovsky,
Bartonickova a kol.[19])

Na Obr. 28 je uvedena FT-IR analyza gelu pfipraveného alkoxidovou cestou hydrolyzy TEOSu
v kyselém a zasaditém prostredi (pH upraveno pomoci HNOs, NH4OH) ([19]), kdy byly pfipraveny
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struktury s rozdilnym Q" sloZzenim dle pocate¢niho pH mate¢ného roztoku. Majoritou byla struktura
s Q3 a Q? silikdtovymi jednotkami a minoritné nezreagované vychozi latky. Dale na Obr. 29 jsou uvedeny
vysledky dvoukrokové hydrotermalni syntézy, kde prvnim krokem byla Ffizend hydrolyza TEOSu
v zasaditém prostiedi bez (a) a v (b) pfitomnosti dusi¢nanu vdpenatého. Dle XRD analyzy se ukazuje na
smés krystalickych fazi tobermorit, xonotlit a gyrolit. Tyto vysledky korelu;ji s dfive publikovanymi daty,
kdy se zvySujicim se povrchem amorfniho prekursoru se snizuje rychlost krystalizace tobermoritu a
vznikaji i jiné analogy s rznym C/S pomérem [162, 163].

b)

C-0-S8S
«

Intenzita [a. u.]
Intenzita [a. u.]

80 90 1000 1100 1200 800 900 1000 1100 1200
Ramanuv posun [cm™'] Ramanav posun [em”]

Obr. 29 Analyza silikatovych jednotek Q" pomoci Ramanovy spektroskopie: a) HT syntéza z hydrolyzatu
SiOOH, b) HT syntéza z hydrolyzdtu smésného Ca-SiOOH (prevzato z Diz.D Dlabajova (skolitel spec.
Bartonickova [28])

Jak lze vidét z uvedenych vysledkl (publikace Kunovsky, Bartonickova a kol. [19]), jsou analyzy
pomoci FT-IR a Ramanovou spektroskopii dostate¢nych ndastrojem pro hodnoceni stupné
polymerizovatelnosti systému. Pro potvrzeni byla udélana i XPS analyza pro urceni vaznosti —Ca, Sia O.
Na Obr. 30 jsou zobrazeny vaznosti jednotlivych prvk( vzorku, ktery byl pro potfebu analyzy
lyofilizovan. Je zde ukdzano, Ze metoda lyofilizace zcela zpolykondezuje Si fetézce a struktura jiz
neodpovida stavu gelu pfipraveného syntézou [19].

pH 3 . N1s

intensity (a.u.)
intensity (a.u.)

1200 1000 800 680 400 200 0 414 412 410 408 406 404 402
binding energy (eV) binding energy (eV)
Si2p
Si-0 (|NBO)
——Si-0 (INBO)

intensity (a.u.)
intensity (a.u.)

binding energy (eV) binding energy (eV)

Obr. 30 XPS analyza syntézy amorfniho C-S-H alkoxidovou cestou pri pH 3 (prevzato z Kunovsky,
Bartonickovd a kol.[19])*°

10 NBO —,,non-bridging oxygen*, ktery odpovida tzv. parovému Si
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3.3.5. Precipitacni metoda syntéza C-S-H

Precipitaéni metoda, ackoliv neni Zddnou novinkou ma velky potencidl pro pfipravu C-S-H struktur
i ve velkoobjemovém méfritku, a tedy i vyuZitelnosti jako ,seedovaciho aditiva” pro akceleraci
hydratace silikatl a aluminosilikatd (aktualni téma projektu GA 25-16766S). Vychozimi surovinami jsou
metakremicitan sodny jako zdroj Si a dusi¢nan Ci chlorid vapenaty jako zdroj Ca. Reakéni mechanismus
precipitace byl v literature nazvan jako ,double decomposition method” [85], kdy C-S-H gel je
precipitovan z presycenych roztoku metakremicitanu sodného (Na,SiOs) a dusi¢nanu vapenatého [123,
164]. Promytim produktu vznikd C-S-H gel o strukture podobné C-S-H | a Il. Pro pfipravu Cistych struktur
neovlivnénych rozkladem ¢i karbonataci je vyuZivdno misicich reaktor(, které jsou pod inertni
atmosférou (Ar, N,) (viz aparatura na Obr. 31 vyvinuta dr. Kumarem [123] ¢i Harrisem [164] jejiZ
analogie byla pouZita i pro nase experimenty). Monitoring pH, vodivosti a teploty davd moznost
sledovat reakci béhem syntézy a v budoucnu doplni kinetické krivky pti sledovani syntézy pfi rliznych
teplotach. A

X v v . 3
monitoring pH, ISE, vodivost i = m =

monitoring pH, ISE, vodivost

t

C Michani ) Michani

Obr. 31 Schéma reaktoru pro precipitacni syntézy (zpracovano z [123] a [164])

Kfemik v roztoku zhydrolyzovaného metakiemiditanu sodného je ve formé SiO,(OH),%™ (viz rovnice
(6) a Obr. 16) stabilni diky vysokému pH (upraveného alkalickymi hydroxidy na hodnotu 11-12). Vliv
pouZzitych typd hydroxidd je znatelny na nano strukture pfipravenych C-S-H, pfi pouZziti KOH ¢i NaOH a
Ca/Si poméru 1 jsou vysledkem globule zatimco pfi Ca/Si = 2 desticky [123]. Dale byla prokazana i
mozna substituce Ca alkalickym kovem, a to u struktur s pomérem Ca/Si pod 1,25. V praci Kunovsky,
Bartonickova a kol. [19] byly syntetizovany gely s Ca/Si pomérem 1,27 precipitacni metodou,
vychozimi latkami byly metakfemicitan sodny a dusi¢nan vapenaty ve vodném roztoku o pH = 3 (HNOs)
a 12 (NH4OH). Syntéza nebyla provedena v inertnim prostredi, coz se projevilo ve znatelné karbonataci
pFipraveného gelu. Silikdtové jednotky odpovidaji Q? konfiguraci. Kvali nedostateénému promyti jsou
viditelna i rezidua dusi¢nan( (Obr. 32).
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v (O-H) H,0 VNOy \ / / -.g SO0
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Obr. 32 FT-IR analyza geld pripravenych precipitacni metodou a) pH 3 a b) pH 12 (prevzato z Kunovsky,
Bartonickovd a kol. [19])
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4. Substituce C-S-H fazi

V Uvodni ¢asti bylo uvedeno, Ze cement obsahuje kromé silikatovych slinkovych mineraltd (CsS a C,S)
i ty aluminatové (CsA, C,AF). BEhem hydratace se rozpustény Al v pérovém roztoku muize zabudovat
do vznikajicich struktur C-S-H, ¢imz vznika systém Ca0-yAl,03-Si0,-H,O (neboli ve zjednoduseném
zapisu C-A-S-H) i v Cistém cementu bez pfimési. Typicky pomér Al/Si se zde pohybuje kolem 0,05 az
0,1, coZ umoziuje inkorporaci az 5 at. % Al [4, 165, 166]. Na Obr. 33 je zobrazen fazovy diagram

systému hydratl Ca-Si-Al se sloZzenim silikatd a aluminosilikatd (cementu a mozné primési).
S-H gel

SiO, gel

kiemicity

pucolan |

popilek

struska

Portlansky SIH @

cement

vapenec

Ca(OH),
Portlandit

Al(OH),

C,AH, C3Axx AH gel

AFt
AFm

Obr. 33 Terndrni fazovy diagram v soustavé Ca-Si-Al (zpracovdno z [67] a [4]

Vyroba portlandského cementu zodpovida za 8 % globalnich emisi CO,. Pro snizeni emisi CO; je
zasadni projit cely ,,value-chain” fetezec od cementu, ktery zacina vyrobou portlandského slinku, tedy
obsahem slinku v pojivech a maltovinach obecné, pres pripravu betonu ¢i tvarnic a dopravu az po
konkrétni aplikaci. Pfi vyrobé slinku je palivo zodpovédné za cca 40 % a rozklad vapence za cca 60 %
souvisejicich emisi CO,. Snizeni uhlikové stopy vyroby cementu ma mnoho feseni. Jednim z nich je
nahrada obsahu slinku v cementu pouzitim tzv. “supplementary cementitious materials” — SCM.
Tradiéni SCM pro smésné cementy jsou popilek, vysokopecni struska ¢i metakaolin, které maji
aluminosilikatové slozeni a vykazuji dostate¢né pucolanové vlastnosti. C-A-S-H muZe tedy vznikat
nejenom minoritné v cementu Cistém (pti Al/Si poméru nizsim nez 0,1), ale zejména ve smésnych
cementech t¥idy CEM IlI, IV a V danych normou €SN EN 197-1 [4]. Nadhrada urditého mnoZstvi cementu
popilkem vede ke sniZzeni mnoZstvi portlanditu (CH), zvySeni obsahu C-S-H faze s niz$im pomérem Ca/Si
a k narlstu mnozstvi AFm fazi, jelikoz popilek ¢asto obsahuje vysoky podil Al,Os. Zato pfi pouziti
vysokopecni strusky ma jeji pfimés zpocatku jen maly vliv na mnozstvi portlanditu (ve srovnani s istym
slinkem), a to aZ do vyssich Urovni ndhrady. Presto vsak dochazi k tvorbé vétsiho mnozZstvi C-S-H faze s
nizsim pomérem Ca/Si, aby byl kompenzovan nizsi celkovy pomér Ca/Si v celkovém systému [4]. Jak
bylo zminéno v predeslych kapitoldch C-S-H pti hydrataci Portlandského cementu se C/S pomér
pohybuje kolem 1,5-1,9. V pfipadé, Ze nahrazujeme cement za SCM o vyssi koncentraci Si docilime,
tim k vzniku C-S-H s niz$im C/S pomérem a defektni strukturou podobnou tobermoritu. Se snizujicim
se C/Sv C-S-H se také snizuje jeho ,,MCL". Vznik C-S-H s nizkym pomérem C/S vede ke zvy$ené moznosti
inkorporace AI** iontd do struktury [4, 85].

MozZny termodynamicky model miseni cementl s popilkem a struskou (viz Obr. 34) uvedla prof.
Lothenbach ve své praci, kdy modelovali pomoci softwaru GEMS sloZeni hydratacnich produkt
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v zavislosti na mife ndhrady OPC! [4]. VyuZiti popilkd jako ndhrady portladského cementu bylo téma
diplomové prace autorky vedené prof. Brandstetrem, ktery s prof. Krivenkem patfil k prikopnikdm
geopolymer( a alkalicky aktivovanych materiald v minulém stoleti. Soucasné se na toto téma vaze i
dlouhodobd spoluprace s firmou CEZ EP, se kterou bylo vyvinuto nékolik metod vyuZiti deponovanych
popilkl, jak vysokoteplotnich i loZovych, tak po SNCR procesem spojenych s DENOXx technologiemi.

60-] AI(OH),

strétlingite

[T

monokarbonat

jennite-like
C-(A-)S-H obermorite-like
C-(A-)S-H C-(A-)S-H

50 0 10 20 40 50 60 70
popilek (hm.%) struska (hm.%)

Obr. 34 Termodynamicky model sloZeni hydratovaného Portlandského cementu s pfimésemi a) popilek (FA),
b) vysokopecni struska (GBFS) (zpracovadno z[4])

4.1.Substituované C-(A)-S-H faze ve smésnych cementech

Prvni zminky o moznosti modifikace struktury tobermoritu zabudovanim jinych atomu kov( byly jiz
v poloviné 20. stol., kdy experimenty prof. Kalouska a potvrzeny XRD a NMR daty publikovanymi
Diamondem a Komarnenim [167-169]. Domnénka, Ze AI** mulie byt vazidno substituéné
v, dreierketten” silikatovém fetézce, byla poté potvrzena mnohymiautory [170, 171]. Obecné mlzeme
hovofit o tfech mozZnostech, jak lze vazat kationty kov( — jiz zminénou substituci (Obr. 35b -3),
komplexaci na povrchu fetézce (Obr. 35b -1) ¢i v mezivrstvé (Obr. 35b -2). Moznosti inkorporace cizich
iontl je vyuzivano k jejich imobilizaci, zejména se jednd o tézké kovy (Cu, Ni, Co aj.) ¢i radiokativni
prvky z odpadnich elektrarenskych vod (Cs, Cu, Ba, Ra, Sr, Se, Tc aj.) [172-174].

Specialni pozornost je vénovana hliniku, hlinik se ve strukture nevaze na vSechna vyse zminéna
mista, ale pouze ve formé tetraedru AlO4. Na Obr. 35b je zobrazen model struktury s misty, kde lze Al
inkorporovat do struktury v mezivrstvé formou AlO, tetraedru s vazbou na Q3 a Q% [38, 169, 175]
silikatovy retézec. Substituce je mozna pouze do molarniho poméru A/(A+S) = 1,6, ndzorné je oblast
kritickych koncentraci zobrazena ve fazovém diagramu uvedeném na Obr. 33. Pfi substituci muze
dochazet ke zvétieni mezivrstevného prostoru (napt. u 11A tobermoritu az na 11,5A) a taktéz ,MCL“
silikatového retézce ([176, 177]. Substituce soucasné vede ke snizeni mnozstvi strukturnich defekt( a
zvy3uje stuperi polymerizace silikdtového fetézce (nardst Q?) [175, 178). MoZnou substituci umoZfiuje
i souvislost mezi molarnimi poméry Si/Ca a Al/Ca [179, 180]:

jennite-like

C-(A)SH

= = 0428+2366 (%) 1% = 0,28 (18)
a) o o - Cavrstva % 75[}@«?2;296 b)
1 : ‘
34,’ % Q314D

-

© e~
tetraedr

© — @

Q*(1Al) ——

> ) ! °O°O°O°O°O

» @i b
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Obr. 35 Schéma teoretického zaclenéni jinych atom{ kovii do struktury 11 A tobermoritu (zpracovdno z [58])
a b) model uspordddni C-A-S-H v propojeném tobermoritovém systém( (zpracovdno z [181])

11 OPC = ,ordinary portland cement”, svétové pouZivana zkratka pro portlandsky cement
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Se vznikem C-A-S-H se sniZuje koncentrace soucasné vznikajiciho CH [125; 148], a také se za nizkych
pomérech Si/Ca a Al/Ca méni morfologie C-A-S-H struktury z desti¢kovité na jehli¢kovitou [125].
Tématem diskuse stdle je, kde pfesné v Fetézci je opravdu kation APP* umistén v pfirozené
hydratovanych systémech.

Tématice sekundarnich surovin a smésnych cementl jsou vénovany tyto publikace, kde se byly
studovany rdzné druhy primési jako vysokopecni struska Kuzielové, Bartonickové a kol. [16], popilek
Haniskovd, Bartonickova a kol. a Kalousovd, Bartonickovda a kol. [14, 15], aktivovana alumina
Novotny, Bartonickovd a kol. [18] nebo vapenec Novotny, Bartonickovad a kol. [17]. Napf. v praci
Kuzielové, Bartonickové a kol. [16] je diskutovan vliv morfologie pfimési vysokopecni strusky,
kfemicitych dletd ¢i metakaolinu na vyvoj porozity C-(A)-S-H gelu. Smés primési s OPC vedla k SirSimu
rozloZeni distribuce castic diky vy$simu stupni aglomerace jemnéjsich podild (tj. kfemicité ulety). U
testovanych vzorkd byl zaznamenam vyskyt pora (Obr. 36) mensich nez 4,5 nm odpovidajicich gelovym
pordm v C-(A)-S-H strukture, ktery ale s narstajicim ¢asem klesal.
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Obr. 36 Distribuce velikosti pori vyzralych po 7 a 90 dnech prevzato z Kuzielovd, Bartonickovd a kol. [16])

Na zakladé mechanickych vlastnosti byla zhodnocena i pucoldnova aktivita (pomoci koeficientu
pucoldnové aktivity vypocteného z mechanickych vlastnosti) smésnych cementd v case. Je zde
korelace s vyskytem hydratacnich fazi na bazi C-S-H, C-(A)-S-H.
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Obr. 37 Koeficient pucoldnové aktivity po 2, 5, 28, 90 a 365 dnech zrdni: a) pevnost v tlaku, b) pevnost
v ohybu (prevzato z Kuzielovd, Bartonickova a kol. [16])

4.2.C-A-5-H v alkalicky aktivovanych materidlech

Alkalicky aktivované materialy (AAM) tvori Sirokou skupinu anorganickych pojiv, které vznikaji
reakci aluminosilikatovych prekurzor( s alkalickymi aktivatory, typicky hydroxidy nebo vodnimi skly
alkalickych kovl. Vysledkem téchto reakci je tvorba hydratacnich gell, nejcastéji typu C—A-S—H (v
systémech bohatych na vapnik) nebo N-A-S—-H (v systémech s nizkym obsahem Ca). Specifickou
podmnoZinou AAM jsou geopolymery [182], které vznikaji vyhradné z metakaolinu a alkalického
aktivatoru, pfiemz jejich struktura je tvofena prostorové zesitovanou aluminosilikatovou kostrou s
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pfevahou (Si04)* tetraedr( typu Q*. V nékterych systémech dochazi ke vzniku hybridnich geld typu
C(N)-A-S—H, které kombinuji vlastnosti obou vyse uvedenych typl a vznikaji zejména pfi aktivaci
smésnych prekurzorl s proménlivym obsahem Ca a alkalickych kov(. Struktura C-A-S—H gelu
vznikajiciho v AAM je analogickd C—S—H gelu znamému z hydratace portlandského cementu, avsak s
vysSim stupném polymerizace silikdtovych fetézcl a moznosti inkorporace hliniku do tetraedrickych
pozic. Reakci alkalie s aluminosilikaty se do roztoku postupné rozpoustéji reaktivnich formy SiO; a
Al,0s, které zpolykondenzuji do 3D sité vzajemné propojenymi tetraedry (SiO4)* (majoritné v Q*) a AlO,4
(ma, m = 0,1-4) s alkalickymi ionty (Na*, K*, Li*), které kompenzuji negativni naboj (AlO,)*, ktery je
s inkorporaci Al spojeny. V pfitomnosti alkalickych iontl v systému ochuzeném o Ca je preferovanéjsi
forma gelu N(K)-A-S-H neZ zmifiovany C-A-S-H [183]. Tato kapitola se zaméfuje predevsim na C-A-S-H
gely vznikajici v AAM bohatych na vépnik, zejména pfi aktivaci vysokopecni strusky.
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Obr. 38 Model vzniku N-A-S-H [184]

U alkalicky aktivovanych material(i, které jsou bohaté na vapnik (tj. vysokopecni struska), vznika
primarné gel na bazi C-S-H, ktery je strukturné podobny tomu, ktery vznika pti hydrataci OPC. Rozdilem
mezi nimi je ¢astecné zabudovani Al do struktury C-S-H a stava se C-A-S-H formou gelu (pouze za
urcitych podminek Ize nalézt i hybridni C-(N)-A-S-H gel) [183, 184]. Struktura tohoto C-A-S-H gelu je
velmi podobna strukture C-A-S-H gelu vznikajiciho ve smésnych cementech. Al ve formé tetraedru AlO,4
se inkorporuje do struktury na pozicich Q3 a Q?(1Al) (viz Obr. 35) [38, 169, 175, 185]. Vznikajici
C-(N)-A-S-H gel je strukturou podobny C-S-H | ¢ 14A tobermoritu, coi potvrzuji navriené
termodynamické i atomistické numerické modely [37, 185, 186]. Detailnim popisem modell C-S-H
struktur se zabyvaji kapitoly 3.2.1. a 3.2.2. Modely pro C-A-S-H vychazeji ze stejnych teoretickych
zaklad( jako u nesubstituovaného analogu, véetné téch numerickych [37, 38, 166, 187]. Ridicim
mechanismem tvorby nanostrukturnich gelG je tedy chemické sloZeni vychozi aluminosilikatové
suroviny, typ a koncentrace alkalického aktivatoru a podminky zrani. Pfitomnost alkalického aktivatoru
o vyssim pH (napf. NaOH) zvySuje rozpustnost strusky hned na pocatku reakce, ¢imZ se vytvofri
hydratacni produkty rychleji nez u aktivatoru s nizsim pH (tj.Na>COs a Na,SiOs) [188].

Vznikajici hydrataéni produkty alkalicky aktivované strusky byly studovany v publikacich Kaliny,
Bartonickové a kol. ¢i Bilka, Bartonickové a kol. [20-22, 24]. Vysokopecni struska zde byla aktivovana
pomoci sodného vodniho skla (dale AAS). Tento systém ma vynikajici chemickou odolnost a vysoké
pocatecni pevnosti, problémem je vsak autogenni smrsténi a smrsténi vysychanim. Na zakladé
literatury, je smrsténi obecné vysledkem nékolika na sobé nezavislych faktor( jako jsou zmény ve
vlhkosti materidlu, chemické reakce a fyzikalni interakce na povrchd nezreagovanych zrn (i
hydratacnich produktl s pérovym roztokem. Tyto faktory casem vedou ke vzniku deformaci a trhlin.
Smrsténi, at uz je plastické, autogenni, dekalcifikacni ¢i zpGsobené vysychanim, vyrazné ovlivriuje
nejenom mechanické vlastnosti, ale i celkovou trvanlivost betonovych kompozitl. U alkalicky
aktivované strusky je smrsténi vyrazné vyssi nez u kompozitli na bazi OPC, a to diky rozdilné distribuci
pord (zejména nano/mikro a meso, odpovidajicim gelovym pdrim v C-(A)-S-H gelu), krystalické povaze
hydratacnich produktid a v pripadé aktivace koloidnimi kiemicitymi roztoky i amorfnimu kfemicitému
gelu [189, 190]. Teorie kapilarniho a rozpojovaciho tlaku je dobfe znama a casto vyuZzivana k vysvétleni
mechanismu smrsténi cementovych matric. Kapilarni teorie vychazi z predpokladu tvorby meniskd,
které vznikaji v dlisledku plsobeni povrchového napéti béhem procesu vysychani pérovité struktury.
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Rozdil mezi tlakem v kapalné fazi p, tlakem v plynné fazi p,, je oznacovan jako kapilarni tlak Ap. jenz Ize
podle Youngovy-Laplaceovy rovnice (19) vyjadfit jako soucin poloméru krivosti rozhrani kapalina—para
(k) a povrchového napéti (y). V pripadé, Ze chceme kapilarni tlak vyjadfit v zavislosti na poloméru pori
r, lze hodnotu R odvodit na zakladé smaceciho uhlu 6, ktery charakterizuje interakci kapaliny s
povrchem pevné faze.

Apczpl_pV:K'V:_zr_y'COSQ, (19)

Protoze smrsténi mlze byt dano preusporadanim C-A-S-H struktury diky pUsobicim kapilarnimi
silam, byly v publikacich Kaliny, Bartonickové a kol. [21, 22, 24] testovany organické prisady redukujici
smrsténi (dale SRA) na bazi fluorovanych aminoalkoholl ¢i polypropylenglykol(i. Na Obr. 39a z kfivky
kalorimetrie je vidét prlibéh hydratace AAS s a bez SRA na aminoalkoholové bazi, rozliSujeme zde fazi
rozpousténi (1.pik), vznik primarniho C-(A)-S-H z SiO, jednotek uvolnénych z vodniho skla a Ca?*
ze strusky (2 pik). Treti pik odpovida jiz vzniku C-A-S-H gelu. Z publikovanych vysledkl je nanejvys
patrné, ze pritomnost SRA pfisad méla vliv na pocatecni smrsténi béhem tvorby C-(A)-S-H gelu, ale jiz
nebyla tolik efektivni pfi objemové hydrataci, tedy vzniku hlavni pojivové faze C-A-S-H. Z pohledu
vyzralého télesa jiz po 3 dnech nebyl rozdil, zda byly pfisady SRA aplikovany ¢i ne.
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Obr. 39 Pribéh hydratace AAS v prostiedi SRA (a), porozimetrie AAS v prostredi SRA po 7 d zrdni za riznych
podminek (prevzato z Kalina, Bartonickova a kol. [24])

Vysledky korelovaly s vyvojem pevnosti v tlaku, kdy u vzork( s SRA pridavkem byly pocateéni
pevnosti znatelné nizsi neZ referenéni hodnoty a odpovida to retardovanému vyvoji primarniho C-S-H
gelu tak i objemového C-A-S-H aZ o nékolik hodin. Struktura vzniklého pojiva je vidét na SEM snimku
reference a pojiva s SRA 2-(tercbutylamino) alkoholem publikovanym Kalinou, Bartonickovou a kol.
[21]. Ve vzorku bez pfidavku SRA je struktura kompaktni bez viditelnych meso a makro poérd
odpovidajici kompaktni strukture C-A-S-H gelu, zatimco u vzorku s pfidavkem SRA je vidét vyssi
porozita a méné kompaktni struktura pfisuzujici se nezreagovanym vychozim latkdm a odpovidajici
retardované hydrataci. Tyto vysledky byly v korelaci s jiz dfive publikovanymi daty [20].

r R

e y R\

Obr. 40 SEM mikrostruktury AAS bez (a) a s (b) 2-terc-butylaminoethanol po 7d zrdni (prevzato z Kalina,
Bartonickovd a kol. [21])
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V publikaci Kuzielové, Bartonickové a kol. [16] byl posuzovan vznik C-A-S-H gelu dle pfitomnosti
gelovych pérd, i zde byla zamérena pozornost na porozitu AAS ovlivnénou pridavkem SRA. Na rozdil
od smésnych cement(, zde bylo zjisténo, Ze pridavek pfisad redukujicich smrsténi velmi malo ovliviiuje
celkovou porozitu systému béhem autogenniho smrsténi. Situace u smrsténi vysychanim je zcela
odlisna, vzorky s pridavkem SRA vykazovaly mnohem mensi hodnoty smrsténi béhem casu oproti
vzorklm referencnim. Toto zjisténi koreluje s jiz zminénym efektem retardace hydratace a nizsi miry
hydratace AAS systému. Opét lze tento jev vysvétlit oddalenou hydrataci vlivem organické pfisady na
bazi fluorovanych aminoalkoholll. Podobna situace nastala i v pfipadé, pokud byly pouZity SRA na bazi
polypropylenglykold o rGizné molekulové hmotnosti (prace Kalina, Bartonickova a kol. [92]). Na
kalorimetrické krivce je opét vidét druhy pik odpovidajictho primarnimu C-(A)-S-H, ktery je vlivem
pritomnosti nékterych SRA prisad redukovany oproti referenci. Zpomaleni hydratace je opét velmi
znatelné u tretiho piku, ktery odpovida vyvoji hlavnich hydratacnich produktd. Situace je obdobna jako
u poutziti SRA na bazi aminoalkohol(, u polypropylenglykolli s nejmensi molekulovou hmotnosti je
viditelny posun az o 14 h a zaroven je vytvoreno nejmensi mnoZstvi kapilarnich pérd, které maji vliv na
snizeni smrsténi a pokles pocatecnich pevnosti.
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Obr. 41 Vliv PPG na hydrataci (a) a distribuci port v AAS (b) (prevzato z Kalina, Bartonickova a kol. [22])
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5. Hydratace C-A fazi

Aluminatové faze patti mezi velkou skupinu mineralQ ovliviiujici nejenom skupinu portlandskych
cementd, ale i vyznamné zasahuji do Zarovzdornych material(i ve formé tzv. aluminatového cementu
(dale CAC). Na ternarnim i bindrnim fazovém diagramu (Obr. 42) vidime vSechny faze krystalizujici
v soustavé CaO-Al,0s. Mezi hlavni faze: patfi kalcium aluminat - CA, kalcium dialuminat - CA,,
trikalcium aluminat — CsA, kalcium hexaluminat - CAe, dodekakalcium heptaaluminat - Ci,A;. Obecné
plati, Ze reaktivita téchto aluminatovych fazi roste s rostoucim pomérem C/A, coZ odpovida nejvyssi

reaktivité CsA a faze o nizSim C/A jsou odolné vysokym teplotam (CA¢ — teplota tani kolem 1800 °C).
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Obr. 42 Fdzové digramy soustavy Al203-Ca0-SiO: (a) a Ca0-Al20s3 (b) (zpracovdno z [191]

5.1.C-A-H: nanostrukturni hydratacni produkty CsA

Kromé trikalcium silikatu - CsS, dikalcium silikatu - C,S a tetrakalcium aluminatoferitu - C4AF (nebo
obecné C;(A«F), kde x a y se pohybuji v rozmezi 0,3 az 0,7) je béZnou sloZzkou béZného portlandského
cementu také trikalcium aluminat — C3A [77]. PrestoZe se jeho obsah v OPC obvykle pohybuje mezi
5-10 %, hydratacni kinetika C3A a jeho reakéni draha zasadnim zplsobem ovliviiuji zpracovatelnost a
reologii cementovych past, zejména v pocatecnich fazich hydratace [192]. K témto jevim patfii dobre
znamy fenomén tzv. ,flash setting” (okamzité tuhnuti), ktery mlze nasledné negativné ovlivnit vyvoj
pevnosti cementového kompozitu. C:A velmi snadno reaguje s vodou. Z tohoto dlivodu se do smési
pFidava siran vapenaty ve formé dihydratu (sadrovec, CaS04-2H,0, znaeny CSH,), aby se regulovala
doba tuhnuti OPC. V pFitomnosti sddrovce dochazi k tvorbé ettringitu (faze AFt, CsASsHas) [193, 194]:

C3A+3CSH, +26 H — C4AS3H;, (20)

Po spotfebovani veskerého siranu vapenatého pak CsA dale reaguje s ettringitem, pficemz vznika
monosulfat (faze AFm, C2ASH1,) [193, 194]

2 C3A+ CeAS3Hy, + 4 H — 3 CLASH,, (21)

Cista faze C4,AF hydratuje obdobné jako CsA a pFiblizné stejné rychle. Oproti tomu smésné ferritové
faze s nizSim pomérem Al,Os3/Fe,0s3 vykazuji pomalejsi hydratacni kinetiku [27, 30]. Na rozdil od
hydratace alitu a belitu béhem hydratace C3A nevznikd portlandit (Ca(OH);). Nicméné pti hydrataci

béZného portlandského cementu (OPC) je portlandit vidy pfitomen. V takovém ptipadé dochazi ke
vzniku hexagonalnich hydrat( [195]:

CsA+CH+12H - C,AH,5 (22)

PFi hydrataci Cistého CsA, tedy bez pfitomnosti prisad regulujicich tuhnuti, vznikaji v zavislosti na
teploté a relativni vlhkosti rizné vapenato-aluminatové hydraty [196]:

e Termodynamicky stabilni kubicky hydrogranat CsAHs (katoit).
e Metastabilni hexagonalni hydraty C4AH;3, C4AH9 a C;AHs.

Pribéhem hydratace a faktory ovliviiujicimi se zabyvala publikace Bartonickova a kol.[25], kde bylo
cilem popsat vliv Li, Cu a S inkorporovanych do struktury CsA jiz béhem jeji syntézy na fazové sloZeni a
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morfologii hydratacnich produktl. CsA krystalizuje v kubické krystalické mfizce, kdy zakladni jednotka
je tvofena tetraedry (AlO,)> tvoficich 8 kruhl (AlsO1s)®, které jsou propojeny pres kaionty Ca*
s kavitou uprostred. Struktura CsA je schopna inkorporovat kationty v pozici Ca i Al. Strukturné velmi
dobfe popsanym je tuhy roztok s alkdliemi, jmenovité s Na* kationty. Maximalni moznd koncentrace
Na, kterou je bez distorze mfizka schopna zabudovat, je 1 % Na,O. Pfi vyssSich koncentracich dochazi
ke distorzi na orthorombickou az monoklinickou mfizku [197].

Obr. 43 Modelova struktura kubického CsA (zpracovdno z [198])

Proto byl v praci Bartonickové a kol. [25] studovan vliv substituce 1 % Li,O a 1°% CuO. Vliv kationtd
byl sledovan nejenom pfi syntéze (tzn. vliv na snizeni tzv. , clinkering” teploty) a také pti hydrataci. Je
znamo, Ze hydratace C;A v pfitomnosti lithnych iontd akceleruji vyvin poéatecnich pevnosti, a to diky
zvyseni alkality pérového roztoku reakci Li* na LiOH [199, 200].
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Obr. 44 Strukturni analyza inkorporace Li, Cu a S do C3A: a) XPS analyzy, b) analyza Ramanovou
spektroskopii (prevzato z Bartonickovad a kol. [25])

Byla zde pouZita vysokoteplotni syntéza, jejiz vysledkem byla kubickd struktura C3A a dle
koncentrace dopantl vedlejsi produkty (CaO, Li,SOs4, CasAlL¢012(SO4) — yeelimit, CaSO, a CuO).
Substituce vapenatych kationtd kationty médnatymi byla potvrzena daty z XPS analyzy, a soucasné
také z posunu hlavni XRD difrakce CsA ¢i v Ramanové posunu. To, Ze substituovanym kationtem je Ca,
potvrdil experiment se zvySenou koncentraci nad limit mozné substituce, kdy vedlejSim produktem
bylo CaO a poté i nezreagované CuO. Kromé Li a Cu byla k vychozim surovinam pfiddna i sira v reaktivni
formé (siran amonny), kde bylo cileno na sledovani inkorporace S do struktury. Z XPS analyzy vime, Ze
sira v S® byla &astecné nalezena ve formé sirand Ca a Li, ale i mald &st S byla ve vazebné energii
podobné tuhym roztokdm supravodicl (Y1.4Ceo.sSro.1CU2.7550.250), coZ znamena zabudovani do struktury
CsA. V publikaci byla dale studovana kinetika hydratace za rliznych teplot, ktera se da popsat témito

reakcemi [201]:
k
C;A+6H = C3AH,, (23)

k k
2C3A+21H = C,AHy3 + C,AHg = 2 C3AHg + 9 H, (24)
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2C3A+27H ’i3> C4,AH 9 + C;AHg IE 2 C3AHg + 15H, (25)
kde k(T) predstavuje rychlostni konstantu reakce pti dané teploté T (v kelvinech). Hlavnim produktem
hydratace pfi teplotach vyssich nez 21 °C je CsAHs (rovnice 23). P¥i nizsich teplotach dochazi ke vzniku
metastabilnich hexagonalnich hydratl. Porovnanim rovnic (24) a (25) je patrné, Ze vyssi vodni
soucinitel podporuje tvorbu C4AH: namisto C4AHqs. Metastabilni hydraty se spontanné transformuiji
na termodynamicky stabilni kubickou fazi C3AHs, ktera je vidy konec¢nym produktem hydratace. Na
rozdil od rychlé exotermni hydratace je tato transformace endotermni.
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Obr. 45 Priibéh hydratace C3A dopovaného Li, Cu a S pri 15, 25 a 35 °C (prevzato z publikace
Bartonickovd a kol. [25]

U nedopovaného systému dochazi v pocatku reakce (desitky minut) k zformovani nanostrukturnich
(amorfnich) metastabilnich hydratd CsAHi:s and CsAHi, které Casem prechdzi do stabilnéjsi formy
CsAHg, tato transformace odpovida druhému piku na kalorimetrické krivce (viz Obr. 45), ktery probiha
do 5 h od pocéatku reakce. Vliv teploty na morfologii hydratacnich produktl je vidét na Obr. 46, od
jemného amorfniho gelu tvoreného metastabilnimi nanohydraty po kulovité stabilni hydraty
mikrometrovych rozméra.
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Obr. 46 Morfologie hydratacnich produkti C-A-H dopovaného C3A (0.2 % CuO, 0.2 = Liz0, 0.5 SOs) (pfevzato
Z publikace Bartonickova a kol. [25]

Dalsi prace vénovana hydrataci dopovanych CsA fazi je ddle rozpracovana vnesenim tzv. ,, bottom-
up“ ptistupu, kdy za pouziti modifikovanych sol-gel reakci je dosazeno syntézy fazi s nanocasticovou
strukturou, kterd je ale v konecném dusledku velmi aglomerovana. V praci Koplika, Bartonickové a
kol. [26] je pouZito obou pfistupt k syntéze — tradi¢ni vysokoteplotni reakci a modifikovanou sol-gel
metodu. Faze CA, C1;A7, C3A a CA; byly laboratorné pfipraveny a slouzily ke kontrolované hydrataci.
Pro srovnani byla vybrana faze CsA, na které je z vysledki znatelné vidét rozdil v poufZiti sol-gel metody.
Majoritni fazi v pfipadé hydratace faze pripravené vysokoteplotni reakci je jedinym hydrataénim
produktem stabilni C3AHg, coZ koreluje se zjisténimi publikovanymi v praci Bartonickové a kol. [25].
Zatimco faze CsA syntetizovana modifikovanou sol-gel metodou o vétsSim mérném povrchu hydratuje
formou metastabilnich hydratl C,AHs, C4AH1; a amorfniho gelu Al(OH)s (dale AHs). O vyrazné vyssim
povrchu a reaktivité pfipravené faze hovoti i vysledky z kalorimetrické analyzy (Obr. 47), kde vyvinuté
teplo je mnohem vyssi (vice jak 2x) u sol-gel pfistupu neZ u tradi¢ni metody.
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Obr. 47 Pribéh hydratace fdze CsA pfipravené vysokoteplotni metodou a modifikovanou sol-gel metodou

(prevzato z DP Oharika (skol. Koplik)) b) dehydratace CsAHs pripraveného v CsA sol-gel metodou a c) XRD
analyza vzniklych hydrdti (prevzato z Koplika, Bartonickové a kol. [26])

Modifikovana sol-gel metoda byla pouZita i na pfipravu dopovanych fazi (Li, Cu i S). Tyto vysledky
jsou v soucasné dobé zpracovany do publikace a budou zaslany k publikovani. V pfipadé dopovani Cu
se podafilo pfipravit systémy témér bez vedlejSich produktd (C12A7, CuO > 1 %) a XPS i Ramanova
spektroskopie potvrdily dopovani na atomarni Urovni.

Intengity (a.u.)

——S81-CA

Cu2p Cu 2py; (+11) s2p S 2p (+VI)

A a) b)

~—82-CA 0204 |
S3-CA 1cu [ A
i
el

Cu 2p,,

Cu(+l) satellite

Intensity (a.u.)
intensity (a.u.)

Wi

e T ——————T—

328 328 330 331 332 333 334 335 960 955 950 045 040 035 930 925 176 174 172 170 168 166 164
2Theta (%) binding energy (V) binding energy (eV)

S1-CeA
§2-G,A_0.2Cu
83-C,A_1Cu

Intensity (a.u.)

480 490 500 510 520 530 |
‘Raman shift (cm") |

Intensity (a.u.)

~507

C) ] ‘-.‘.. “-‘I | i

1 L L
400 500 800 700 800

Raman shift (cm™)
Obr. 48 XRD (a), XPS (b) a Ramanova spektroskopickd (c) analyza C:A dopovaného Cu (pfevzato z BP Smeral
(skol. Bartonickovd) a Bartonickovd — nepublikovand data)

Kalorimetrické méreni ukdazalo stejny trend jako v praci Koplika, Bartonickové a kol. [26], teplo faze
pfipravené ,bottom-up“ pristupem je 2x vyssi nez u tradi¢ni metody a svédci o vysokém mérném
povrchu. Morfologie hydratacnich produktd C-A-H svédci o vlivu Cu na vyslednou velikost éastic.
V pfipadé reference mizZzeme hovofit o aglomeratech sloZenych z velmi jemnych ¢&astic, zatimco u
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systému dopovaného médi je struktura znatelné vyvinutéjsi a pohybujeme se uz v um rozmérech
vzniklych C-A-H fazi.
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Obr. 49 Priibéh hydratace dopovaného C3A Cu pfipraveného pomoci modifikované sol-gel metody

(Bartonickova -nepublikovand data)
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Obr. 50 SEM snimky morfologie hydratacnich produktu: a) reference C3A, b) dopované struktury Cs3A- 1% CuO
(Bartonickova -nepublikovand data)

5.2.C-A-H: hydratacéni produkty alumindtovych cement

Tato kapitola je vénovana hydrataci kalcium aluminatovych cement, jejichZ pojivové schopnosti se
vyuZiva v pfipravé netvarovych a izola¢nich zarovzdornych materiald na bazi aluminosilikat( (dle CSN
EN ISO 1927-1). Soudasti projektu aplikovaného vyzkumu TA CR TA02010995 (Soukal, Bartonickovd a
kol.: ¢len fesitelského tymu) byl vyzkum izolacnich Zarovzdornych materiall pojenych hydraulickou
vazbou, tj. kalcium aluminatovym cementem.

Zakladem netvarovych zarovzdornych materiadlli (ozna¢ovanych jako Zarobeton) je pojivova faze,
kamenivo (ostfivo) a voda. Surovinova skladba se vyrazné lisi podle teplotni tfidy finalniho vyrobku.
Rozlisujeme nékolik druhl Zarobeton( dle obsahu cementu:

e normdlni obsah cementu RCC (,reqular cement castable”, 15-30 % CAC),

e stfedni obsah cementu MCC (,medium cement castable“10-15 % CAC),

e nizky obsah cementu LCC (,,low cement castable”, 3 — 8 % CAC),

e ultranizky ULCC (,ultra low cement castable”, =2 % CAC),

e bezcementovy NCC (,,no cement castable”, sol-gel mechanismus, fosfore¢nanovd vazby aj.)
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Standartné pouzivané hlinitanové cementy obsahuji zejména faze CA (40-70 %), CA; (>25 %) a
C12A7 (> 25 %). Kalcium alumindt se povaZuje za majoritni hydratacni fazi kalcium alumindtovych
cementq, reakce jsou obdobné jako u standardnich OPC cement(. Vyhodou je spotfebovani velkého
mnoZstvi zamésové vody do hydratd a oproti OPC rychla hydratace (az 90 % reakce je uskutecnéno do
24 h) [202]. Jak bylo zminéno v pfedchozi kapitole, vyvin metastabilnich hydrati v ¢ase klesa ve
prospéch jejich transformace ve stabilni C3AHg (Obr. 51).

6CAH,,

!

3C,AH, + 3AH, + 27H,0

!

2C,AH, + 4AH, + 36H,0

6CA + 60H,0
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Obr. 51 Schéma hydratacnich produktt kalcium alumindtu (prevzato z DizP prdace Novotny [203] )

Publikace Ptdacka, Bartonickova a kol.[204] navazala na predchozi publikaci vénujici se pfipravy vodné
pény stabilizované ¢asticemi i povrchové aktivni latkou [205]. Pomoci hydratace kalcium
aluminatového cementu byla UspéSné vytvofena péna svelmi jemnou porozitou. Hlavnimi
hydratacnimi produkty pouzZitého komercéniho kalcium aluminatového cementu byly primarné
metastabilni C;AHs a amorfni AH; gel, které suSicim procesem presly na stabilni hydrat CsAHgs a
hydroxid hlinity y-Al(OH)s). Tato transformace zpUsobena starnutim gelu (¢i jeho vysuSenim) je
v korelaci s daty publikovanymi v praci Bartonickové a kol. [25] diskutovanou v kapitole 5.1.
Mikrostruktura pfipravenych pén je uvedena na Obr. 52, na rozdil od mullitickych pén komentovanymi
nize na Obr. 54 a Obr. 56 je zde majoritné uzavienda pdérovitost s objemovou hmotnosti 329 kg/m? a
tepelnou vodivosti 0,090 W/(m.K), coZ jsou fadové nizsi hodnoty neZ u pén s otevienou poérovitosti
(préce Bartonickova a kol. [206, 207])

=
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Obr. 52 Mikrostruktura NCC Zarobetonu na bdzi enstatitu: a) uzavrend porozita, b) detail péru (prevzato
z Ptacek, Bartonickovad a kol. [204]

Alternativou ke kalcium aluminatovému cementu mUzZe byt cement stroncium aluminatovy (dale
SrA) i i barium aluminatovy. V préci Bartonickova a kol.[206] bylo studovano pouZiti SrA namisto
standardniho CAC v pfipravé LCC netvarové hmoty (6,7 — 8,6 % CAC a SrA). Stroncium aluminatovy
cement ma o 200 °C vyssi teplotu tani nez klasicky CAC, coz bylo dlivodem myslenky jeho potencialni
nahrady v urcitych aplikacich, a tedy i téma k vyzkumu. V préci bylo cileno na pfipravu materialu z co
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nejmensi pérovitosti. Pfiprava a studium hydratace SrA bylo publikovano v dfivéjsich pracich Ptacka,
Bartonickové a kol. [27], kde vychozimi surovinami vysokoteplotni reakce byly uhli¢itan strontnaty a
oxid hlinity. V praci byla studovana kinetika vysokoteplotni reakce a vyvoj hydratace v ¢ase. Vysledky
ukazaly zcela odlisny pribéh hydratacni kfivky nez u CAC ¢i OPC, neni zde faze indukéni periody a
jedinymi hydratacnimi produkty, které vznikaji okamzité po smichani s vodou, je Sr:AHg (analog CsAHg)
a amorfni alumindtovy gel AHs. V Case Castecné prechazi SrsAHs na SrAH; (po 7 d), ale i po 28 dnech
zUstava cca 20 % primarni faze nezreagované (viz Obr. 53).
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Obr. 53 Kalorimetrickd analyza SrA cementu pripraveného vysokoteplotni reakci (prevzato z prdce Ptdcek,
Bartonickovad a kol. [27])

Vysledna mikrostruktura Zarobeton( se odviji od schopnosti fixace porl v primarni péné, coz souvisi
se vzniklymi C-(Sr)-A-H pojivovymi fazemi a tvorbé gelovych pérd v ni. Typicka distribuce pérd pro
porézni keramické pény je zobrazena na Obr. 54 a, bohuZel z ni jiz nelze posoudit pfitomnost gelovych
pora pochazejicich z nanostrukturniho C-A-H gelu. Nevypaleny kompozit ma velmi nizkou manipulaéni
pevnost a intruze rtuti béhem porozimetrické analyzy vedla ke kolapsu struktury.
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Obr. 54 Distribuce péri (a) a mikrostruktura (b) vypalené keramické pény SrA (prevzato
z Bartonickova a kol. [204, 206]
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6. Koloidni roztoky a jejich aplikace v zarovzdornych
materialech

Pokud hovofime o nanosystémech v aluminosilikdtovych materidlech, nelze nezminit koloidni
systémy na bazi kfemiku ¢i hliniku — koloidni silika, alumina, aluminosilika ¢i tzv. vodni skla - silika
stabilizovana alkalickymi ionty. Jejich pfinos byl znatelny zejména s ndstupem HPC a UHPC?
betonovych kompozitl. Tématikou koloidnich alkalickych silikatd se zabyvaji publikace Kalina,
Bartonickovd a kol. a Bilek, Bartonickovad a kol.[20, 21, 23, 24], kde se vyuzZiva tzv. vodnich skel pro
alkalickou aktivaci vysokopecni strusky a v této kapitole nebudou diskutovany, téma nanostruktur
vzniklych alkalickou reakci je rozvedeno v kapitole vénujici se C-A-S-H strukturam vyse (kapitola 4.2).
Komentovany budou systémy koloidni siliky vyuZité pro sol-gel mechanismus fixace NCC Zarobeton( a
koloidni roztoky pouzité jako impregnace jiz vypdlenych Zarobeton(i pro zvySeni mechanickych
vlastnosti a prodlouzZeni trvanlivosti, aplikace podobné tzv. ,vytvrzovacum® ¢i ,, koloidnim povlakim“
zminénych v kapitole 3.3.4.

Koloidni silika je stabilni disperze nanometrickych ¢astic amorfniho SiO; ve vodé. Velikost ¢astic neni
vétsi nez 100 nm, pficemz obsah susiny v koloidnich roztocich se pohybuje od 10 do 50 hm. %. Stabilita
koloidniho roztoku obsahuijici jiz ¢aste¢né hydrolyzovanou siliku je zajiSténa pridavkem stabilizujicich
iontl — v primyslu nejcastéji Na*, K* ¢i NH4*. Koloidni roztok Ize mimo typ stabilizace charakterizovat
mnozstvim susiny, velikosti ¢astic amorfni siliky ¢i hodnotou pH, které se nejcastéji pohybuje od 9 do
11. Tyto charakteristické vlastnosti pak vyrazné ovliviiuji schopnost prechodu stabilniho solu v gel.
Koloidni silika je vyuzZivdna jak ¢astecné v kompozitech OPC, tak mnohem vyraznéji v Zarovzdornych
materidlech, kde pIni funkci pojiva v tzv. bezcementovych NCC Zarobetonech [208]. Fixace gelu probiha
pomoci gelace = zesitovani silikatovych fetézcu. Interakce kfemicitanového retézce, jeji schopnost a
mira polymerace (Q" jednotky) byly podrobné diskutovany a shrnuty v kapitole 3.2, kdy mechanismus
tvorby gelu je témér totozny — vliv pH, koncentrace silikatovych retézcl v roztoku, iontova sila
matec¢ného roztoku, pritomnost aditiv, reakéni podminky, tj. teplota a tlak [209]. Pro aplikace
v 7arovzdornych materidlech je proces gelace Fizen pouzitim tzv. gela¢nich ¢inidel. Projekt TA CR
FW01010077 (Soukal, Bartonickovd a kol.: ¢len feditelského tymu) se vénoval vyvoji sol-gel vazby na
bazi koloidni siliky pro NCC Zarobetony, které by mohly byt torkretovatelné (tj. technika nastfiku
Zaromateriall na vertikadlni povrchy). Vedlejsim vystupem tohoto projektu byla publikace
Bartonickové a kol. [207], kde bylo vyuZito gelacnich vlastnosti oxidu hofecnatého pro vytvoreni
dostatecné pevné Si-O-Si polymerni 3D sité pro pripravu NCC Zarobeton(.

Vysoce hlinité suroviny, tj. mikrosilika a hydratovana, reaktivni ¢i jemné mletd alumina, byly zvoleny
jako vychozi suroviny pro pfipravu mullitovych zaromaterialG. Skladba suroviny byla navrZzena na
zakladé modifikovaného granulometrického modelu podle Andreasena, ktery umozniuje optimalizovat
distribuci €astic za ucelem dosazeni maximalni porozity pfi zachovani poZzadovanych mechanickych
vlastnosti kompozitu. Primarni péna byla pfipravena pomoci technologie napénovani ,,in situ” zaloZzené
na povrchové aktivni latce pfidané ke smési surovin a zdmésové tekutiné. Pfi studiu stability pény byl
testovan komercni roztok na bazi SiO, s cilem stabilizovat pfipravenou vodnou pénu. Obr. 55
znazornuje vliv pfitomnosti koloidni siliky na stabilitu pény a tvorbu xerogelu béhem procesu starnuti
a volného suseni. V pfipadé pény bez pridavku roztoku, stabilizované pouze povrchové aktivni latkou,
dochazi v pribéhu casu k postupnému kolapsu bublin. Naproti tomu péna obsahujici roztok, tedy
stabilizovana pevnymi ¢asticemi, si svou strukturu udrzuje. Stabilita pén stabilizovanych ¢asticemi byla
popsana v nékolika studiich [210-212]. Ziskané vysledky potvrdily, Ze gelace zajistuje mechanickou
stabilitu pénové struktury, kterd zlstava zachovana aZz po dobu 24 hodin. Béhem suseni vsak dochazi
k urcitému smrsténi a koalescenci porl, coz lze pravdépodobné pricist gelaci pény indukované

12 HPC =, high performance concrete”, vysokohodnotné betony, UHP = ,ultra high performance concrete* —
ultravysocepevny beton.
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procesem odparovani vody, cozZ je na Obr. 55 patrné. Mikrostruktura vypaleného materialu ukazuje na
porézni material s objemovou hmotnosti mezi 500-900 kg/m?3 v zévislosti na mife uzaviené porozity.

Oh 12h 24h

Castice
Lv

Obr. 55 Vodnd péna stabilizovand cdsticemi SiOz roztoku: a) stabilita v case, b) schéma roztoku kolem
Cdstice ve vodném prostredi (prevzato z Bartonickova a kol. [207])

Na Obr. 56 Ize vidét, Ze se zvysujici se objemovou hmotnosti (tzn. sniZujici se porozitou) dochazi
k uzavirani porQ a struktura je kompaktnéjsi. Mullit krystalizujici se soustavy Al,03-SiO; vysokoteplotni
reakci je tvarové definovany s jehlickami okolo 10 um, zatimco mullit krystalizujici sekundarni
mullitizaci z vakuové sol-gel impregnace vytvarejici gelovy povlak na celém povrchu i uvnitf pérd diky
polykondenzaci Si—-O-Si je mnohem jemnéjsi a tvarové ne tolik ohraniceny (viz. Obr. 58).
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Obr. 56 Mikrostruktura NCC Zdrobetonu pfed impregnaci: a) 500 kg/m?3, b) 900 kg/m>, c) detail na krystaly
vzniklého mullitu (prevzato z Bartonickovd a kol. [207], Bartonickova - nepublikované vysledky)
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Koloidni silika byla zde pouZita jako primdrni pojivo a zaroven i jako impregnacni pripravek. Na Obr.
57 je zobrazena distribuce po6rQ v sol-gel vytvrzeném Zarobetonu, ktery byl nasledné vakuové
impregnovan koloidnimi roztoky (Si — koloidni silika, Si/silica fume — koloidni silika pInéna mikrosilikou
a SiAl — koloidni ,,aluminosilika®) a znovu podroben vysokoteplotni reakci. Na Obr. 57 Ize pozorovat
znatelny pokles a zménu distribuce pord vlivem impregnace. Zaplnéni por( odpovida sekundarni
mullitizaci, bohuZel ale spojenou s narustem objemové hmotnosti( z 940 na 1125 kg/m?3) a sniZzenim
porozity, coz mélo vliv na tepelnou vodivost A (vzrostla z 0,333 na 0,411 W/(m-K). Impregnace ale
prinesla cileny narlst mechanickych vlastnosti (aZz o 100 %) i pfi relativné nizké objemové hmotnosti
[207].
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Obr. 57 Vlivimpregnace koloidnimi roztoky na bdzi Si a SiAl na distribuci pori (a) a mechanické viastnosti (b)
Zarobeton( (prevzato z Bartonickova a kol. [207])

: A
Obr. 58 Mikrostruktura pén po Si sol-gel impregnaci: a) druhy vypal, b) po impregnaci i vypalu, c) detail stény
pény (pfevzato z Bartonickovd a kol. [207])

Vedle koloidni siliky byl testovany i nekomeréni roztok na bazi koloidni ,,aluminosiliky” vytvofeny
pro aplikaci pfimo do Zarobetonu. V této souvislosti bylo navdzano na dosud nepublikované
experimenty impregnace aluminovych pén pfipravenych replika¢ni metodou, kdy po vypalu vznikne ve
strukture ,,dira” po polyuretanovém templatu (tj. Sablony), ¢imz se stane struktura velmi kfehkou. Na
Obr. 59 je ,dira” zaplnéna vakuovou impregnaci komerénim roztokem na bazi boehmitu AIOOH a
sekundarnim vypalem na aluminu Al;Os.
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Obr. 59 Mikrostruktura Al203 pény pred a po impregnaci (Bartonickovad — nepublikovand data)

Proto byla testovana vyvojova smés koloidni ,,aluminosiliky”, kde se ocekaval polykondenzacni
mechanismus jak u siliky, tak i u aluminy, tato teorie se bohuzel v praxi nepotvrdila. V praci
Bartonickové a kol. [207] kombinovany roztok koaguloval na pseudoboehmit a vysledny gel nebyl
kompaktni, tak jako u samotné koloidni siliky. Ocekavana sekundarni mullitizace také neprobéhla do
formy jehlickovitych krystalkd typickych pro mullit, ale vznikaly kulovité Utvary odpovidajici spise
morfologii Al,03 (viz Obr. 60).

a)y B 2% kb) PR Y,

y N

Obr. 60 Mikrostruktura pén po SiAl sol-gel impregnaci: a) druhy vypal , b) po impregnaci i vypalu, c) detail
stény pény (prevzato z Bartonickovd a kol. [207])
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7.Zavérecné shrnuti

Hydratace aluminosilikatovych material je stale aktudlnim tématem vyzkumu, ackoliv prvni teorie
byly uverejnény jiz v 80. letech 19. stoleti. Od té doby se nejenom teorie ménily, ale také se zdroven
rozSifovaly mozZnosti analyzy vznikajicich sloucenin, zejména z makroskopického pohledu na
atomovou/molekularni Groven. Pfedkladana prace ukazuje, jak mozZnosti pokrocilé analyzy vznikajicich
struktur hraji klicovou roli pro celkovy popis mechanismu hydratace aluminosilikatovych materiald.

V praci byla popsana struktura C-S-H fazi vznikajicich v podminkdach prirozené hydratace jak Cistého
a smésnych portlandskych cementd, tak i krystalickych ¢i amorfnich analogl C-S-H pfipravenych za
laboratornich podminek. V systému pfirozené hydratace posuzujeme C-S-H mikrostrukturu
zobrazenou pomoci elektronové mikroskopie i analyzou distribuce por(, diky nimz lze s dostatecnym
rozliSenim Ize pozorovat nano velikosti ¢astic a porl v nich odpovidajicim globularni strukture C-S-H i
C-A-S-H gell. Tento systém je vsak velmi heterogenni a popis struktur na atomarni Urovni je obtizny,
proto bylo vyuZito tzv. ,Cistého” systému na bazi syntetickych C-(A)-S-H analogl, ktery neni zatizen
heterogenitou prostfedi, a jehozZ sloZeni a kinetiku reakce Ize dobfe Fidit. V syntetickém modelovém
systému bylo pro analyzu vyuzito spektroskopickych metod, které nam jiz dovolily sofistikované;si
popis a doplnily makroskopické hledisko tvarové morfologie o atomarni Uroven. Nami vyuzité FT-IR,
Ramanova, XPS a NMR spektroskopické analyzy poskytly nejenom informaci o uspofadani Si tetraedrd
v silikdtovém retézci — jejich mife zesitovani, tj. stupni polymerizace Q" jednotek v systému, ale i o
inkorporaci ¢i substituci doprovodnych prvk( (Al, Cu). Zavéry plynouci se ziskanych dat poskytly
obdobné zavéry jako ty popisované v literatufe, a to majoritu Q? jednotek s minimalnim mnoZstvim Q*
a Q* ainkorporaci ionttl do C-(Cu)-(A)-S-H struktury.

Ziskané poznatky o struktufe C-S-H byly vyuZity pro pfipravu tzv. ,sealer(i“ a ,,nanoseed(”, kde se
cilené vyuzilo fizené sitovani vlivem aditiv (tzn. mira Q" polymerizace), jejich uplatnéni najdeme jak
v cementovych, tak v i Zarovzdornych kompozitech.

Struktury typu C-A-H hraji zasadni roli pfi hydrataci portlandského slinku. Pokud slinek neni smichan
se sadrovcem, dochazi k preferenéni hydrataci kalcium-aluminatovych fazi, coz vyrazné ovliviiuje
reologii cementovych kompozitl. V predkladané praci se studium zamérilo na hydratacni procesy
kalcium alumindatovych fazi a jejich stabilitu v pfitomnosti mineralizacnich latek (Cu, Li a S). Obecny jev
okamZzitého zatuhnuti se fesi pridavkem slouceniny se sirou, proto bylo plvodni myslenkou vyuZit
siranu amonného jako mineralizdtoru a zaroven vnést do struktury siru, ktera pfi hydrataci zreaguje na
ettrinignit ¢i monosulfat a oddali hydrataci trikalcium alumindtu, coZ se ¢astecné potvrdilo.
Mineralizatory na bazi Li, Cu a Sse ukazaly jako vhodné aditiva, které jsou schopny substituce
matri¢nich atoma (Ca a Al) v krystalické mfizce, coZ se potvrdilo analyzou pomoci XPS a Ramanovou
spektroskopii. Analyzou procesu hydratace byl potvrzen vliv kationt( na jeji retardaci a vliv teploty na
typ vznikajicich hydratacnich produktli, zejména jejich konverzi z metastabilnich forem na formu
stabilni. Tento jev se nese hydratacnim mechanismem napfic¢ ziskanymi vysledky jak u Cistych fazi CsA,
tak i u hydratace kalcium aluminatovych cementd, které jsou tvofeny majoritné CA fazi.

Obecny princip hydrolyzy a polykondenzace silikatd byl v praci diky probihajicim povrchovym
interakcim pojicim mustkem mezi jednotlivymi kapitolami, at je to vznik C-S-H struktur, syntéza

,hanoseedi” ¢i téma koloidnich roztokd.

Cilem prace bylo systematicky popsat strukturu a chovani nanostrukturnich hydratacnich fazi v
aluminosilikatovych pojivech, a to jak v pfirozenych, tak syntetickych systémech. Ziskané poznatky maji
vyznam nejen pro zakladni vyzkum, ale i pro navrh nizkouhlikovych cement(, zarovzdornych kompozit
a technologii pro Upravu odpadnich vod. Vysledky aktualnich nasich a mezinarodnich studii naznacuji
smér, kterym by se mél dalsi vyzkum ubirat. Soucasnym cilem je zpfesnéni strukturalniho popisu
materiall s vyuZitim modernich analytickych technik, jako jsou MAS-NMR, LIBS, LA-ICP-MS ¢i TOF-
SIMS.
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8. Rejstrik zkratek a symbol(

8.1.Slouceniny a fdze
AFm — Monosulfatova faze (C4ASH12) — monosulfoaluminat
AFt — Ettringitova faze (CeASsHs,) — ettringit
AH; — Hydrat hlinity (Al(OH)s) — gibbsite, boehmit, pseudoboehmit
C-(N)-A-S-H — Hybridni gel obsahujici Ca, Na, Al a Si — neni mineralni ekvivalent, amorfni gel
Ci2A; — Dodekakalcium heptaalumindt — mayenit
C,AHg — Dikalcium aluminat oktahydrat — neni bézny minerdl, metastabilni faze
C,S — Dikalcium silikat — belit
C3A — Trikalcium aluminat — aluminatova faze slinku, bez pfirodniho ekvivalentu
C3AHg — Trikalcium aluminat hexahydrat — katoit (kubicky hydrogranat)
CsS — Trikalcium silikat — alit
C4AF — Tetrakalcium aluminoferrit — ferritova faze slinku, ¢asto jako brownmillerit
C4AHq3 — Tetrakalcium aluminat trihydrat — neni pfirodni mineral, metastabilni faze
C4AH; 5 — Tetrakalcium aluminat nonadekahydrathydrat — neni pfirodni mineral, metastabilni faze
C4ASH,2 — Monosulfat (AFm faze) — monosulfoaluminét
CeAS3H3, — Ettringit (AFt faze) — ettringit
CA — Monokalcium aluminat — krotit (vzacné), bézné synteticka faze
CA; — Dikalcium aluminat — grossit
C-A-H — Hydrat kalcium aluminatu — soubor metastabilnich fazi, napt. C4AHqs, CzAHe
C-A-S-H — Hydrat kalcium aluminosilikatu — amorfni gel, bez minerdlniho ekvivalentu
C-S-H — Hydrat kalcium silikatu — tobermorit, jennit, afwilit (v zavislosti na C/S poméru)
MC — Monokalcium silikat (Ca0-SiO,) — wollastonit
Sr3AHe — Tristroncium aluminat hexahydrdt — analog katoitu, syntetickd faze
SrAH; — Monostroncium aluminat heptahydrat — synteticka faze, bez pfirodniho ekvivalentu

8.2.Zkratky a symboly

AAM Alkalicky aktivované materidly — anorganicka pojiva vznikajici reakci
aluminosilikatovych prekurzort s alkalickymi aktivatory.

AAS Atomova absorpcni spektroskopie — analytickd metoda pro stanoveni
koncentrace prvka.

FT-IR Fourier Transform Infrared Spectroscopy —infracervena spektroskopie

BET Brunauer—-Emmett—Teller — metoda méreni specifického povrchu.

BO /NBO Bridging / Non-Bridging Oxygen — propojeny / nepropojeny kyslik v
silikatovych tetraedrech.

CEMDATA Databaze termodynamickych dat pro cementové systémy.

CMI/CMII Koloidni model C—S—H gelu — modely struktury gelu dle Jenningsovy
teorie.

DFT Density Functional Theory — kvantové chemickd metoda pro vypocty
elektronové struktury.

EDX - EDS Energy Dispersive X-ray Spectroscopy — metoda prvkové analyzy

pomoci rentgenového zareni, pouzivana v SEM.
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EXAFS

FT-IR / Raman/
XPS / NMR / MAS—
NMR
GEM / GEMS

HD /LD C-S—H
HPC / UHPC

ICP / LA-ICP-MS
MCL

MAS

NCC / LCC / uLCC/
MCC / RCC

Qn

SANS / SAXS
SEM / TEM

SRA

TEOS
TOF-SIMS

Extended X-ray Absorption Fine Structure — metoda pro studium lokalni
struktury atomd.
Spektroskopické metody pro analyzu struktury a chemického slozeni.

Geochemical Equilibrium Modeling Software — software pro
modelovani chemické rovnovahy.

High / Low Density Calcium Silicate Hydrate — hustotni typy gelu dle
koloidniho modelu.

High Performance Concrete / Ultra High Performance Concrete —
vysokohodnotné betony.

Inductively Coupled Plasma / Laser Ablation ICP Mass Spectrometry —
metody pro analyzu prvkd.

Mean Chain Length — primérna délka silikatového retézce.

Magic Angle Spinning — technika rotace vzorku v NMR.

Typy Zarobeton( dle obsahu cementu: No / Low / Ultra Low / Medium /
Regular Cement Castable.

Typ silikdtové jednotky — Q° az Q* podle poctu propojeni s jinymi
tetraedry.

Small Angle Neutron / X-ray Scattering — metody pro studium
nanostruktur.

Scanning / Transmission Electron Microscopy — rastrovaci / transmisni
elektronova mikroskopie.

Shrinkage Reducing Admixture — pfisada snizujici smrsténi.
Tetraethylorthosilikat — organicky prekurzor pro sol-gel syntézu silikatd.
Time-of-Flight Secondary lon Mass Spectrometry — hmotnostni
spektrometrie sekundarnich ionta.
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Abstract. Overall, the tobermorite mineral crystallises under the hydrothermal conditions from
the CaO-SiO,-H>O system. The system of calcium hydrosilicates species is extremely complex
and many factors play an important role. The solubility of starting materials belongs to one of
the most important factors. Dissolution rates of SiO, source are significantly affected by their
particle size distribution. Also the starting cation’s concentration in the aqueous solution
affects the yield of the hydrothermal reaction. The main aim of this contribution is to study
the influence of water-to-solid ratio on tobermorite crystallization. The effect of particle size of
various sources of SiO, was also studied. The cost effective Ca and Si sources was primarily
favoured. The C/S ratio of the experiments was set to 0.83. All syntheses were performed at
180 °C in laboratory steel autoclaves. The prepared powdered samples were characterized in
order to determine the phase composition by using of X-Ray diffractometry. The thermal
behaviour of prepared samples was studied by TG-DTA analyser. Morphology and particle
size of synthetized powdered products was studied by scanning electron microscopy.

1. Introduction

Tobermorite, a mineral belonging to a group of calcium silicate hydrates (C—S—H), is very rare in
nature but plays an important role in several technical applications in building chemistry, mainly in
hydration processes of Portland cement and production of autoclaved aerated concrete.

Tobermorite was firstly described by Heddle in 1880 [1]. The natural samples were found in three
different localities near towns Tobermory and Dunvegan in Scotland. Generally the mineral could be
formed in places with possible hydrothermal activity (i.e. in cavities in alkaline rocks, where was
formed by hydrothermal alteration or in places where the hydrothermal fluids react with calcium
silicate minerals) [2]. Till now, three main different phases of crystal structure have been described.
The type of the structure is associated with the different degree of hydration, 9 A tobermorite also
called riversideite (CasSisO15(OH)2), 11 A tobermorite (CasSisO17-5H,0) and 14 A tobermorite also
called plombierite (CasSisO16(OH),-7H20). The denomination of phases is related to characteristic dooz
values in the powder diffraction pattern, 9.3 A, 11.3 A and 14.0 A from the least to the most hydrated
form [3]. The most important phase is 11 A tobermorite which crystallizes in orthorhombic or
monoclinic form. The monoclinic form was found by Henmi and Kusachi [4] and was named
clinotobermorite. The crystal structure of natural 11 A tobermorite structure was firstly described by
Megaw and Kelsey [5] and then by Hamid [6]. However, the detailed description of the real structure
of both orthorhombic and monoclinic form was solved by Merlino et al. [7, 8] using order-disorder
theory. The basic structure is build up by central CaO-octahedra layer attached from both sides with
infinite silicate double chains composed of condensed dreierketten units along the b axis. Each
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dreierketten unit consists of two paired tetrahedra pointing towards to Ca-layer and one bridging
tetrahedron oriented to the interlayer. The composite layers consist of one calcium layer and two
silicate layers bounded together by the interlayer containing mainly calcium ions and water molecules.
Depending on the dehydration behaviour, the two types of 11 A tobermorite, normal and anomalous
type, can be distinguished. During the dehydration process the normal 11 A form loses its interlayer
water and transforms to a 9 A tobermorite, while the anomalous one is affected by the dehydration
process, but the formed crystalline structure is not 9 A tobermorite [9]. At the temperatures above
800°C, both types recrystallize to new phase called wollastonite (CaSiO3) [2].

The hydrothermal synthesis of tobermorite in various laboratory conditions has been extensively
studied [10-14]. Generally, Ca(OH), and SiO; react to form C-S—H phases under hydrothermal
conditions. At the beginning of the reaction, the solution is saturated with lime so the Ca-rich phases
like C—S—H (II) (C/S ratio around 1.5) and a—C,S hydrate are formed. Whereas the temperature in
the system start increases, the solubility of CaO decrease and the increase of SiO solubility occur
simultaneously. The next step of the hydrothermal reaction is the reduction of the C/S ratio to 1.25 and
the creation of C—S—H (I) phase. In the final stage of the reaction, the C/S ratio drops to the optimal
value for tobermorite formation (i.e. between 0.8—1) and the C—S—H (I) phase recrystallize to 11 A
tobermorite [15]. The whole reaction is schematically shown in equation (1). The course of
the reaction is affected by many factors. The reaction temperature and pressure are one of the most
important factors, temperatures between 120°C and 200°C and saturated steam pressure has been
reported as the optimal. The reaction temperature and the reaction time are strongly depended on
the particle size of SiO, [13, 15]. Generally, with higher temperature and longer reaction time
the recrystallization of tobermorite to other calcium silicate hydrate, xonotlite (CasSisO17(OH),), is
favoured. Besides mentioned factors, the amount of added water to reaction system plays also
an important role in the final yield of the hydrothermal reaction [16].

Ca(OH)y + Si0y > C—=S—H(Il)+ a—C,S hydr.— C—S - H(I) > tobermorit e — xonotlite (1)

The formation of tobermorite under the hydrothermal conditions is beside shown the strong
dependence on the reaction temperature, time and especially on the solubility of SiO, source.
Therefore, the main aim of the present work was to study the influence of SiO, particle size
distribution together with the starting concentration in the aqueous solution. The influence of reaction
time was also examined.

2. Experimental

2.1. Materials and synthesis

For the synthesis of a mineral tobermorite under the hydrothermal conditions, two types of silica
sources, silica sand Dorsilit and specially crushed quartz sand, were chosen as starting materials.
The average particle size (dso) of silica sources is 5.29 um for silica sand Dorsilit and 20.24 um for
specially crushed quartz sand. As the source of calcium oxide, the grounded CaCO; calcinated at
1000°C for 1 hour was used. The amount of CaO in calcinated limestone was determined to be higher
than 97%. All the starting mixtures were mixed using the same C/S ratio equal to 0.83. The method of
synthesis used in this study was inspired by Diamond et al. [17]. Required quantity of CaO was mixed
with freshly-boiled distilled water (to supress the undesirable carbonization) and stirred for 3 minutes.
Then the calculated amount of SiO, was added to the mixture and was mixed for 5 more minutes.
Used water-to-solid (w/s) ratio was set in a range from 1.5 to 15 ml/g. Hydrothermal reactions were
carried out in a Teflon-lined laboratory autoclave placed in a conventional dryer. Prepared slurries
were hydrothermally treated at 180°C and autogenous pressure for 1 and 5 days. Synthesized products
were dried at 50°C for 12 hours.
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2.2. Characterization of synthesized products

The phase composition of synthesized products was determined by X-ray diffraction analysis (XRD).
Data were collected by X-ray diffractometer Empyrean (Pananalytical) using Cu Ka radiation. For
selected samples, a thermogravimetric and differential thermal analysis was performed using TG-DTA
instrument Q 600 (TA Instruments). Analyses was run in Pt crucibles and were heated with the rate of
10°C/min from 20°C to 1000°C under the Ar atmosphere. The morphology of these chosen samples
was observed by scanning electron microscopy (SEM) using microscope ZEISS EVO LS 10.
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Figure 1. XRD patterns of samples synthesised pjgyre 2. XRD patterns of samples synthesised
fqr 1 day using .spec1ally crushed quartz sand and ¢, 5 days using specially crushed quartz sand
different w/s ratios (1.5-15 ml/g). and different w/s ratios (1.5-15 ml/g).

3. Results

3.1. Synthesis of tobermorite using specially crushed quartz sand
The solubility of silica source is affected by the amount of added water to the reaction system. For
the examination of the influence of w/s ratio on tobermorite formation, six samples with different w/s
ratio were used (1.5, 2, 3, 5, 10 and 15 ml/g). Figure 1 shows the XRD patterns of samples prepared
from the mixture of specially crushed sand and calcinated CaCOj3; hydrothermally treated for 1 day. It
is obvious that after a one day of hydrothermal reaction the different w/s ratio strongly affects
the phase composition of prepared samples. With the increasing amount of water in the system
the amount of prepared tobermorite strongly decrease. The XRD results show the presence of
crystalline tobermorite only in samples prepared with w/s ratio between 1.5-3 ml/g. The highest yield
of tobermorite formation after 1 day of hydrothermal treatment was observed with the use of w/s ratio
of 2 ml/g. In samples with higher w/s ratio, the starting materials are the only detected. If the reaction
time is prolonged from one to five days, the amount of tobermorite in samples is increased.
The highest amount of tobermorite is still found in the sample prepared with w/s ratio of 2 ml/g. In
some samples, part of crystalline tobermorite was transformed into xonotlite. The unreacted SiO; is
still the main phase even after five days of the treatment. Except the unreacted starting materials,
the CO, bearing compounds like calcite and scawtite (Cas(SicO15)(CO3)-2H,0) were presented in
some samples. The contamination is caused by the reaction of wet samples with air containing CO,
during the preparing process and mainly during the drying of prepared products [ 18].

The influence of reaction time on morphology of formed tobermorite particles was observed on
samples with the highest amount of tobermorite determined from XRD analysis. Therefore,
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the samples prepared with the used w/s ratio 2 ml/g were analysed by SEM and the images are given
in Figure 3 and Figure 4. It could be seen, that the SiO, particles from the starting material are covered
with tobermorite platelet-like crystals. The crystals in sample hydrothermally treated for 1 day are
longer and could be better distinguished than the crystals in sample that was autoclaved for 5 days.
The higher degree of agglomeration of platelet tobermorite particles could be here also observed.
The various length of the hydrothermal reaction showed the differences in the morphology of prepared
tobermorite crystals. No other significant phases could be detected from the SEM images.
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Figure 3. SEM images of samples synthesised Figure 4. SEM images of samples synthesised
for 1 day using specially crushed quartz sand and for 5 days using specially crushed quartz sand
w/s ratio 2 ml/g. and w/s ratio 2 ml/g.
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Figure 5. XRD patterns of samples synthesised Figure 6. XRD patterns of samples synthesised
for 1 day using silica sand Dorsilit and different for 5 days using silica sand Dorsilit and different
w/s ratios (1.5—-15 ml/g). w/s ratios (1.5-15 ml/g).
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3.2. Synthesis of tobermorite using silica sand Dorsilit

Results of the XRD analysis on samples prepared using silica sand Dorsilit are shown in Figure 5 and
Figure 6. After one day of hydrothermal reaction, tobermorite is present in all samples. The influence
of w/s ratio is consistent with the trend observed in the samples prepared using specially crushed silica
sand. It was also determined that with the increasing w/s ratio the amount of prepared tobermorite
phase decreased. None of the prepared samples is phase pure and the presence of the starting materials
is determined. Prolonging the reaction time from one to five days allowed the reaction to proceed, so
the amount of tobermorite phase is higher in all samples independently of the w/s ratio. The only
detected crystalline phase, in samples with w/s ratio from 2 to 5 ml/g, was tobermorite. Conversion to
xonotlite appears only in samples with higher w/s ratio, but the amount of crystallized xonotlite is
almost negligible. No CO, bearing phases were detected after five days of hydrothermal reaction.
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Figure 7. SEM images of samples synthesised Figure 8. SEM images of samples synthesised
for 1 day using silica sand Dorsilit and w/s ratio for 5 days using silica sand Dorsilit and w/s ratio
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Figure 9. TG-DTA curves of samples Figure 10. TG-DTA curves of samples
synthesised for 1 and 5 days using specially synthesised for 1 and 5 days using silica sand
crushed quartz sand and w/s ratio 2 ml/g. Dorsilit and w/s ratio 3 ml/g.
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The morphology of prepared tobermorite using silica sand Dorsilit as a starting source of SiO, were
studied on the samples with the w/s ratio 3 ml/g. It was found that the prepared tobermorite phases
crystalized in the platelet form particles independently of the reaction time (Figure 7 and 8). Observed
morphology is almost the same as in case of the synthesis with specially milled quartz sand after five
days of hydrothermal reaction.

3.3. TG-DTA analysis

For confirmation of the results from XRD analysis, TG-DTA measurements on samples with
the highest yield of tobermorite (detected by XRD) were performed. The influence of particle size on
thermal processes was also studied. The main weight loss on a TG curve occurs between 50°C and
250°C. The weight decrease is accompanied by the broad endothermic hump on a DTA curve
presumably resulting from the loss of the loosely bound molecular water from tobermorite structure.
The weight decrease is comparable in all four samples. In samples prepared using specially crushed
silica sand, it is obvious that the amount of tobermorite increases with prolonged reaction time
(Figure 9). This confirms the XRD analysis, whilst the results for the samples prepared using silica
sand Dorsilit is opposite (Figure 10). The amount of tobermorite phase is lower in sample
hydrothermally treated for 5 days. This difference could be caused by the additional carbonation of
tobermorite during the sample storage. Between 250°C and 800°C, any remaining molecular water
from tobermorite is lost. At about 850°C a sharp exothermic peak is detected indicating
the recrystallization of tobermorite into wollastonite. Besides the changes connected with the presence
of tobermorite, the presence of calcite is detected by the weight loss between 600°C and 650°C, where
the decomposition of calcite takes place. Mentioned weight loss is most obvious in the sample
prepared using specially crushed silica sand synthesised for one day.

4. Discussion

The formation of tobermorite in hydrothermal conditions is strongly affected by the average particle
size of the used source of SiO,. Two sources differing in particle size were used to prove this fact.
The experiments reveal that if the particle size is smaller the formation of tobermorite is easier and
the yield of the reaction is higher. This result corresponds with previously reported studies [16,
19-21]. The rate of dissolution of quartz particles corresponds to particle size and it is time dependent,
the finer particles have quicker dissolution, whilst the coarser one has the slower. So, the overall
reaction is accelerated due to an increase in reactivity depending on particle size. According to
the literature [21], when the SiO; source with the particle size higher than 10 pm is used as a starting
material, synthesized tobermorite decomposes to xonotlite. The result in this work is basically in good
agreement with those found in the literature. Kikuma et al. [16] had proposed an explanation of this
phenomenon. During the hydrothermal reaction non-crystalline C—S—H is formed as an intermediate
phase before the crystalline calcium silicate hydrates occur. When the less soluble SiO; source is used,
the C/S ratio in the non-crystalline C—S—H is higher and the reaction equation (1) proceeds towards
xonotlite instead of tobermorite.

Another not negligible factor for all hydrothermal synthesis, including the formation of
tobermorite, is the water-to-solid ratio. The obtained results indicate that the amount of prepared
tobermorite significantly decreases with the increasing value of w/s ratio. The calcium and silicate
ions concentration in the reaction solution probably plays an important role in tobermorite formation.
Thess results ties well with previous study published by Kikuma et al. [16]. They have done
an examination on the samples prepared from fine quartz with particle size 2 um and quicklime.
The used w/s ratio was 1.7, 3, 6 and 9 ml/g and the measurements were done by in-situ time-resolved
XRD. Based on the obtained results they suggested that the silicate ion concentration is differing
according to the w/s ratio. They showed that the lower silicate ion concentration in the solution phase
is important for the tobermorite formation under the hydrothermal conditions.

The influence of the particle size of SiO, source and reaction time on the morphology of prepared
tobermorite was also observed. Tobermorite crystallises into the platelet-like crystals. The size of
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formed crystals decreases with the increasing reaction time and they have a tendency to form
aggregates after five days of hydrothermal reaction. The reaction of the coarser SiO; particles is
slower so the aggregates are created after a longer reaction time. The formation of platelets crystals of
tobermorite throw the heterogeneous nucleation was also described by Bell and Adair [22].

5. Conclusions

Hydrothermal formation of mineral tobermorite in system CaO-SiO,-H,O was studied. Two
important factors were mainly examined — the average particle size of SiO source and the water-to-
solid ratio. Based on experiments conducted at 180°C and an autogenous pressure with two different
particle size of SiO, source, it can be shown that the SiO, source containing smaller particles
accelerating the reaction. These could be attributed to a better solubility of finer quartz particles in
a hydrothermal system. The formation of tobermorite is also significantly influenced by the changes in
w/s ratio. The increase in the w/s ratio probably influences the calcium and silicate ions concentration
in a solution, which plays an important role in a process of tobermorite formation. The ideal w/s ratio
was almost independent of the used SiO- sources and lies in a range of 2 to 3 ml/g. Using the optimal
w/s ratio and the prolonged reaction time from one to five days resulted in a preparation of samples
containing phase pure tobermorite. In samples prepared with higher w/s ratio and longer reaction times
the unfavourable formation of xonotlite occurs. This trend was more like observed in samples
prepared from coarser SiO, source, which is probably caused by the higher C/S ratio in a system
thanks to its lower solubility.
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Abstract

The paper deals with possibilities of using solid residues from fluidized bed combustion of coal, bed and filter ash in the
production of composite Portland cements. The ash from fluidized bed combustion contains a high amount of CaO, in the form of
free lime or CaSO4 (anhydrite), so it could be used as a possible donor of sulfates to the Portland clinker instead of usually used
gypsum. At first, the chemical composition of collected ashes was determined by X-Ray Fluorescence and the ongoing hydration
process was monitored by isoperibolic calorimetry. Then samples containing mixtures of Portland clinker and ash were prepared.
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1. Introduction

The main fossil fuel for production of the electric energy in thermal power plants is coal. During a combustion
process, a high amount of solid residues is formed. Chemical, physical and mineralogical properties of the residues
differ depending on a type of coal and a type of combustion process [1,2,3]. There are two main types
of the combustion process, a high-temperature combustion and a fluidized bed combustion [4]. The advantage
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of the fluidized bed combustion is that the desulfurization process is situated in a boiler. On the other hand at high-
temperature combustion special technological equipment is needed, because desulfurization is situated after
the combustion process [5,6,7,8]. Limestone (CaCOs3) is added directly to the boiler as a desulfurization additive.
The calcium sulfate (CaSOs) is formed by the reaction of the limestone particles with sulfur dioxide (SO;). The solid
residues from the fluidized bed combustion contain noncombustible constituents of coal and products
of desulfurization, so particles of CaSO4 [9]. The high amounts of SO; and CaO are the reason why fluidized bed
combustion ashes differ from high-temperature combustion ashes. For that matter fluidized bed combustion ashes
should not be used as an additive to concrete [10].

There are some studies where hydration behavior and properties of mixtures prepared from cement and fluidized
bed combustion fly ash were observed [11,12]. Ash was added in small amounts and as a replacement of high
temperature fly ash. In both cases the addition of ash caused the increase in mechanical properties.

The main additive, which is mixed with Portland clinker to make Portland cement, is gypsum (CaSO42H,0).
It retards hydration of C3A (3Ca0O-Al,O3, tricalcium aluminate), one of the main phases of cement, and allows
workability of Portland cement. In this work, the fluidized bed combustion ash is added to the Portland clinker as
adonor of sulfates and also as partially substituent of the clinker. Using the secondary raw materials
in the production of cement has ecological and economic advantages [13]. In mixtures presented in this work mass
ratio between the clinker and the ash from 90:10 to 10:90 was applied. Fluidized bed combustion ashes, bed and
filter ashes, from two thermal power plants in The Czech Republic, was used. The mechanical properties and
the process of hydration reaction were monitored on the prepared mixtures.

2. Experimental
2.1. Methods

Saccharate method was used to determine a content of free lime in collected ashes. A sample of ash was mixed
with saccharose and water. The mixture was filtered and a filtrate was titrated by hydrochloric acid solution
on phenolphthalein. The content of free lime (CaO) was calculated according to the formula:

%cao = <M (D

m -v

where ¢ is a concentration of hydrochloric acid solution (mol-dm™3), V is a volume of the hydrochloric acid
solution (dm?), M is a molar weight of CaO (g'mol™!), m is a weight of the sample of ash (g), v is a stoichiometric
ratio of reaction.

Mechanical properties, compressive and flexural strength, were measured on the complex device for strength
tests on building materials DESTTEST 3310 (Betonsystem). Flexural and compressive strength were measured
on each testing prism. Dimensions of prisms from pastes were 20x20x100 mm, and from mortars 40x40x160 mm.
Prisms were preserved in a humid environment. Strengths were measured after 1, 7 and 28 days.

The process of hydration reaction was observed by isoperibolic calorimetry, on a device constructed and placed
in FCH BUT (Faculty of chemistry, Brno University of technology). Immediately after stirring the mixture, 300 g
of it were placed in a polystyrene cup, which was enclosed in thermo-insulation foam container and a thermocouple
for measuring temperature during hydration reaction was embedded into the testing mixture. The measurements
were ended after 30 hours when the temperature was almost constant.

2.2. Material

Bed and filter ashes from fluidized bed combustion (power plants Tisova and Pofi¢i K8, The Czech republic) and
the Portland clinker (Mokra, HeidelbergCement, The Czech republic) were used for preparation pastes and
standardized mortars. Bed ashes and Portland clinker were fine grounded. To mortars, the standardized fine,
medium and coarse sand (CSN 196-1) was used.
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The chemical composition of used ashes was examined by X-Ray fluorescence on the device Xenemetric EX-
6600 SSD and is given in Table 1. The content of free lime (CaO) in ashes was determined by saccharate method
and is given in Table 2.

Table 1. The chemical composition of used ashes.

Major oxides (%) Tisova Potici K8
Bed ash Filter ash Bed ash Filter ash

SiO, 31.1 339 30.0 31.2
ALO; 21.7 224 15.1 16.5
CaO 28.1 22.8 29.1 31.2
Na,O 0.34 0.66 0.26 0.40
K,O 0.81 0.67 1.48 1.38
MgO 0.47 0.85 0.82 0.90
SO; 7.77 5.19 16.10 8.80
Fe,0; 3.46 7.17 5.41 7.48
TiO, 5.45 5.41 1.21 1.53
P,0s 0.26 0.31 0.14 0.19

Table 2. The content of free lime in used ashes.

Tisova Potici K8
Bed ash Filter ash Bed ash Filter ash
Content of free lime (wt.%) 22.94 9.68 9.57 13.54

2.3. Samples composition

Four series of mixtures were prepared. The composition of mixtures in each series was the same (Table 3), they
differ in a type of ash added. Following ashes were used: bed ash from fluidized bed combustion from power plant
Tisova (TB), filter ash from power plant Tisova (TF), bed ash from power plant Pofi¢i K8 (PB), filter ash from
power plant Poti¢i K8 (PF). The amount of water added to various mixtures was determined from consistency
of the paste, made from clinker and water with water to binder ratio 0.35. The water to binder ratio (w/b) is the ratio
between the total amount of water (g) and the total amount of binder (g), which is the sum of an amount of the ash

and the clinker used in pastes or mortars.

Table 3. The composition of mixtures.

Sample CL A B C D E F G H 1

Ash (wt.%) 0 10 20 30 40 50 60 70 80 90
Clinker (wt.%) 100 90 80 70 60 50 40 30 20 10

The clinker to ash ratio in mortars was same as in pastes. Fine, medium and coarse sand was used to prepare
mortars. The types of sand were in ratio 1:1:1. The sand to binder ratio in mortars was 3:1.

3. Results and discussion
The time dependence of compressive and flexural strengths of the pastes prepared from the Portland clinker and

fluidized bed combustion ashes measured on testing prisms after 1, 7 and 28 days are presented in Fig. 1, Fig. 2,
Fig. 3 and Fig. 4.
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Fig. 1. Dependence of flexural (a) and compressive (b) strength of pastes with TB on time.
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Fig. 2. Dependence of flexural (a) and compressive (b) strength of pastes with PB on time.
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Fig. 4. Dependence of flexural (a) and compressive (b) strength of pastes with the PF on time.

Generally, we can say, that reached strengths increase with increasing time of curing and the highest values
reached the pastes with a content of ash from 10-50 wt.%.

Flexural strengths of all pastes made with bed ash from Tisova (Fig. 1) after 28 days exceeded value 6 MPa.
The highest value was measured on the mixture with the content of ash 50 wt.% and it is almost 14 MPa.
The compressive strengths (Fig. 1) of all pastes after 28 days were higher than the compressive strength of clinker
itself. This fact is due to an absence of sulfate ions, which are needed to form ettringite, as is also described in work
of Quennoz,et al. [14]. The values of the compressive strength of all pastes after 28 days were higher than 40 MPa,
the highest values exceeded 80 MPa. The strengths increased with growing quantity of ash, but after they exceeded
the 40 wt.% content of ash the strengths were decreasing. The amount of added ash is equal to 3% content
of sulfates in the mixture, what is the optimal quantity which positively influenced the compressive strength of
cement paste prisms, as also published Lerch [15]. So we suggest the similar mechanism in the strength
development due to the addition of fluidized bed combustion fly ash to the clinker in corresponding amounts.

Navazze et al. [16] also deals with an addition of fluidized bed combustion ash to the Portland cement. They
observed that the strengths of pastes made with the addition of ash were after 91 days higher than the cement itself.
The increase was caused by added amount of free lime. Our experiments show higher strengths for pastes with
addition of ash with lower amount of free lime (Pofi¢i), so the effect of addition of free lime to clinker is probably
opposite compared to the cement.

The values of flexural strengths of the pastes made with bed ash from Poti¢i K8 (Fig. 2) were after 28 days
between 5 and 10 MPa. So they were slightly lower compared to the pastes with ash from Tisova. The values
of compressive strengths (Fig. 2) were for all pastes higher than 60 MPa, and the highest measured value was
112 MPa, i.e. for paste with 30% content of ash. In comparison to bed ash from Tisova, Pofi¢i bed ash has higher
content of sulfates (Table 1) so the quantity of added ash needed to reach an optimum amount of sulfates and
the highest strengths is lower. Again, strengths of all pastes are significantly higher than the strength of the clinker,
which is caused by the absence of sulfate ions [15].

The usage of filter ash to prepare pastes entails lower values of strengths. Pastes made with fluidized bed
combustion filter ash from power plant Tisova (Fig. 3) had after 28 days flexural strengths about 4—5 MPa,
the highest value was 6 MPa, for paste with the content of ash 20 wt.%. The same paste has the highest value
of the compressive strength, 62 MPa after 28 days.

Pastes made from filter ash from power plant Pori¢i K8 (Fig. 4) had comparable values of the flexural strength
to pastes with filter ash from Tisova. The compressive strengths are comparable too. Lower strengths then clinker
had pastes with the content of ash higher than 50 wt.%.

The lower values of strengths of mixtures with filter ashes are probably due to slightly different chemical
composition and the higher amount of water needed to prepare the mixture with demanded consistence.
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Mixtures with the highest content of bed ash and the highest strength were selected for tests on mortars.
The measured values showed the same trends as in pastes. Flexural strengths of mortars after 28 days were about
7 MPa. Compressive strengths were about 40 MPa, what is due to the high content of fly ash satisfactorily.
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Fig. 5. Differential calorimetric curves of pastes with 0-50% (a) and 50-100% (b) content of the TB.
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400

Denisa Haniskovd et al. / Procedia Engineering 151 (2016) 394 — 401

300 300

250 250

200+ 200+

150 - 150 - S

Heat [1.g"]
Heat [1.g"]

100 o 100 z

50| 7

Time [h] Time [h|

a b
Fig. 8. Integr;l )calorimetric curves of pastes with 0-50% (a) and 50-100% (b) co(nt)ent of the PB.

The calorimetric curves presented on Fig. 6 and Fig. 8 show, that process of hydration of ashes is dependent
on the content of free lime, which exothermally reacts with water. The experimental data were in good agreement
with data published here [17]. The temperature and the heat of hydration increase with the increasing content of free
lime. So, the bed ash from power plant Tisova (TB) achieved during hydration reaction higher temperature and
higher amount of heat in comparison to bed ash from Poti¢i K8 (PB).

The maximum reached temperature (Fig. 5) increases with the increasing amount of the fly ash in the mixture.
For the mixture with 90% content of fly ash the temperature was higher than for the pure fly ash. The total released
heat for all pastes made with bed ash from Tisova (Fig. 6) was similar and was higher than for the pure ash and
the pure clinker.

The behavior of cement mixtures was published elsewhere [17,18,19]. They studied hydration reaction
of mixtures made from cement and fluidized bed combustion ash and observed that the increasing addition of ash
conversely caused the retardation of hydration.

The Fig. 7 and Fig. 8 show that the maximum reached temperature and the total released heat for pastes made
with bed ash from Pofi¢i K8 decrease with increasing amount of the bed ash. It is due to the fact, that the total
released heat for the pure bed is about two times lower than for the pure clinker.

4. Conclusion

The work was focused on the utilization of fluidized bed combustion fly ash from two thermal power plants
in The Czech republic as a donor of sulfates.

From the experimental observations, the highest values of compressive strengths were measured on pastes
with the ash content from 20 to 60 wt. %. Inconsiderable high values of strength reached mixtures with a higher ash
content. The strengths were more than 60 MPa. These values were measured on the mixtures containing 80 wt.%
of ash, too. The highest value of compressive strength was measured on pastes with 30% content of fluidized bed
combustion fly ash from power plant Pofi¢i K8 and it reached 112 MPa after 28 days.

When the filter ash was used, the highest values of compressive strength reached mixtures with the content of ash
from 20 to 40 wt.%. The compressive and flexural strengths measured on the pastes with filter ashes were lower
in comparison with the mixtures with bed ashes. The larger surface area of filter ash caused need of higher volumes
of mixing water, which could be a possible disadvantage of their application.

From measured calorimetric curves, we can see the affected process of hydration reaction of ashes by the content
of free lime. Mixtures made using bed ash from Tisova reached the similar values of total released heat.
The released heat of bed ash from Pofi¢i was about two times lower than released heat for the Portland clinker. We
can also see the dependence of ash content on the calorimetric measurements. So the released heat and
the maximum reached temperature decreased when the content of ash increased.
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Abstract

The presented paper deals with the issue of influence of storage conditions on the quality of
conventional fly ashes which are produced by combustion of lignite. These ashes were stockpiled for
long time. A borehole for sampling was made in the fly ash stock-pile. Total depth of the borehole
was 20 m. Samples of fly ashes taken from every single meter were analyzed and next mechanical
properties and the volume stability of materials containing these fly ashes were tested.

The quality of fly ashes especially with respect to the possibility to use them as components of pastes,
mortars and concretes as pozzolanic admixture or fine filler was evaluated.

Introduction

Fly ash is an industrial by-product which if not used in beneficial way, is recognized as environmental
pollutant. It is generated during the coal combustion at the production of energy. Coal fly ashes are
generated at 1200—-1700 °C from various inorganic and organic constituents of the feed coal. Because
of the scale of variety of the components, coal fly ashes are one of the most complex anthropogenic
materials which can be characterized. It is a heterogeneous mixture, with amorphous and reactive
glass phase and inert crystalline phases such as quartz and mullite. Fly ash reacts with Ca(OH),, the
byproduct of cementitious reactions, to improve concrete’s strength and durability. [1]

The presented research is devoted to the investigation of the influence of storage conditions on the
quality of stockpiled ash from the power plant located in the north-west part of the Czech Republic.
This coal fly ash was stockpiled for very long time without any protection from weathering —
changing temperature, humidity, etc. A borehole with total depth of 20 m was made for the
investigation and sampling. Samples of fly ash taken from every single meter were collected and next
analyzed. The research contains the determination of mechanical properties and volume stability of
building materials in which a part of cement was replaced by fly ash. The replacement of cement is
very important for the reduction of environmental impact and for achieving economic and energy
savings.

Cement is in many ways an essential material that is used worldwide, mainly as a component of
concrete, but cement production and usage are highly energy and material demanding and of high
environmental impact. More than 5% of global anthropogenic CO, emissions and substantial
emissions of SO,, NOy and other pollutants are formed during cement fabrication. [2]

The most common type of cement is Portland cement which consists of a clinker. This is formed
when raw material burns at high temperature in a cement kiln. In this process calcium carbonate
decomposes and CO; is produced. This process is called calcination and it is very important from the
viewpoint of greenhouse gas emissions, since in the process carbon bound in mineral is transformed
into CO,. The calcination typically causes more than 50 % of total CO, emissions from cement
production. Another part of remaining emissions originates from the combustion of fuels in the kiln.
In this paper, the utilization of fly ash in the production of building materials, as a low-cost material is
discussed, because it is important for two aspects — ecological and economic. Partial replacement of
cement by fly ash can positively affect the CO, emissions and purposeful use of fly ash is a solution to
the ecological problem with stockpiling of secondary raw materials. [3,4]
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Analysis of stockpiled fly ash

Collected samples were subjected to the series of several analyses to determine the properties of fly
ashes. Particularly it was the determination of moisture, the determination of bulk and tapped density,
the determination of particles size, the determination of pH and conductivity of extract, X-ray
diffraction (XRD) analysis, and the loss on ignition (LOI) test. Testing was carried out according to
CSN EN 72 2072 (Fly ash for building industry purposes) and CSN EN 450 (Fly ash for concrete).
Chemical properties of coal fly ashes are highly dependent on what kind of coal was burned and on
the combustion system as well. Tested fly ash originated from one power plant, so the combustion
system was unchanged.

The XRD analysis showed the most interesting results. All samples contained amorphous phase,
Quartz and Mullit in large quantities. The results also revealed the presence of Magnetite, Hematite
and Anatase. The XRD analysis showed that there were no big differences among individual samples.
This fact is very positive - because there are probably no phase changes in time and it is possible to
use this secondary raw material as a component in building materials.

Mechanical properties of pastes and mortars containing fly ash

For the tests of mechanical properties the specimens containing 65 — 70 % fly ash, 25 % cement CEM
42, 5 R (according to the European cement standard EN 197-1), water and superplasticizer (0,8 % of
quantity of cement) were prepared. The amount of water was chosen according to consistency (all
mixtures were prepared with the same consistency).

The specimens for testing the tensile strength and compressive strength had the dimension of
40%40x160 mm. Strengths were measured after 1, 7, 28 and 90 days. For the comparison the
reference sample containing sand, cement, water and superplasticizer was prepared. The results are
given in Table 1.

Table 1: Tensile strength (Tens.) and compressive strength (Comp.) after 1, 7, 28 and 90 days
Strength after 24 Strength after 7 Strength after 28 Strength after 90

Specimen | 'y irs [MPal days [MPa] days [MPa] days [MPa]

Tens. Comp. Tens. Comp. Tens. Comp. Tens. Comp.
Sand 7,34 38,69 10,36 72,26 11,73 86,69 10,32 91,49
0-1 m 0,13 0,99 2,66 10,82 3,54 16,79 4,71 34,35
1-2m 0,51 2,01 3,75 19,37 4,93 30,46 5,86 37,89
2-3m 0,99 4,08 4,18 22,57 5,14 26,03 4,39 35,04
3-4m 0,39 1,68 2,63 11,79 4,66 25,24 4,39 26,03
4-5m 0,88 3,27 3,57 17,02 4,89 28,69 5,49 35,63
5-6 m 0,80 3,78 4,03 18,90 4,87 27,97 3,94 31,86
6-7 m 1,02 4,04 3,98 18,11 4,77 27,76 5,01 31,16

7-8 m 0,67 2,34 2,99 18,28 4,06 24,12 5,28 29,56

8-9m 1,15 4,85 4,13 19,84 5,42 28,30 6,03 33,25

9-10 m 1,19 3,58 3,97 18,23 5,85 32,05 6,13 40,69

10-11m | 1,31 5,36 3,71 22,66 4,8 37,24 5,86 40,83

11-12m | 1,76 6,56 4,35 27,65 4,56 35,79 7,19 43,62

12-13 m | 1,69 6,20 3,98 22,83 4,86 37,23 4,47 37,14
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13-14m | 1,16 5,05 5,36 30,46 5,84 38,78 5,53 35,91
14-15m | 1,69 6,15 4,63 25,30 6,64 35,92 6,18 49,68
15-16 m | 1,31 6,07 4,41 26,85 5,33 36,78 6,16 44,34
16-17m | 1,20 4,04 4,04 21,29 1,09 30,58 5,51 34,78
17-18 m | 1,02 3,73 3,38 17,51 4,18 25,80 5,28 31,44
18-19m | 1,24 5,69 3,68 24,18 4,55 34,41 5,35 36,77
19-20 m | 0,83 2,05 1,78 9,66 3,26 13,20 3,89 18,21

In Table 1 we can see, that the compressive strengths after 28 and 90 have the values around 35 — 40
MPa. These values are totally sufficient for use as a part of cement. The specimen with fly ash from
the depth of 19-20 m has significantly lower values. The XRD analysis of this sample showed the
presence of Kaolinite. So we can assume that the sample from the depth of 19-20 m was a blend of fly
ash and soil which caused the decrease of strength.

Fly ashes from the depth of 0-1 m, 10-11 m, 13-14 m and 19-20 m were chosen for the tests in
mixtures in which 25 % of cement was replaced by fly ash. The results are given in Table 2.

Table 2: Tensile strength and compressive strength after 1, 7, 28 in mixtures with 25 % cement

replaced by fly ash

Specimen Strength after 24 hours Strength after 7 days Strength after 28 days

p [MPa] [MPa] [MPa]

Tensile Compressive Tensile Compressive Tensile Compressive

0-1 m 5,19 36,76 10,76 66,79 7,51 76,93
10-11 m 4,38 38,75 7,28 66,91 5,71 73,40
13-14 m 5,84 38,60 9,01 71,24 6,37 75,89
19-20 m 3,26 29,89 6,54 51,73 4,61 50,35

The strength development is similar as in previous case. Mortars with cement replacement of 25, 30,
35 and 65 % by sample 13-14 m were prepared. The strengths are given in Table 3.

Table 3: Tensile strength and compressive strength of mortars

Specimen Strength after 24 hours Strength after 7 days Strength after 28 days
[MPa] [MPa] [MPa]

Tensile | Compressive | Tensile | Compressive | Tensile | Compressive
Without fly ash | 1,57 5,60 1,88 7,94 2,77 11,97
25 % fly ash 1,37 3,14 2,81 14,24 3,62 19,50
30 % fly ash 0,94 2,84 2,75 13,27 13,27 13,98
35 % fly ash 0,52 1,76 2,65 11,67 11,67 15,19
65 % fly ash 0,14 0,01 0,84 2,51 1,16 4,16

The results from Table 3 show that optimal content of fly ash is around 25 %, but very good strength
was obtained as well when replacing cement by 35 %.
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Volume stability

Volume stability was measured as a dilatation of testing specimens of cement pastes which contained
65-70 % of fly ash. The dilatations of individual specimens converted to mm - m™ are shown in
Table 4.

Table 4: Dilatations of cement mortars

Specimen Dilatati(_)ln Specimen Dilatatiq? Specimen Dilatatiq{l Specimen Dilatatiq?
[mm - m] [mm - m™] [mm - m ] [mm - m]
Sand 0,006 5-6 m 0,313 10-11 m 0,013 15-16 m 0,325
0-1 m 0,144 6-7 m 0,338 11-12 m 0,344 16-17 m 0,313
1-2 m 0,238 7-8 m 0,006 12-13 m 0,513 17-18 m 0,275
2-3m 0,225 8-9m 0,319 13-14 m 0,506 18-19 m 0,213
3-4m 0,013 9-10 m 0,475 14-15 m 0,288 19-20 m 0,819
4-5m 0,019
Summary

The presented paper shows the results of research which studies the influence of storage conditions on
the quality of fly ashes. Based on the results we can see, that there are neither the phase changes in
time nor different mechanical properties and volume instability. This fact is very positive for the
application of these fly ashes as components of building materials.
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Pore structure and mechanical strength of quaternary systems consisting of ordinary Portland cement
(PC) replaced in 25, 30 and 35 wt% by ground granulated blast-furnace slag (BFS), silica fume (SF) and
metakaolin (MK) were evaluated up to 365 days. Refinement of the structure as a result of cement sup-
plementary materials (SCMs) demonstrated mainly by the rise of gel pores portion, whereas the portion
of middle capillary pores decreased. Despite dilution effect in blended samples, both the compressive (CS)
and flexural strength (FS) increased throughout all the curing time and reached the values higher than

I;fg:‘éirgsc:emems that of referential sample. Development of strength in time reflected different activity of SCMs. The high-
Metakaolin est values of strength corresponding to the lowest total porosities were determined in the samples con-
Silica fume taining the most SF (CS = 125 MPa, FS = 18 MPa after 365 days), whilst the highest amount of BFS together
Ground granulated blast-furnace slag with the highest substitution level led to the lowest strengths among blended samples (CS =99 MPa,
Porosity FS =15 MPa).

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Even though the blended cements are in the center of attention
for a relatively long time, their possibilities are not still exhausted.
Continue improvement of their properties is based on the com-
bined effect of various binders’ materials and allowed e.g. the
development of self-compacting concrete or high performance
cements [1-5].

Performance of multicomponent materials depends on the vari-
ety of initial factors, such as chemical and mineralogical composi-
tion, selected preparation conditions (e.g. water content, initial and
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curing temperature, dosage of plasticizer) [6]. Many preparation
parameters (workability, water to binder ratio, bleeding and drying
shrinkage) are affected by fineness of initial materials. The rate by
which cement and supplementary materials react with water also
considerably depends on their fineness. Higher fineness increases
reaction kinetics owing to the corresponding increase of surface
area [7] and ensures mainly the early age strength acquirement
[8,9].

The fineness characteristics of materials include particle mor-
phology, particle size, particle size distribution and specific surface
[10]. It is necessary to be aware that characterization of material
fineness only by average particle size or specific surface area is
not sufficient. Two cements with the same average particle size
but different distributions will exhibit dissimilar rate of early
hydration. A better parameter for describing the fineness of the
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material (at least in terms of knowing the early times reactivity) is
the specific surface area. However, specific surface area does not
depose about the size of the largest particles and about the breadth
of the particle size distribution. Both of these parameters affect the
workability at a given water to binder ratio, the degree of reaction
and correspondingly the strength development over long periods
of time. Different particle size distribution of materials possessing
the same specific surface area will lead to the different water
demands. Wider size distribution increases the packing density
of the system and thus effectively reduces water demand [11].
Consequently, it is expected that increasing of the packing density
would have a positive contribution to strength gain potential.

Besides the fineness of initial materials, the curing procedure
has an important impact on the porosity and the related final
material properties. According to Ramezanianpour and Malhotra
[12], the continuous moist curing of concrete is essential to achieve
the lowest porosity and the highest compressive strength. They
reported that the use of BFS produces a very poor permeable con-
crete however it is more sensitive to curing process than the use of
SF or pure PC and this sensitivity increases with slag content in the
particular mixtures.

It is well known that also incorporation of MK up to 20 wt%
leads to the decrease of total porosity [13,14]. On the contrary,
the substitution of more than 30 wt% of PC by MK results in the
increase of porosity, which was attributed to its fineness and cor-
responding increase of water to binder ratios. The flowability of
fresh cement mixtures deteriorated due to the MK content can
be improved by addition of BFS. In the same manner, the presence
of BFS helps to decrease the water demand and the need of plasti-
cizer use in blended cements with SF [15]. Accordingly, it helps to
prevent from the resulting decrease of the compressive strength.

In general, the contribution of SCMs to concrete strength can be
divided into three elementary factors associated with fineness: the
filler effect, the acceleration of PC hydration (nucleation sites) and
the pozzolanic reaction of admixtures with Ca(OH), [16-18]. SCMs
can produce more efficient packing at the cement paste-aggregate
particle interface, reduce the amount of bleeding and form a den-
ser, more homogeneous initial transition zone microstructure
and also a narrower transition zone. The acceleration of PC hydra-
tion in the presence of substitution materials is apparent from the
higher rates of heat evolution but also from nearly the same or
even higher content of Ca(OH), determined at very early times of
hydration than the expected amounts due to the consummation
of arising hydroxide by pozzolanic reactions [16]. Pozzolanic reac-
tions improve material strength by the formation of additional
binding phases (C-S-H, C4AH;3, C3AHg and C;ASHg) [19-22]. The
contribution of particular factors differs according to the activity
of the used substitution materials, their replacement level but also
the curing time. For example according to [16] dealing with MK
blended cements, whilst the filler effect shows immediately, the
acceleration of PC has its major impact within the first 24 h and
the maximum effect of the pozzolanic reaction occurs between 7
and 14 days. The main contribution of SF as highly active pozzolan
to concrete strength at normal curing temperature takes place
from about 3 to 28 days. After this time, the effect of SF on strength
development becomes negligible. Unlike the MK and SF, reactivity
of BFS is much lower and its contribution to the strength gain was
demonstrated at medium and later ages of hydration.

Majority of published studies focus on the binary or ternary sys-
tems, whereas only few researches deal with the replacement of
cement by three supplementary materials together. The reason
why we have studied the four compound systems is the synergic
effect of materials that can moves the barriers and bring other
improvement of final material properties. The following SCMs with
different reaction activity have been selected to this goal: BFS, SF
and MK.

In our previously published paper [23], evaluation of pozzolanic
activity and heat profiles of 2 days samples from the referred four
compounds systems using isothermal calorimetry and thermal
analysis were already discussed. It was proved that the suitable
combination of SF, BFS and MK can prevent from the decrease of
strength due to the partial replacement of PC. On the contrary, sig-
nificantly higher values of compressive strength than the values
announced in the number of studies devoted to binary or ternary
systems may be attained, which makes these materials promising
for the use as e.g. high performance cements. In addition, the for-
mation of phases resistant to higher temperatures (such as tober-
morite, C-A-S-H) indicates their possible applications in
hydrothermal conditions of deep geothermal wells. Present article
continues to study referred systems up to 365 days and investi-
gates the correlation of porosity, compressive and flexural
strength.

2. Experimental

The following initial materials were used to prepare the sam-
ples: Portland cement (CEM I 52.5 N, Holcim (Slovensko), a.s., Slo-
vakia,), ground granulated blast-furnace slag (Kotou¢ Stramberk,
spol. s r.o., Czech Republic), silica fume (Oravské ferozliatinarske
zavody, a.s., Slovakia) and metakaolin Lys (Mefisto, Ceské lupkové
zavody, Czech Republic). Composition of particular samples is
listed in Table 1. The concept was based on STN-EN 197-1 that lim-
its the content of Portland clinker to 65 wt% for binary blended
cements in order to assure necessary Ca(OH), quantity for alkali
activation or pozzolanic reactions. Keeping into mind, the combi-
nation of SCMs to replace PC up to 35 wt% was used. As both, MK
and SF, are very reactive since the initial stage of hydration, the
decreasing proportion of SF with increasing proportion of MK
was chosen in order to establish their influences on the hydration
and relating properties of final materials. On the contrary, BFS acts
after longer period and its effect does not overlap to the significant
extent with those of MK and SF. Its amount was chosen to be the
same as MK. The results of chemical analysis and physical charac-
teristic of the used Portland cement and supplementary cementi-
tious materials are shown in Table 2. Chemical analysis of
cement was done according to EN 196-2. Mineral composition of
the used cement is displayed in Table 3.

The whole experimental procedure of mortar preparation, stor-
age and measurement of flexural and compressive strength was
done in accordance with STN EN-196-1. Standard sand satisfying
the tests for CEN Reference sand was added to binders in the
weight ratio of 3/1. The amount of sulphate ions consumed by
metakaolin to form additional ettringite was compensated by gyp-
sum addition [24]. Except referential sample, gypsum was added to
each mixture in the amount corresponding to 1.25 wt% of meta-
kaolin content. According to our preliminary results it should
assure necessary quantity of gypsum needed for the formation of
both ettringites (from C3A and MK) and also the formation of C-
S-H and C-A-S-H from MK by pozzolanic reaction.

Prepared mixtures were homogenized along with the gradual
adding of water using the cement mixer. Quantity of water was
adjusted to achieve suitable workability of pastes (Table 1). The
demand for water was reduced by Plasticizer Stachement® 2353
(Stachema Bratislava, Slovakia). Plasticizer concentration in water
of 0.05 vol% was kept constant. After the whole amount of water
was added, 10 min of additional homogenization followed. Three
prisms with the dimensions of 160 x 40 x 40 mm were prepared
from the mortar of each composition. Prisms were covered with
moist tissue and foil and kept at laboratory temperature of
20+0.5°C for 24 h. Demolded samples were immersed in the
water and stored at laboratory temperature until the strength
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Table 1

Composition of prepared samples (in wt%) and used water to binder ratio (w/b).
Sample Wpc/% Wers/% Wsg[% Wwk/% w/b
Quatro0 100 - — - 0.42
Quatrol 75 5 15 5 0.33
Quatro2 70 10 10 10 0.34
Quatro3 65 15 5 15 0.36

Table 2

Oxide composition (in wt%) and specific surface (in m? kg ") of the used Portland cement and supplementary cementitious materials. All depicted values of specific surface areas

determined using Blaine represent the average of three measurements.

Oxide composition/wt%

Specific surface/m? kg~!

Ca0 Si0, Al,03 Fe,05 MgO SO3

CEM1525N 64.01 20.39 4.85 2.88 2.06 2.85 Blaine 4643 £0.9

SF 0.50 97.10 0.21 - 0.40 - BET 15000

MK 0.24 49.70 42.36 0.79 0.22 0.08 Blaine 2586 + 38

BFS 36.53 35.76 9.39 0.24 14.0 0.03 Blaine 469.9 £ 0.5
Table 3
Mineral composition (in wt%) of CEM I 52.5 N given by producer. C3A is present in orthorhombic and cubic form, MgO as periclase (cubic form).

Mineral composition/wt%

CEM1525N CsS CS C3A (ort.) C3A (cub.) C4AF Free lime MgO

61.49 15.44 3.85 5.48 8.76 0.93 1.35

measurements and the mercury porosimetry were carried out.
Flexural and compressive strength of hardened composites were
determined using WPM WEB Thuringer Industriwerk Rauestein
11/2612 (up to 25,000 N). The three-point bending flexural test
was used for determination of flexural strength. The compressive
strength was measured using the broken pieces of the prism sam-
ples obtained from flexural strength measurements. Each dis-
played data of the flexural and the compressive strength thus
represents arithmetic mean of 3 or 6 experimental measurements,
respectively.

MIP Quantachrome Poremaster 60GT (Quantachrome, UK) was
used for the determination of the pore structure parameters of
the samples. Pieces of the dried samples (24 h at 105 °C) taken
from their different parts, with diameter less than 10 mm and total
mass max. 2 g, were used for the tests. The maximum applied pres-
sure of mercury was 414 MPa, equivalent to a Washburn pore
radius of 1.8 nm.

The particle size analysis of prepared dry mixtures was carried
out on the laser granulometer Helos with dry dispersion unit Rodos
(Sympatec, Germany). Displayed results represent the average of
three measurements.

3. Results and discussion
3.1. Laser diffraction analysis

As can be seen from Table 4, median of particle size in blended
mixtures is due to the substitution of PC by finer materials approx-

Table 4

imately by half less than in referential mixture. By reason of large
differences among specific surfaces of particular cementitious
materials (Table 2), the refinement of structure was not affected
primarily by the total level of PC replacement, but mainly by the
substitution level of particular components and their synergic
effect. Accordingly, the lowest value of xso and correspondingly
the highest specific surface were determined for mixture Quatrol
prepared with the highest content of SF.

Whilst the density distribution curve of Quatro0 showed the
main from the two well distinguished peaks at approximately
15 pum, the size of particles occurring the mostly in the blended
mixtures Quatrol and Quatro2 was shifted to the much lower val-
ues (between 1 and 2 pum) (Fig. 1). The refinement of blended sam-
ples manifested also by higher occurrence of particles with the size
below 0.5 pm. Particles with sizes between approximately 5 pm
and 20 pm that came chiefly from PC represented the second fre-
quent size region. The composition of Quatro3 (mainly higher con-
tent of coarser BFS with specific surface comparable with that of PC
(Table 2)) caused that the presence of these particle sizes became
again more frequent than the previously mentioned lower size one.

Blending of SF, BFS and MK in PC resulted in broader particle
size distribution of particular mixtures even though the specific
surface of all the used cementitious materials is higher or similar
to that of PC. Whereas the values of Xgo roughly equaled 23 pm
for all the mixtures, Xq9 values of Quatrol, Quatro2 and Quatro3
increased to 70.76 um, 71.11 pum and 67.71 um, respectively.
99th percentile of referential mixture attained the value of
40.95 um. The presence of particles larger than 40 pm causing

Particle size analysis of dry mixtures; Xso - median of particle size, x99 — 90th percentile of particle size, Xg9 — 99th percentile of particle size, as - specific surface. Each shown
result is the average of three individual measurements; corrected sample standard deviations are presented for each value. By reason of the different principles of measurements
were used to assess the values of specific surface of referential sample in Tables 2 (Blaine) and 4 (laser diffraction technique), they cannot be compared each other.

Mixtures Quatro0 Quatrol Quatro2 Quatro3
Xs0/(m 6.75+0.11 2.67+0.11 3.40 £0.05 3.27 £0.05
Xgo/UM 2347 +047 22.85+1.27 2342 +0.57 2142 +0.17
Xgof LM 40.95 +2.84 70.76 £ 1.84 71.11 £ 0.64 67.71 £0.50
ag/cm? g~! 16,059 £ 212 22,421 £563 19,604 + 432 21,293 £452
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Fig. 1. Particle size analyses of prepared dry mixtures: (a) Quatro0, (b) Quatro1, (c) Quatro2 and (d) Quatro3.

the increase of xg9 can be according to the particle size analysis of sized particles tend to agglomerate due to the effect of electrostatic
individual supplementary materials explained by agglomeration of forces and thus generate a complex structure that makes their par-
finer supplementary material particles mostly of silica fume. It can ticle size analysis seem to be broader. However, it can be assumed
be assumed that agglomerates were disintegrated already during that during mixing with water and hydration process agglomerates
mixing and homogenization process. Indeed, the nanometer- will disintegrate.
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Table 5

“Pore size distribution” (portion of pores in the given area of pore diameter) of samples cured from 2 up to 365 days.

Series Curing time/days Pore size distribution/vol% Total porosity/%
<4.5 nm 4.5-50 nm 50-10% nm 10%-10* nm >10*nm
Quatro0 2 1.41 24.38 17.73 17.91 38.57 15.96
7 133 25.08 18.80 21.92 32.87 12.64
28 3.34 31.55 11.63 13.19 40.29 11.28
90 3.52 32.44 5.69 18.20 40.15 11.20
365 2.55 3221 3.35 16.49 45.40 11.76
Quatrol 2 1.87 26.06 19.14 20.60 3233 14.57
7 523 39.56 8.65 14.85 31.71 9.75
28 5.98 31.70 1.55 15.09 45.68 9.60
90 11.29 33.22 1.93 17.43 36.13 8.36
365 8.21 24.53 1.20 14.38 51.68 9.70
Quatro2 2 1.67 33.68 16.70 18.19 29.76 14.83
7 3.86 33.80 8.23 21.93 32.18 11.19
28 6.74 39.89 1.35 16.03 35.99 10.58
90 8.01 26.07 1.58 19.87 44.47 11.07
365 9.90 26.43 1.08 18.87 43.72 10.85
Quatro3 2 0.39 23.78 16.17 20.59 39.07 16.05
7 5.49 52.50 6.92 12.38 2271 11.71
28 479 41.27 1.91 16.12 35.91 10.90
90 5.34 35.66 1.63 16.23 41.14 11.36
365 7.11 4130 1.17 14.20 36.22 9.96
0.05 7 days called gel porosity, and the capillary porosity. In general, a more
====Quatro0 detailed dividing of pores into particular categories and relevant
Ty 004 e QUATLTOL classification of their sizes is not strict [25,26]. In the present study,
= Quatro2 pores are divided into the particular types according to Metha and
£ 003 e Quatro3 Monteirio [27]. In the case of series Quatro2 and Quatro3, the per-
’fn centage (expressed as volume percentage of mercury intruded) of
& 002 pores with size lower than 4.5 nm increased with increasing curing
3 time. Quatro1 as well as QuatroO displayed the decrease in the per-
% 0.01 centage of gel pores after 365 days in comparison with the samples
of the same composition cured for 90 days, whereby the more sig-
0.00 nificant drop was determined for Quatro1. Nevertheless, except the
1 10 100 1000 10000 100000 1000000 2 days samples, the percentage of these pores is in all the blended
Pore radius / nm samples and in all the times higher than in referential one.
Unlike the gel pores, mesopores with the size ranging between
0057 o 90 days 4,5nm and 50 nm affect permeability of the samples. Their per-
===Quatro0 centage did not show clear dependence neither on the curing time
By 0-04 = Quatiol nor on the composition of the samples. Nevertheless, in accordance
= | Quatro2 with the results presented in [28], the presence of additives created
3 003 o= Quatro3 a larger amount of pores of this size up to 28 days of curing. Longer
?n curing times in the case of Quatrol and 2 led to the more pro-
=2 002 nounced creation of gel pores.
= The portion of middle capillary pores (50-100 nm) decreased
'>q 0.01 with curing time and their percentage is the lowest among the cap-
illary ones regardless of the curing time. Except 7 days samples,
0.00 substitution of PC by SCMs led to the significant decrease of these
1 10 100 1000 10000 100000 1000000 pores in comparison with referential samples. Accordingly, the

Pore radius / nm

Fig. 2. Pore size distribution curves of the samples cured for 7 and 90 days,
respectively.

3.2. Mercury porosimetry

The results of mercury porosimetry performed on the samples
cured for 2, 7, 28, 90 and 365 days are summarized in Table 5
and Fig. 2. It must be mentioned that referred pore sizes are inter-
preted only in the terms of mercury intrusion context. Correspond-
ingly, the term “pore sizes” relates the percolation size of pores
corresponding to the intruded pressure. Vocka et al. [25] have
reported the existence of two types of porosity in a cement paste:
the porosity of the hydration product (C-S-H porosity), the so-

refinement of structure as a result of PC replacement as well as
due to increasing amount of reaction products in time can be
besides gel pores mainly attributed to the changes of middle cap-
illary porosity.

On the contrary, the fraction of large capillaries (above 100 nm)
and macropores occupied in most cases approximately the half or
higher proportion of total porosity of all the samples. Except Qua-
tro2, when the lowest percentage of large pores was determined in
2 days samples, other blended samples displayed the lowest per-
centage of these pores in 7 days samples. Series Quatrol plus ref-
erential Quatro0 contained the highest portion of large pores
after 365 days of curing. The greatest portion of large pores in Qua-
tro3 and Quatro2 was measured after 90 days of curing. At this
place it should be aware that high pressures produced by the used
technique of MIP could possibly induce cracks. In addition, e.g.
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Gallé [23] evidenced that also oven-drying at 105 °C leads to an
overestimation of total porosity. Hydrates like ettringite and C-S-
H lose a significant amount of non-evaporable water and desiccate,
microcracks and capillary stress can be generated which results in
the large capillary porosity.

The mechanisms of transport processes in the pores of different
size categories are different [29]. In the case of mesopores, electro-
static interactions between the pore walls and the pore liquid can
hinder transport processes, whereas in the pores of greater size
electrostatic effects do not happen. Capillary pores sized from 50
to 10,000 nm have the main effect on the transport processes
and correspondingly the detrimental influence on the durability
of composites. On the contrary, they have only a minor effect on
hydration rates [30]. In all the studied systems, the percentage of
these pores decreased with increasing curing time, however did
not change significantly in comparison with referential samples.
Nevertheless, as clearly evidenced by Fig. 2, the main peaks of
PSD localized especially in the area of pores radius below
1000 nm significantly moved toward lower sizes. The shift is more
pronounced in the later times of curing and in the case of lower
substitution levels (Quatrol and 2). SCMs additions reduced the
size of capillary pores and probably caused the partial segmenta-
tion of pore system.

Bentz et al. [31] in their study dealing with the influence of SF
on the diffusivity of cement based materials mentioned that at
higher capillary porosities (above 20%), the transport of liquids is
dominated by the percolated pathways through the capillary
porosity phase. However in the systems with lower capillary
porosities (below 20%), the capillary pores become discontinuous
and transport is controlled by the properties of the nanoporous
C-S-H phase. In present blended systems, the percentage of pores
between 50 and 10,000 nm moved around or below 20%, especially
in the case of Quatro1 and 3 after 28 days of curing.

The refinement of capillary porosity after the substitution of PC
by all the used supplementary materials in this study was referred
by many researchers [32-35]. Some authors [28,36] reported that
besides refinement also the fraction of capillary pores decreased
with increasing content of additives. In our case, not only substitu-
tion level of PC was increased, but also the composition of samples
was changed which complicates the explanations. However, as it
can be seen from the comparison among the series, the largest
drop of capillary pores occurrence with curing time appeared in
Quatro1, followed by Quatro3, referential series and Quatro2 thus
reflecting different reactivity of SCMs and their mutual interac-
tions. The effect of mutual interaction depends on the composition,
surface area, particle size and particle size distribution as well as
on the shape of individual particle of each SCM.

Total porosity of the samples from series Quatro0 and Quatrol
decreased with increasing curing time except 365 days samples
that showed slight increase. Values for Quatro2 and Quatro3
decreased up to 28 days of curing, followed by the slight increase
determined for 90 days samples. In general, porosity decreased
the most rapidly within the first 7 days of curing as a result of fill-
ing effect of the used additives and arising hydrates filling the
pores.

Higher substitution levels of PC in blended series resulted in the
decreased amount of primary cement hydration products, C-S-H
and Ca(OH), (portlandite). Portlandite was in addition consumed
in pozzolanic reactions, which, however, in turn led to the forma-
tion of additional binding phases (C-S-H, C-A-H, C-A-S-H). Among
them, the presence of gehlenite hydrate (C;ASHg), especially in
the samples with higher amount of MK and BFS, was detected on
DTG curves [23].

As mentioned above, the most markedly was the development
of total porosity demonstrated by the decrease of middle capillary
pores portion. With regard to just gentle progress of subsequent

reactions, no significant changes were observed after this time.
Limited reactions in later curing periods can be explained by the
lack of water-filled capillary pores [37,38] as well as by the dilution
effect and the depletion of faster reacting SF and MK in blended
samples. Not surprisingly, the most obvious was the drop of poros-
ity in the case of Quatro1 owing to the highest amount SF. This ser-
ies demonstrated the lowest values of total porosity regardless of
the curing time. Thermal analysis revealed the formation of phases
with C/S =1 (such as tobermorite), demonstrated by wollastonite
crystallization at higher temperatures, already after 2 days of cur-
ing [23]. On the contrary, the highest values among the blended
samples showed Quatro3 prepared with the lowest amount of PC
and the highest content of BFS as the slowest reactive SCM. Higher
presence of aluminium ions in this series (and also in Quatro2)
manifested by mullite formation during coupled TGA/DSC [23].
Reactivity of particular SCMs reflected their fineness determined
by Laser diffraction analysis (Fig. 1). Contrary to the referential
sample, the most particles in dry mixtures Quatrol and 2 belonged
to the values below 2 pm. As a result of the highest BFS content, as
material with the surface area similar to that of PC, PSD of Quatro3
shifted back to the higher particle size area. The majority of parti-
cles belonged to the size of approximately 9 pm.

Besides the composition, higher total porosities of Quatro3 ser-
ies can be explained also by the highest PC replacement level. At
this point it is necessary to emphasize that despite the relatively
high substitution levels of PC in the studied blended systems
(ranging from 25% to 35% by weight), no increase in porosity
(except 2 and 90 days Quatro3) was observed when compared
with referential QuatroO. Unlike some reported studies [39,40], it
seems that the amount of PC was still sufficient to produce enough
Ca(OH), that could be consumed in pozzolanic reactions leading to
the refinement of structure.

Higher total porosity of 2 days Quatro3 in comparison with
Quatro0 can be explained by slower pozzolanic reactions of BFS
together with the highest replacement level of PC. In accordance
with the results of Berodier et al. [37], higher porosity of 90 days
Quatro3 may be assigned also to the lower solid volume increase
produced by slag reactions when compared with Portland clinker.

From the comparison among the blended samples it is obvious
that the higher w/b (Table 1), the higher values of total porosities
were determined (Table 5). For the same composition of mixture
and degree of hydration, the volume of hydration products would
remain constant irrespective of the water content (assuming that it
is sufficient to run the reactions). Consequently, unfilled spaces
would increase with the increase of water to binder ratio and cause
the rise of porosity [41]. On the other hand, when the insufficient
amount of water is taken into account, because higher w/b should
provide higher content of water available for hydration and conse-
quent pozzolanic reactions, the opposite dependence can be
expected [42]. Considering this and above mentioned, the stronger
influence of replacement level and reactivity of SCMs than w/b
ratio on porosity was demonstrated in these samples.

3.3. Compressive and flexural strength

Even though it is not expected that progressing reactions bring
significant changes in phase compositions of samples at later peri-
ods, increasing amount of reaction products led to the gradual
increase of strength values. Correspondingly, compressive strength
of all the samples increased with increasing curing time regardless
of their composition (Table 6). Except 2 days Quatro2 and Quatro3,
all blended samples attained higher values of compressive strength
than corresponding referential samples cured for the same time. As
portlandite is not considered to be a strength bringing phase, its
consummation in pozzolanic reactions and consequent formation
of new binding phases caused enhancement of blended series
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Table 6

Compressive (CS; MPa) and flexural strength (FS; MPa) of samples cured from 2 up to 365 days together with the corrected sample standard deviations.
Series Quatro0 Quatrol Quatro2 Quatro3
curing CS/MPa FS/MPa CS/MPa FS/MPa CS/MPa FS/MPa CS/MPa FS/MPa
2 56.0+£3.2 8.4+0.1 56.7+1.2 9.1+£0.6 55.2+2.2 9.7+04 48.1+23 93+1.0
7 62.8+9.9 10.2+0.2 92.5+13.9 13.9+05 68.4+2.0 124+038 66.3+1.7 12.9+0.2
28 75.7+£4.6 11.5+£0.6 108.4+6.4 17.7+£0.7 103.5+3.0 154+1.0 95.8+3.8 14.1+£0.2
90 85.8+2.7 11.8+09 121.2+£2.38 19.8+1.5 108.9+2.5 16.1£2.0 96.0+7.5 143 +0.2
365 96.4+2.2 11.8+0.2 124.6+29 18.0+ 1.1 107.6 +7.7 16.3+0.9 99.2+5.5 15.3+0.7

strength. The lowest substitution level together with the highest
amount of SF in Quatrol led to the best values of compressive
strength. High pozzolanic activity of SF was well demonstrated
particularly in earlier times. The most significant difference
between this and other series, especially in comparison with Qua-
tro0, was observed after 7 days of curing. This corresponds well
with the results of mercury porosimetry (Table 5). Significant
decrease of total porosity was the consequence of middle capillar-
ies drop and larger pores portion, whilst the portion of gel pores
increased at this time. The strength was 47% higher than corre-
sponding value of referential sample, whilst 29% difference was
attained after 365 days. Longer curing times permitted also the
demonstration of MK and BFS activity and compressive strength
of relevant samples increased even though it was considerably
influenced by higher dilution effect. It can be expected that mainly
the content of C-A-S-H increased in particular periods.

As mentioned above, the initial 2 days compressive strengths of
Quatro2 and Quatro3 attained lower values than that of referential
Quatro0. Some authors [43,44] reported that there is an optimal
replacement of SCMs above which the refinement and the reduc-
tion of the pore volume are not occurring, which leads to the
slower improvement of mechanical properties. From chemical
point of view, the lower rate strength gain of Quatro2 and Quatro3
can be explained by lower reactivity of BFS, but also by the cement
substitution level responsible for CH generation. Indeed, the
amount of CH production, which is a result of cement hydration,
is lower in the case of Quatro2 and Quatro3. Other development
of mechanical properties implied that the refinement of structure
and corresponding gain of strength needed longer time due to
delayed reactions of BFS, which is supported also by our previously
reported results [23].

In general, the influence of both, the dilution effect and the fas-
ter reactions of SF and MK, in blended series caused that increase of
strengths in later periods was not so pronounced as in the case of
referential samples.

The development of flexural strength showed the same depen-
dencies on the curing time and the composition of samples as the
course of compressive strength (Table 6). It can be noticed that
long curing for 90 or 365 days did not lead to the following distin-
guished or any increase of flexural strength. Flexural strength of
365 days Quatrol even attained lower value than corresponding
sample cured for 90 days, however it is still within the error of
measurement.

Because both, the dilution effect and the pozzolanic activity,
influence compressive strength of final samples, we established
the so called Coefficient of pozzolanic activity (CPA; in %) [23].
The CPA allows us to distinguish between their contributions and
can be considered as a qualitative criteria which indicates the
effective contribution of SCMs to the strength generation. Synergic
effect of more effective SF and MK in equivalent amounts resulted
in the highest CPA of two days Quatro2. The strongest demonstra-
tion of pozzolanic activity showed for all other curing times Qua-
trol, mostly due to the best effectiveness of very fine SF in the
highest quantity. Whereas Quatrol displayed the most pro-
nounced influence of pozzolanic activity on compressive strength

in 7 days samples, maximum in the case of Quatro2 and Quatro3
was observed after 28 days of curing (Fig. 3). At this time, the
smallest difference among CPA of particular series could be
observed. Contribution of pozzolanic activity decreased with fol-
lowing prolongation of curing time which was caused by decreas-
ing amount of CH available to participate in pozzolanic reaction.

As can be seen from Fig. 4, CPA calculated from the values of
flexural strength differed from that estimated from compressive
strengths. Whilst CPA of Quatro1 reached the maximum in 90 days
samples (68% increase of flexural strength in comparison with the
strength of Quatro0), CPA of Quatro2 increased with time and
attained the highest value after 365 days of curing (38% increase
when compared with Quatro0). The effect of pozzolanic activity
on flexural strength of Quatro3 seemed to be unclear. CPA esti-
mated for 7 days samples was higher than that of 2 days and after
following decrease it obtained the maximum value in 365 days
samples. Besides small amount of measurements, it must be taken
into account that flexural tests are very sensitive not only to own
properties of samples but also to specimen preparation and han-
dling. Inhomogeneity in material arising also from these reasons
can significantly influence measured values of flexural strength.

It is also necessary to consider that although CPA was calculated
by separation of OPC contribution to the development of strength,
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Fig. 3. Coefficient of pozzolanic activity (%) calculated from the values of
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CPA of series was influenced by lower amount of CH formed when
higher substitution level of OPC was used.

In general, it can be assumed that attained values of compres-
sive the same as flexural strength are considerably higher than val-
ues reported in numerous studies treating binary or ternary
systems [45-47]. Appropriate combination of various substitution
materials manifesting activity in different times led to the develop-
ment of high strengths from early to later times of curing. The early
strength gain was in the case of blended samples caused by the
strong and soon pozzolanic effect of SF and MK together with filler
effect of SCMs. As discussed in particular section, median particle
size of blended mixtures was at least by half lower than that of
Quatro0 which resulted in better packing of the initial material
mixtures. The most promising structure and strength values were
attained in the mixtures with the highest SF content as a result
of its the most distinctive pozzolanic reactions and fineness which
verified our previously published results [23]. Besides additional
binding phases (instead of CH that does not contribute to the
development of the strength) that are formed by pozzolanic reac-
tion, addition of SCMs strengthens the transition zone between
the paste and the aggregate (due to the improved bond between
these two phases). The physical action of pozzolans thus provided
a denser, more homogenous and uniform pastes suggesting
increased synergetic performance between SF and MK or BFS.

4. Conclusion

Present work continued to study quaternary systems compris-
ing of PC and three SCMs: MK, BFS and SF. The development of por-
ous structure as well as its influence on compressive and flexural
strength were evaluated up to 365 days of curing. Despite the rel-
atively high substitution levels, up to 35 wt%, the amount of PC was
still sufficient to initialize pozzolanic reactions of SCMs that led to
the decrease of total porosity. The refinement of structure
depended on both the reactivity of the used SCMs and the substi-
tution level of PC. In accordance with the fineness, the reactivity of
particular SCMs was proved in order: SF > MK > BFS. Correspond-
ingly, the highest content of SF in the samples together with the
lowest replacement level of PC resulted in the most pronounced
drop of porosity. The composition of blended samples influenced
the porosity especially in the area of middle capillary pores, the
portion of which decreased significantly in comparison with refer-
ential PC samples in all the curing times. On the contrary, the pres-
ence of SCMs led to the increase of gel pores percentage. Strength
characteristics of blended samples increased as a result of total
porosity decrease. The most significant rise was in the case of sam-
ples initially containing the highest amount of SF determined in
7 days samples, after which further although moderate increase
was demonstrated as the reactions in the systems slowed down.
On the contrary, the higher quantity of MK and BFS led to the most
notable increase of strengths after 28 days. The combination of
SCMs disposing of different reactivity allowed the enhancement
of porosity as well as strengths of the samples also in later times
of curing.
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Abstract. The paper deals with the burnt lime utilization as a source of calcium ions participated
during hydration process of ultra-high performance cementitious composites. These type
of ultra-high performance cementitious composites are based on the high content of silica fume
that together with calcium ions form the binder phase. In the case of ordinary Portland cement,
the hydration during induction period supposed to be too slow for dissolution of required amount
of calcium ions necessary for the pozzolanic reaction of presented silica fume. The low addition
of the lime should be a sufficient calcium source that allow the starting of the pozzolanic reaction
before the acceleration period occurs. The calcium ions content from the beginning
of the reaction was controlled by an addition of soft-burnt and dead-burnt lime. Its influence was
studied in terms of hydration process by isothermal calorimetry. Based on the experimental data,
the hydration reaction mechanism was proposed.

1. Introduction

Commonly used types of concretes could be typically characterized by their low homogeneity closely
related to low tensile flexural strengths. The possible solution to solve this problem is to substitute coarse
aggregates with fine sand, to increase content of Portland cement (OPC), addition of extremely fine
reactive components (i.e. silica fume, precipitated silica, metakaolin, ground blast furnace slag) and to
reduce the water to cement ratio by superplasticizer application [1]. These types of concretes are
generally named as ultra-high performance cementitious composites (UHPC). High content of cement,
reactive components and low water to cement ratio, typical for this type of composite system, cause
volume changes that result in formation of micro-cracks due to plastic and autogenous shrinkage and
self-exsiccation [2]. Due to the shrinkage phenomena, it is necessary to apply water curing during
hydration and further hardening of prepared composites [2, 3].

High silica fume content, which in dispersion may behave as an aggregate causing less friction
between cement particles, is also typical for UHPC [4]. Silica fume and calcium cations, coming from
OPC hydration as a secondary product, react together and form binder phases which are beneficiary to
mechanical properties of binder species [5]. Nevertheless, the velocity of calcium ions formation for
pozzolanic reaction is directly connected with the cement hydration rate [6]. During the first hours
of hydration, the induction period occurs and the hydration process is slowed down. Induction period
can be prolonged due to the higher content of superplasticizers [7]. High bulk density also reduces
the ionic transport, therefore the binders with high content of silica fumes against OPC demonstrate
slower strength development [8].
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Paper deals with the possibility of calcium oxide usage as a source of calcium cations for silica fume
(SF) hydration during the cement induction period. The advantages of calcium oxide is its high
reactivity, no other ion contaminations and signs of exhibit the undesirable plastic behavior as it is in
case of calcium hydroxide [9]. The utilization of soft-burnt (SBL) and dead-burnt lime (DBL) and curing
conditions with respect to the reactivity and long term stability were studied. Srinivasan et al. studied
the effect of lime water on OPC-SF binders [10].

2. Materials and methods

The white OPC CEM 1 52.5 R (Aalborg Portland A/S, Denmark), white undensified silica fume RW-
Fiiller Q1 (RW silicium GmbH, Germany), SBL CL 90-Q (Kotou¢ Stramberk, spol. s r. 0., Czech
Republic) sieved under the 63 um, dead-burnt lime CL 90-Q (Vapenka Vitosov s.r.o0., Czech Republic)
sieved under the 63 pm, superplasticizer Master Glenium ACE 446 (BASF Stavebni hmoty Ceska
republika s.r.o., Czech Republic), coarse aggregate (Filtra¢ni pisky, spol. s r.o., Czech Republic) and
deionised water were used for UHPC preparation.

All the components were gradually mixed for 1 min, and then the % of gauge water with
the superplasticiser dosage was added and mixed for 5 min. The Y4 of the missing gauge water was added
and mixed for other 5 min. The homogenized mixture was moulded to moulds with the dimensions 4 x
4 x 16 cm intended for mechanical testing. After 24 h the experimental specimens were demoulded and
the dry or water curing conditions were applied under the controlled temperature of 25°C. Hydration
process of binder was analysed by using of isothermal calorimeter TAMair (TA Instruments) under
the 25°C. All of the used components were storage before using under the same conditions for 24 hours,
i.e. controlled 25°C. Analysed samples were prepared by hand mixing of bath contents of 40 g of binder,
deionized water and additives for 2 min, and then 5 g of this mixture was placed into lockable plastic
ampules. The measurements were performed against to reference sample (i.e. water) with similar heating
capacity. The studied hydration process was precisely stopped by acetone washing [11]. Formed
hydration products (50 mg) were observed by TG-DTA analysis (Q600, TA Instruments) up to 1000°C
with heating rate 10°C/min under the dried air atmosphere. Table 1 summarizes the composition and
designation of studied samples.

Table 1. Composition (g) of measured samples.

OPC  SF SBL DBL SP Sand H,O
Sample

R 188  62.0 0 0 7.5 750 67
la 186  61.5 2.5 0 7.5 750 67
L.b 184 61.0 5 0 7.5 750 67
l.c 180  60.0 10 0 7.5 750 67
1d 176 59.0 15 0 7.5 750 67
le 169  56.0 25 0 7.5 750 67
1.f 0 0 250 0 7.5 0 67
2a 186  61.5 0 2.5 7.5 750 67
2b 184 61.0 0 5 7.5 750 67
2.c 180  60.0 0 10 7.5 750 67
2d 176~ 59.0 0 15 7.5 750 67
2e 169  56.0 0 25 7.5 750 67
2.f 0 0 0 250 7.5 0 67
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3. Results and discussion

3.1. Setting of UHPC

With the increasing content of the SBL (see figure 1.a), the heat flow in pre-induction period was
gradually increased, the difference between R and 1.e sample was 12.2 mW/g. If the un-influenced
hydration process of SBL in UHPC occurs the difference in heat values supposed to be 35.7 mW/g. In
case of DBL addition (see figure 1.b), the increase of the heat flow between R and 2.e samples was
determined to 2.1 mW/g. From the obtained results is obvious that in the UHPC system the retardation
of the CaO hydration occurred which was more substantial when the DBL was applied.
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Figure 1. Heat flow in the pre-induction period a) SBL, b) DBL.

Figure 2 shows the retardation of main hydration peak when the SBL was applied. The retardation
of the peak in the case of the sample 1.c is almost 1 hour against the R one. The hydration of samples
with SBL addition was not significantly retarded too. Sample 1.e reached the maximum of main
hydration peak in the same time as the reference R one. Without the dependence on the weight
of the addition of SBL, the heat flow value of the main peak maximum was increased of 0.4 mW/g.
The significant influence of soft-burned lime to hydration process was observed in part of induction
period. The lowest heat flow 0.4 mW/g was determined in the case f R sample, with the increasing
amount of lime addition the heat flow gradually increased to 2.3 mW/g in the case of 1.e sample.
Samples 1.d and 1.e showed local minimum of heat flow after 1 hour of hydration. From this point
the hydration rate was accelerated to the end of induction period. This phenomenon is clearly visible on
the figure 2.b, where during first hour of hydration process the difference in total hydration heat, as well
as the amount of formed hydrates, was between particular samples minimal. The total hydration heat
increased proportionally with increasing lime content and proved the reaction of silica fume during
the induction period and cement hydration process. Sample R reached for 60 mW/g heat more than
the sample 1.e after 30 hours of hydration.
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Figure 2. Calorimetric measurement of the UHPC with SBL a) heat flow, b) heat.
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Samples with DBL addition showed similar hydration coarse as the one with SBL (see figure 3.a).
However, during the first hour of the induction period the almost depletion of the previously observed
local minimum occurred and the hydration rate after this minimum to the end of induction period was
approximately constant. The retardation of the main hydration peak was similar in case of both types
of the limes. Nevertheless, the maximum of the main hydration peak was with the DBL addition slightly
decreased. Also the course of the main hydration heat was for the both types of the lime similar (see

figure 3). The total hydration heat produced by sample R after 30 hours was or 57 mW/g less than
the sample 2.e.
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Figure 3. Calorimetric measurement of the UHPC with DBL a) heat flow, b) heat.

3.2. Testing of mechanical parameters

Tensile and compressive strengths for samples stored under the dry and water curing condition for
hydration after 1 day were almost similar due to demoulding after 24 hours and subsequently set up
of the different curing conditions for 24 hours. After 1 day of hydration (figure 1.a) the increase
of tensile strengths values for 1 MPa was observed for the samples with low content of SBL.
On the contrary the higher content of SBL caused the decrease of tensile strength values for 1 MPa
against reference sample R. After 7 days of dry curing conditions the gradual increase of tensile strengths
with increasing soft-lime content was observed from 9.5 MPa for sample R to 13.2. MPa for sample 1.d.
Higher soft-lime content again caused the decrease of the tensile strength values. After 28 days of dry
curing conditions the tendency in mechanical behaviour was identical as was observed after 7 days.
The tensile strength value of sample R under the water curing conditions was 19 MPa, but the any
addition of SBL caused the decrease in tensile strength values. Also the similar tendency after 28 days
of water curing was observed, the value for reference sample R was even decreased to 17.5 MPa.
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Figure 4. Flexural strength of the specimens with soft b. lime a) dry curing, b) water curing.

The compressive strength behaviour (figure 4.a) of the samples with the addition of SBL (R-1.d) and
cured under the dry conditions was not significantly influenced and for 1.e the value even decreased.
After 7 days of the water curing conditions (see figure 1.b) the compressive strength values decreased
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with the increasing lime content. The maximum was reached for sample 1.e. After 28 days of water
curing, the values of compressive strength slightly increased for samples 1.a and 1.b with SBL addition.
Sample 1.b reached the total maximum compressive strength’s value of 131.3 MPa. On the contrary
sample 1.e reached the maximum decrease against the reference R one.
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Figure 5. Compressive strength of the specimens with soft b. lime a) dry curing, b) water curing.

After 1 day of dry curing, the tensile strengths of the samples with dead-lime content reached
the similar or higher values than the reference R one. In the case of the sample 2.a and 2.b (dead-burnt)
the tensile strength increase was substantial then in the case of 1.a and 1.b (soft-burnt) after 1 day
of the dry curing. The increasing tendency in tensile strength values with the increasing content
of the lime was observed after 7 and 28 days of dry curing (see figure 6.a). The behaviour of the samples
under the water curing conditions and dead-lime addition is given on the figure 6.b. The samples showed
the minimal decreasing tendency after 7 and 28 days. Sample 2.d under the 28 day of the water curing
conditions reached maximum value of tensile strength 19.3 MPa. The significant defects were observed
for samples 2.e after the 7 and 28 day of water curing and the values were not able to determine.
The compressive strength behaviour of the samples with DBL addition under dry and water curing
conditions (figure 7) showed the identical tendency as the samples with soft-burnt one.
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Figure 6. Flexural strength of the specimens with dead b. lime a) dry curing, b) water curing.

3.3. DTA analysis of hydration products in time

The thermal study of the hydration products formed after 1, 5 and 24 hours is given on figure 8.
The mass loss visible on the TG curve in the region of 100°C can be assigned to free water content,
decomposition of amorphous hydration products and ettringite. In the case of reference sample R
the mass loss after 1 and 5 hours of hydration was minimal, however in the case of 1.d sample with
the lime content was substantial. This finding proved the formation of hydration products in the presence
of the lime even in induction period of cement hydration what was also proposed from the calorimetric
data. Mass loss around 120°C can be assigned to gypsum decomposition, which was gradually depleted
to the 5 hours of hydration and explain the absence of sulphate depletion peak in calorimetric curves
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with high intensity of heat flow within the main hydration peak [12]. Strong exothermic effect with low
mass loss in the region from 250 to 300°C can be assigned to superplasticisers decomposition.
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Figure 7. Compressive strength of the specimens with DBL a) dry curing, b) water curing.

This effect was not visible in the samples R and 1.d 0 h where the SP was not added. In the region
around 450°C the decomposition of Ca(OH), took place, which belonged to early stage hydration
products.[13] In the case of reference sample R the portlandite peak was firstly depleted due to
the portlandite consumption in reaction with silica fume species and afterwards formed due to
the ongoing hydration process. In the case of sample 1.d the portlandite seemed to be slightly consumed
within the first hour of hydration, further its content was increased due to the higher formation from
the lime addition than the reaction rate with the silica fume. Decomposition of calcium carbonates took
place above 650°C [14]. The addition of the lime to the system increased also the carbonate content
even before the hydration process due to the not precise its firing and also carbonation process. During
the hydration of the sample R the carbonate content was constant up to 5 hours of hydration,
the significant increase was observed after the 24 hours of hydration. In the case of 1.d sample
the content of carbonates during the whole hydration process was only slightly increased. Reaction
of calcium ions with silica fume was observed by gradual depletion of portlandite in the end of cement
induction period. In the case of the sample 1.d the significantly higher formation of hydration products
during and also after induction period was observed.
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Figure 8. TG-DTA analysis of hydration products by means of time a) sample R, b) sample 1.d.

4. Conclusion

The presented data proved that the lime content can improve the silica fume hydration in binder systems
even during the induction period of OPC hydration regardless the lime burning conditions. In the case
of the content of dead-burnt lime followed by water curing conditions, mechanical strengths were not
significantly affected, but there is high risk of product destruction with the high content of this lime.
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The dry curing conditions applied to samples with both types of the lime remarkably enhanced
the flexural strengths with minimal influence to compressive ones.
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Abstract

The work is interested in the study of the hydration process by means of the isothermal calorimetry method. The Portland cement
hydration process led to gradual consumption of contained calcium sulfate. This sulfate depletion is observed on the calorimetry
curve as a shoulder of main silicate peak. The addition of hydratable alumina to Portland cement was studied in order to determine
its influence on hydration process. Experimental results showed the shifted position of this shoulder according to alumina and
calcium sulfate content. It was also observed that the overall hydration process was almost unaffected by alumina addition.
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1. Introduction

Hydration of Portland cement is complex process of the reactions which lead to setting and hardening of cement
paste. The water addition to cement starts contemporary dissolution reaction of some cement components and
formation of the insoluble hydrated products. The main part of Portland cement, alite (CsS), reacts with water to form
the C-S-H gel and portlandite. The same hydration products are also formed during the hydration of other cement
component, belite (C,S). Portland cement is produced by continuous milling of Portland clinker with gypsum. The
final properties of cement are strongly influenced by this milling process [1].

Ettringite (C4AS;Hj,, AFt) as a hydration product, is a result of the reaction between tricalcium aluminate phase
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(C3A) and gypsum in aqueous conditions. C3A phase dissolves immediately after the first contact of cement with
water and its dissolution is stopped when the minimal heat flow in the induction period is reached. During hydration
reaction of alite, the dissolution of C3A phase is retarded. The re-dissolution of C3A phase occurs after the all present
sulfates are consumed. This process causes the rapid AFt precipitation [2].

The required sulfates for rapid AFt precipitation are released to the solution from the C-S-H gel after sulfate
depletion [3]. The source of C3A necessary for AFt formation during the time between induction period and the sulfate
consumption are amorphous hydroaluminates. These hydroaluminates are formed from C;A phase in the beginning
of the overall hydration reaction [4]. The retardation of C3A phase should be caused by sorption of sulfate ions to its
surface. The peak position assigned to sulfate depletion is dependent on the sulfate content in the cement [S]. The
occurred retardation also influences the strength of hardened paste [6]. The cement particle size strongly affects the
velocity of the sulfate depletion. The fine particles cause rapid sulfate consumption which can be seen on the
calorimetry curve as a strong sharp peak. While, the coarse particles need more time for consumption reaction and
can be seen as a weak broad peak. Nevertheless the hydration heat of both processes is identical [7]. Some cement
admixtures can be considered as a source of reactive aluminates. For example, the high furnace slag (as a typical
cement admixture) is not involved to the aluminate reaction but influences the reaction by filler effect [8].

2. Materials and methods

Portland cement was prepared by ball milling of Portland clinker (Ceskomoravsky cement a.s., plant Mokra, CZ)
with resulted specific surface area 400 m*kg (determined via Blaine method). Gypsum (commercially purchased;
phase composition — 73.6 wt. % of gypsum and 26.4 wt. % of bassanite; Penta, CZ) was used as setting regulator.
Alphabond 300 (commercially purchased; phase composition - boehmite and p-alumina; Almatis, factory Leetsdale,
USA) was used as substitute of clinker and gypsum species. Samples for calorimetry measurements were mixed and
homogenized in vibrational mill in stainless steel bowl for 10 s. Samples for mechanical properties determination were
ball milled for 10 min. The clinker composition is summarized in Table 1. The composition of the measured samples
is shown in Table 2. The particle size of the samples was assessed by laser diffractometry (Helos KR, Sympatec) and
is shown on Fig. la.

Table 1. Chemical and phase composition of the clinker.

Chemical composition (%) Phase composition (%)
CaO 70.6 CsS 76.6
SiO, 19.2 (&N 8.5
AlLOs 39 CsA 3.0
Fe,0; 5.1 C4AF 11.9

Table 2. Composition of measured samples.

Sample  Clinker (%) Gypsum (%) AB300 (%) Sample Clinker (%) Gypsum (%) AB300 (%)
la 95.25 4.75 0 2.c 94.00 6.00 0.50
1.b 95.00 5.00 0 2d 94.00 6.00 0.75
l.c 94.75 5.25 0 2.e 94.00 6.00 1.00
1.d 94.50 5.50 0 3.a 92.50 7.50 1.00
le 94.25 5.75 0 3b 90.50 9.50 2.00
1.f 94.00 6.00 0 3.c 93.25 6.75 1.50
2.a 94.00 6.00 0.10 3d 92.50 7.50 2.00

2.b 94.00 6.00 0.25
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Fig. 1. (a) Particle size distribution of clinker (b) Adjustment of water to cement ratio (composition 1.f).

The hydration process was analyzed by isothermal calorimeter TAM air (TA Instruments) at the isothermal
temperature of 25 °C. The temperation of the source material under the constant climatic condition took place for
24 h. The samples were prepared by mixing of 30 g of cement with 9 ml of deionized water (w/c ratio = 0.3) for 1 min.
The 6.5 g of mixture was placed into closed glass ampoule for calorimetry analysis. The analysis was measured against
to the reference sample (quartz) with the same heat capacity as the measured sample. The samples for DTA analysis
(Q600; TA Instruments) were crashed and the hydration process was stopped by immersing them in acetone. Residual
acetone was removed by evaporating at the 50 °C. The mechanical properties were assessed on the prisms with the
dimensions 2 X 2 x 10 cm (4 pieces for each sample).

3. Results and discussion
The water to cement ratio was adjusted to 0.3 (see Fig. 1b). The influence of different w/c ratio can be clearly seen

from the Fig. 1b. Insufficient homogenization of samples was observed at w/c ratios lower than 0.3 and on the other
hand the third hydration peak is not distinguishable at higher values of w/c.
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Fig. 2. Clinker with gypsum (a) Total heat of hydration (b) Heat flow.

The substitution of 4.75 — 6 wt. % of clinker with gypsum did not influence the overall hydration process, what
was confirmed by analysis of the total hydration heat after 72 h with the values 257 — 274 J-g"! (see Fig. 2a). The
values of total hydration heat were increased with the increasing amount of the gypsum content. Sample 1.f reached
the minimal heat flow value in induction period. In the Fig. 2b there can be seen the influence of the gypsum content
on the main hydration peak. The gypsum content slightly delayed the silicate phase hydration. The main dynamic
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response on the calorimetric curve connected with the clinker substitution is characterized by the shift of the peak
position related to sulfate depletion. The gypsum content of 6 wt. % in the reference sample 1.f was adjusted to be
able to observe this peak at 2.5 h after the main hydration peak. This position (optimal) was defined by Lerch [6]. The
decreasing content of the gypsum in the system was resulted in the shift of the depletion peak towards earlier times,
i.e. closer to maximum of the main hydration peak. This shift is coupled with an increase heat flow of this process.
When the gypsum content is lower than 5 wt. % the peak of sulfate depletion was monitored before the main hydration
one and found to be merged with him. The increasing of the sulfate depletion peak mentioned above is probably
negatively influenced by the diffusion process as a main driving force of the overall hydration process [1,6].

Sample 1.a with the 4.75 wt. % of the gypsum achieved 21.5 % higher maximum heat flow during main silicate
phase hydration compared to reference sample. This finding (i.e. lack of the gypsum content in cement) can explain
the technological problems with concreting of massive constructions. Weak peak observed at around 22.5 h was
assigned to the decomposition of AFt to monosulfate (AFm). The varying of the gypsum content in the cement-
gypsum mixture did not have the influence on the AFt to AFm decomposition process (see Fig. 2b).

From the current knowledge, Alphabond 300 (further AB300) is the source of AlO4 ions and should be involved
in AFt hydration. AB300 addition should not influence the main silicate hydration process. The obtained experimental
data (see Fig. 3a) showed the total hydration heat released during 72 h in the range from 259 to 269 J-g*'. Nevertheless
the first distinction occurred in the place of induction period (see Fig. 4a), where the minimal content of AB300 caused
appearance of the peak which should be assigned to portlandite formation in accordance with [9]. The presence of this
peak was not confirmed in the analyses of the samples without AB300. The cement admixtures, with low content of
Ca*" ions and taking place in hydration process, have decreasing tendency of portlandite formation [1]. AB300
consumes Ca®" ions from other hydraulic phases present in the hydration process and accelerate their dissolution. The
consumption of all aluminates coming from AB300 can cause saturation of the solution with Ca*" ions and
consequently lead to portlandite precipitation. The peak assigned to portlandite formation was varied from 0.7 h to
1.3 h in the range of AB300 0.1 — 1 wt. %, resp. With the increasing content of AB300 in the mixture the heat flow
values during dormant period were increased. The increase should be explained with the presence of aluminates from
AB300, which also play a role in quantification of hydration process. AB300 did not influence the main silicate peak,
but strongly influenced the peak of sulfate depletion. With the increasing amount of AB300 up to the 1 wt. %; the
sulfate depletion process in the cement is accelerated. In comparison of analyses, the behaviour of samples with
gypsum or AB300 addition by means of the peak position shift is similar.

From obtained data (comparison Fig. 2b with Fig. 3b), it can be assumed that 1 wt. % of AB300 was compensated
by addition of 1.25 to 1.5 wt. % of gypsum (factor of gypsum / AB300 compensation). Position and intensity of the
4" peak of the conversion AFt to AFm was stable until the sample 2.d, but the AFt to AFm decomposition is strongly
accelerated for sample 2.e.
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Fig. 3. PC with AB300 (a) Total heat of hydration (b) Heat flow.

From the experimentally determined factor of gypsum / AB300 compensation, the series of samples with designed
position of sulfate depletion peak were prepared. Two series of samples with adjusted position of the sulfate depletion
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peak were prepared. In first samples series (2.e, 3.c, 3.d) the sulfate depletion peak was adjusted before, the second
series (1.f, 3.a, 3.b) approximately 2.5 h after the main silicate peak. The calorimetry analyses showed in the Fig. 4b
confirmed the apparent behaviour of these samples. The minimal heat flow during induction period was increased
with the increasing gypsum / AB300 compensation factor. The sample prepared with the various gypsum / AB300
compensation factor influenced the portlandite precipitation. In the case of sample 3.c the peak assigned to portlandite
formation was observed around 1 h after the beginning of hydration process. Position of this peak for the other ones
was observed around 90 min. The position of the main silicate peak was almost not influenced by the various amounts
of AB300 and gypsum.
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Fig. 4. (a) Induction period with peak of portlandite precipitation (b) Alphabond 300 compensation by gypsum.

The apparent dependence between decomposition of AFt to AFm and position of sulfate depletion peak can be
clearly distinguished in Fig. 4b. When the sulfate depletion occurred before appearance of the main silicate peak, then
the 4 peak was intensive. In some cases the plot regression reached the positive values. On the other hand when the
sulfate depletion occurred after the main silicate peak the 4" peak was observed only as a weak shoulder of the main
silicate peak. The intensity of the 4" peak is strongly dependent of the AB300 content and on occurred sulfate depletion
before maximum of the main silicate peak. The sulfate depletion before maximum of the main silicate peak also
influenced the C-S-H gel structure (higher porosity). This finding was also confirmed in work of Lerch et al [6]. In
the model system of C3A-gypsum the velocity of AFt to AFm decomposition is forced by remaining C3A surface,
where the nucleation takes place [7]. The presence of AB300 in the system caused more amount of remaining C;A
and therefore more amount of C3A that can react with AFt to AFm.
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Fig. 5. (a) DTA curve of the hydration product 3.c in time (b) Mechanical testing of binder with AB 300.
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The provided DTA analyses (see Fig. 5) of the samples clarified the mechanism of AB300 in the presence of
Portland cement. AB300 hydrated through formation of amorphous products to crystalline bayerite was published
elsewhere [10,11]. On the DTA curve, peak around 90 — 96 °C can be observed which can be assigned to Aft
formation. The peak area corresponding to amount of formed AFt was enlarged with the increasing time of hydration.
The size of formed crystallites influenced the peak position; peak is shifted towards higher temperatures with
increasing crystallite size. Peak observed around 124 — 126 °C can be assigned to gypsum dehydration [1] and it is
also influenced by the time of hydration and gypsum crystallite size (i.e. decreasing size connected with its
dissolution). Third weak peak observed on the DTA curve (238 — 234 °C) is related to dehydration of bayerite, this
process was observed [12]. Peak was observed after 15 and 30 min of the hydration. The peak disappeared after 60
min. of the hydration. This effect can be explained as a consumption of all present bayerite crystals to AFt formation.
This finding should be closely connected with the observation from experimental calorimetry data. The relationship
between bayerite consumption and portlandite precipitation is the subject of further investigation.

4. Conclusion

The partial substitution of cement by hydratable alumina showed acceleration of sulfate depletion during hydration
process. This reaction should be predicated as a gypsum deficiency in the binder specie. This lack can be solved by
another gypsum addition which can influence overall hydration process. It was found that the hydration process of
modified samples was unchanged.

The addition of hydratable alumina is shown on the calorimetric curve as clearly detected peak of precipitated
portlandite. The portlandite peak is shifted to higher reaction time with increasing content of hydratable alumina.

If the sulfates were depleted before the main silicate peak occurred (in samples with hydratable alumina content),
the conversion of AFt to AFm was rapidly accelerated.

It was found that the minimal addition of hydratable alumina without gypsum compensation led to decrease of
mechanical properties with no influence of the aging time.
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Abstract: Protection of concrete against aggressive influences from the surrounding environment
becomes an important step to increase its durability. Today, alkali silicate solutions are advantageously
used as pore-blocking treatments that increase the hardness and impermeability of the concrete’s
surface layer. Among these chemical substances, known as concrete densifiers, lithium silicate
solutions are growing in popularity. In the present study, the chemical composition of the lithium
silicate densifiers is put into context with the properties of the newly created insoluble inorganic gel
responsible for the micro-filling effect. Fourier-transform infrared spectroscopy was used as a key
method to describe the structure of the formed gel. In this context, the gelation process was studied
through the evolution of viscoelastic properties over time using oscillatory measurements. It was
found that the gelation process is fundamentally controlled by the molar ratio of SiO; and Li;O in
the densifier. The low SiO; to Li, O ratio promotes the gelling process, resulting in a rapidly formed
gel structure that affects macro characteristics, such as water permeability, directly related to the
durability of treated concretes.

Keywords: concrete densifier; lithium silicate; surface treatment; gelation process

1. Introduction

Alkali silicate solutions are widely used in various applications. One of them is
their utilization in the building industry as concrete densifiers. They can effectively block
the capillaries existing in the concrete surface, resulting in an increase in the hardness
and impermeability of the concrete’s surface layer [1]. In addition to the traditional use
of sodium and potassium silicate solutions, densifiers based on lithium silicates have
been growing in market share. Among the main advantages of lithium densifiers are
lower alkalinity [2], higher water resistance, prevention of alkali-silica reaction [3,4], as
well as a potentially lower tendency to efflorescence compared to sodium and potassium
alternatives [5].

The widely accepted working mechanism of alkali silicate densifiers lies in their re-
action with calcium ions in the surface layer of the concrete to form an inorganic gel [6].
The formed insoluble silicate gel acts as a micro-filler, generating a compact and dense mi-
crostructure on the treated concrete surface. Subsequently, this affects many characteristics
of concrete, such as a decrease in water absorption [7,8], chloride permeability [6,9], and
carbonation depth [6,10]. Simultaneously, a noticeable increase in abrasion [11,12] and frost
resistance [6] has been reported.

In addition to the quality and properties of the concrete substrate or ambient condi-
tions, the chemical composition of the used alkali silicate is of great importance. The main
factors are primarily the cation nature, the total SiO; content, and the silicate modulus
(molar ratio between SiO, and alkali oxide). These main chemical parameters play an
important role in gel formation induced by the addition of calcium ions. The effect of
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the ion type is fundamentally connected to their ion radius. The increase in cation size
results in a more efficient structural disorder, which is then responsible for a long gelation
process [13]. Moreover, according to the hydration rule, the small cation binds water more
strongly and has a smaller effective charge than a large cation with the same valence. Thus,
large potassium ions are more effective in compensating the charge of the silicate anions
than sodium or lithium ions, which cause gelation to be slower [14]. Hence, in the case of
lithium silicates, polycondensation reactions are more preferred. The effect of the total SiO,
content is subject to the following trend. The time of gelation increases with decreasing
silicon concentration in the solution due to the dilution of the reactional medium. In such
a system, the silanol tetrahedra units are strongly dispersed and the polycondensation
reactions become difficult, inducing a long gelation time [15]. On the other hand, a silicate
concentration that is too high is responsible for the increase in viscosity of the used densifier,
which affects the ability of the molecules of alkali silicate to make adequate contact with
calcium ions, causing a prolongation of gelation times [8]. Finally, the effect of the silicate
modulus can significantly influence the point of gelation. The concentration of alkali ions
has a direct impact on the electrostatic repulsion forces among the silica units. When the
concentration of cations increases (reducing the silicate modulus), the zeta potential value
of the originally negatively charged silica species becomes less negative and approaches
the isoelectric point, which is related to the aggregation and acceleration of gelling [16].

The time of gelation determines the correct function of the used densifier. As previ-
ously stated, a gelation time that is too short results in a low penetration of the densifier
into the sample, because its pores are blocked quite fast [8], while a gelation time that is
too long is not desirable from a technological point of view. Previous studies have mainly
solved the effect of the cation nature [13,17], pH [15], temperature [18], or the amount
of dissolved silicate species [17] on the gelation mechanism. In addition, they have not
focused on relating the gelation time to the densifying properties of a lithium silicate
densifier. For these reasons, this study investigates the influence of the silicate modulus of
the used lithium silicate on the gelation process, while keeping the amount of dissolved
5i0; the same. Subsequently, the physico-chemical properties of formed gels were put into
context with the quality of the surface treatment, which was verified by means of water
permeability tests.

2. Materials and Methods
2.1. Preparation of the Lithium Silicate Densifiers

Lithium silicate solutions (densifiers) with different silicate moduli (Mg = 3.0; 3.2;
3.4; 3.6; 3.8; 4.0) were prepared by mixing commercially available lithium water glass
(Mg = 4.51) with the appropriate amount of lithium hydroxide monohydrate to obtain
the corresponding modules. An example of the preparation of lithium silicate densifiers
(LiSD) is presented in Table 1. The total SiO, content in all lithium densifiers was held at
18 wt%. The chemical composition of lithium waterglass (SChem, a.s., Usti nad Labem,
Czech Republic) as well as lithium hydroxide monohydrate of analytical grade purity
(Penta, s.r.0., Prague, Czech Republic) was determined using conductometry titration and
is included in Table 1.

Table 1. Preparation proposal of 100 mL lithium silicate densifiers.

Quantity (g)
Commercial Lithium Waterglass LiOH-H,0 H,O
(Li O = 2.1 wt%; SiO; = 19.04 wt%) (LiO = 35.61 wt%) 2
LiSD-3.0 111.55 3.31 3.14
LiSD-3.2 111.55 2.69 3.75
LiSD-3.4 111.55 2.15 4.30
LiSD-3.6 111.55 1.66 4.78
LiSD-3.8 111.55 1.23 5.22

LiSD-4.0 111.55 0.84 5.61
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2.2. Preparation and Surface Treatment of Cement Mortar Samples

Ordinary Portland cement (OPC CEM I 42.5 R) mortar samples with dimensions of
4 x 4 x 16 cm® were prepared for their subsequent surface treatment using lithium silicate
densifiers. The preparation process was inspired by the EN 196-1 standard [19]. The
sand-to-OPC ratio was 3:1 using three different fractions of standard siliceous sand, and
the water-to-OPC ratio was set at 0.50. A laboratory mixer was used for the mixing. The
prepared mixtures were cast into steel molds and moistly (RH~99%) cured at laboratory
temperature (25 °C) for 24 h. After the demolding process, the specimens were stored in
water at 25 °C for 28 days.

After 28 days, the mortar samples were left in laboratory conditions for 24 h. Subse-
quently, they were immersed in the lithium silicate densifier for 24 h, ensuring penetration
to its maximum amount. At the same time, the reference samples were not put in a densifier,
but into water. Thereafter, the samples were removed from the treatment bath and the
surface was freed of excess densifiers. After 24 h, the treated and untreated (reference)
samples were subjected to a water permeability test.

2.3. Chemical Characterization
2.3.1. FT-IR Measurement

Fourier transform infrared spectroscopy (FT-IR) spectra were obtained using a Nicolet
i510 FTIR spectrometer (Thermo Fisher Scientific, Middleton, WI, USA) using the attenuated
total reflection method (ATR). Spectra were recorded in the 400-4000 cm ! range with a
resolution of 2 cm~!. Five separate measurements were carried out for each sample, where
every obtained spectrum was the average of 64 scans. The analyses were carried out in
an air atmosphere. The background spectrum was measured using the same parameters
and was subtracted from the sample spectra. FT-IR was chosen as a suitable analytical
technique for the chemical characterization of lithium silicate densifiers. Moreover, the
chemical nature of silanol tetrahedra units in lithium silicate solutions was revealed using
NMR spectroscopy, which had a significant impact on the evaluation of FT-IR spectra.

In addition, FT-IR was also used to monitor the evolution of the gelation process as a
result of the presence of calcium ions. These gels were prepared based on JC/T 1018-2006
standard, where 0.593 g of Ca(OH), was mixed with 18 mL of deionized water, and then
25 mL of lithium silicate densifiers (the samples varied in silicate moduli-Mg = 3.0; 3.2;
3.4; 3.6; 3.8; 4.0) were added to the solution. This mixture was homogenized by manually
shaking for 1 min. In this way, the gelation process was initiated and the samples were
measured first, shortly before the gelation point, determined according to rheological
investigations, and then the gels were measured after 24, 48, 96, and 168 h.

2.3.2. NMR Measurement

NMR spectra were measured on a Bruker Avance III HD 700 MHz spectrometer
operating at 139.2 MHz for 2°Si using a 5 mm dual broad-band probe. To improve the
base line and allow signal quantification, the ring-down elimination pulse sequence was
used as described by Schraml et al. [20]. Prior to the reading pulse, a 500 us adiabatic
inversion Chirp pulse over 60 kHz was applied. To eliminate the signal originating from
the glass in the NMR tube and probe parts, the FID measured with a sample containing
100 mL solution of KCl in D,O was subtracted from the data after the Fourier transform.
All spectra were recorded at 298.2 K. The spectra were measured using a spectral width
of 200 ppm (27.8 kHz); WALTZ16 proton decoupling was applied during acquisition, but
not during the relaxation delay. The relaxation delay was set to 10 s and the number of
acquired points was set to 64 k. Altogether, 2048 or 4096 scans were collected, resulting in
measuring times six and a half or thirteen hours per spectrum, respectively. A mild line
broadening of 3 Hz was used in data processing.
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2.4. Rheological Investigation

Rheological measurements were performed using a rotational rheometer DHR-2 (TA
Instruments, New Castle, DE, USA). Samples were prepared as outlined in Section 2.3.1.
All measurements, including sample preparation, were carried out at a temperature of
25 °C. The gel point was determined using vane-in-cup geometry. The vane had a diameter
of 20.0 mm and a height of 19.5 mm, while the cup diameter was 30.4 mm. The operating
gap was 30.0 mm. The measurement was carried out within the range of small-amplitude
oscillatory shear (SAQOS), i.e., within the linear viscoelastic region (LVR), using a time
sweep measurement. The strain amplitude and frequency were kept constant at 0.1%
and 10 rad/s, respectively; five cycles per each point. The gel point was evaluated as the
crossover of the storage modulus (G’) and the loss modulus (G”), i.e., the point of change
in the viscoelastic character of the sample from liquid-like (G’ < G”) to solid-like (G’ > G”).
In this case, only one sample of each composition was tested due to high time requirements
for measurements.

To avoid the ineffective continuous occupation of the rheometer by repeating the
whole gelation process inside the rheometer, the gels were externally prepared in a plastic
vial of approximately the same shape as the rheometer cup. The viscoelastic properties
of the externally prepared gel samples were determined using amplitude strain sweep
measurements in the chosen time intervals (24 and 48 h from the start of gelation). A
plate-like sample of each gel was cut off with a scalpel and immediately inserted into
the rheometer. A cross-hatched steel parallel plate geometry system 20 mm in diameter
was used as a suitable sensor for these types of samples. The advantage of cross-hatched
geometry lies in the prevention of wall slip during rheological tests. The frequency of
oscillation was maintained at a constant value (1 Hz), while the amplitude of deformation
was logarithmically increased from 0.01% until 1000% (logarithmic sweep, 20 points per
decade). Before each individual measurement, a conditioning step was included (2 min of
sample relaxation at constant temperature 25 °C). The axial force during the squeezing of
the gel sample to the geometry gap did not exceed 8 N. The measuring gap was maintained
at a constant value (1000 um). The crucial viscoelastic parameters (elastic moduli in strain
independent part, the end of linear viscoelastic region) were calculated as the average (with
standard deviation) of at least two to four individual measurements.

2.5. Water Permeability Measurement

The water permeability test was performed on the basis of the EN 1062-3 standard [21].
The treated and reference samples were weighed to the nearest 0.1 g. The specimens
were inserted into a plastic rack, which ensured maximum contact with the test medium,
and immersed in the container with deionized water. The specimens were removed from
the container in time intervals of 10 min, 30 min, 1 h, 2 h, 3 h, and 24 h. They were
always carefully wiped, weighed, and returned back to the water bath. Water perme-
ability was determined by the change in mass and compared in percentage terms to the
reference samples.

3. Results and Discussion
3.1. Characterization of Lithium Silicate Densifiers

The lithium silicate densifiers prepared according to Table 1 were first characterized
by FT-IR in ATR mode to identify different vibration bands. Figure 1la shows their FT-
IR spectra having a similar nature. The broad band located from 2500 to 3700 cm !
corresponds to both the contribution of OH vibrations in the Si-OH bonds and in water
molecules [22]. For water, an intense band at 1638 cm™! as a result of O-H-O scissors-
bending is also typical [23]. The asymmetric stretching of the Si-O-Si bonds falls within
the area of the extended band from 950 to 1250 cm~! [17]. This broad band with a sharp
peak at 1012-1020 cm ! has its origin in the presence of Q? silicate tetrahedra units [24].
The peak is shifted to a lower wavenumber with decreasing silicate modulus relating to
the bond strength between the alkali cation and non-bridging oxygen (Si-O~M*) [13,17].
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This statement was also confirmed by the NMR results (Figure 1b, Table 2), where the
portion of Q? units representing Si-O-Si and/or Si-O~M* connections decreased with
increasing silicate modulus at the expense of Q% and Q* cross-linking silica tetrahedra.
In addition, the asymmetric stretching broad band is characterized by a distinctive tail
at high wavenumbers (1060-1250 cm~1), exactly identifying the presence of Q* and Q*
tetrahedra [24,25].
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Figure 1. (a) FT-IR spectra; (b) NMR spectra of studied lithium silicate densifiers.

Table 2. Distribution of Q" silicate units determined by >?Si-NMR spectra in lithium silicate densifiers.

Sample/(mol %) Q0 Q! Q? Q® Qt
LiSD-3.0 0.90 6.10 28.44 52.74 11.81
LiSD-3.2 0.87 5.77 27.96 53.84 11.56
LiSD-3.4 0.83 5.45 26.37 54.70 12.66
LiSD-3.6 0.83 4.90 25.13 54.98 14.16
LiSD-3.8 0.82 4.70 24.72 55.58 14.17
LiSD—4.0 0.80 4.53 24.23 55.33 15.10

3.2. Monitoring of Gelation Process by FT-IR

During the gelation process initiated by the presence of Ca* ions (prepared according
to the JC/T 1018-2006 standard), polycondensation reactions occur, and thus the final
structure of the silicate gels is formed. These gels are created by the similar chemical
mechanism that is given by the cementitious environment, and therefore this approach
can simulate the situation inside the treated samples. The main goal of this procedure was
to reveal the changes in the chemical composition of gels prepared by the use of lithium
silicate densifiers with various Li,O contents (silicate modulus).

The FI-IR results of all studied lithium silicate gels are very similar to those of
lithium silicate densifiers, including the contributions of water and Si-OH bonds in higher
wavenumbers. However, they differ in the region of low wavenumbers, as shown in
Figure 2a. The appearance of three new bands is observed. The less noticeable band
(1) at 577 cm~! is attributed to the O-Si-O bending vibrations. Several studies have re-
ported [13,24,26] that this band is related to the ring structure of silica units, as well as the
second more visible band (2) of Si-O-Si symmetric stretching vibration at 771 cm . Finally,
the band (3), forming a shoulder at 869 cm ™!, is assigned to the stretching vibration of
Si-O~M* contributions. While in the case of lithium silicate solutions this type of bonding
only affects the shift of the sharp peak associated with Q? silicate units, a noticeable band is
observed in the gel spectra. This may be related to the fact that due to the increase in OH™
concentration in aqueous solution caused by the addition of Ca(OH),, the hydrolysis of
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Si—-O-Si bonds takes place [27]. As a result, the Si-O~M™ contributions increase with the
appropriate band in the FT-IR spectra, and, at the same time, the wavenumber of the peak
representing the Q? entities is strongly affected. Whereas the previous FT-IR measurements
of lithium silicate solutions ranged this sharp peak in a broad band from 1012 to 1020 cm !,
in the case of lithium silicate gels, it is situated in the area of 963-990 cm~! depending on the
different modules. The shift of this band to lower wavenumbers is therefore a consequence
of the alkaline cations incorporation (Ca?*, Li*) into the gel structure, inducing a weakening
of the covalent bond for the benefit of the ionic bond, as was previously reported [28,29].
However, during the gelation process, polycondensation reactions take place that increase
the number of Si-O-Si bonds and the shift of this band gradually returns back to higher
wavenumbers, as shown in Figure 2b. The asymmetric stretching of the Si-O-Si bonds due
to Q% and Q3 silicate units is located in areas with higher wavenumbers of this broad band,
as was previously mentioned for the solutions of lithium silicate densifiers.

intensity (a.u.)
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Figure 2. (a) Asymmetric stretching vibration bands of silicate entities in lithium silicate gels at the
age of 48 h; (b) The shift of asymmetric vibration band belonging to Q? silicate units as a function
of time.

3.3. Monitoring of Gelation Process by Rheological Approach

The gelation process of the investigated lithium silicate densifiers was monitored using
continuous SAOS measurements over time (Figure 3), and discontinuously using strain
amplitude sweeps at the selected times (24 and 48 h), from which the storage modulus in
the LVR was evaluated (Figure 4). The former approach is advantageous in terms of the
continuous monitoring of the change from liquid-like to solid-like behavior, and further
subsequent stiffening of the gel. All without the additional need for care regarding the
sample and without altering its structure during preparation for the rheometer. On the
other hand, continuous measurement is highly impractical in terms of long-term device
occupation and unavoidable partial drying, even though the solvent trap is used. Therefore,
the combination of these two rheological approaches provides valuable information from
the perspective of the gelation process, but also the possibilities of the gel characterization.
Figure 3a clearly shows that the gradual increase in the silicate modulus of the lithium
densifier from 3.0 to 4.0 greatly prolongs the gel time and also affects the overall evolution
of the gel stiffness. As further shown in Figure 3b, the dependence of the gel time on
the silicate modulus can be fitted by the simple exponential curve. The relatively low
dependence of gel time in the range of relatively low silicate moduli is in agreement with
the study by Gaboriaud et al. [30]. In addition, Figure 3a shows similar values of the
viscoelastic moduli during their crossover point, regardless of the silicate modulus of the
tested densifier. This is likely due to the same mechanism of the gelation process, as already
illustrated in Section 3.2. Because the only difference in the compositions of the used



Materials 2023, 16, 2173

7 of 10

storage and loss modulus (Pa)

densifiers is the content of Li*, changes in the dependence of the gel time are likely related
to the differences in the ionic strength, pH, and overall capability of Li* to stabilize the
silicates. It is worth noting that the long-term stability of the densifiers also increases with
increasing silicate modulus.
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Figure 3. (a) Continuous monitoring of the gelation process of lithium silicate densifiers with different
silicate moduli. The open circles highlight the gel point, in which G’ = G”; (b) Exponential fit of the
time needed to reach the gel point plotted against the silicate modulus of densifiers.
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Figure 4. Values of the storage modulus of lithium silicate densifiers with different silicate moduli
determined using discontinuous rheological experiments after 24 and 48 h.

Figure 4 shows that the mechanical properties of the gels increase over time beyond
the timescale of the measurement in Figure 3a. In addition, a clear trend of decreasing
the storage modulus with an increase in the silicate modulus of the densifier was verified
after both 24 and 48 h. The absolute values of the storage modulus after 24 h seem slightly
different for both rheological approaches, which could be mainly related to the sample
preparation of the gels for the discontinuous measurements. Nevertheless, these results
are well-reproducible, which indicates the suitability of this approach for the long-term
characterization of the gels. Finally, it should be noted that both the gel time and the
evolution of the mechanical properties correlate well with the trend in the FT-IR results
(Section 3.2).
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3.4. Water Permeability

Since water is essential for many forms of concrete deterioration, resistance to water
penetration is a fundamental criterion by which to determine the efficiency of surface
treatment [31]. The results of the water penetration test of the treated samples are shown
in Figure 5. It can be seen that the rate of reduction in water absorption is highest for
samples treated with lithium densifiers, having a low silicate modulus. This fact may
seem to go against general theories on how silicates act to improve the performance of
concrete. The most often accepted theory on the formation of insoluble calcium-silicate
hydrates was mentioned in the introduction. Another theory is based on the precipitation
of S5i0, from alkali silicate in the pores, and a third standpoint is that the silicates form an
expansive gel to fill the concrete voids by swelling [9,12,32]. The important factor in all of
them is the presence of SiO, units in the treating medium, and therefore, with their higher
amount, its effectiveness should increase, as reported by Jiang et al. [8]. However, this
study is focused on the effect of the alkali ion. Thanks to the fact that the SiO, portion is the
same for all lithium densifiers (18 wt%), the key parameter is the LipO content controlling
the silicate modulus. As already shown in Section 3.3, the LiO amount determines the
point of gelation, which is delayed with the use of a higher silicate modulus. One can
say that the gelation process, associated with the formation of the gel structure, affects its
compactness. Quickly formed structures composed of an amorphous network of silica
species significantly slow down the travel of the water molecules passing through the gel,
resulting in the water permeability reduction mainly in the initial stages of the test. After a
long immersion time (more than 2 h), the molecules of water gradually penetrate into the
material and the differences among the samples begin to be marginal. It is important to
point out that all lithium silicate densifiers show about 20% better results in comparison
with untreated samples after the 24-h water permeability test. This demonstrates the
beneficial use of lithium silicate densifiers in the process of concrete surface treatment.

100
80
60

40+

water permeability (%)

20

time (hrs.)

Figure 5. Water absorption of treated samples after applying the lithium silicate densifiers.

4. Conclusions

In this paper, the effect of the silicate modulus of the lithium silicate densifier on its
gelation process was investigated. The obtained results were further correlated with the
water permeability of the hardened cementitious mortars treated with the densifiers. Based
on the obtained results, the following conclusions can be drawn.

e  For the constant content of SiO, (18 wt%), the gelation time of the lithium silicate
densifiers exponentially increased as the molar SiO, to Li;O ratio decreased from 4.0
to 3.0. It follows that the lithium silicate solution with a silicate modulus of 4.0 shows
a delay of up to 14.5 times in gelation time compared to a solution with Mg = 3.0.

e  The storage modulus of the obtained gels also considerably increased with the decrease
in the silicate modulus. This trend was observed for both continuous rheological
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measurements of the gelation process in situ and the measurements of the samples
taken from externally prepared gel after 24 and 48 h.

e  The gelation process was accompanied by the shift in the FT-IR band related to Q?
units from the wavenumbers of 1010-1020 cm ! to the wavenumbers of 960-980 cm 1.
The magnitude of this change increased with the decrease in silicate modulus, which
correlates with the viscoelastic properties of the gels.

e  The surface treatment of the hardened cementitious mortars with the investigated
densifiers led to a decrease in water permeability by 20% after 24 h of the test duration.
During the first 60 min, the amount of absorbed water considerably decreased with
decreasing silicate modulus, and thus with the gelation time of the used densifiers.

These results emphasize that gelation time is a key aspect of the use of lithium silicates
as densifiers for OPC-based materials. To verify it, further research will be focused on the
in-depth assessment of the action of the densifiers in a concrete surface, along with their
impact on durability.
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Abstract

This article investigates the effect of lyophilization, air drying, and vacuum drying on the
structural changes of synthetized calcium-silicate-hydrate (C-S-H) gel. X-ray photoelectron
Spectroscopy (XPS) and Fourier-Transform infrared (FT-IR) spectroscopy were employed to
analyze the structural changes induced by each drying method. Our findings reveal that
lyophilization most significantly affects the C-S-H gel structure, leading to its substantial
decomposition, particularly affecting samples prepared under acidic and alkaline conditions. In
contrast, air drying and vacuum drying proved to be gentler alternatives, effectively preserving
the inherent C-S-H gel structure. Among the methods tested, vacuum drying emerged as the
most suitable technique for preparing C-S-H gel samples, primarily due to its superior control
over drying conditions. These results underscore the critical importance of selecting an
appropriate drying method for accurate and reproducible characterization of synthetized C-S-H
gel, providing valuable insights to C-S-H gel formation mechanism.

Keywords: sol gel, C-S-H gel, drying, Si—O-Si polymerization, XPS, FT-IR

1. Introduction

Cement-based binders remain the most widely used materials in modern construction. Most
important product of hydration reaction is calcium-silicate-hydrate (C-S-H) gel. Formation of
various C-S-H gels is crucial for the development of strength and durability of concrete
composites during hydration of cementitious materials. Advances in synthetic approaches open
new ways for preparing C-S-H analogues with controlled morphology and composition, thereby
enabling structural optimization and providing deeper insight into the hydration mechanism [1].

In the initial phase of Portland cement hydration, C-S-H I with a fibrillar structure is formed.
This type of C-S-H gel typically has a lower C/S ratio, ranging from 1.5 to 1.7. In contrast, v
gel formed in later phases of hydration has a higher C/S ratio, typically ranging from 1.5 to 2.0,
and exhibits a foliated structure. The formation of a specific type depends on several factors,
such as the concentration of Ca** ions in the solution, the available space for nucleation and
growth, the temperature, and the quantity of water [1, 2].

Crystalline analogues of calcium silicate hydrates exist in various compositions with different
C/S/H ratios, e.g. tobermorite, xonotlite, jennite and others. Crystalline structure can be
achieved by using hydrothermal synthetic conditions. In this study, a C/S ratio of 0.8 [3], typical
for tobermorite analogues, was used to synthesize calcium silicate hydrates.

The sol-gel synthesis of amorphous C-S-H gel was here employed, using various precursors
such as sodium metasilicate or tetraethoxysilane (TEOS) as a silicon source and calcium salts,
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like calcium nitrate, as a source of calcium. With the sol-gel process, it is possible to form
materials with high purity and specific structures, what was difficult to achieve through
traditional hydration reactions between Portland cement and water [4, 5].

The characterization techniques commonly used to analyze the structure of synthesized calcium
silicate hydrates and the Si—O-Si polymerization rate (Q") are X-ray powder diffraction to
determine phase composition and crystallographic structure, vibrational spectroscopy as
Fourier-transform infrared (FT-IR) spectroscopy and Raman spectroscopy to observe chemical
composition and finally X-ray photoelectron spectroscopy (XPS) to analyze elemental chemical
state. The origin of synthetized C-S-H samples, amorphous or crystalline state, is crucial for the
analytical measurements [6, 7, 8].

XPS technique has a fundamental requirement for complete dryness of the measured samples.
Also, for FT-IR a completely dry sample is beneficial due to the strong response of water in
measured spectra [9, 10]. Lyophilization, widely employed drying technique for its ability to
preserve sample morphology and porosity by avoiding liquid-vapor interfaces, is typically the
method of choice for drying such types of materials [11]. However, the 'gentle' reputation of
lyophilization can be misleading. The rapid freezing and subsequent sublimation steps can
induce irreversible changes, including the decomposition of the target material into its more
stable compounds [12].

To address this problem effectively, this study focuses on other gentler drying techniques, such
as vacuum drying or open-air drying, to prepare dry samples of C-S-H gels for analyses where
the presence of unbound water is undesirable. FT-IR analysis is well-suited for comparing these
types of drying, as it enables the assessment of Si—O bonding vibrations and, unlike XPS, does
not require a strictly high-vacuum environment.

2. Experimental
2.1 Materials

Tetraethyl orthosilicate (TEOS) (Sigma-Aldrich, USA), Ca(NOs3), - 4 H,O (Penta, Czech
Republic), HNO; 65 % solution (Lachner, Czech Republic), NH4OH 24 % solution (Penta,
Czech Republic)

2.2 Methods
Sample preparation

In the first step, an environmental solution (0.003M HNOs3 or 3.7M NH4OH) was added to a
three-neck flask. Solutions with reagents were then dropped through dropping flasks,
containing TEOS (diluted with ethanol) and a saturated solution of calcium nitrate, respectively.
The quantity of calcium nitrate was chosen to maintain C/S ratios of 0.8. During the dropping
process, the mixture was stirred at 550 RPM on a magnetic stirrer. After the complete addition
of both solutions to the environmental solution, the mixture was stirred for another hour.
Subsequently, the mixture was transferred to a large vial and left to age for 24 hours at 25 °C.

Sample treatment before analysis

FT-IR analysis was performed on samples prepared under different drying conditions:
as-synthesized (wet), air-dried, vacuum-dried and lyophilized. Wet samples were immediately
subjected to FT-IR measurement. Air-dried samples were prepared in situ in the spectrometer
by using an airflow for 0.5 hours before measurement. For vacuum-dried conditions, samples
were drying in a vacuum chamber at 25 °C for 24 hours. Lyophilized samples were prepared in
two steps. In the first step, samples were frozen in a freezer at —18 °C for 24 hours. In the second



step, samples were dried in a lyophilizer (SP VirTis AdVantage Pro with Intellitronics) down to
—40 °C.

FT-IR analysis

FT-IR analysis was performed with ATR diamond crystal in range of wavenumbers from
400 cm™ to 4000 cm™ with 64 scans for sample on Thermo Scientific Nicolet iS10 FTIR
Spectrometer.

XPS analysis

X-ray photoelectron spectroscopy (XPS) analyses were carried out with an Axis Ultra DLD
spectrometer using a monochromatic Al Ka (hv = 1486.7 eV) X-ray source operating at 75 W
(5 mA, 15 kV). The spectra were obtained using an analysis area of ~300 x 700 pm?. The Kratos
charge neutralizer system was used for all analyses. High-resolution spectra were measured
with a step size of 0.1 eV and 20 eV pass energy. The instrument base pressure was 210~ Pa.
Spectra were analyzed using CasaXPS software (version 2.3.15) and have been charge
corrected to the main line of the carbon C 1s spectral component (C—C, C—H) set to 284.80 eV.
A standard Shirley background was used for all sample spectra.

3. Results and discussion

Lyophilization (or freeze-drying) is commonly considered the standard pre-preparation
technique applied to synthesized C-S-H gels. According to the literature [11], these processes
are believed to preserve the C-S-H gel structure prior to analysis. Synthesized C-S-H gels were
therefore subjected to lyophilization and subsequently analyzed using XPS to observe the
Si—O-Si polymerization rate (Q") and assess Ca*" binding within the C-S-H structure. However,
the analysis performed, as detailed below, revealed unexpected results.

The chemical composition and binding states of lyophilized C-S-H gels were analyzed using
X-ray photoelectron spectroscopy (XPS). The functional groups identified in the gels are
summarized in Table 1, and the corresponding XPS results are presented in Figure 1. Due to the
similarity of the XPS spectra for both C-S-H gels prepared at initial pH values of 3 and 12, only
the sample with an initial pH of 3 is shown in Figure 1 (survey spectra and high-resolution
spectra for N, Si and Ca). The survey spectra provided information on the elemental
composition of the samples (i.e. O, Ca, N, C, and Si), while the high-resolution spectra (N 1s,
Ca 2p, and Si 2p) revealed the chemical states of the relevant elements. As expected, the N 1s
spectrum consisted of a single peak, whereas the Ca 2p and Si 2p spectra were characterized by
spin-orbit doublets. The area ratio of the spin-orbit peaks (2p32:2p12) was fixed at 2:1, and the
full width at half maximum (FWHM) was constrained to be identical for both peaks in each
doublet [13].

The high-resolution N s spectrum exhibits a sharp peak centered at 407.7 eV, attributed to
nitrate groups. The presence of nitrates originating from calcium nitrate is further supported by
the Ca 2p3» peak at 348.7 eV [14]. A second component in the Ca 2p spectrum, located at
347.4 eV, corresponds to calcium incorporated into the C-S-H gel. However, since the binding
energy of Ca 2ps/, in potential calcium carbonate phases closely overlaps with that in the C-S-H
phase [15], the presence of the inorganic gel is more definitively confirmed by the Si 2p
spectrum.

The Si 2p core-level spectrum reveals two distinct components. The main peak, located at
103.1 eV (Si 2p3n2), is attributed to a highly polymerized silicate structure originating from the
TEOS precursor. The second component, with a Si 2ps3» binding energy of 101.9 eV,
corresponds to silicate species with a higher proportion of non-bridging oxygen (NBO),



resulting in a shift to lower binding energies [16, 17]. This structure is characteristic of the
tobermorite mineral group with a close relationship to the amorphous C-S-H gel, as previously
reported by Black et al. [15].

Table 1. Binding energies of functional groups in amorphous C-S-H gel synthesized at initial
pH values of 3 and 12 after lyophilization

pH3 pH 12
functional binding functional binding
groups energy (eV) groups energy (eV)
N Is NO;s~ 407.7 N Is NO;~ 407.5
Ca? Ca%"--- NOs~ 348.7 Ca 2ps3p Ca?"--- NOs~ 348.2
P2 Ca"-0O-Si 347.4 Ca?*+0-Si 347.3
Sio Si—O (|NBO) 103.1 Si 2ps3p Si—O (|NBO) 103.1
P32 Si-O (1NBO) 101.9 Si-O (1NBO) 102.1
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Figure 1. XPS spectra of C-S-H gel with C/S ratio of 0.8 synthetized from TEOS and
Ca(NO3): at an initial pH of 3 after lyophilization

Figures 2—4 depict the FT-IR spectra of C-S-H gel prepared from TEOS and calcium nitrate
with C/S ratio of 0.8. Figures 2 and 4 show a consistent trend of decreasing intensity in the
O-H in H>O peak within the 3800-3100 cm™! wavenumber range. This effect is expected, as the



samples were dried. However, samples dried in air exhibited a lower peak intensity than those
dried in an airflow. This is attributed to differences in evaporation rates, as drying under airflow
creates a more stable environment, thereby reducing disruption of the C-S-H structure, as
reported by Ma et al. [18]. All FT-IR spectra also exhibit two peaks around 2980 cm™ originated
from ethanol, a by-product of TEOS hydrolysis.

Figure 2 represents the FT-IR spectrum of C-S-H gel synthetized with an initial pH of 3.
Figure 4 represents spectra at an initial pH of 12. Both spectra are exhibited a pair of peaks at
1420 and 1330 cm™!. Both of these peaks represent N—O vibrations from nitrates, which were
used as a calcium source. The peak at 1420 cm™ [19, 20] also represents carbonate, as C-S-H
gel was subject to carbonation, as described by Lu et al. [21].

Characteristic peaks of C-S-H gels are highlighted by rectangles. A discrete peak of the Si—-OH
bond on Figure 2 is visible only in the wet spectrum at 1085 cm™' [22], with no shift at different
pH values. This peak became shoulder during the drying process because the intensity of
neighboring peaks is increased. The region around 1050 cm! is also associated with the siloxane
group, which can be attributed to unreacted TEOS precursor. These findings are also supported
by the XPS results presented in Figure 1 and discussed in the corresponding section.

The maximum of the overlapping peaks at pH 3 is shifted only for vacuum drying from
1043 cm™ to 1034 cm!. This could indicate a small change in the structure or be a side effect
of the coupling of neighboring peaks. According to other publications, this peak did not
correspond to a single vibration. Instead, there was a Si—O vibration (Q*) at 930 cm™ by
Simonsen [23]. Additionally, there was a Q* vibration, which according to the study by Yu [20]
is connected with a sharp peak at 940 cm™'. Here, however, there could be a summation of these
peaks, which corresponded to what is observed in the wet spectrum. The positions of
characteristic group peaks are listed in Table 2.

The effect of lyophilization is visible on Figure 3. After the drying process, the intensity of the
nitrate and carbonate peaks increased; however, for the peak at about 1330 cm’, a shift is
indicated a change in chemical structure, whereas the peaks from vacuum drying and air drying
only show an increase in intensity [24].

The same trend is visible on a small, focused peak at approximately 1760 cm™'. This focused
figure shows that the peak decomposes into two discrete peaks, which also indicates a change
in the structure of C-S-H gel [24]. For other types of drying, only an intensity change is observed
compared to the wet sample.
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Figure 2. FT-IR spectra of C-S-H gels with C/S 0.8 Figure 3. Focus on wavenumber range
synthetized from TEOS and Ca(NOs3); at initial pH 3 1200-1800 cm™! from Fig. 2

Table 2. Wavenumbers of groups and bonds measured in spectra of C-S-H gels

Bond/group ~ Wavenumber Reference Bond/group =~ Wavenumber Reference
[cm] [cm']
Si-O (Q") 800 25 Si-0 (Q%) 1030 27
Si—O 946 26 Si-O (Q%) 1100 28
(TEOS) 1050-1100 22 N-O (NO3") 1312-1340 19
Si—-OH 818-833
Si-0O (Q?) 940 20 COs* 1400-1500 20
Si-O (Q%b) 1060 20 —OH (H20) 3100-380 29
1600

The situation is different with samples prepared at pH 12, due to the incorporation of calcium
ions into the C-S-H gel structure, as discussed by Zhang et al. and Matsuyama et al. [30, 31].
This change in the structure is reflected in the shift of the Si—O peaks, as shown in Figure 4 and
discussed in a study by Smith [24]. The shift is from 1043 cm™ at pH 3 to 990 cm™ at pH 12.
This indicates higher incorporation of calcium into the structure, which agrees with the
publication by Zhang et al. and Matsuyama et al. [30, 31].

Decomposition of C-S-H gel prepared at pH 12 during lyophilization is discussable by FT-IR
analysis, as shown in Figure 5. XPS analysis revealed the same results as was determined for
samples synthetized at pH 3. The positions of peaks at 1330 cm™ and 1420 cm™! are the same
for all types of drying, but for samples regardless of the type of drying, peaks with a maximum
of 1760 cm™! appear, indicates the content of nitrates in these samples.



—wet wet . V. NO;
——dry air dry air }
——dry vacuum ) dry vacuum
lyofilization s NOJ\\ lyofilization
v CSH (@)
v CSH (Q@%) Wi v COF
v Si0 (Q") 0Oz »/ 3 ﬁf vNO, ™S
v,Si-OH (gel) vNO, \ 2o
v (O-H) H,0 \
- 3H,0
v (C-H) EtOH \ Ku
pd I -
v, GO,* vNO,
— T e — T T ) J j J j
4000 3500 3000 2500 2000 1500 1000 500 1800 1600 1400 ) 1200
wavenumber (cm™) wavenumber (cm™)

Figure 4. FT-IR spectra of C-S-H gels with C/S 0.8 Figure 5. Focus on wavenumber
synthetized from TEOS and Ca(NOs): at initial pH range 1200-1800 cm™ from Fig. 4
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4. Conclusions

In this study, the effects of various drying techniques on the structural integrity of calcium-
silicate-hydrate (C-S-H) gel, were investigated. Our findings undoubtedly demonstrated that
the choice of drying method significantly impacts the preserved microstructure and chemical
state of C-S-H gel, particularly highlighting the detrimental effect of lyophilization on samples
prepared under both, acidic and alkaline, conditions. Other gentler drying approaches, such as
ambient air drying and vacuum drying, proved to be more suitable alternatives, effectively
preserving the inherent structure of the C-S-H gel. Our results suggest that these gentler drying
methods minimize structural changes often introduced by harsher drying processes. Among
these, vacuum drying emerged as the preferred method, offering superior control over drying
conditions and ensuring sample stability, which is crucial for reproducible analytical
measurements.
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One of the most important technological problems associated with alkali-activated materials is high
shrinkage. In this study, shrinkage reducing admixtures (SRAs) based on amino alcohols were used in
alkali-activated slag (AAS) as strong surfactants that should, in terms of capillary pressure theory,
decrease shrinkage via the decrease in surface tension. Although the surface tension of the pore solution
was reduced by SRAs, autogenous shrinkage was not affected in the long run, while drying shrinkage was
noticeably reduced and simultaneous weight changes were dramatically increased. The expected retar-

ifl)(, :l/iog‘ist:ivate d sla dation effect of SRAs on hydration was confirmed using isothermal calorimetry, strength development,
Shrinkage & mercury intrusion porosimetry and scanning electron microscopy. The obtained results suggest that
Admixture the obseryed effect of S.RAS on drying shriqkage was caused by coarser pore strgcture rather than by a
Hydration decrease in surface tension of the pore solution. Since the decrease in surface tension does not necessarily

Capillary pressure lead to decrease in shrinkage, the application of capillary pressure theory in AAS can sometimes be an

Surface tension issue.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Alkali-activated materials (AAM) are non-traditional cementi-
tious materials, the research and subsequent practical applications
of which are currently undergoing an unprecedented development.
The increased interest in these materials is primarily related to the
revelation of their potential options, which are in many cases cru-
cial in comparison with the conventional way represented by the
usage of ordinary Portland cement (OPC). The main reason why
AAM are gaining increased recognition and interest is connected
with the reduction of CO, emissions which are lower compared
to the emissions coming from Portland cement-based materials
[1]. It should also be noted that most AAM are based on industrial
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waste and secondary raw materials which significantly contribute
to the saving of natural resources.

Generally AAM show very good chemical [2] and high-
temperature [3] resistance. High early strength is also an advanta-
geous property typical for alkaline activated blast furnace slag-
based systems (AAS) cured under ambient conditions [4]. Never-
theless, these materials also have some disadvantages considerably
limiting their practical applications, especially their high autoge-
nous and drying shrinkage [5].

The capillary pressure theory and disjoining pressure theory are
known and abundantly used to explain the origin of shrinkage phe-
nomena [6]. The former theory was based on the formation of
menisci which arise during the drying of cementitious matrix as
a consequence of surface tension forces. The difference between
the pressures in liquid and vapour phase Ap comprises a menisci
curvature. For a spherical liquid/vapour interfaces the Laplace
equation can be used:
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where r is the radius of the largest solution-filled cylindrical pore
and 7 is the surface tension at the liquid/vapour interface.

However, there are some doubts about the applicability of this
theory to the cementitious systems with very fine pores (below
10 nm) regarding the pore shape, the existence of menisci and also
the relative humidity lower than 50% [7,8]. According to these
authors, disjoining forces play the main role in the shrinkage
mechanism, particularly in mature hydrated cement paste. The
term “disjoining pressure” represents the complex interactions
between water and two solid surfaces, which may be written in
simplified version as a superposition of the contribution of disper-
sive attractive or molecular forces (predominantly van der Waals
forces), repulsive electric double layer components and structural
components. When the solid surfaces are close to each other in a
vacuum or in dry air, the attractive contributions dominate, and
the solid surfaces are in close contact. As the relative humidity
increases, water that is adsorbed and condensed within the capil-
laries forms a film separating the solid surfaces. This theory is
applicable throughout the whole range of relative humidity [6].

Additionally, recent investigations [9,10] also showed that
extensive shrinkage of AAS is created by the contribution of
visco-elastic/visco-plastic behaviour during drying related to the
rearrangement of C-(A)-S-H under capillary stresses. This could
be more pronounced by the presence of alkalis and results in
chemical and physical changes in AAS.

With respect to the capillary model described above, one of the
ways to effectively reduce the shrinkage phenomenon is by using
the organic surfactants-based shrinkage reducing admixtures
(SRAs). The basic premise of the SRAs function is the reduction of
surface tension of the capillary fluid, i.e. pore solution, which also
decreases the capillary forces described by the Laplace equation
(Eq. (1)). This results in the mitigation of drying [11] as well as auto-
genous [12] shrinkage. According to certain studies [13,14], the cor-
relations between the shrinkage reduction and the reduction of
surface tension of pore solution exhibit direct dependence. Thus,
the assumption of good efficiency of SRAs according to the previous
studies should particularly lie on the ability to decrease the surface
tension of pore solution in alkali-activated systems as well.

Contrary to the above mentioned well-established findings
regarding the Portland cement-based systems and also to some
studies in AAS [15,16] we have observed some problems when
using SRAs in waterglass-activated slag [17]. During the drying of
porous immature AAS with delayed hydration, very low drying
shrinkage was observed, while after prolonged curing, SRAs lost
its efficiency. Similar observations of other SRAs and other related
organic substances of various types led us to a more in-depth anal-
ysis including the context of the surface tension of the pore solu-
tion, i.e. in relation to original working mechanism of SRAs.
Therefore, this paper provides information about the efficiency of
non-ionic amino alcohol surfactants upon the ability to reduce
both drying and autogenous shrinkage in alkali-activated blast fur-
nace slag. The presented results discussed are regarding surface
tension of the pore solution, hydration process and physical-
mechanical properties of AAS, and suggest that the decrease in sur-
face tension by SRAs does not necessarily lead to expected shrink-
age reduction.

2. Experimental part
2.1. Materials

Commercial blast furnace slag (BFS) (ArcellorMittal Ostrava, a.
s.) with the Blaine fineness of 400 m?/kg was the main aluminosil-

icate material for alkaline activation. The phase composition was
determined using X-Ray powder diffraction (XRD) analyser
EMPYREAN (PANalytical, Netherland) in a central focusing
arrangement using CuKo radiation with step 0.013 °20. The
method of internal standard (calcium fluorite) for the amorphous
part determination was applied. The XRD analysis showed the con-
tent of an amorphous phase of about 90%. The evaluation of the
crystallographic structure and quantitative analysis was done by
a Highscore programme using the Rietveld method. The crystal
phases identified in BFS were melilite, calcite and merwinite. The
chemical composition of BFS determined by X-ray fluorescence
(XRF) is given in Table 1 and was performed with the spectrometer
VANTA VRC (BAS, CZE). Quantification of elements was calculated
via the internal mode in Geochem and represented as oxides.
Sodium waterglass (Vodni sklo, a.s.) with the silicate modulus of
1.96 was used as an alkaline activator. Silicate modulus was deter-
mined by conductometry analysis.

2-(Ethylamino)ethanol (non-fluorinated secondary amine, fur-
ther EAE) obtained from Sigma-Aldrich (per analysis grade) and
self-synthetized N-ethyl,N-hydroxyethyl-heptafluoropropylamid
(fluorinated secondary amide further synHFPA) were used as the
SRA additives with assumed potential to reduce the surface tension
of a pore solution. SynHFPA was prepared according to the patent
CN106831504 by nucleophile acylation of 2-(Ethanolamino)
ethanol with perfluoroester of carboxylic acid, i.e Methyl heptaflu-
orobutyrate (99%, Sigma-Aldrich). The concentration of added sur-
factants was set to 0.5 wt% (by weight of BFS).

2.2. Testing methods

2.2.1. Physical-mechanical properties

Testing samples for the measurements of compressive strength
as well as drying and autogenous shrinkage evolution were pre-
pared as follows. BFS was activated by using sodium waterglass
in an automatic mortar mixer set to exact mixing cycle in compli-
ance with EN 196-1. The mass ratio Na,O/BFS was set to 0.04 and
water to BFS ratio was adjusted to 0.35 including the water pre-
sented in the alkaline activator. Prepared alkali-activated pastes
were cast into steel moulds with the dimensions of
25 x 25 x 285 mm, which were moistly cured for the next 24 h.
Both, mixing and curing were performed at laboratory temperature
of 25 °C. Two different curing conditions after demoulding the
samples were chosen for the strength and shrinkage measure-
ments. One set of species was placed in the curing chamber with
a defined relative humidity (65%, humidity chamber HC 105 Mem-
mert), whereas the other one was wrapped into plastic foil to
ensure autogenous conditions. Compressive strength measure-
ments were carried out by a compressive and bending tester Dest-
test 3310 (Betonsystem, CZE) at 1, 7 and 28 days. Observed data
were statistically processes (standard average and deviation from
6 samples). The length changes were measured in short time inter-
vals using the ASTM (C490 apparatus until the age of 28 days.
Observed data were also statistically processed as standard aver-
age from three separately measurements.

To observe the autogenous volume changes during the first
24 h, Archimedes principle measurements were carried out. The
mixtures of AAS were placed into the elastic membranes of com-
mercially available non-lubricated, non-reservoir condoms. The
condoms were then tied by a thin fishing line and hung to an ana-
lytical balance (Metler Toledo ME 204, USA). The sample weight of
air (wg;r) was obtained. Subsequently, the condom was submerged
into a beaker filled with paraffin oil and the weight of the sample
(wjs) in the initial setting time was determined. The initial setting
time was identified simultaneously using the Vicat needle. There-
after the weights (w,) were monitored during the setting and hard-
ening of the binder every minute. The change of sample volume AV
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Table 1
Chemical compositions of blast furnace slag.

Raw material Chemical composition/wt.%
Si0, Al,03 Ca0 MgO S04 Na,O K,0 TiO, MnO Fe,05
Blast furnace slag 34.7 9.1 411 10.5 14 04 0.9 1.0 0.6 0.3

at a constant laboratory temperature T (25 °C) was calculated as
follows:

—AV(T) _ Wis_ Wt

= g ) ?

2.2.2. Isothermal calorimetry

The evolution of hydration heat was measured using the TAM
Air isothermal microcalorimeter (TA instruments, USA). The mea-
surements of heat evolution were performed at constant tempera-
ture of 25 °C. BFS and alkaline activator were mixed together by
injecting the solution into a 15 mL Admix® vial and stirring it for
3 min, immediately after the thermal equilibrium of placed BFS
was reached. Water/BFS (0.35) as well as the Na,O/BFS (0.04) ratios
were the same as in the preparation process of testing samples. The
heat evolution was immediately recorded as the heat flow. These
measurements were performed against a reference sample which
has a similar heating capacity (i.e. water).

2.2.3. Porosimetry

The total porosity and the pore size distribution were deter-
mined by mercury intrusion porosimeter Poremaster (Quan-
tachrome Instruments, USA). The working pressure range was
from 0.14 to 231 MPa which covered the pore diameter range from
6.5 to 1000 nm. These measurements were carried out using Hg
with the surface tension of 0.480 N/m and the contact angle of
140°. The contact angle value was selected according to Collins
and Sanjayan study [18] focused on the measurement of pore size
distribution of AAS-based systems. Nevertheless, the contact angle
is dependent on several factors [19] which can affect the value of
calculated pore diameter. The scan mode was chosen to average
from 11 points. Obtained intrusion data were processed by the
Poremaster program and normalized by sample weight and vol-
ume. Observed experimental data were presented as standard
averaged values from three measurements. The chosen experimen-
tal parameters should provide information about the trend of
porosity evolution due to the different mechanism of hydration
in the presence of different SRA and not determine the exact pore
distribution which could be given by the innovative MIP methods
[19].

2.2.4. Surface tension

The dynamic surface tensions of pore solutions as well as pure
amino alcohol admixtures were measured by the tensiometer BPA-
800P (KSV Instruments, Finland) with the maximum bubble pres-
sure method. Measurements were carried out at a constant tem-
perature of 25 °C. Pore solutions were obtained from hardened
samples stored in autogenous conditions in different time periods
(1 and 7 days) using the steel die-and-piston system subjected to a
pressure of 300 kN.

2.2.5. Zeta potential

The effect of surfactant addition on the values of zeta potential
of slag suspension was investigated by the method of elec-
trophoretic light scattering using Zetasizer Nano ZS (Malvern Pan-
alytical Ltd., UK). Our main goal in this part of measurement was
mainly to confirm the relative effect of used SRAs on surface chem-
istry of BFS grains in comparison with the sample without admix-

ture. For this purpose, 10 mL of slag suspension (1 g BFS/ 100 mL
H,0) with alkaline activator (4 wt% Na,O/BFS) was titrated with
the surfactants solutions using the MPT-2 titration unit (Malvern
Panalytical Ltd., UK) in the concentration range 0-5 wt% by mass
of BFS. The surfactant addition was performed stepwise with
defined concentration steps (0.25 wt%). After each step, the pH,
the conductivity, the average scattered light intensity and the zeta
potential of the suspension were measured. The above described
titrations were performed for all investigated surfactants under a
controlled temperature (25.0 £ 0.2 °C) in three independently pre-
pared replicates. Electrophoretic light scattering (ELS) was done for
each of these replicates after individual surfactant additions in
three repeated scans (results are presented in the form of mean
values + SD, n = 9 (three repeated measurements of three sample
replicates)). The obtained data from ELS titration were processed
using the Zetasizer software (version 7.11; Malvern Panalytical
Ltd., UK). It should be noted that the values of zeta potential deter-
mined by electrophoretic light scattering for colloidal particles are
also influenced by the concentration and by the size of analysed
particles. The measurement of zeta potential in concentrated sus-
pensions such as AAS suspensions with SRAs admixtures is gener-
ally a great technological challenge, due to the high sample
turbidity. As a consequence the measurable concentrations using
this method must be in comparison with real used concentrations
in formulations significantly lower. On the other hand, the dilution
can be beneficial for the measurement because of suppressing the
changes in particle size thanks to slowed down hydration, i.e. dis-
solution of slag particles and growth of hydration products.

3. Results and discussion
3.1. Surface activity of amino alcohols

Surface activity is an essential property of surface-active agents
(surfactants) and can be evaluated by means of the surface tension
measurements. Fig. 1 shows the values of surface tension of pure
amino alcohol admixtures, as well as pore solutions. The solution
of alkaline activator exhibited relatively high surface tension
(71.4 mN/m at 25 °C), very similar to distilled water (72.0 mN/m
at 25 °C) and the surface tension of EAE and synHFPA showed more
than halved values, 33.2 and 28.7 mN/m respectively. The addition
of surfactants into the activated BFS sample resulted in a decrease
of surface tension in pore solution, especially when the synthe-
sized fluorocarbon surfactant was used. In the case of EAE addition,
a 15% reduction was achieved. The synthesized fluorocarbon
(synHFPA) admixture decreased surface tension by about 30%.
From Fig. 1 it is evident that the surface tension of pore solution
did not change during the hydration process, although the bulk
concentration of SRA should be increased due to the chemical
bonding of water into the hydration products. Similar values and
trends of surface tension of AAS pore solution without SRAs, where
the surface tension increased only very slightly from 24 h to seven
days have previously been published [20].

3.2. Autogenous shrinkage

It is well known that capillary stress occurs due to internal dry-
ing during autogenous conditions. The consumption of water for
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Fig. 1. Surface tension of pure amino alcohol admixtures and pore solutions.

the hydration products formation, i.e. self-desiccation, results in a
decrease in relative humidity in the whole system and therefore
curved menisci are created. Weiss et al. [21] and Bentz et al. [22]
confirmed that the presence of SRAs in autogenous conditions
leads to lower development of shrinkage. The utilization of some
types of commercial SRAs can even lead to an initial expansion
which decreases a part of the autogenous shrinkage later on. Sant
et al. [23] explained that this behaviour should be connected with
the amplification in portlandite oversaturation and its precipita-
tion causes an early-age expansion. Several studies also confirm
that the addition of the SRAs causes high internal relative humidity
retention [21,24,25]. For this reason, the main mechanism control-
ling the shrinkage is attributed primarily to the capillary stress
while disjoining pressure or another mechanism may dominate
the shrinkage response at lower relative humidity [26]. Neverthe-
less, it should be noted that previous studies were mainly focused
on cementitious systems based on Portland cement. The situation
in the case of AAS seems to be different which is shown in Fig. 2.

From a long-term point of view, the autogenous shrinkage evo-
lution exhibits very similar progress whether the systems contain
SRAs or not. The distinction among the samples was observed only
during the early timeframes of the hydration process. The samples
containing SRAs showed a lower shrinkage rate up to 72 h from the
start of alkaline activation, which can be related to the changes of
hydration in the presence of SRAs. Therefore, microcalorimetry
measurements were implemented. Fig. 3 shows two peaks appear-
ing in the first minutes and hours of hydration process and one
peak occurring after tens of hours. Typologically the same shape
of the calorimetric curve for waterglass-activated BFS was reported
by Shi and Day [27]. According to them, the initial peak is attribu-
ted to the wetting and dissolution of slag grains and adsorption of
ions onto them while the additional initial peak is connected with
the formation of a primary binder phase resulting mainly from the
reaction of (Si0,)*~ ions from sodium waterglass and Ca?* ions dis-
solved from the surface of BFS. The third hydration peak is the
main one where the bulk hydration of the slag takes place [28]
resulting in the fast evolution of the gel-like interstitial matrix
among the slag grains [29]. C-(A)-S-H gel is a typical binder phase
which occurs during alkaline activation of BFS [30]. It is evident
that the presence of SRAs somewhat decreased the content of the
binder phase formed during the initial hydration phase and notice-
ably retarded the peak corresponding to bulk hydration. It can be

seen that once the C-(A)-S-H gel started to form, the autogenous
shrinkage increased sharply. After 3 days, all samples behaved
the same way, despite the different shapes of testing samples
and the beginning of autogenous shrinkage measurement, i.e.
1 day from the start of mixing (Fig. 2A) or the time of initial set-
tings (Fig. 2B). The calorimetry measurements were also in accor-
dance with the compressive strength development (Fig. 4). After
1 day, the samples containing an SRA showed significantly lower
values of compressive strengths in comparison with the reference
samples. The retardation effect of SRAs was undoubtedly mani-
fested. After 7 and 28 days, the compressive strength values of
all samples were very similar.

An important factor that controls the capillary pressure is also
the pore size distribution. The magnitude of shrinkage predomi-
nantly depends on the loss of water from mesopores (2-50 nm)
[31]. In the case of AAS, the proportion of pores in the mentioned
region is higher compared to hydrated OPC which is the main rea-
son for its higher shrinkage [18]. The effect of SRAs addition on the
change of porosity is one of the crucial factors which influence the
shrinkage phenomena. Shah et al. [32] revealed a minor influence
of SRAs on the pore size distribution of hydrated OPC. However,
Kalina and Bilek [17,33] showed that some surfactants increase
the porosity of AAS very strongly. Therefore, the differences in pore
size distribution and total porosity of hardened samples were
examined. Fig. 5A shows that MIP response under the autogenous
treatment is very similar up to the pore diameter of 50 nm for all
samples after just 7 days. Simultaneously, it is evident that all sam-
ples have a high concentration of pores within the mesopore size
range, responsible for magnification of capillary tensile forces set
up at the menisci. Therefore, the effect of surface tension should
play the key role for the reduction of capillary pressure. However,
the autogenous shrinkage rate remains unchanged with or without
the SRA addition, even though the surface tension of the pore solu-
tion seems to be effectively reduced.

3.3. Drying shrinkage

According to the Wittmann and Splittgerber studies [34,35], a
relative humidity above 55% of the surrounding air ensures that
the capillary pressure outweighs the disjoining pressure because
the van der Waals attractive forces among the pore walls are min-
imized. Therefore, the verification of the capillary force shrinkage
model was further based on the measurements of length change
during the curing process with controlled relative humidity
(65%). The results in Fig. 6A show that the usage of SRAs decreased
the drying shrinkage by about 35% compared to the reference sam-
ples. Consequently, one fundamental question arises: Does the
decrease of surface tension by the addition of SRAs affect the dry-
ing shrinkage reduction? The combination of several measure-
ments suggests that a different explanation should be offered.

During the drying shrinkage measurement, the weight changes
of tested specimens were also obtained (Fig. 6B). A significant
weight loss was observed in the case of samples with SRAs, espe-
cially when EAE was used. This can be related to the reduced sur-
face tension of the pore solution, but also to the porosity and pore
size distribution. The latter is supported by the comparison of the
weight loss and drying shrinkage development. It can be seen that
for the reference paste both drying and shrinkage rate is the high-
est at the beginning of drying while for both pastes with SRAs,
extensive initial drying is not accompanied by rapid shrinking.
The highest shrinkage rate is somewhat delayed and can be seen
after around two days. This suggests that after 24 h, SRA-
containing specimens had much larger pores whose emptying does
not lead to severe shrinkage. Coarser porosity is related to the
retardation of hydration by SRAs, particularly to the delay of the
third peak on the calorimetric curve (Fig. 4), which was also
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Fig. 2. Autogenous shrinkage of alkali-activated blast furnace slag samples measured on the test beams (A) and in the elastic membrane (B).
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Fig. 3. Effect of surfactants on hydration process of alkali-activated blast furnace
slag.

reported in the Bilek et al. study [17]. Simultaneously, due to a
lower degree of hydration at the start of drying (24 h), a lower
amount of water is bound in the hydration products and thus more
water can freely evaporate out which increases total weight loss
during drying. Consequently, less water is available for the creation
of hydration products which is the main difference between auto-
genous conditions and controlled curing at RH = 65%. The lower
amount of formed binder phase has a direct impact on total poros-
ity and mechanical properties as well. Fig. 5B shows that the poros-
ity is greatly influenced. After 7 days; the total porosity of the
samples with SRA addition was more than five times higher than
that of the reference ones. This porosity and the slowing down of
the hydration process also reduced strength development. Fig. 4
shows that the compressive strength of samples with SRA cured
at 65% of relative humidity was always noticeably lower compared
to the reference samples. It is obvious that a lower degree of hydra-
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Fig. 4. Effect of surfactants on compressive strength development of alkali-
activated blast furnace slag.

tion also results in a lower extent of drying shrinkage. For this rea-
son, it is difficult to conclude whether the decline in drying
shrinkage is related to the reduction of surface tension of the pore
solution or the creation of a coarser microstructure (Fig. 7) with a
lower proportion of mesopores.

It should be noted that the usage of SRAs in improving the dry-
ing shrinkage performance of OPC systems shows a somewhat dif-
ferent effect. Namely, it has been observed that the cement binders
containing SRAs exhibit the reduction in the rate of cement hydra-
tion and strength development. Nevertheless, the reduction takes
place mainly in the early-age compressive and tensile strength
[32,36] but a noticeable strength improvement was later con-
firmed with simultaneous reduction of drying shrinkage [36,37].
It is obvious that the behaviour of AAS with the addition of SRAs
is quite different. The reason may be related to the AAS pore
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structure being generally more refined when compared to Portland
cement. This implies that the lack of SRA molecules at the liquid-
vapour interface can occur at a higher relative humidity compared
to Portland cement and thus SRA loses its efficiency during the ear-
lier drying stages. This can be partially slowed down by an
increased dose of the SRA beyond its critical micelle concentration
(CMC). Although it does not lead to a further decrease of the bulk
pore solution surface tension, micelles can serve as a buffer for
later stages of drying and interfacial area increase [6]. In this con-
text, the issues of immobilization of SRA molecules by interactions
with AAS through adsorption on slag particles and hydration prod-
ucts, as well as their consumption by hydration product may occur.
Our recent study [38] showed that depending on the structure of
SRAs, only a relatively small fraction of SRA remains in the pore
solution in the mobile form, capable of migrating to the interfacial
area to reduce surface tension. If the portion of the immobilized
SRA is so high that its concentration in the pore solution is below
CMC, the above described buffering effect is lost resulting in an
earlier decrease of SRA efficiency.

Initially high but subsequently decreasing SRA efficiency can be
seen in previous research by Bilim et al. [16], while work by

Fig. 7. SEM images of alkali-activated blast furnace slag with (B) and without (A) SRA addition after 7 days of hydration; RH = 65%; 1 - blast furnace slag particle, 2 - binder

phase.
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Palacios and Puertas [15] reported much higher SRA efficiency at
the relative humidity of 99% compared to 50%. These results corre-
late well with the increase interfacial area during drying discussed
above. However, findings presented in this study are rather oppo-
site due to unaffected autogenous shrinkage and reduced drying
shrinkage. It is true that during initial stages of autogenous shrink-
age both SRAs seem to be efficient, but the decrease in shrinkage
correlates better with the retardation of hydration than with the
decrease in surface tension. The same stands for the initial stages
of drying shrinkage and for weight loss during drying. These
results, therefore suggest that at least in some cases of AAS, the
effects of hydration degree and related pore structure or surface
area on shrinkage prevail over the (bulk) pore solution surface
tension.

3.4. Action of amino alcohols in alkali-activated systems

The efficiency of SRAs can be affected if they adsorb at the solid/
liquid interfaces. The adsorption of non-ionic surfactants was
observed in various studies focused on different silicate solid mate-
rials such as precipitated silica [39], ground quartz [40], soils [41]
or clays [42]. The consequence of adsorption closely related to the
development of undesired properties of mortar or concrete and
changed working mechanism of SRA at the liquid/air interface.
Therefore, the examination of how the molecular nature of used
surfactants affects the adsorption at the solid/liquid interfaces is
critical for their utilization in alkali-activated systems.

This paper provided an investigation of SRAs adsorption based
on the zeta potential measurement which gives information about
the electrokinetic potential in the interfacial double layer of BFS
grains. Several factors such as different pH, the nature of used alka-
line activator or the addition of some admixture can fundamentally
change the charge on BFS grain surface. If the BFS particles are in
contact with water, the Si-0, Al-0 and Ca-0 bonds on their surface
are broken under the polarization effect of OH™ [43]. The strength
of Ca-0 bonds is weaker than that of Si-O or Al-O bonds resulting
in a higher concentration of Ca?* ions in the solution [44] and very
quick Si-Al-rich layer creation on the surface of BFS particles [45].
The Si-Al-rich layer can adsorb H;0" ions causing the increase of
OH™ concentration and consequently increasing the pH of the solu-
tion. An alkaline pH means that some silanol groups on wetted par-
ticle surface deprotonate and a negative charge is induced [46].
When alkaline activator (sodium waterglass) was added into the
BFS suspension, a higher negative value of zeta potential was
observed (Fig. 8). Kashani et al. [47] explained negative zeta poten-
tial through the presence of additional silicate species from the
alkaline activator which can be adsorbed or can precipitate on
the BFS particle surface. However, the situation will quickly change
if an SRA is added to the alkaline suspension. Fig. 8 shows that a
higher content of amino alcohol surfactants decreased the zeta
potential values, as well as the surface charge. The effect of particle
size variation on actual determined values of zeta potentials after
individual SRA addition was neglected due to the minimal
observed changes in average scattered light intensity during the
performed experiments. It should follow that used surfactants
were adsorbed on the BFS surface. The adsorption mechanism of
surfactants may be explained by the hydrogen bonding between
the polar hydrophilic head of SRAs (C—-OH) and the silanol groups
on the slag surface [48]. Due to the amphiphilic nature of the most
used SRAs for which the non-ionic character is typical, the ten-
dency to adsorb onto hydrophilic surfaces is always expected.
The adsorption is more accelerated if a fluorinated surfactant with
a longer hydrophobic tail is used. Similar results were achieved in
the Partyka et al. [39] study. Moreover, the authors observed that
the CMC of surfactant with longer hydrophobic chain was drasti-
cally decreased which is related to the maximum degree of adsorp-

0 o

Na,O/BFS=4wt.% {i{ “ T
-10 4 < 1 {iii }i{%
§' ¥ ) {E { iy .{ "y
% ‘E -204 i y,’i’
< 220 5
E = I i
g £ 804 ¢ l!/
£ 304 8 i ) -
3 2B ? - synHFPA
o ¥
§ paad
i b = |
0 1 B T . |
i\ SRA/BFS (wt.%)
R M~
-60 . | | | | |
0 2 : ° ks 10

Na,O/BFS (wt.%)

Fig. 8. Zeta potential of slag suspensions with different sodium waterglass dosage
and after the addition of amino alcohol admixtures.

tion. The dissolution of BFS is then negatively affected and the
hydration process slows down as was shown in the formation of
a primary C-(A)-S-H gel in the previous results (see Fig. 3). The
delay in the creation of the secondary C-(A)-S-H gel probably also
depends on the length of the hydrophobic tail and molecular struc-
ture of SRAs in general as was showed by Bilek et al. [49]. However,
further and deeper investigation between the character of organic
admixtures and the hydration mechanism of AAM is necessary.

4. Conclusion

Based on obtained results, the essential conclusions may be
summarized as follows:

- The addition of surfactants with a higher potential to reduce the
surface tension of pore solution does not have any influence on
the autogenous shrinkage or on the hydration process of AAS
from a long-term point of view. The decrease in capillary pres-
sure does not lead to the shrinkage reduction. Therefore, the
basic principle of the working mechanism of SRAs in alkali-
activated systems ceases to be applicable.

- The effect of SRAs on the drying shrinkage reduction is also
speculative. Observed shrinkage reduction with the SRAs con-
tent is caused by the smaller amount of binder phase formation,
rather than by the effective action of used admixtures.

- A great influence on the hydration process of AAS in the pres-
ence of SRAs was shown. The molecular character of used
non-ionic surfactants causes a noticeable adsorption on slag
particles during the alkaline activation resulting in the retarda-
tion of the hydration process. Due to similar nature of the most
commercially used SRAs, the analogous behaviour can be
expected. Therefore, the development of specific admixtures
designed exclusively for AAM will be necessary for the future.
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EFFECT OF AMINO ALCOHOL ADMIXTURES ON
ALKALI-ACTIVATED MATERIALS

VPLIV AMINO-ALKOHOLNIH DODATKOV NA ALKALNO
AKTIVIRANE MATERIALE
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One of the most important technological problems associated with alkali-activated materials (AAM) is large shrinkage. A
possible solution to decrease the extensive drying shrinkage of these materials is the use of shrinkage-reducing admixtures
(SRAs). The promising group of SRAs, from the perspective of using in AAMs, are amino alcohols. However, the efficiency of
reducing the drying shrinkage strongly depends on their chemical structure. Hence, the study is focused on the molecular
architecture of amino alcohol surfactants and its relation to the affected properties of alkali-activated blast-furnace slag systems.
Selected amino alcohols were tested in terms of the ability to reduce the surface tension of pore solution as well as to influence
the drying shrinkage, hydration mechanism and mechanical properties of AAMs. The study confirms that the length and
branching of the alkyl chain linked to the amino group play the key role in SRA efficiency. Amino alcohol surfactants with a
high-carbon alkyl chain decreased dramatically both the surface tension and the drying shrinkage, but simultaneously negatively
affected the process of alkali activation, resulting in a deterioration of the mechanical properties. Conversely, the addition of
0.5 w/ % of the surfactants with a low molecular weight, such as 2-(Methylamino)ethanol, showed a slight improvement of the
compressive strength after 7 d and 28 d, and at the same time reduced the drying shrinkage by 30 % compared to the reference
sample.

Keywords: amino alcohols, admixture, drying shrinkage, alkali-activated materials

Eden od najpomembnejsih tehnoloskih problemov, ki se nanaSa na alkalno aktivirane materiale (AAM) je njihov skréek. MoZna
reSitev za zmanj$anje znatnega kréenja med suSenjem teh materialov je uporaba dodatkov (SRAs) za njegovo zmanjSanje.
Obetajoca skupina SRA dodatkov s staliS¢a njihove uporabe za AAM so amino-alkoholi. Vendar je ucinkovitost zmanjSanja
kréenja med suSenjem mocno odvisna od njihove kemijske strukture. Zato so se avtorji tega prispevka osredotocili na Studij
arhitekture snovi (surfaktantov), ki aktivno vplivajo na povr§ino amino-alkoholov in njihovo povezavo z vzro¢nimi lastnostmi
alkalno aktiviranih sistemov plavznih Zlinder. Izbrane amino-alkohole so avtorji testirali glede na sposobnost zmanjSanja
povrSinske napetosti porozne (mehurcaste) raztopine, kakor tudi vpliv na kréenje med suSenjem, hidracijske mehanizme in
mehanske lastnosti AAM. Studija je potrdila da dolge in razvejane vezi alkalnih verig igrajo klju¢no vlogo pri dodatkih, ki
ucinkovito zmanjsujejo kréenje. Amino-alkoholni surfaktanti z visoko vsebnostjo ogljiko-alkilnih vezi mo¢no zmanjsujejo tako
povrsinsko napetost kot tudi kréenje med suSenjem, ki pa Zal istocasno negativno vpliva na proces alkalne aktivacije, kar
posledi¢no vodi do poslab$anja mehanskih lastnosti. Nasprotno temu pa dodatek 0,5 masnih % povrSinsko aktivne snovi z
majhno molekularno maso kot je 2-(metilamino)etanol kaze rahlo izboljSanje tlacne trdnosti po 7 in 28 dneh in istocasno
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zmanjSanje skrcka med suSenjem za 30 % v primerjavi z referencnimi vzorci.

Klju¢ne besede: amino-alkoholi, meSanice, skré¢ek po suSenju, alkalno aktivirani materiali

1 INTRODUCTION

From the general point of view, shrinkage-reducing
admixtures (SRAs) are organic surfactants that reduce
the surface tension of the pore solution of water films
that cover the solid surfaces in cementitious materials.!
The utilization of SRAs was introduced in 1983 in the
study by T. Sato,”> where chemical admixtures based on
polyoxyalkylene glycol alkyl ether were used. Now-
adays, the SRAs are characteristic for their non-ionic
nature preventing the adsorption of the additive to the
hydration products. The typical chemical compounds
used for SRAs belong to the groups of mono-alcohols,
glycols, alkylether oxyalkylene glycols and polymeric
surfactants or their mutual combination, having a
synergic effect in enhancing the shrinkage reduction. The

*Corresponding author's e-mail:
kalina@fch.vut.cz (Lukas Kalina)
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vast majority of commercial SRAs are designed for
ordinary Portland cements (OPCs); therefore, their
efficiency in other inorganic binders may vary signi-
ficantly.

Alkali-activated materials (AAMSs) represent a group
of inorganic materials characterized by a pore solution
with a high pH;? therefore, the molecular design of any
organic admixture plays a key role. The same applies to
SRAs. The searching for a suitable type of SRA de-
signed especially for AAMs turned out to be compli-
cated, despite the fact that shrinkage is one of the most
important technological problems related to many
alkali-activated systems. Until now, only several studies
have been focused on the organic admixtures affecting
the shrinkage of AAMs.*

M. Palacios and F. Puertas® studied the effect of poly-
propylene glycol-based SRA on the shrinkage and other
properties of water-glass-activated slag (4 % Na,O). At a
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relative humidity of 50 % the drying shrinkage of alkali-
activated slag mortars was reduced by approximately
7 % and 35 % for doses of SRA of 1 % and 2 %,
respectively, while the shrinkage reduction at the relative
humidity of 99 % was considerably greater: about 50 %
and 75 % for the same doses. Also, C. Bilim et al.®” used
SRA based on polypropylene glycol to mitigate the
shrinkage of alkali-activated slag mortars. Again, the
drying shrinkage as well as the shrinkage during the
moist curing was significantly reduced (up to about 40 %
after 180 days) for either liquid sodium silicate or solid
sodium metasilicate. The SRA based on polypropylene
glycols with different molecular weights was the subject
of an investigation by L. Kalina et al.® as well. The study
demonstrated that increasing the length of the polymeric
chain decreases the surface tension, but also fundament-
ally changes the pore size distribution, affecting the total
shrinkage of alkali-activated blast-furnace slag. The
effect of polyethylene glycols on the drying shrinkage of
water-glass-activated slag was studied by V. Bilek et al.’
The results showed that the efficiency of the shrinkage
reduction increased with the increasing molecular weight
of the tested glycols.

It is evident that the research in this area was pri-
marily focused on the surfactants based on alkylene
glycols. Another alternative may be amino alcohols.
These surfactants provide an essential benefit in com-
parison with alkylene glycols. One of the important
properties regarding the SRA’s action is the dispersion of
used surfactants within the alkaline solution. Amino
alcohols show a high dispersibility range in the pore
solution because they contain hydrophilic groups, which
increase their hydrophile lipophile balance (HLB)
value.!?

Therefore, this study deals with the efficiency assess-
ment of amino alcohol-based SRAs in alkali-activated
blast-furnace slag systems. The molecular structure of
the used surfactants is evaluated in terms of affecting the
character and properties of the prepared alkali-activated
materials.

2 EXPERIMENTAL PART
2.1 Materials and sample preparation

Blast-furnace slag (BFS) with a Blaine fineness of
400 m¥kg and the chemical composition given in Table
1 was chosen as the primary aluminosilicate material for
the preparation of the alkali-activated samples. The XRD
analysis determined more than 90 % of amorphous phase
with the content of crystals such as melilite, calcite and
merwinite. Sodium water-glass with a silicate module of

Table 1: Chemical compositions of blast furnace slag by XRF analysis

CH, NH
/
HO SeH, R
R =
CH,
—CH;  —H,C—CH, —HzC/ “CH,
MAE EAE PAE
CH 3 CH 2
CH CH |
2\ g 3
—HC —H,C CH, —(‘Z—CH:,,
CH, &y
IPAE BAE TBAE

Figure 1: Molecular structure of used amino ethanol surfactants
(MAE: 2-(Methylamino)ethanol; EAE: 2-(Ethylamino)ethanol; PAE:
2-(Propylamino)ethanol; IPAE: 2-(Isopropylamino)ethanol; BAE:
2-(Butylamino)ethanol; TBAE: 2-(fert-Butylamino)ethanol)

1.98 was used as the alkaline activator. The Na,O/BFS
ratio was adjusted to 4 w/%. Amino alcohols with
different alkyl chains (summarized in Figure 1) were
added in the dosage of 0.5 w/% by mass of BFS.

2.2 Preparation and physical-mechanical testing of
samples

Alkali-activated BFS mortars were prepared as
follows. The sand-to-BFS ratio was 3:1 using three
different fractions of siliceous sand specified according
to the EN-196-1 standard and the water-to-BFS ratio was
adjusted to 0.50. The mixing and curing processes were
carried out at laboratory temperature (25 °C). Mortar
samples with the dimensions of (40 x 40 x 160) mm
were cast and further cured under a defined relative
humidity (50 %) and then subjected to compressive
strength measurements using the strength tester Beton-
system Desttest 3310 after 1, 7 and 28 d. The same
process of preparation was applied for (25 x 25 x 285)
mm samples. These species were subjected to the shrink-
age measurements based on ASTM C596 (25 °C;
RH = 50 %). The dynamic surface tension of synthetic
pore solutions with 128

different amino alcohol admixtures was measured by
the tensiometer BPA-800P (KSV Instruments company)
using the maximum-bubble-pressure method. The
synthetic pore solution was prepared based on the
chemical composition of the real pore solution obtained
24 hours after mixing and determined by ICP-OES. It

Chemical composition / w/%

Raw material

SiOy AlLO3 CaO MgO

SO3 NaZO Kzo Ti02 MnO F6203

blast furnace slag | 34.7 9.1 41.1 10.5

1.4 0.4 0.9 1.0 0.6 0.3
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means the same time as
measurement was started.

the drying shrinkage

2.3 Isothermal calorimetry

The evolution of hydration heat was monitored using
the TAM Air isothermal microcalorimeter (TA instru-
ments). The measurements of heat evolution were
performed at a constant surrounding temperature of
25 °C. When the thermal equilibrium was achieved, the
BFS and alkaline activator with a specific SRA were
mixed together by injecting the solution into the 15-mL
vial and stirring it for 3 min. The samples were made of
alkali-activated paste without the standard sand;
however, with the same water/BFS and Na,O/BFS mass
ratios that were used for the preparation process of the
mortars. The heat evolution was recorded as the heat
flow immediately after mixing.

2.4 Microstructure characterization

Microstructure characterization was performed using
scanning electron microscopy (Zeiss EVO LS 10) in
secondary-electron mode. The working distance during
the observation was 9.5 mm and the accelerating voltage
was set to 10 kV. All the samples were sputtered with
gold before the measurements.

2.5 Mercury-intrusion porosimetry

The total porosity of the samples was determined
with a mercury porosimeter (Poremaster Quantachrome
Instruments). The working pressure range was from 0.14
MPa to 231 MPa, which covered a pore diameter range
from 0.007 pm to 10 um. The measurements were per-
formed with the following conditions: Hg surface tension
was 0.480 N/m, Hg contact angle was 140° and scan
mode was chosen to average from 11 points. The
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Figure 2: Effect of amino alcohols on the surface tension of the pore
solution
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Figure 3: Effect of amino alcohols (0.5 % by weight of BFS) on the
drying shrinkage

intrusion data were normalized by sample weight and
volume.

3 RESULTS AND DISCUSSION

The mechanism of action of SRA was introduced in
the study of Sato et al.? in 1983. They suggested that the
decrease of the surface tension of a cement pore solution
tends to reduce the shrinkage due to the elimination of
capillary forces. Therefore, the effect of quantity and
molecular structure of the used amino alcohols on the
surface tension of pore solution were tested. Figure 2
shows that the surface tension decreases with both a
large amount of surfactant and the presence of long or
branched alkyl substituents. Moreover, the surface-
tension measurement provides information about the
effective bulk concentration of surface-active admixtures
in AAM. In terms of a good ability to decrease the

heat (J/g)

0O 20 40 60 80 100 120 140 160
time (hrs.)

Figure 4: Effect of amino alcohols (0.5 % by weight of BFS) on the
total heat evolution
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Figure 5: Effect of amino alcohols (0.5 % by weight of BES) on the
compressive-strength development

surface tension, the addition of 0.5 w/% by mass of BFS
was used for the preparation of the mortar samples.

The effect of amino alcohol SRA on the reduction of
the drying shrinkage is clear from Figure 3. It can be
seen that the surfactants with a long alkyl chain bonded
to the amino group tended to decrease the drying
shrinkage. Branched chains of substituents also play an

Figure 6: Microstructure of alkali-activated blast-furnace slag without
(top) and with 2-(tert-Butylamino)alcohol (bottom) after 7 d
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Figure 7: Total porosity measurement of alkali-activated blast-furnace
slag with and without amino alcohol admixtures (0.5 % by weight of
BFS) after 7 d

important role. It is evident that 2-(tert-Butylamino)alco-
hol has a higher ability to reduce the drying shrinkage
compared to 2-(Butylamino)alcohol. However, we can
see that the surface-tension measurement does not fully
correlate with the drying shrinkage evolution. Therefore,
the fundamental question arises. Are these two para-
meters directly dependent on each other? The answer can
be suggested by the monitoring of the hydration process.
The measurement of the total heat evolution (Figure 4)
during the alkaline activation clearly indicates the
negative effect of the SRA content, especially during the
early ages of the hydration process. This is also con-
firmed by the development of compressive strengths
(Figure 5). The results from the isothermal calorimetry
also show that amino alcohols with a low molecular
weight such as 2-(Methylamino)alcohol exhibit almost
the same total heat evolution as the reference sample
without any admixture after 7 d.

It is well known that the total heat evolution is
directly related to the binder phase’s formation. CASH
(calcium-aluminium-silicate-hydrate) gel is the main
hydration product in the systems based on the alkaline
activation of BFS, which was confirmed by several
studies.!! The amount of formed CASH gel strongly
influences the porosity of the a AAM. The materials with
higher content of CSH or CASH gels create denser
structures with small pores. Such systems contain mainly
pores with a diameter lower than 10 nm, which greatly
affects the magnitude of the drying shrinkage.'? Since
alkali-activated BFS without SRA has a typical structure,
as mentioned above, one would expect the shrinkage
strain to be larger than in a material with a coarser
microstructure, such as in the case of AAM with TBAE
(Figure 6). A similar relationship between the adverse
effect of the SRA on the AAM hydration resulting in a
lower amount of CASH and a more porous micro-
structure was also observed in previous studies®!* where

Materiali in tehnologije / Materials and technology 54 (2020) 3, 349-353
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SRAs-based glycols were used. The changes in total
porosity were confirmed by mercury-intrusion porosi-
metry (Figure 7). The samples with the addition of SRA
had a significantly higher porosity compared to the
reference sample after 7 d. The direct relationship
between drying-shrinkage development and the porosity
of samples caused by the addition of specific amino
alcohol surfactants was clearly observed.

4 CONCLUSIONS

The results suggest that the extent of the drying
shrinkage of AAM is mainly controlled by the porosity
of the formed structure. In other words, by the quantity
of created binder phase, rather than by the decrease of
surface tension of the pore solution. Despite the
non-ionic character of the wused amino alcohol
surfactants, the adsorption on the BFS particles, causing
the reduction of their solubility in an alkaline
environment could be assumed. Promising results
indicate the usage of 2-(Methylamino)alcohol. This
surface-active admixture in the amount of 0.5 w/% by
mass of BFS did not negatively influence the mechanical
properties after 7 d and 28 d and reduced the drying
shrinkage by 30 % compared to the reference sample.
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1 INTRODUCTION

EVALUATION OF THE SURFACTANT LEACHING FROM
ALKALI-ACTIVATED SLAG-BASED COMPOSITES USING
SURFACE-TENSION MEASUREMENTS

UPORABA MERITEV POVRSINSKE NAPETOSTI ZA OCENO
[ZLUZEVANJA POVRSINSKO AKTIVNE SNOVI IZ KOMPOZITOV
NA OSNOVI ALKALNO AKTIVIRANE ZLINDRE
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Brno University of Technology, Faculty of Chemistry, Materials Research Centre, Purkynova 118, 612 00 Brno, Czech Republic
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Nowadays, there are many efforts to reduce CO, emissions in the building industry, particularly through the use of some
alternative binders to those based on Portland cement. One promising group of such binders includes binders based on
alkali-activated slag (AAS). However, extensive drying, autogenous shrinkage and the associated cracking prevent AAS from
being widely utilized in practice. A possible solution could be the application of shrinkage-reducing admixtures, whose
molecules present in the pore solution reduce its surface tension and thus mitigate the AAS shrinkage. However, if AAS comes
into contact with water, shrinkage-reducing admixtures can be leached and its effectiveness reduced. This work tries to evaluate
the amount of surfactant leached from the AAS-based mortars using a very simple surface-tension (ST) measuring technique.
Mortars based on AAS with and without 2 % of PEG varying in molecular weight (MW) were prepared. Waterglass with a
Si0,-to-Na,O ratio equal to 2.0 was used at a dose corresponding to 8 % Na,O with respect to the slag weight. Mortar
specimens were prepared and sealed for 24 h, 3 d and 7 d. Then they were demolded and immersed in demineralized water,
whose ST was monitored over time. During the early stages (from minutes to a few hours) the ST dropped rapidly, while it
remained approximately constant after a few days, which indicates that organic molecules are leached from the AAS specimens
very quickly. It was observed that a relatively small fraction of PEGs can be leached out, which indicates that organic molecules
are rather bound in the matrix, unable to reduce the ST of the pore solution.

Keywords: Alkali-activated slag, polyethylene glycol, leaching, surface tension

Dandanes v gradbeniStvu vlagajo velike napore za zmanjSanje emisij CO,, Se posebej z uporabo nekaterih Portland cementu
alternativnih veziv. Ena od tak$nih obetajoc¢ih skupin so veziva na osnovi alkalno aktiviranih Zlinder (AAS; angl.:
alkali-activated slag). Vendar hitro suSenje, avtogeno krcenje, ter s tem povezano pokanje preprecujejo Siroko uporabo AAS v
praksi. MoZna reSitev bi lahko bila uporaba dodatkov, ki zmanjSujejo kréenje AAS. Molekule teh dodatkov v porah raztopine
zmanj$ajo njeno povrSinsko napetost in tako zmanjSajo kréenje AAS. Ce pa je AAS v stiku z vodo, pride do izluZevanja
dodatkov za zmanjSevanje kréenja, pri ¢emer se zmanj$a njihova ucinkovitost. V tej raziskavi so avtorji poizkuSali oceniti
vsebnost izluZenega surfaktanta (povrSinsko aktivne snovi) iz malt na osnovi AAS z uporabo zelo enostavne merilne tehnike
merjenja povrsinske napetosti (ST; angl.: surface tension). Pripravili so malte s spreminjajo¢o se molekularno maso (MW, angl.:
molecular weight) na osnovi AAS brez in z dodatkom 2-% polietilenglikola (PEG). Uporabili so vodno steklo z razmerjem
Si0,:Na,0=2, kar odgovarja vsebnosti 8 % Na,O glede na maso Zlindre. Pripravili so vzorce malt in jih zapecatili oz. jih za 24
h, 3 d in 7 d zaprli v modele. Nato so modele odprli in malte potopili v destilirano vodo, ter ves ¢as merili njeno povrsinsko
napetost. V zaCetnih stadijih opazovanja (nekaj minut do nekaj ur) je povrSinska napetost vode hitro padala, medtem ko se je po
nekaj dneh ustalila, kar pomeni, da so se organske molekule iz vzorcev AAS izluZzile zelo hitro. Na osnovi opazovanja so
ugotovili, da se lahko izluZi le relativno majhen delez PEG. To nakazuje na to, da so organske molekule precej vezane na
matrico in niso sposobne zmanjsati povrsinske napetosti porozne raztopine.

Kljuc¢ne besede: alkalno aktivirana zlindra, polietilen glikol, izluZevanje, povrSinska napetost

excellent mechanical properties, even at
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Alkali-activated materials (AAMs) belong to the
group of alternative binders with the potential to enhance
the sustainability of the building industry, since they are
usually based on secondary raw materials or waste ma-
terials, and thus can decrease greenhouse-gas emissions,
save energy, etc. The most common sources of alumino-
silicate precursors for AAMs are metakaolin, fly ash and
granulated blast-furnace slag. The latter, particularly
when a waterglass is used for activation, often achieves

*Corresponding author e-mail:
bilek@fch.vut.cz
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temperature, that are similar or even better compared to
those of Portland-cement-based materials.! However,
extensive drying and autogenous shrinkage, resulting in
cracking and deterioration of the material properties in
general, limit the use of AAS in practice.

Several possible approaches to reduce AAS shrink-
age can be found in literature, e.g., the use of mineral
admixtures,>? curing at elevated temperatures* or inter-
nal curing.® Also, the use of shrinkage-reducing admix-
tures (SRAs) or generally surface-active substances was
reported as being an effective method for AAS shrinkage
reduction.” % In these studies, the beneficial effects of
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SRAs were usually attributed to the changes in pore
structure and a reduction of the surface tension, which is,
according to capillary-pressure theory, closely related to
shrinkage-inducing forces in desiccating (of self-
desiccating) material.

These effects can be, in terms of capillary-pressure
theory, illustrated by the Young-Laplace equation
(Equation (1)), according to which, for the spherical
meniscus inside the pore partially filled with liquid, the
pressure difference Ap between the liquid and the vapor
phase is proportional to the surface tension y and
inversely proportional to the pore radius r; cos@ is the
wetting angle. Nevertheless, it was summarized!' that
capillary-pressure theory can explain the drying shrink-
age only for pores larger than approximately 10 nm and
a relative humidity higher than 40-50 %. Some
authors'>!3 contest the role of capillary action itself and
emphasize that the disjoining pressure is at the origin of
the shrinkage. The disjoining pressure is a superposition
of attractive van der Waals forces, repulsive electric
forces and structural forces.

2y
Ap == "cos 0 (1)

It is clear (Equation (1)) that if SRAs would act
against AAS shrinkage in accordance with the capillary-
pressure theory, they have to be present in a pore
solution and able to adsorb at the liquid-air interface to
reduce its energy (surface tension). However, this also
means that at least part of this portion of the SRAs can
be leached either during the water curing or in contact
with the surrounding water in practice, and its effect-
iveness consequently reduced. These issues were widely
studied by Eberhardt'* on Portland-cement-based
specimens, who observed that 40 % of the studied SRA
was associated with hydration products. Such an
immobile fraction of the SRA would only be released
with the dissolution of the solid matrix itself. Although it
cannot reduce the shrinkage via a reduction of the
surface-tension decrease, its beneficial effect on the
shrinkage can be explained by the disjoining-pressure
theory. On the other hand, the mobile fraction of SRA
can be removed from the specimen, particularly by
diffusion.

Therefore, the purpose of this paper is to pioneer
SRA leaching issues for AAS-based mortars. More
specifically, the influence of polyethylene glycol’s
molecular weight, as well as the time of curing before
immersion of the specimens in water, on the leaching
extent and rate was investigated. The amount of leached
PEG was determined using a dynamic surface-tension
measurement. Additionally, this study follows our
previous one,! where the effect of PEG MW on the
drying shrinkage and other properties of AAS mortars
and pastes was investigated. In that case, the specimens
for drying shrinkage and mechanical properties testing
were cured in water for 3 d and thus the study of the im-
pact of leaching on the obtained results is at hand.
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2 EXPERIMENTAL PART

2.1 Materials and mortar composition

Common ground granulated blast-furnace slag from
the Czech production (Kotou¢ Stramberk, spol. s r.0)
with a Blaine fineness of 400 m?/kg was activated by
sodium waterglass (Vodni sklo, a.s.) with a silicate
modulus, i.e., SiO,-to-Na,O molar ratio, equal to 2.0.
Siliceous sand with a maximum grain size of 2 mm was
used as a fine aggregate. The Na,O (introduced into the
system by waterglass) to slag ratio, water-to-slag ratio
and sand-to-slag ratio were the same for all the prepared
mortars: 0.08, 0.46 and 3.0 by weight, respectively. The
mortars differed in the organic admixture used. One
mortar type was the reference without any other additive
(Ref.), while the other five types were modified by
polyethylene glycol in the wide range of MW from
monomer (ethylene glycol, EG) up to polyethylene
glycol of 35,000 g/mole, namely, PEG400, PEG2000,
PEG10000 and PEG35000. Their doses were 2 % with
respect to the slag weight.

2.2 Specimen preparation and curing

The mixing procedure was the same as that
prescribed for Portland-cement testing in EN 196-1.
After the mixing, mortars were cast into a polypropylene
cylindrical container with a diameter of 33 mm and a
height of 70 mm. Then the containers were sealed and
kept at 25 °C until the start of the leaching experiments,
i.e., 24 h, 3 d or 7 d. After the desired time, the speci-
mens were demolded and immersed in demineralized
water for 7 d, during which time the dynamic surface
tension of the leachate was measured. After the 7 d of
leaching, water was exchanged and the ST of the
renewed leachate determined after 24 h. The weight of

Figure 1: Dynamic surface-tension measurement
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water was the same as the weight of the sample in both
cases. One or two specimens for the reference mortar
and two or three specimens for the PEG-modified mor-
tars were used for each test series.

2.3 Dynamic surface-tension measurement

Before the start of the dynamic ST measurement
(Figure 1), leachate in a container containing the speci-
men was homogenized by gentle gyration. The dynamic
ST was determined using a bubble pressure tensiometer
BPA 800P (KSV Instruments, Ltd.) after (0.5, 2.5, 5 and
24) h of leaching, and during the following days, as was
mentioned above. A capillary with a diameter of
0.130 mm was immersed 5 mm under the leachate sur-
face and the bubble life time was set to 0.1 s. For each
time of the test, the values of the ST were recorded every
20 s during the several minutes and then averaged.
Synthetic leachates (see following section) used for the
determination of the amount of leached PEG were tested
with the same settings.

2.4 Evaluation of the amount of leached PEG

The amount of leached PEG was calculated using
calibration curves obtained from the dynamic ST
measurement of the synthetic leachates containing
various amounts of the desired PEG. The synthetic
leachates were prepared on the basis of the silicon and
sodium content in the leaching water after the first 7
days of leaching, determined using inductively coupled
plasma optical emission spectroscopy (ICP-OES). The
presence of other elements was neglected due to their
very low content in the leachate. Synthetic leachates
were prepared by the dilution of waterglass and sodium
hydroxide by demineralized water in a volumetric flask,
according to Table 1.

Table 1: Average Si and Na contents in the leachates after each curing
time and the amounts of waterglass and 50 % NaOH used for the
synthetic leachates’ preparation

curing Si Na waterglass |50 % NaOH
series (mg/L) (mg/L) (g/L) (g/L)
24 h 158.6 4254 1.07 11.28
3d 126.8 3461 0.857 9.19
7d 118.2 2845 0.799 7.51
3 RESULTS

The development of the ST of the leachates is given
in Figure 2. It can be seen that except for their monomer,
all the PEGs decreased the dynamic ST rapidly within
the first 30 min, while this did not change markedly
during the following hours and days. On the other hand,
all the leachates after the exchange of water reached the
same ST values. To assess the amount of leached PEG,
calibration curves were determined using synthetic
leachate and known additions of PEG. The obtained
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results are in Figure 3. The amount of leached PEG was
determined as its concentration (w/%) in between the
two neighboring points using an interpolation with the
assumption that the dependence of ST on the weight
concentration is linear between each two measured
points and compared with the maximum theoretical PEG
concentration (0.42 %). Using this approach, the mass
fraction of easily leachable PEG from the total PEG
amount was evaluated (Figure 4). It is clear that an

water exchanged
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Figure 2: Dynamic surface-tension development of the leaching water
after 24 h (up), 3 d (in the middle) and 7 d (down) of curing in auto-
genous conditions
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Figure 3: Calibration curves determined using synthetic leachates for each curing time

increase in PEG MW resulted in a decrease of its leach-
able portion, as it was, e.g., for 24 h of sealed curing cal-
culated to be (28, 14, 5.4 and 6.3) % for PEG400, 2000,
10000 and 35000, respectively. Also, a prolonged time of
curing before the leaching experiment, particularly bet-
ween 24 h and 3 d, resulted in an increased immobili-
zation of the PEGs. The higher leached amount of
PEG400 after 7 d compared to 3 d is probably a random
error. It also, together with the lengths of the error bars,
shows a general disadvantage of the use of ST measure-
ments for a determination of the leached amount of an
organic substance. If the ST concentration dependence is
flat, i.e., if the substance is not effective in reducing the
ST (such as PEG400) or at high surfactant concen-
trations (above approximately 0.05 % in our cases), even
a slight change in the measured ST means a large change
in the calculated surfactant concentration. In contrast, the
more steep the ST change is, the more precise the results
are.

4 DISCUSSION

As is well known and as we also reported earlier,'”
the ST-reducing ability of surfactants depends on their
molecular weight. Therefore, it is not possible to
estimate the amount of leached PEG only from the ST of
the leachate (Figure 2), but the use of calibration curves
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Figure 4: Effect of PEG’s molecular weight and time of curing on the
amount of PEG leached during the first 7 d of leaching

(Figure 3) is necessary. However, the presence of other
ions in the leachate can affect its ST as well as the
performance of organic admixtures, and hence synthetic
leachates instead of pure water should be used. In our
case, the gradual leaching of ions from the specimens,
particularly silicon and sodium (Table 1), plays an
important role and can also affect the ST’s development.
This is probably the reason why the ST of the reference
and EG leachate rather increased during ongoing
leaching and was usually a few tenths higher than those
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determined for demineralized water. On the other hand,
the ST of the second leachate from the Ref and EG
specimens was lower compared to that of the first
leachate and very close to that of demineralized water,
since most of the Si and Na leached during the first
cycle. The same ST values of the second leachates as for
the Ref and EG were observed for all the other PEG
specimens, regardless of the time of curing before the
start of leaching, which indicates that the total or at least
the vast majority of the leachable fraction of PEG had
already been leached at the end of the first leaching
cycle.

Eberhardt'* summarized that the following three
mechanisms of leaching can be distinguished: washing
out, diffusion and a dissolution process. The very high
rate of leaching during its early stages observed in
Figure 2 suggests that washing out is the dominating
factor in our case. The diffusion at later leaching stages
cannot be excluded, since there is likely a competition
between the leaching of ions like Si or Na and surfactant
molecules. Therefore, it can be expected that if the latter
is of very limited rate, the former prevails and hence the
leaching of the surfactant does not lead to a noticeable
ST reduction. To investigate this in more detail, some
other methods of organic-matter detection could be used,
e.g., chromatography.

According to Figure 2 and 4, the molecular weight of
the used PEG also affected its leaching rate, as well as
the amount of leached PEG. While PEG400 and
PEG2000 were mostly leached within the first 30 min or
150 min, the longer PEGs (PEG10000 and PEG35000)
gradually decreased the ST up to 5 h. This is likely
related to their longer chains, which cannot be trans-
ported through the specimen as easily as their shorter
analogues. Moreover, the longer molecules are more
prone to immobilization in the hydration products, which
again contributes to a reduction of their mobile fraction.
These issues can also explain the decrease in the amount
of mobile fraction with increasing molecular weight and
the time of curing before the start of the leaching (Fig-
ure 4). Slightly higher leached amounts of PEG35000
compared to PEG10000 would probably be due to their
lower and slower solubility in water and activating
solution and the consequent lower homogeneity of the
specimens, despite efforts to dissolve and homogenize
them as well as possible before the slag and sand
addition.

The presented findings have a significant impact on
the shrinkage behavior. As we have already presented,'”
MW plays an important role in the shrinkage-reducing
ability since EG did not noticeably reduce the drying
shrinkage of the AAS mortar, while a further increase in
PEG MW had a beneficial effect, particularly up to a
molecular weight of 2000 g/mole. The determination of
the amount of SRA that can be leached from the speci-
men and also the SRA ST-reducing ability allows us to
support the discussion from the previous paper and even
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distinguish between the dominating mechanisms of
shrinkage reduction. For shorter molecules like PEG400,
only a slight ST-reducing ability, together with a relati-
vely high leaching extent, indicate that neither the reduc-
tion of the ST by the mobile phase nor the reduction of
the disjoining pressure by the presence of immobile PEG
molecules, particularly when water curing is applied, can
explain the quite high shrinkage reduction by PEG400.
This supports our findings that the shrinkage-reducing
ability of the PEG400 lies rather in the changes of the
pore structure. On the other hand, the presence of longer
PEG molecules, which cannot be easily leached, can act
against shrinking via a disjoining-pressure mechanism
and thus can be more effective in practical applications.
However, a too high MW would also be impractical due
to solubility and miscibility issues. For the case of PEGs,
a MW of around 2000 g/mole (and not more than
10,000 g/mole) would be optimal due to the combination
of its relatively high shrinkage-reducing ability and good
solubility.

S CONCLUSIONS

This paper investigated the leaching issues associated
with AAS-based fine-grained composites. The amount of
leached PEGs, depending on their molecular weight and
time of curing before the start of the leaching, was
determined using dynamic ST measurements.

Both the leaching rate and particularly the leaching
extent of the PEGs decrease with their increasing mole-
cular weight. This has a significant impact on the AAS
shrinkage performance.

The leaching rate and extent also decrease with a
prolonged time of curing.

For practical applications, the use of SRAs based on
rather longer polymeric surfactants can be recom-
mended, since they are more effective in reducing the
ST, which favors shrinkage reduction according to the
capillary-pressure theory, while its increased immobile
fraction can act against shrinkage in terms of the
disjoining-pressure theory. Moreover, a reduced leaching
extent is important from the environmental viewpoint.
On the other hand, for molecules that are too long,
miscibility or solubility issues should also be kept in
mind.
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Polypropylene Glycols as Effective Shrinkage-Reducing
Admixtures in Alkali-Activated Materials
by Luka$ Kalina, Vlastimil Bilek Jr., Eva Bartonickova, and Jitka Krouska

In recent years, the use of various nontraditional cements and
composites has increased. Alkali-activated materials, especially
those based on alkali activation of blast-furnace slag, have consid-
erable potential in construction industry. However, alkali-activated
slag binders exhibit significant shrinkage, in some circumstances
several times greater than portland cement-based materials,
which hinders wider use of these materials in numerous applica-
tions. Therefore, the use of specific admixtures suitable for alkali-
activated systems is necessary. This paper is consequently focused
on testing the efficiency of shrinkage-reducing additives based on
polypropylene glycols, as well as their influence on the hydration
mechanism and mechanical properties of prepared alkali-activated
materials.

Keywords: alkali-activated materials; chemical admixtures; shrinkage
reduction.

INTRODUCTION

Whether 50 years ago or nowadays, concrete based on
ordinary portland cement (OPC) has been by far the most
widely used construction material around the world. It is
versatile and durable, but also widely available and cheap.!
Nevertheless, the process of OPC production is associated
with a high rate of carbon dioxide emissions, alterations of
the landscape due to the exploitation of quarries, and high
energy consumption required for the clinkerization process.’
Because concrete production continuously increases, it is
necessary to search for some alternative non-clinker binders.
Alkali-activated materials is a file of a wider mosaic towards
sustainable solutions.

From the wide group of these materials, alkali-activated
slag (AAS) is probably the most prospective for construction
purposes because it generates superior mechanical perfor-
mance even at room temperature, particularly when it is acti-
vated by waterglass.? This phenomenon is a consequence of
the presence of dissolved silicates in waterglass, which lead
to the formation of calcium silicate hydrate (CSH) with a
lower Ca/Si ratio and a more cross-linked structure.* Last
but not least, AAS was reported to be equal or even better
than portland cement in terms of durability in aggressive
environments,” behavior at elevated temperatures,® and
interfacial transition zone.”

On the other hand, AAS has some disadvantages consid-
erably limiting its practical application, particularly its rapid
set time® and high autogenous and drying shrinkage.” The
significantly higher shrinkage of AAS compared to portland
cement is attributed to its more refined pore structure,'? the
formation of shrinkage-prone silicate gel,!! and lower creep
modulus of its solid skeleton.!? Previous studies suggest!>!®

ACI Materials Journal/March 2018

that the extensive shrinkage could be solved with the addi-
tion of shrinkage reducing admixtures (SRAs) commonly
used in concrete technology. For more than 30 years, SRAs
have been used to reduce shrinkage of cementitious systems.
They generally belong to group of organic compounds called
surfactants, which are chemical species with amphiphilic
character; that is, they are composed of a hydrophilic head
and hydrophobic chain. The main effect in shrinkage reduc-
tion consists of a decrease in pore solution surface tension.'®
Due to the very distinct chemistry of the alkali activation
process compared with the hydration of portland cement, the
efficiency of common SRAs differs. Bilek et al.!” found that
one of the typical chemical compounds (2-methyl-2,4-pen-
tanediol) used in SRAs designed for OPC binders reduces
shrinkage only with a high dosage, which negatively influ-
ences the mechanical properties of AAS concretes. Very
similar results were published by Kalina et al.!® when they
tested commercial SRA based on oxyalkylene glycols. The
shrinkage was considerably reduced by half with 1.25 wt.%
addition of SRA; however, the same reduction was obtained
in compressive strength development. From the wide range
of non-ionic surfactants, the SRAs with the structure of
polymeric glycols show promising results for their use in
alkali-activated materials. Palacios and Puertas'* reported
that SRAs based on polypropylene glycol reduced both
autogenous and drying shrinkage significantly. Moreover,
the mechanical properties of the specimens with admix-
ture were even better in comparison with reference AAS
samples. Therefore, the effect of different polypropylene
glycols in terms of chemical structure on the shrinkage
behavior, hydration process, and mechanical properties of
AAS samples is essential to study.

RESEARCH SIGNIFICANCE

The main obstacle for wider practical use of alkali-
activated materials is its significant autogenous and drying
shrinkage, which may cause cracks, resulting in decrease
of mechanical properties and durability. The use of SRAs
has been suggested to reduce both drying and autogenous
shrinkage. Unfortunately, these admixtures are designed
mainly for binders based on OPC. Therefore, the authors
believe that the research focused on the specific chemical
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additives designed especially for alkali-activated systems
could be very helpful for their potential practical applications.

EXPERIMENTAL INVESTIGATION

Alkali-activated blast-furnace slag (BFS) mortars with
different kinds of chemical admixtures (polypropylene
glycols) and three different fractions of siliceous sand were
prepared based on CSN EN 196-1 standard. The mass ratio
between sand and binder was set as 3:1, while the water-BFS
ratio was calculated to be 0.40. The amount of sodium water-
glass was adjusted to maintain the mass ratio Na,O/BFS at
0.04. Mixing and curing processes were carried out at a labo-
ratory temperature 77°F (25°C) and the specimens were then
stored in the curing chamber with defined relative humidity
(50%). Thus, prepared samples were subjected to compres-
sive strength determination and shrinkage measurements.

Materials

The main material used for alkali activation was blast-fur-
nace slag with Blaine fineness of 1953 ft%/Ib (400 m*kg).
The XRD analysis of BFS indicated the presence of a great
amount of amorphous phase. The main mineral phases iden-
tified in BFS were melilite and merwinite. The chemical
composition of slag determined by X-ray fluorescence (XRF)
is given in Table 1. The particle size distribution D50 of BFS
determined by laser granulometry in dry state was 2.8 X
10*in. (~7.0 um). BFS was activated by sodium waterglass
with a silica modulus of 1.93. The surfactants used as SRAs
were propylene (PG) and polypropylene glycols (PPG) with
different molar weights (PPG 200; PPG 425; PPG 725; PPG
1000) in addition to 0.5% by weight of BFS.

Specimens

For the compressive strength development, specimens of
dimension 1.57 x 1.57 x 6.30 in. (40 x 40 x 160 mm), based
on CSN EN 196-1 standard, were prepared. Each value was
supported by the average of four measurements. The shrinkage
evolution was determined based on ASTM C596. Three mortars
bars 0.98 x 0.98 x 11.22 in. (25 x 25 x 285 mm) of each mixture
were prepared and measured until the age of 28 days. Each
value was supported by the average of three measurements.

Items of investigation

At the age of 1, 7, and 28 days, specimens were tested for
mechanical properties through the compressive and bending
strength tester Betonsystem Desttset 3310. Length changes
for obtaining the shrinkage evolution were measured in short
time intervals using the ASTM C490 apparatus. Evolution of
hydration heat was monitored by using of an air isothermal
microcalorimeter. Measurements of heat evolution were
performed at constant temperature of 77 + 0.02°F (25 +
0.04°C). When thermal equilibrium was achieved, the BFS
and the alkali liquid created by waterglass, water, and SRA
were mixed together by injecting the solution into the 5.3 x
10* ft3 (15 mL) vial and stirred for 3 minutes. The water/
BFS, as well as the mass Na,O/BFS, were the same as in the
preparation process of the mortars. The heat evolution was
recorded as heat flow immediately.
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Table 1—Physical and chemical compositions of
blast-furnace slag

BEFS
Specific gravity 2.95
Blaine fineness, ft*/Ib 1953
Si0,, % 34.7
Al O3, % 9.1
CaO, % 41.1
MgO, % 10.5
SOs, % 1.4
Na,0, % 0.4
K,0, % 0.9
TiO,, % 1.0
MnO, % 0.6
Fe,0;, % 0.3

The total porosity and pore size distribution was deter-
mined by mercury porosimeter. The working pressure range
was from 0.2 to 33 000 psi (0.14 to 231 MPa) which covered
a pore diameter range from 2.56 x 107 t0 3.94 x 1073 in. (6.5
to 1000 nm). The measurements were performed with the
following conditions: Hg surface tension was 2.74 x 1073
Ibf/in. (0.480 N/m); Hg contact angle was 140; and scan
mode was chosen to average from 11 points. Obtained intru-
sion data were normalized by sample weight and volume.

ANALYTICAL INVESTIGATION

It was previously stated that the beneficial effect of SRAs
on shrinkage lies in the reduction of surface tension at the
pore solution/air interface. The surface tension arises thanks
to the aqueous character of the pore solution, where the
molecules interact mutually through the hydrogen bonds
and form a loose three-dimensional network. Molecules at
the surface cannot achieve the same level of molecular inter-
actions compared to the molecules in the bulk and therefore
have an energy excess. The consequence of this effect is that
the liquid squeezes itself together to minimize surface area.
This process is termed surface tension (y) and was deter-
mined through a bubble pressure tensiometer. This analyt-
ical instrument measures the maximum internal pressure of
a gas bubble which is formed in a liquid. According to the
Young-Laplace equation, the internal pressure (p) of a spher-
ical gas bubble depends on the radius of curvature (») and
surface tension

_
p=- (Pa) (1)

When a gas bubble is produced in a liquid at the tip of a
capillary, the maximum internal pressure (p,,,.) is measured.
This greatest pressure occurs when the radius of a gas bubble
is equal to the radius of the capillary (7). As the capillary
is immersed in the liquid, the hydrostatic pressure (pg)
resulting from the immersion depth and the density of the
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Fig. [—Effect of surfactants on surface tension of pore solu-
tion (PG is propylene glycol; PPG is polypropylene glycol).

liquid must be subtracted from the measured pressure. The
resulting surface tension is then calculated

— (pmax_po)r
2

Y < (mJ/m*) )

COMPARISON OF PREDICTIONS AND
EXPERIMENTAL RESULTS

According to the theoretical background, the analytical
calculations predict the relationship between the tail length
of surfactants and surface tension.!” The molecular dynamic
simulation clearly demonstrates that increasing the chain
length makes the surfactants more effective. This model
is also supported by the study of Szleifer et al.,* which
supposed dependence of lateral pressure among hydrophobic
chains and their length. The theory could be simplified and
explained as follows. If the chain length is increased, the
lateral pressure arises and therefore the surface tension
decreases, which is described in the following equation

Y=1(p, - p(2)dz 3)

The surface is oriented in the z-direction, where p, is the
normal pressure and p(z) is the lateral pressure.?!

The experimental data show (Fig. 1) that the surfactants
with higher molar weight, consequently with a longer hydro-
phobic chain, generally show a higher efficiency at low
concentrations. Therefore, a smaller amount of surfactants is
needed to achieve the same reduction of surface tension. The
measured data are completely in agreement with presented
theoretical predictions.

EXPERIMENTAL RESULTS AND DISCUSSION

Surface tension of pore solution

The action of a specific surfactant depends strongly on the
chemical composition of the solution in which it is situated.
In the other words, the aqueous solution may contain ions
that promote the solubilisation and miscibility of surfac-
tants or decrease critical micellation concentration (CMC).
This phenomenon describes Hofmeister series relating in
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Fig. 2—Effect of surfactant addition (0.5% by weight of
BFS) on shrinkage evolution.

the ability of ions to increase or decrease the solubility of
non-ionic surfactants in electrolyte solution.?? Therefore, the
nature of a pore solution of alkali-activated BFS is crucial
for SRA efficiency. Its chemical composition was obtained
by ICP-OES 24 hours after from mixing, thus the same time
as shrinkage measurement was started.

The surface tension of synthetic pore solutions with
different glycols is shown in Fig. 1. The higher content
of surfactants in the solution causes a decrease in surface
tension until reaching a plateau. In the case of polypropylene
glycols, the critical micellation concentrations correspond to
surface tension in the range of 2.28 x 107 to 3.14 x 107
Ibf/in. (40 to 55 mJ/m?). The presented results suggest that
the surfactant PPG 1000 reduces the surface tension the
most because its molecular weight is the highest. The other
glycols achieved worse results in surface tension reduction
as was expected, based on the theoretical background.

Factors affecting shrinkage evolution

Figure 2 shows that all the used surfactants, dosed at 0.5%
by weight of BFS, are more effective in decreasing shrinkage
evolution compared with the reference sample. However,
the molecular character of the used glycols does play a
significant role on the drying shrinkage evolution. Surpris-
ingly, the length change measurements demonstrate the
highest shrinkage reduction using PPG 200 and the lowest
in the case of PPG 1000. These results clearly indicate that
the ability to effectively decreasing the surface tension may
not be correlated to the shrinkage reduction. There are other
factors that must be taken into consideration.

One of the important things is the miscibility of used
surfactants with aqueous alkali solution, because it is gener-
ally accepted that the critical surfactant concentrations are
formed from the surfactant molecules’ adsorption on inter-
faces and thus, further surface tension reduction is negli-
gible.? In the case of glycols, the micellation related to total
miscibility is controlled by molecular weight, as reported by
Seguin et al.>* Higher effective volume of micelles causes
irregular distribution of surfactant in the pore solution, thus
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Fig. 3—Miscibility of surfactants in alkali activator solution (sodium waterglass).
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Fig. 4—Pore size distribution of alkali-activated samples.

resulting in higher shrinkage in certain areas of the alkali
activated system. Figure 3 shows the 0.5 wt.% addition of
used surfactants in alkali activator (sodium waterglass with
a silica modulus of 1.93), where the higher molecular weight
tends to increase the segregation of polypropylene glycols. To
highlight this effect, a drop of phenolphthalein was added to
the solutions. However, during the AAS hydration especially,
silicate ions from activating solution are consumed to form
CSH phase, which leads to increased miscibility of longer
PPGs with pore solution, making them more effective in pore
fluid surface tension reduction as was shown in Fig. 1.
Another impact of SRA is the ability to change the pore
size distribution, which can significantly influence the
drying shrinkage. During the ongoing drying process of
AAS, the diameter of the pores partially filled with water
(that is, with the presence of menisci) decreases until the
equilibrium for a given relative humidity is reached, and
thus capillary stress according to the Young-Laplace equa-
tion (Eq. (1)) increases, which results in higher shrinkage.
The magnitude of drying shrinkage strongly depends on the
loss of water from small (9.84 x 1078 t0 3.93 x 107 in. [2.5
to 10 nm]) and medium (3.93 x 107 to 1.97 x 10 in. [10
to 50 nm]) capillaries.?® Previous studies!®?® suggest that
the alkali-activated BFS binders contain mainly pores in
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Table 2—Porosity of alkali-activated samples

Sample (0.5% surfactant Pores in small and
by weight of BFS) Total porosity, % | medium capillaries, %

REE.” 15.08 69.89

PG 19.59 73.10

PPG 200 27.81 54.36

PPG 425 16.83 73.02

PPG 725 19.80 61.26

PPG 1000 18.43 76.18

“"Reference sample (REF.) did not contain any surfactant.

the mentioned regions, which is probably one of the main
reasons for higher shrinkage of AAS compared to OPC.

Bilek et al.'” showed that some surfactants strongly retard
the hydration of AAS, which leads to its increased porosity
and coarser the pore size distribution. Similar results were
also observed in the case of the tested glycols (Fig. 4). The
samples with surfactants indicated higher porosity in compar-
ison with the reference sample, particularly in the case of PPG
200 sample, which was the most porous and had a coarser
pore structure as a consequence of the strong retardation
of hydration. The essential factor for the drying shrinkage
behavior is the content of small and medium capillaries in the
total porosity of materials. Table 2 summarizes the percentage
portion of pore sizes within the critical 2.56 x 107 to 1.97
x 107 in. (6.5 to 50 nm) range. If the samples are ordered
according to increasing content of pores in that region, the
following dependence will be achieved: PPG 200 < PPG 725
<REF. <PPG 425 <PG <PPG 1000. This trend is similar with
the extent of shrinkage of measured samples (Fig. 2) except
the reference sample, which did not contain any admixture
reducing surface tension of pore solution. It can be said that
PPG additions influence surface tension reduction and also
possibility their air-entraining effects, which could contribute
to the increased total porosity of PPG containing mixtures.

From the presented shrinkage evolution results follow
that the surfactant action influencing surface tension, pore
size distribution, and miscibility, plays a crucial role in final
shrinkage reduction.

Hydration process

The hydration process of alkali-activated systems with
different kinds of glycols was measured using isothermal
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BFS) on hydration process.

microcalorimetry (Fig. 5). Typical calorimetric curves for
waterglass-activated slag with three peaks as described
by Shi and Day?’ were observed. The first peak occurring
during the first 10 minutes of hydration is always associated
with wetting and dissolution of BFS. From the zoomed area,
it is clear that the second peak, starting after 15 minutes,
which is connected with the gelation of dissolved silica to
formation of primary CSH gel,?® is reduced with the use
of propylene (PG) and polypropylene (PPG 200) glycols,
respectively. The slowing of hydration in case of these
glycols is also well observed on the third peak, associated
with the secondary formation of CSH gel. For the reference
sample, the maximum of this peak occurred after 22 hours of
hydration, but in presence of 0.5% of PG and PPG 200, was
delayed by 6 and 14 hours, respectively. The other surfac-
tants did not affect the alkali activation process significantly.
These results suggest that the polypropylene glycols with
a shorter chain length (for example, PPG 200) are respon-
sible for the lower binder phase creation and create a smaller
amount of capillary pores, resulting in shrinkage reduction.
However, this effect leads to the deterioration of mechanical
properties, which is further discussed.

Mechanical properties

Compressive strength evolution of samples with different
kinds of surfactants is shown in Fig. 6. The measured data
are fully in accordance with previous calorimetry measure-
ments. After 24 hours, there is a decrease in the compres-
sive strength of samples with the addition of PG and PPG
200. This difference is enhanced after 7 days of curing.
The noticeable negative influence of PG and PPG 200 on
compressive strength is probably related to the combination
of their retardation effect and drying after the demolding
process, followed by exposure to dry conditions (50% rela-
tive humidity). This influence started after 24 hours of hydra-
tion—that is, beyond the maximum of the reference main
hydration peak, but significantly earlier than its maximum
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compressive strength evolution.

for PG and PPG 200 occurred, as can be seen from Fig. 5.
Due to drying, further hydration was limited and thus, the
hydration degree was lower in these mortars compared to
those without significant retardation effect. The question
about the efficiency of shrinkage reducing admixtures is well
answered after 28 days. Similar to the reference specimens, the
compressive strength of PG and PPG 425 samples remained
almost the same between 7 and 28 days. On the other hand,
the specimens with PPG 200, PPG 725, and surprisingly in the
case of PPG 1000 showed a progressive increase in strength.
Additionally, the surface of reference samples without any
glycols was covered with small visible cracks, which only
confirm the importance of the surfactants use.

FURTHER RESEARCH

The presented results show that the effect of surfactants in
alkali-activated binders depends on various factors. There-
fore, further research will be focused on the detailed study
of microstructure with different kinds of SRAs. Moreover,
the effort to enhance their efficiency through the synthesis
of specific organic groups into polymeric structure will be
another possible solution. Long-term testing (months and
years) of alkali-activated materials with SRAs within the
meaning of mechanical properties and durability will also
take place.

CONCLUSIONS

In general, polypropylene glycols significantly reduce
surface tension and seem to be suitable for SRAs. The
measured data connected several factors which must be
taken into account:

1. The significant reduction of surface tension leads not
only to effective reduction of shrinkage. Other factors play
an important role, such as the effect of surfactants on the
pore size distribution and miscibility of used shrinkage
reducing admixtures in the alkali activator solution.

2. The microcalorimetry results demonstrate that surfac-
tants with low molecular weight (for example, PG and PPG
200) delay the hydration of BFS, which negatively influence
their compressive strength development.
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3. The behavior of polypropylene glycols investigated
in this study greatly affects shrinkage reduction as well as
compressive strength development.

The presented results suggest that the most usable poly-
propylene surfactant is PPG 725, which exhibits good ability
to reduce shrinkage, does not affect negatively the alkali
activation process, and increases the 28 days compressive
strength compared with reference sample.
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Abstract

Calcium aluminate phases have a particular effect on the early heat release during setting initiation and have a substantial
influence on the further workability of ordinary Portland cement. The nature of the calcium aluminate hydration products
and its kinetics strongly depends on sulfate content and humidity. The effect of mineralisers on melt formation and viscos-
ity is well described for calcium silicate systems, but information is still lacking for calcium aluminates. Therefore, the
synergistic effect on the crystal structure and hydration mechanism of the tricalcium aluminate phase of the addition of
mineralizers, i.e. Li,O, CuO, SO; to the raw meal is here investigated. Co-doped calcium aluminate structures were formed
during high-temperature treatment. Thermal analysis (TG-DTA and heating microscopy) was used to describe the ongoing
high-temperature reaction. Resulting phase composition was dependent on the concentration of the mineralizer. While phase
pure system was prepared with low mineralizer concentrations, with increasing mineralizer content the secondary phases
were formed. Raman spectroscopy and XPS analysis were used to investigate the cation substitution and to help describe
the cations bonding in co-doped calcium aluminate system. Prepared powders have been hydrated in a controlled manner at
different temperatures (288, 298, 308 K). The resulting calorimetric data have been used to investigate the hydration kinetics
and determine the rate constant of hydration reaction. First-order reaction (FOR) model was here applied for the activation
energy and frequency factor calculations. The metastable and stable calcium aluminate hydrates were formed according to
initial phase composition. In phase pure systems with low S content, the formation of stable and metastable hydrates was
depended on the reaction temperature. Conversely, in systems with secondary phases and higher S content, the hydration
mechanism resembled that which appears in calcium sulfoaluminates.

Keywords C;A - Synthesis - Hydration - Isothermal calorimetry - Kinetics - Activation energy

Introduction 4.4 billion tonnes as of 2021 and is projected to further

increase [1]. Due to the ongoing efforts on lowering the

With 7 percent of global CO, emissions, cement industry
is one of the major sources of greenhouse gasses in the
world. Annual worldwide production of cement reached
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environmental footprint of the cement industry, recently
emphasized in the CEMBUREAU Roadmap [2], two major
approaches are employed in order to achieve this goal.
First being the lowering of the clinker content in cement
by use of supplementary cementitious materials [3, 4, 5]
and second being the use of alternative low energy clink-
ers [6, 7, 8, 9] Both approaches serve the common goal
in the reduction of the greenhouse gas emissions and the
consumption of raw materials [1, 2]. Alternative clink-
ers generally have lower burning temperatures by at least
423 K compared to ordinary Portland clinker and therefore
lower energy consumption [1, 6, 9]. Most promising alter-
natives to ordinary Portland clinker are Reactive Belite-
rich Portland clinkers [10, 11] and various sulfoaluminate

@ Springer


http://orcid.org/0000-0002-5866-7946
http://orcid.org/0000-0003-0586-7693
http://orcid.org/0000-0002-1809-5875
http://orcid.org/0000-0001-6070-573X
http://orcid.org/0000-0001-9587-5843
http://orcid.org/0000-0002-2943-9864
http://orcid.org/0000-0002-4641-2081
http://orcid.org/0000-0002-4219-4267
http://orcid.org/0000-0002-3380-9979
http://orcid.org/0000-0002-5822-9372
http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-024-13525-6&domain=pdf

1120

E. Bartonickova et al.

or belite-sulfoaluminate clinkers [9, 12, 13, 14]. The pos-
sibility of using various dopant elements is also often
employed with the alternative clinkers [15, 16, 17]. Main
reasons for adding dopants to a raw meal are stabilization
of more reactive polymorphs of clinker phases, altering
the course of hydration [18, 19, 20, 21] and increasing
the efficiency of the burning process by using fluxes and
mineralizers and promoting melt formation or altering the
surface tension of the melt [22, 23].

Besides alite (C;S), belite (C,S) and tetracalcium alu-
minoferrite (ferrite phase, C,AF, or CZ(AXFy) where x, y
ranges from 0.3 to 0.7), tricalcium aluminate (aluminate
phase, C;A) is a common component of Ordinary Portland
Cement (OPC) [24]. Even though OPC usually contains
typically between 5 and 10% of C;A, its hydration kinet-
ics and reaction path critically influence the workability
and rheology of cement pastes, especially in the early
hydration stages [25]. This includes the well-established
phenomenon of flash setting, which in turn can have a sig-
nificant effect on overall strength development [24, 26].

C;A readily reacts with water. Therefore, gypsum
(CaSO, - 2H,0, C§H2) is used to control the setting time of
OPC. In its presence, ettringite (trisulfate, AFt, C6A§3H32)
is formed [27, 28, 29].

C3A + 3CSH, + 26H — C4AS;Hs, (1)

After consumption of gypsum, the reaction C;A
with AFt takes place. It leads to the monosulfate (AFm,
C,ASH,,) phase [27, 28, 29].

2C;A + C4AS;H;, + 4H — 3C,ASH,, 2)

Without gypsum, then the setting occurs too quickly,
and the cement does not develop strength. Unlike the
hydration of alite and belite, portlandite is not formed dur-
ing the hydration of C;A. However, during hydration of
OPC, portlandite is always present. In that case, hexagonal
hydrates are formed [30]:

CA+CH+12H —» C,AH; 3)

During hydration of pure C;A, i.e., without setting addi-
tives, depending on the temperature and relative humidity,
calcium aluminate hydrates are formed. There are known
[31, 32]:

(a) Thermodynamically stable cubic hydrogarnet C;AH,
(katoite)

(b) Metastable hexagonal hydrates C,AH,;, C;,AH,4 and
C,AH,

In dependence on the temperature, the course of hydra-
tion of C;A as pure phase can be described as follows [33]:
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k
C;A + 6H — C;AH, 4

k k.
2C;A +21H — C,AH,; + C,AHy —> 2C;AH, + 9H,
(%)

2C4A + 27H 5 C,AH,, + C,AH; — 2C5AH, + 15H,

(6)
where k(T) is the rate constant at temperature 7' [K]. The
applied rate constants indexing was used in chapter 2.3.3
dealing with investigation of the kinetics of hydration.
C;AHg is the main product of hydration at temperatures
higher than 294 K (Eq. 4). At lower temperatures, hexagonal
hydrates are formed. By comparing Egs. 5 and 6, it is obvi-
ous that formation of C;AH,, instead of C,AH 5 is promoted
by higher humidity. Because metastable hydrates are sponta-
neously transformed to stable cubic phase, the final product
of hydration is C;AH,. Unlike rapid exothermic hydration,
this transformation is endothermic.

Tricalcium aluminate usually exists as cubic crystals. How-
ever, if the amount of alkalies in OPC is high, orthorhombic
or monoclinic polymorphs of C;A can be formed [34]. The
basic structural unit of cubic C;A is twelve-membered ring
[A1,0,5]"*", which is formed from AlO, tetrahedra [24]. The
elementary cell of C;A contains eight of these cycles. These
cycles form the central cavity with diameter of 147 pm [35].
This, together with a certain tension in the grid, enables a rapid
course of hydration. The substitution of Ca>* by different ions
(MgO, Si0O,, Fe,05, Na,0, etc.) can therefore take place and
have an influence on the type of calcium aluminates and their
subsequent reaction activity. [36]. Sodium substitution was
the most commonly investigated. Here one Na™ ion can enter
the structure in position of Ca>* and second one in center of
(Al,40,)'® ring [36, 37] with no crystal structure distortion.
The no structure distortion limit is 1% of Na,O, with higher
level the structure transforms to orthorhombic (3.7-4.6% Na,O)
and monoclinic (4.6-5.7 Na,O) [34]. Therefore, the maximum
ion substitution in Ca®* position is supposed to be 1% and was
applied in this work (i.e. Li,O, CuO). The elements chosen for
this study were Sulfur, Lithium and Copper which should play
significant role as mineralizers during clinkering reactions and
their separate effect was previously very well-described. In
general, compounds with Li, Na, Mg, Cu or S are commonly
added to raw meal material in order to lower the melt forma-
tion temperature and decrease the clinkering temperature [38].
Lithium in the form of lithium carbonate added to clinker raw
meal reacted during the high temperature reaction with calcium
aluminate and formed solid solution. The incorporation of Li*
ion into the cubic structure could be similar to Na™ one [34, 36,
39]. Lithium should act here as a flux and lower melt formation
[40]. The influence of Li,CO; on the hydration of C;A was also
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previously investigated. The addition can accelerate early-stage
hydration through increased alkalinity in the system [41, 42]:

Li,CO, + Ca(OH), — 2LiOH + CaCO, %)

Different situation is the hydration in the presence of
gypsum, where the following reaction takes place, and the
hydration is retarded due to the lower solubility of calcium
carbonate. The more alkaline environment due to Li* ions
give as a slightly higher course of hydration in comparison
with the system without LiCO; [41].

CuO acts as a strong flux during clinker formation [20].
In moderate amounts no higher than 1%, Cu doping can have
a positive effect on the overall hydration. However, in larger
quantities it can cause significantly prolonged induction period
and strength decrease in the early hydration stages [43, 44].
The effects of sulfur in clinker formation and on the proper-
ties of OPC have been extensively studied by many authors
[18, 19, 21, 23, 43]. The amount of C;A formed is influenced
by the sulfur present during clinker formation [43]. Further-
more, sulfate content is of special interest in the context of
C;A hydration, as the course of hydration changes drastically
in the presence of sulfur containing compounds [22], strongly
depending on the sulfate source [25]. In previous research the
alite modifications have been the center of attention. It was
proven that SO; present in raw clinker meal should signifi-
cantly promote the formation of monoclinic M, alite prior to
monoclinic modification M; and strongly influences hydraulic
activity and strength development [45].

To our knowledge, no research has been devoted to syn-
ergistic effect of Li, Cu and S-based mineralizer on calcium
aluminate system and its hydration. The presented findings
provide a comprehensive study how combined mineralizers
could affect both the structural composition and hydration
behavior of tricalcium aluminate phase assemblage. The
course of hydration was observed using isothermal calorim-
etry, which served as the basis for investigating hydration
kinetics and determining the rate constant of the hydration
reaction. A first-order reaction (FOR) model was applied to
calculate the activation energy and frequency factor.

Experimental
Sample preparations

Tricalcium aluminate samples for this study were synthe-
tized by high temperature solid state reaction. Firstly, CaCO,
(PENTA, lab grade) and Al,O5 (PENTA, lab grade) powders
were mixed with a molar ratio 3:1, homogenized in vibra-
tional mill and burned at the temperature of 1673 K. Reagent

grade Li,CO; (Lach-Ner, lab grade), (NH,),SO, (PENTA,
lab grade) and CuO (PENTA, lab grade) were used as dopant
sources for subsequent high temperature treatment. Selected
dopant levels were 0.2 and 1% of mass for CuO and Li,O
and 0.5 and 2% of mass for SO;. Reaction mixture, con-
taining as-prepared calcium aluminate phase and dopant
sources, was homogenized in vibrational mill and pelletized.
Pellets with 40 mm in diameter were prepared using maxi-
mal pressure of 20 MPa and then burned at the temperature
of 1723 K for 1 h. After cooling to laboratory temperature,
the specimens were finally ground in vibrational mill for
2 min. The composition and notation of prepared samples
are listed in Table 1.

Sample characterization

Phase composition of synthetized powders was determined
by X-Ray diffraction analyses (XRD). The XRD analyses
were carried out with diffractometer Empyrean from Malw-
ern-PANalytical corporation. The measurement parameters
were following tube current 30 mA and voltage 40 kV;
anode material Cu (Kal =1.540598 A); scan axis gonio;
scan range 5-90°2 Theta; step size 0.01313 A; time per step
96 s. The results were evaluated using the software High-
Score plus. The lattice parameters were fitted using the Riet-
veld refinement.

Crystal structure was investigated by Raman scatter-
ing spectroscopy. Measurements were performed using a
NanoFinder S confocal micro-Raman microscope (SOL
instruments) and Renishaw inVia spectrometer. The Raman
scattering spectra were excited at 633 nm with 10 mW power
and 532 nm, respectively. The system was calibrated on sili-
con (520.8 cm™!). The beam was focused on the samples
with a 50 X microscope objective with a numerical aperture
of 0.8 and 0.7. The exposure time was 120 s with a grat-
ing with 2.7 cm™" and 1.5 cm™ resolution. All measure-
ments were performed at room temperature in an ambient
atmosphere.

XPS analyses were carried out with Axis Ultra DLD spec-
trometer using a monochromatic Al Ka (hv=1486.7 eV)
X-ray source operating at 150 W (10 mA, 15 kV). The spec-
tra were obtained using an analysis area of ~300 X 700 pm.
The Kratos charge neutralizer system was used for all

Table 1 Raw meal compositions used for the preparation of doped
C;A. samples

Sample designation CuO/g Li,COs/g (NH,),SO,/g C;A/g

S1 C;A 0 0 0 40
S2 C;A 0.2Cu0.2Li0.5S 0.08 0.20 0.33

S3 C;A 0.2CulLi2S 0.99 1.32

S4  C;A 1CulLi2S 0.40
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analyses. The high-resolution spectra were measured with
the step size 0.1 eV and a pass energy of 20 eV. Instrument
base pressure was 2 10—8 Pa. Spectra were analyzed using
CasaXPS software and have been charge-corrected to the
main line of the carbon C 1 s spectral component (C—-C,
C-H) set to 284.80 eV. A standard Shirley background was
used for all sample spectra.

Thermal analyses were carried out using a heating micro-
scope and TG-DTA analysis. Heating microscopy meas-
urements were carried out using EMI2 heating microscope
(Hesse Instruments) on pressed 2.5 X 3 mm cylindrical pow-
dered samples at a heating rate of 1 °K.min~" up to 1923 K,
with an image taken at least every 10 K or when the shape
or area of the sample silhouette changed. TG-DTA analyses
were performed on SDT Q650 TA instrument in alumina
crucible and dried air atmosphere at a heating rate of 10 K/
min to 1273 K. The loaded sample mass was approximately
50 mg.

Microstructure and chemical composition were charac-
terized by electron scanning microscope ZEISS EVO LS10
coupled with EDS analysis (OXFORD X-Max 80 mm?).
Images of hydrated and unhydrated samples were taken
under 10 or 15 kV acceleration voltage. Samples for analyses
were cut, ground and polished under non-aqueous medium
and for EDS analyses sputtered by gold nanoparticles.
Hydrated samples were cut into appropriate dimensions
and sputtered.

The hydration process of the synthesized C;A samples
was analyzed by isothermal calorimetry using a TAMAIr
instrument (TA Instruments). The external mixing method
was used. All raw materials and equipment were tempered
together for approximately 16 h in an air-conditioned labo-
ratory to a temperature close to the measurement tempera-
ture. Samples were measured in glass vials with ground-in

bottoms for better contact with the thermocouple and heat
transfer from the sample to the calorimeter body. The load-
ing was 1 g of dry sample. The water to binder ratio was 0.5.
Demineralized water was used. Standard sand was measured
simultaneously as a reference sample.

Results and discussion

High-temperature behavior of C;A in presence of Li,
CuandS

The formation temperature of the C;A phase is 1812 K
according to the phase diagram. Analysis of the reaction
mixture for undoped C;A using a heating microscope
showed that the temperature sufficient for the reaction, with-
out the occurrence of melt formation, is 1723 K (Fig. 1a).
This temperature is slightly lower than literature-based one.
The reaction proceeds in several steps. Around 873 K, car-
bonates decompose into CaO, which then reacts stepwise
with Al,O; to form the intermediate Mayenite (C,,A,) [46].
Around 1373 K, C,,A reacts with unreacted CaO and forms
the targeted C;A phase. This process has been published by
many authors, and the obtained data are consistent with it
[46, 47, 48].

In terms of standard firing cycle temperatures for OPC
clinkers, this temperature can be further reduced by incor-
porating various dopants, particularly alkalis [42, 49]. The
TG-DTA analysis (Fig. 1b) reveals the impact of the intro-
duced ions. Region I is connected to the decomposition of
surface adsorbed water and ammonium sulfate (~500 K)
[50]. Region II is connected to lithium carbonate decompo-
sition [51]. At higher Li and S concentrations (i.e.1 and 2%
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Fig. 1 a Heating microscope analysis of C;A high temperature synthesis, b TG-DTA analysis of raw mixtures

@ Springer



Hydration kinetics of C;A: effect of lithium, copper and sulfur-based mineralizers

1123

Table2 Phase composition of Sample CiAcub  CaO  LipSO,  Ca,Al0,,(SO,)  CaSO, Cu,0
synthesized products ) .
Composition/% of mass
S1 C;A 99.9 0.1
S2 C;A 0.2Cu0.2Li0.5S 99.9 0.1
S3 C;A 0.2CulLi2S 98.4 0.3 0.4 0.4 0.5
S4 C;A 1CulLi2S 98.3 0.6 0.2 0.3 0.7 <0.1

of mass resp.), an endothermic peak appears in the region
around 1173 K which is most likely related to the melting
of as-formed lithium sulfate detected by the XRD analysis
(Table 2) [52]. The selected burning temperature was also
found to be optimal in relation to the resulting phase compo-
sition of the synthesized doped products. It was determined
that the majority of the synthesized samples (up to 99.99%)
exhibited a cubic structure of C;A without distortion (see
Table 2).

Examination of the phase composition of the doped
Ca0-Li,0-Cu0O-Al,0;_SOj; system revealed the forma-
tion of a cubic C;A structure was affected by ion substitu-
tion, resulting in a diffraction shift towards higher angles
(see Fig. 2). The ionic radius of Ca®* is 100 pm whereas
the Li* and Cu®" ions are smaller (Cu** is 73 pm and Li*
is 76 pm). Sulfur can occur in 3 oxidative states—S®* ion

—C,A N
C,4A 0.2Cu0.2Li0.5% M
C,A0.2CulLi2S I}

—— C,A 1CulLi2S . I

= Lime (CaO)
= Lithium sulfate (Li,§0O,) \
= Anhydrite (CaSO,) ,“ ‘\
Yeelimite (Ca,Al,0,4(SO,) 1A
Cuprite (Cu,0) \

—ca
C,A0.2Cu0.2Li0.58
C,A0.2CulLi2S

——C,A1CulLi2s

Intensity / a.u.

326 3238 33.0 332 33.4 336 33.8]
2Theta/°

Intensity/a.u.

et il LMM Mt;:,j

30

20
2 Theta/®

Intensity/a.u.

T T T T T Tt T T T T T T
60 960 955 950 945 940 935 930 925 176 174 172 170 168 166 164

is with 29 pm or S** with 37 pm or as an anion S™2 with
184 pm ionic radius [53]. Thus, resulting in variation of
the interfacial d-spacing (see Table 3). The general idea
was that Cu" ion with lower diameter can intercorporate
into the C;A structure in Ca position and shift the angles to
lower values, while 2 molecules of Li* can shifted towards
higher values. The content of free lime (CaO) in samples
was subsequently increased with increasing levels of Li* and
Cu?* and the possible incorporation of ions into the structure
[54]. Copper incorporation can be discussed according to
performed XPS analysis given on Fig. 2b. The Cu 2p core
level spectrum was deconvoluted with two components. The
first peak of Cu 2p3/2 at 932.9 eV is related to Cu—O, where
Copper occurs in the +1 oxidation number. Diffractions of
Cuprite was observed in traces by XRD analysis in sam-
ple S4 with 1% mineralizer dosage. The second peak of Cu

Cu 2p,, (+1) —— S2p (+V)- SO, >

Cu 2p,, (+I1)

Cu 2p S2p

S 2p (+VI) - co-doped

Cu(+l1) satellite

Binding energy/eV

Fig.2 XRD (a) analysis of as-synthetized products and XPS analysis of sample S4—C;A 1CulLi2S (b)

Table3 Lattice parametelrs Sample Cell parameters/A Position/°20 d-spacing FWHM

of C;A phase prepared with

various doping S1 C;A 15.25808 33.2076 2.69569 0.0768
S2 C;A 0.2Cu0.2Li0.5S 15.25271 33.234 2.69361 0.0797
S3 C;A 0.2CulLi2S 15.25127 33.2131 2.69526 0.0784
S4 C;A 1CulLi2S 15.25239 332118 2.69536 0.0787
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2p3/2 at 935.3 eV is corresponded to the Copper appears to
be found in CuSiO,(OH) or CuAl,0,, according to NIST
XPS database [55, 56, 57]. The confirmation of the + II oxi-
dation state was associated with a strong shake-up satellite
located between binding energies of 941-949 eV. Similar
findings about Copper entrance into the clinker system were
also recently published [55, 58]. Lithium even at content of
1% was not detectable. Lithium doping behavior is expected
similar to sodium one in valence but not in ion diameter.
Na* ion radius is much higher, so the increasing doping
caused the structural distortion (Na*—102 pm) [36]. The
crystal structure of the Na,, Ca; ,Al,O4 system is strongly
influenced by the Na content. As the Na content increases,
the cubic structure is distorted to orthorhombic one. In solid
solution, the replacement of one Ca®* cation by two Na™
cations occurred, where one is in position of original Ca>*
and the second is placed in the middle of (AlO,¢)'® ring
[34, 36]. Replacement of Ca** ion prior to AI** ion was also
reported by other studies with different cations and valences
as Na* or Eu" [39, 59]. Synergistic effect of Li* and Cu®*
ions incorporation should compensate charges and resulting
in small shift to higher values and did not cause the cell dis-
tortion [39]. Therefore, sulfur exists in calcium aluminates in
two oxidative S>~ and S®*. Sulfur in S*~ oxidative state can
replace AI** or O? in tetrahedral (A10,)°~ respectively with
no shift. This suggestion is coming from the solid solution”s
studies of system CaO—-Al,0;—CaS which are formed as an
inclusion in Al-killed steel [60]. Sulfur in S*~ will appear
only in reducing atmosphere, we can assume that we were
working in oxidative environment, so the sulfide presence
is not possible. Performed XPS analysis confirmed sulfur
in oxidative state S°* in S2p (169.12 eV (+ V1)) probably in
CaSO, or Li,SO, compounds according to NIST database
[56] and S2p (171.98 eV (+ VI)) most likely coming from
co-doped structure Ca—Cu—Al-S-O, similar binding energies

has been published in substituted superconducting oxide
(Y, 4Ceq 551 1Cu, 755, ,50) [61]. With an increase in dopant
content, particularly Sulfur and Copper ones, an unfavorable
reaction occurred, and secondary phases were formed. The
phase composition analysis revealed the presence of lithium
sulfate (LiSO,), Ye elimite (Ca,AlgO,,(SO,)), Anhydrite
(CaSO,) and Cuprite (Cu,0). We assume that ammonium
sulfate in the starting mixture reacted with Ca>* ions to form
anhydrite, which subsequently reacted with the C;A phase
around 1573 K, leading to the formation of Ye elimite and
free lime (CaO) see Eq. 9)). Li et al. [62] a El Khessaimi
et al. [63] have published data with the same findings.

3Ca;ALO; + CaSO, — Ca,Al0,(SO,) +6Ca0  (9)

The findings obtained from XRD analysis were confirmed
by Raman spectroscopy analysis (refer to Fig. 3). The peak
corresponding to the position of the asymmetric vibration
v,(A10,°7)—757 cm™! [22, 64], was shifted towards higher
values due to the presence of low concentrations of Li*, Cu?+
and S® jons (i.e. sample S2 C;A—0.2Cu0.2Li0.5S). Whereas
for higher concentrations (i. e. samples S3 C;A-0.2CulL2S
and S4 C;A—CulLi2S) was shifted much less due to the for-
mation of intermediate phases (lithium sulfate, Ye elimite,
Anhydrite and Cuprite), indicating only partial Ca*
substitution. Vibrations corresponding to sulfate group
inside products such as sulfates and Ye elimite are visible
as a shoulder at 460 cm™! and strong peak at 1012 cm™!
(v,(SO,*)) or as a shoulder visible at 607 cm™! (v, (SO,*7)
[64, 65, 66] (see inset Fig. 3c).

Figure 4 shows the cross section of the tablet after the
high temperature reaction. At first sight, the difference in
size of the phases formed is obvious. In the case of undoped
system the grain size distribution is too wide (20 to 120 pm).

Fig. 3 Raman spectral analysis

C,A0
of synthesized products: a+, - CZA 0.2Cu0.2Li0.5S
b Raman spectra of doped C,A0.2Cu1Li2S
C;A structure, ¢ S3—C;A ——C,A1Cu1Li28
0.2CulLi2S
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Fig.4 a Microstructure of doped C;A system: (a) S1, (b) S2, (c) S3 and (d) S4; b SEM-EDS doped C;A system: sample S4—C;A 1CulLi2S

The distribution was significantly narrower (10 to 30 pm)
with the increasing concentration of doped species (Li™,
Cu’ta SO5). This phenomenon has been described by sev-
eral authors in the combined CaO-Al,0;-Si0,-Fe,0; sys-
tem [49, 58, 67]. For the pure C;A system, only the influence
of doped elements on the formation of hydration products
was discussed [58, 68]. Considering the chemical composi-
tion shown in Fig. 4b, there is a visible presence or absence
of cations in combination Ca-Cu and S-Al (see highlighted
areas), where the Cu is present the Ca is absent and where
the S is present Al is absent. Raman spectroscopy and XRD
analysis revealed the doping caused peak shifts to higher
values, i.e. Raman shift (cm™!) and 2Theta (°) respectively,
and XPS analysis with defined binding energies. We can
assume that the crystal structure has been modified by the
incorporation of Ca** ion probably in position of Cu** ions
and S®" instead of 2 AI’™. The observed results indicate that
Li* ions should be incorporated, as can be inferred from the
formation of lithium sulfate when the doping concentrations
were increased, leading to a shift back to lower values. The
introduced sulfate anions reacted with Li™ and as well as
with C;A matrix to form secondary phases (lithium sulfate
and Ye’elimite) [62, 63]. Introduced Cu?* jons did not form
any secondary phases.

Hydration
Hydration products

In the case of undoped sample S1 (Fig. 5), the hydration
peak at 288 K and the first peak at 298 K are attributed to
the formation of amorphous and irregular flakes of C;/AH,;
and C,AH |, hydrates. At 288 K, the further transformation
of these hydrates is outside the measured hydration interval
and is therefore very slow. The second hydration peak at
298 K is due to the conversion of hydrates from the first peak
to cubic C;AHg. This conversion is very fast at 308 K and
the formation of amorphous and irregular flakes and their
subsequent conversion to cubic C;AHg combine to form one
intense peak on the calorimetric curve [31]. Therefore, at
288 and 298 K a heat flux of approximately 450 mW/g is
achieved in the first peak, however, at 308 K a heat flux of
1050 mW/g was achieved in which the majority of the total
hydration heat is generated within the first few minutes. A
similar progression of undoped C;A was observed by [69].
Axthammer et al. [70] measured a one-step hydration pro-
cess, which took place at 290 K, but the amount of hydration
heat was generated as in 2-step hydration. For doped sample
S2 (Fig. 6), C;A hydration proceeds in a one-step process at
288 and 298 K. The 2-step hydration shifts to higher tem-
peratures and is evident at 308 K. Doping with different
elements generally results in the disappearance of the sec-
ond hydration peak in the temperature interval 293-298 K,
accompanied by a decrease in the total hydration heat [71,
72]. For sample S3 (Fig. 7), at all measured temperatures,

@ Springer



1126

E. Bartonickova et al.

30 800 —
‘ 1000 a) - . b)
25 - \ 2 s
\ 5 00| 6004 /
T S R A
sl WARR AN
= I\ 0 i - _
§ 15 \ N \ 0.00 TI(r)r.zs( . 0.50 ! © 400- //////
k] \ 2 /
© \ \ /
©104 | T f
T \ C,A- 288 K |
— - 200+ — -
NP C,A-288 K
5] N G298 K C,A-298 K
T~ o C,A-308K
P S S 5 20 @ ° | ' ' ' (
0 10 20 30 40 50 60
Time/h Time/h
Fig.5 Isothermal analysis of undoped C;A: a heat flow, b release heat
30 800
_\‘ 1200 a) b)
25 4 \‘ S
S 800
| z 600-
— H
' 20 2 400
; { 5 - o
S 151 = 400+ — ]
S . 05 3 / ———
= Time (h) T ] ye _—
® 10+ 288 K [/ = 288 K
T / -
—CA
o 200-/ —CA
5 —— G,A-0.2Cu0.2Li0.58 [ / C.A-0.2Cu0.2Li0.58
. —— C,A-0.2CulLi2S f 0 oeu1l oS
Z ! ] C,A-0.2CuiLi2S
CA-1CulLi2s — CA-1CulLi2s
0 T T - lfilgi ——T — T 0 T T T T T T T T T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time/h Time/h

Fig.6 Isothermal calorimetry of doped C;A at 288 K: a heat flow, b release heat

hydration proceeds in a single-peaked manner with a con-
comitant decrease in the hydration heat developed. This is
due to Cu** doping, which limits the formation of C;AHg in
the hydrates and promotes the formation of monocarbonate
[73]. Further increase in the amounts of dopants in sample
S4 (Fig. 8) had minimal effect on the hydration process.
However, if the ions are not doped but added to the pure C;A
solution, the heat flux during hydration usually increases
[36]. Samples S3 and S4 contain soluble sulfates due to dop-
ing, so they do not have the standard retarding effect on the
hydration progress, probably due to the fact that this small
sulfate content is additionally overgrown in C;A and cannot
saturate as when sulfates are added as a chemical [68, 74].

@ Springer

Phase composition of formed hydrates (Table 4) corre-
lates with the calorimetric curves given above. For undoped
C;A, the formation of C;AH, increased with increasing
temperature, while C,AH 5 decreased. Figure 9 shows the
change from platelet-like hexagonal particles of metastable
hydrates to spherical cubic one. This phenomenon has been
published by many authors [31, 32, 33, 48, 69]. The hydra-
tion process was affected when dopants were incorporated
into the structure. At lower Li, Cu and S contents, where no
secondary phases were present according to the phase com-
position analysis, the system behaved quite differently than
undoped one. At lower temperatures, in the presence of even
small amounts of S, the formation of C;/AH,; and C;AH 4
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Fig.8 Isothermal calorimetry of doped C;A at 308 K: a heat flow, b release heat

hydrates dominated, while at 308 K the cubic C;AHy was
the dominant phase. These results also correlate nicely with
the SEM images below (Fig. 10). As the S content increases,
the trend is again changed (see Figs. 11 and 12). At lower
temperatures C;,AH,; hydrates were dominant, but C;ZAH 4
did not form. In addition to the hydrates formed from the
doped C;A phase, there were also hydrates associated with
the reaction of secondary phases nonstoichiometric mono-
sulfate (C-A—(CO5;S0,;0H;H,0)), monocarbonate (Mc)
and also portlandite (CH).

Kinetics of hydration

Figure 13a shows the heat evolution during hydration of
undoped tricalcium aluminate (S1, refer to Table 1) measured
by isothermal calorimetry. In order to evaluate the hydration
kinetics, the time dependence of the degree of conversion
(a = f (1)) was calculated (b) from these data as follows:

&l (0-1]
o= H.—H, ) (10)
where H, and H  is the heat of the hydration measured in the

general time ¢ at — oo, respectively. The value of H_ was
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Table 4 Phase composition of

hydration products treated at Sample T/K CzAcub C;AH¢ C,AH;; C,AH,, C;A.CC C-A-. . CH
different temperatures (11\1/11;[)20 (C0O5;50,;0H;H,0)
S1 288  ++++  + ++ ++ - - -
298 ++ +++4+  + - - - _
308 ++ +++4+  + - - - _
S2 288 ++++ - ++ ++ - - -
298 ++++ - +++ 4+ - - -
308 ++ +4+++  + - - - _
S3 288 ++++ - ++ - ++ ++ -
298 4+ +++  ++ ++ - ++ ++ +
308 +++ +++ + - ++ + ++
S4 288 +4+++ - ++ - ++ ++ -
208 ++++  + ++ - ++ ++ -
308 +++ +++ ++ - ++ ++ +

+++ +=>40%,+ + + =10-40%,+ + =5-10%,+ =0-5%,— =0%

determined by fitting the experimental data (Fig. 13a). The
R? value of the fit is higher than 0.99 in all cases.

Hydration of C;A has a very specific nature. Depending on
the temperature, hexagonal or cubic hydration products are
formed. Alternatively, the primarily formed hexagonal hydra-
tion products are converted to cubic hydrate (see Egs. 5-8).
As aresult, the calculated activation energy values are strongly
dependent on the degree of conversion. This means that very
similar values can only be obtained in a certain, relatively
narrow area of o (Fig. 13c¢). For these reasons, this interval
has been designated as the “kinetic window”. The activation
energy can be determined, i.e., the kinetic graph (Fig. 14) will
provide a straight line (R*> — 1), only in this region.

For the above-mentioned facts, the usually applied kinetic
method, which is based on the search for most probable mech-
anism, i.e., kinetic equations:

g(a) = k(T)t, (1)

does not lead to the desired result. And this despite the fact
that for a given temperature such an equation can be found,
as will be discussed below.

Within the range of the kinetic window (Fig. 13c), these
difficulties can be circumvented to a large extent by deter-
mination of the apparent activation energy (E,") by using
a kinetic model (mechanism)-free method. One of these
approaches is the kinetic graph shown in Fig. 14 where the
natural logarithm of the time required to reach a certain
degree of conversion (Inz,) is plotted at the reciprocal tem-
perature (7). The average apparent activation energy (Ex.)
of the process can then be calculated from the slope of the
straight line to 67.7 kJ mol~".

This obtained value of the apparent activation energy is
very helpful in deciding on the most probable mechanism
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of hydration of tricalcium aluminate. When searching
for a suitable kinetic equation, it is otherwise difficult to
decide between the two most likely reaction mechanisms
(Fig. 15b), which are:

1. KJMA in the form:
a=1-exp(=k(D)r"?), (12)

which points to the process driven by the diffusion when
homogeneous nucleation of the new phase with constant
rate takes place. Nuclei grow in all directions at the same
rate. For and in the range of the kinetic window, the
value of the rate constant can then be calculated accord-
ing to the equation:

_ln(l —a)

KT) = ———. (13)

2. First-order kinetic equation (FOR):

1
k(T)t = -1,
(T) ) (14)
where in the range of the kinetic window:
L 1
KT) = HT s)

By plotting of Ink versus 1/7T in, e.g. for a =0.7
(Fig. 15b), the Arrhenius plot shows the activation energy
of 167.7kJ mol~! for the KIMA equation and 67kJ mol~" for
the first-order equation can be obtained. Comparing these
values with the results of the method (Fig. 14), which does
not depend on the choice of reaction mechanism, it can be
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Table 5 Estimation of the

e S3 Degree of conversion
average activation energy of
hydration of sample S3 0.3 0.4 0.5 0.55 0.6 065 068 0.7 0.8 0.9
R? 0.863 0.873 0.872 0.846 0.815 0.800 0.823 0.775 0.776 0.792
EX® (k mol") 21.9 232 26.5 29 31.7 34.5 36.2 36.9 41.2 439
E¥ (k mol™! ) 29.0+4 Not included
(@ 1o
8004 (a R
o - R® = 0.994 0.9
= H, =907 +14 J.g
/ 0.8 o081 —
/ Inetic winaow
6004 0.7 070
T R°>099 4 44
o 0.6 go0%
= 400+ E/j?g.ia £0.07 J.g”" s 0.54 . °
m °
% 0.4 :
200- S1 0.31
0.21
0 308 K H=H_+A, exp(-tiw,) 0.1 °
1 - T Fit: +A, exp(-tiw,) + A, exp(-tiw,) 0.0 00 02 04 o 06 08 10
O 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Time/h Time/h

Fig. 13 Hydration of undoped C;A (S1): Heat of the hydration meas-
ured by isothermal calorimetry (a) and the time dependence of the
degree of the conversion (b). The dependence of R> on the degree

decided that the mechanism based on the kinetics of the
first-order reaction is more probable (E,(FOR) = E:;). And
this regardless of the fact that R? is slightly higher in the
case of the second mechanism.

The presence of the dopants has a significant effect on
the hydration kinetics of tricalcium aluminate. Pure C;A

13
] fg
121 > %2 *
A’n;
11 o e
‘55 104 ® =050 ENR e e
- L J Kinetic window  average vaiue A
A
* E, = 67.7 kJ-mol™! e
949 @ «=090
————— Linear Fit - Inside the kinetic window
Linear Fit - Outside the kinetic window
R?=0.0003
8
- | ]
7 T T T T T
3.20 3.25 3.30 3.35 3.40 3.45 3.50
105 T-1/K-

Fig. 14 Kinetic plot for undoped C;A (S1)—reaction mechanism-free
method showing dependence of Inz,(T') on reciprocal temperature
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of conversion (c), which defines the range of the “kinetic window”,
where the kinetics of the hydration process can be evaluated

produces much more heat than is released during hydration
of doped samples—compare Fig. 13(S1) and Fig. 16(S2).
Furthermore, the kinetic window is significantly reduced
by dopants (S2, Fig. 16¢) or even absent (S3 and S4). For
example, for sample S3, the highest value of R? =0.873,
which was found for @ = 0.4 (Table 5). It can therefore be
stated that the kinetic window narrows with increasing
dopant concentration and moves towards lower conver-
sions degree. A serious consequence of this fact is that it is
very difficult to determine the activation energy of hydra-
tion for samples with a higher contents or more complex
combinations of dopants.

The presence of additives will also affect the stability
of hexagonal hydrates. As results, the kinetic graphs then
gain the usual slope sign (Fig. 17). The probable reason for
such behavior is the different influence and its temperature
dependence of the individual components of the mixture on
the stability of the hydrates. Within the range of the kinetic
window (Fig. 16¢), the average apparent activation energy
determined for S2 hydration is 19.2kJ mol ™" (Fig. 18).

With regard to the above facts, the problem of determin-
ing the activation energy for the hydration of the S3 (C;A
0.2CulLi2S) and S4 (C;A 1CulLi2S) lies mainly in the fact
that the kinetic window is completely missing. However, if
the course of hydration of sample S3 (C;A 0.2CulLi2S) is
treated analogously to sample S2 (C;A 0.2Cu0.2Li0.5S) and
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the mechanism-independent model, FOR can be determined as the

only kinetic data for R* > 0.8 are used (Table 5), then the
average value of the activation energy can be estimated at
29 + 4 kJ mol~". However, for sample S4 (C;A 1CulLi2S),
where the content of additives is the largest, even this
method fails, and no relevant conclusions can be drawn
about the activation energy of their hydration.

In other words, the overall result of the combination of a
greater number of ingredients at different temperatures is
different. However, based on the results for S3 (C;A
0.2CulLi2S), it can be concluded that the additives used
have the opposite effect on the course of hydration. Among
other things, this will be manifested by the fact that the acti-
vation energy of C;A (S1) hydration will increase by one-
third compared to sample S2 (C;A 0.2Cu0.2Li0.5S). By
comparing the apparent activation energy for the hydration
of pure C;A (S1) and the doped S2 (C;A 0.2Cu0.2Li0.5S)
and S3 (C;A 0.2CulLi2S) (Fig. 18), it is obvious that the Eg;
decreases with doping. If the composition of the additive is
expressed in the form of a dimensionless modulus:

_Cu+Li

M
b S

(16)

For example, the value of My for the S3 (C;A
0.2CulLi2S) is 0.6. Obtained dependence can be reliably
described as linear. This also explains why the activation
energy of S3 is higher than that of sample S2. The extrapola-
tion of this dependence on the composition corresponding
to S4 (C;A 1CulLi2S) was used in this work to estimate
the activation energy (6kJ mol™"), which in the case of this
sample cannot be determined experimentally.

-8
9
g2 =0990
)
o
10 g,=67K™
10 ®
5 ®
o°
£ 24 2®
. (b)
26 4 o e KIMA
¢ A8l @ FOR
° Linear Fit (KIMA)
p Linear Fit (FOR)
_28 T T T T T
3.20 3.25 3.30 3.35 3.40 3.45 3.50
103-T-1/K™*

most propable reaction mechanism. The selected a value is located in
the area of kinetic window (Fig. 13c)

The decrease in the activation energy of C;A hydration
with the increasing concentration of cationic dopants, espe-
cially Li, is fully consistent with research that points to the
fact that lithium accelerates the hydration of tricalcium alu-
minate (see discussion of Eqgs. 7 and 8). Considering the
following facts:

a. Apparent activation energy decreases with increasing

value of modulus My, (Fig. 18).

Depending on the condition, the hydration of C;A leads

to different hydrates, i.e. cubic or hexagonal hydrates.

In other words, this means that at ambient temperature

the hexagonal hydrates (C,AHg, C,AH,5...) form faster,

but cubic hydrate (C;AHy) is thermodynamically more
stable. Formation of C;AH,; is also supported via free
lime, which is present in the prepared samples.

c. Hydration of clinker phases are generally long chemical
processes that take place on the order of days to weeks.
The slow progress of the process generally supports the
tasks of the thermodynamic point of view to control the
speed of the process.

It can be concluded that with increasing value of the
modulus My, > 1, the energy barrier is lowered enough that
hydration reaction is not controlled kinetically but becomes
more and more thermodynamically (non-kinetically) con-
trolled process. In other words, this means that the higher
thermodynamic stability of the cubic hydrate becomes more
and more apparent during the course of C;A hydration.
It can be also seen from Fig. 17 that apparent activation
energy for hydration of S3 (C;A 0.2CulLi2S) and S2 (C;A
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Fig. 16 Hydration of S2 (C;A 0.2Cu0.2Li0.5S): Heat of the hydration measured by isothermal calorimetry (a) and degree of the conversion (b).
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Fig. 17 Kinetic plot for S2—reaction mechanism-free method show-
ing dependence of Int,(T') on reciprocal temperature

0.2Cu0.2Li0.5S) is comparable to average difference of AG®
for reaction Eq. 4 (formation of C;AH,) and Eq. 3 (forma-
tion of C,AH,;) that is 26 kJ mol™' (298-313 K). In general,
this difference is higher at lower temperatures. This can be
generalized as follows:

1. Doping of C;A leads to presence of free lime and causes
decrease in activation energy of hydration. As results,
the reaction becomes thermodynamically controlled.
This causes that formation of hexagonal hydrates.
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Formation of C;AH,; is preferred over C;/AH .

~
o
1

J - mol
(41
o
L

N
o

W
o

@ of hydration/k

2 20

E

[e2]
o
1

S1
a 677 E =673-614 (Cu+Li)/S [kJ - mol]
N The role of thermodynamic stability
N R of hydrates over hydration reaction
S control is increasing ——————
E /MG, <1
N S1: C,A (undoped sample)
$2: C A0.2Cu0.2Li0.5S8
§5: C,A0.2Cu1Li2s
N $9: C,A1CulLi2s

AG°, (Eq.6 — Eq.5, 25-40°C) = 26.1

@ E_* determined values . 82

- 9 192
- - - -Linear fit: A2 = 0.998 ¢!

E,®/AGe, =1 S9
- ° Eap extrapolated value for S9 (£ »=aG°,)
------ Extrapolation of linear fit + 6.0
E ®/AG?, > 1t
T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Aditive composition M, = (Cu + Li)/S

Fig. 18 Effect of doping on tricalcium aluminate hydration kinetics

3. Increasing temperature support formation of cubic
hydrate (C;AHg) instead of C,AH 5.

Conclusions

¢ Investigation of the hydration kinetics revealed the differ-
ences in the influence of dopants on the hydration mecha-
nism of C;A:

System containing lower amount of S follows standard
behavior expected during the hydration of tricalcium
aluminate phase.



Hydration kinetics of C;A: effect of lithium, copper and sulfur-based mineralizers

1133

e Higher sulfur content changes the hydration behavior
significantly more resembling that of sulfoaluminate
cements.

e Lithium and Copper doping lower the activation energy of
C;A hydration.

e Sulfate doping increases the activation energy of C;A
hydration, so its effect is opposite to that of cationic
dopants.

e The increasing value of MD leads to the fact that role of
thermodynamic control over the C;A hydration increases
while role of kinetic reaction control is decreasing.
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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini This study is focused on the description of the dehydration of calcium aluminate hydrates (CAHs) and their
identification. Four calcium aluminates (CA, C12A7, C3A, CAy) prepared by high temperature solid-state synthesis
or modified Pechini synthesis served as precursors for CAHs. Hydration was carried out at the various temper-
atures in a range of 5-60 °C for 48 h. CAHs were identified by X-ray diffraction analysis (XRD) and their
dehydration was characterized by Thermogravimetry and effluent gas analysis (TG/EGA) and high temperature
XRD. Pure C3AHg and CAH;( were successfully prepared, other CAHs (CoAHg, C4AH 9, AH3, C4A C Hyp) were
present in the mixtures. The results indicate that dehydration of C3AHs takes place at a temperature of about
300 °C, followed by the formation of a new product with a structure similar to C;2A7. C2AHg dehydration can be
described in three steps. The dehydration is accompanied by the formation of crystalline intermediate products.
CAH;( dehydration can be assigned to a broad peak on the DTG curve with a maximum at approximately 100 °C.

The decomposition of C4A C Hj; takes place in two steps, with CO, evolving in the temperature range
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500-700 °C.

1. Introduction

Monocalcium aluminate (CA), monocalcium dialuminate (CAj),
dodecacalcium heptaaluminate (C12A7) and tricalcium aluminate (C3A)
are the most common stable compounds in the system CaO-Al,03. C3A is
an indispensable component of the Ordinary Portland Cement. CA and
CA, are the main components of Calcium Aluminate Cement (CAC), so
far what C;2A7 is the minor component of CAC [1].

Calcium aluminates can be prepared in various ways. The most
common is high temperature solid-state synthesis. This method is based
on high-temperature sintering of a stochiometric mixture of raw mate-
rials [2]. Another often used method is the modified Pechini technique,
which is based on the ability of some hydroxycarboxylic acids to form
chelates with metallic ions. The most common raw materials are nitrate
salts (source of metal ions) and citric acid (chelating agent). The
advantage of this method is the lower temperature of sintering. Calcium
aluminates prepared by this method contain finer particles [3,4]. The
alternative method is combustion synthesis or mechanochemical acti-
vation synthesis [5,6].

During the hydration of CAC or pure calcium aluminate phases,
different calcium aluminate hydrates (CAHs) originate. The course of

* Corresponding author.
E-mail address: koplik@fch.vut.cz (J. Koplik).
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hydration can be influenced by various conditions such as particle size,
pH, or admixtures [7]. The most significant is the influence of temper-
ature. At low temperatures, metastable hydrates prevail, whereas at
high temperatures stable hydrates originate. The only stable hydrate in
the system is C3AHe. This stable hydrate can be formed directly during
hydration at temperatures higher than 30 °C or as a result of the con-
version of metastable hydrates. Depending essentially on the tempera-
ture and humidity, the conversion can take minutes to years. The most
abundant metastable hydrates are CAH;( and C3AHg. CAH;( has pre-
vailed at hydration below 20 °C, whereas C,AHg dominates at hydration
at 20-30 °C [8,9]. The formation of other metastable hydrates C4AH;9
and C4AH;3 is less frequent [10]. Instead of pure hydrates, in the pres-
ence of CO,, various calcium aluminate carbonate hydrates can be
formed. The predominant one is C4A CHj; [11]. During the hydration of
calcium aluminates with CaO/Al,03 molar ratio below 2, AH3 originates
as a minor hydration product.

The CAHs can be described and characterized by various analytical
methods. The most used analytical technique is X-ray diffraction anal-
ysis (XRD) [12,13]. Fourier Transform Infrared spectroscopy (FTIR) is
another possible analytical technique for the characterization of CAHs
and mainly FTIR bands of C3A hydrates are well described [14]. Rarely
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have been used Raman spectroscopy [15] or Nuclear magnetic reso-
nance (¥’Al NMR) yet [16]. The microstructural differences between
cubic hydrates [17] and hexagonal hydrates [18] can be well distin-
guished by Scanning electron microscopy (SEM) or Transmitted light
microscopy (TML) [19]. In the literature, CAHs are mostly described
independently and an overall review of the characterization of all CAHs
together is missing.

Due to the crystalline nature of CAHs, the most suitable method for
their identification is XRD. The identification of C3AHg and CAH; is
fairly straight forward, since both phases show a high degree of crys-
tallinity and their main diffraction patterns do not overlap with those of
other CAHs [20]. However, there is only a small shift between the main
diffraction patterns of CoAHg and C4AH; 9, and these hydrates can hardly
be distinguished [21]. In previous works [22,23], C2AHg was identified
as the most common hydration product of calcium aluminates, while the
formation of C4AH;9 was rarely mentioned [24]. The similar problem is
with the precise identification of C4A CHy; and C4AH;3 by XRD. Both
have the main diffraction patterns near each other, which makes it
difficult to characterize them. Different kind of difficulties is related to
the characterization of AH3. AHs in crystalline form occurs after hy-
dration at high temperatures, whereas hydration at low temperatures
leads to the formation of an amorphous or semicrystalline alumina gel,
and in these states can not be identified by XRD analysis [11].

The dehydration of CAHs can be observed by thermal analysis
methods such as differential thermal analysis and thermogravimetry
(DTA/TG) or differential scanning calorimetry (DSC). Individual steps of
dehydration are represented by endotherms by both methods. Although
the dehydration of CAHs has already been widely investigated, signifi-
cant differences and contradictory information in the description of
characteristic endotherms can be found in the literature. The dehydra-
tion of C3AHg is generally described as a one step process with a mini-
mum at a temperature of 270-300 °C [25,26]. Some studies refer to
another step of decomposition of C3AHg with a minimum at 430-450 °C
[27,28]. CAH;o dehydration is described in a wide temperature interval
with a minimum of 100-200 °C [29,30]. Guirado et al. [31] and
Szczerba et al. [32] also identified the second dehydration step of CAH; ¢
with a minimum at 260 °C, respectively 165 °C. The wide temperature
range is probably caused by overlaps with another hexagonal CAHs and
incorrect attribution. The description of C;AHg dehydration is quite
unclear. Endotherms with minimum in the temperature range of
125-285 °C are assigned as the main step of the decomposition of C;AHg
[32,33]. Ukrainczyk et al. [34] characterized the dehydration of CoAHg
in the three main steps with a minimum at 110, 170 and 300 °C. The
decomposition of calcium aluminate carbonate hydrates is generally
reported by endotherm with a minimum at 150-200 °C, which can lead
to confusion with another CAHs [35,36]. AH3 dehydration can take
place in more steps. If the AHg is present in an amorphous or semi-
crystalline form, the decomposition occurs at a temperature of about
100 °C. Crystalline AH3 dehydrates in single step with endotherm with a
minimum at 260-270 °C or in two steps with a minimum of 270 °C and
290 °C [37,38].

The main goal of this work is to create a concise and comprehensive
interpretation of the TG/DTG curves and assign each dehydration step to
the particular CAH and contribute to clearing up the confusing and
contradictory results, which can often be found in the literature. To
allow for unambiguous identification of the dehydration steps, pure
CAHs were prepared, if it was possible, and the TG/DTA analysis was
supplemented by XRD high-temperature measurement. Another aim of
this work is to characterize all of the prepared hydrates by suitable
analytical methods such as XRD.
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2. Experimental procedure
2.1. Synthesis

2.1.1. Calcium aluminates

As precursors for calcium aluminate hydrates pure CA, CAg, C12A7
and CsA were synthesized in two ways: by high temperature solid-state
synthesis [2] and modified Pechini synthesis [3,4]. CaCO3 (ACS reagent)
and Al,O3 (ACS reagent) served as raw materials for high temperature
solid-state synthesis. Raw materials were mixed in a stochiometric ratio.
The homogenized mixture was heated to 900 °C with 1 h delay to allow
the decomposition of CaCOs. Then the heating continued up to the
sintering temperature (1360 °C-Cj2A7; 1450 °C-C3A, CA; 1600 °C —
CA,) with 5 h delay.

AI(NO3)3-9H20 (ACS reagent), Ca(NO3),-4H20 (ACS reagent) and
CeHgO7 (ACS reagent) were used for modified Pechini synthesis. The
nitrate salts were dissolved in demineralized water in a stochiometric
ratio. Citric acid was added as the complexation agent in the 1:1 M ratio
(citric acid:total cations) and the mixture was stirred until all com-
pounds dissolved. The superabundant water was evaporated, until a
yellow viscose gel was formed. The prepared gel was dried for 24 h at
200 °C. The originated xerogel was grinded and heated at 400 °C for 2 h
to remove organic compounds and to form the powder. The powder was
then calcined for 3 h at a suitable temperature to form the final calcium
aluminate (900 °C — CA, CAg; 1200 °C-C3A, Ci2A7). The purity of the
prepared phases was determined by XRD (Table 1, Figure 1).

In general, the calcium aluminates prepared by modified Pechini
synthesis (PS) contained particles with smaller diameters than those of
the calcium aluminates prepared by solid state synthesis (HT). This led
to increased reactivity of PS calcium aluminates, which caused the
occurrence of C3AHg (C2AHg) at lower hydration temperatures
compared to HT calcium aluminates. Similar results reported Liu et al. in
their study [39]. Moreover, PS calcium aluminates encourage the for-
mation of calcium aluminate carbonate hydrates.

2.1.2. Calcium aluminate hydrates

CAHs were prepared by hydration of prepared calcium aluminates in
demineralized water with a water/solid ratio of 2.0. Hydration took
place at the various temperatures in a range of 5-60 °C and each one
took 48 h. The hydration was then arrested by rinsing with isopropyl
alcohol and diethyl ether and dried at 40 °C for 30 min.

A total of 72 samples were prepared, which differed in the temper-
ature of hydration or in the used precursor. For the following charac-
terization only samples containing pure hydrate (2 samples) or a unique
mixture of hydrates (8 samples) were selected based on the XRD anal-
ysis. The rest of the samples contained the same pure hydrates or the
same combinations of hydrates and were not characterized. The selected
samples with their abbreviations are listed in Table 2. Each abbreviation
consists of three parts — CA HT 5. The first part indicates the precursor of
hydrate (CA, CAy, C3A, C12A7); the second one indicates how the pre-
cursor was prepared (HT - high temperature solid-state synthesis, PS —
modified Pechini synthesis); the last part indicates the hydration
temperature.

Table 1
The purity of prepared calcium aluminates.

Sample Purity (wt.%) Minor phases
C3A HT 98 Ci247

CAHT 99 CA,

Ci2A7 HT 97 CA

CA, HT 97 C3A

C3A PS 100 -

CAPS 97 CA,

Ci12A7 PS 96 CA

CA, PS 100 -
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Fig. 1. XRD patterns of pure calcium aluminates.
2.2. Methods
Table 2
Selected samples. XRD analysis was carried out using Empyrean diffractometr (Mal-
Sample Major Minor Sample Major Minor vern Panalytical Ltd., UK) with CuKa radiation in Bragg-Brentano
hydrate hydrate hydrate hydrate configuration. A voltage of 40 kV and a current of 30 mA were used.
CA2 PS AHz, CoA C3AHs CAPS10  CAHy, AH3  C,A CHyy Measurements were taken at the range 5-90° 20 with step 0,013° 26.
60 CHp Data was evaluated using the HighScore Plus program. For high-
C3f OHT Si:ﬁ: CaAtlis CA PS 30 g?f Hs, CeA AHg temperature measurements, the HTK-16 N chamber (Anton Paar,
CsA HT CoAH, _ CAHT5 C A;Ilm _ Austria) was used. The measurements were made on a platinum strip
30 with a heating rate of 10 °C/min.
Ci2A7 HT  C3AHg AHj C12A7 HT  CAHyo, - CAHs dehydration was analyzed using the combined thermal anal-
50 10 CaAHg ysis technique — TG/DTA using SDT Q650 (TA Instruments, USA) and
01237 HT ggig‘” AHs g(l)zA7 HT  CAHs SHASI’{ effluent gas analysis (EGA) using Nicolet IS 10 (Thermo Fisher Scientific,
2: 8 4 13
USA). Measurements were carried out up to 800 °C using a heating rate
of 10 °C.min"! under a dried air atmosphere. The gas chamber and the
transfer capillary were heated to 200 °C and the FTIR spectra of evolved
gases were collected in the spectral range 450-4000 cm™!, spectral
resolution 4 cm ™! and spectra measurement interval 50 s.
.
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Fig. 2. XRD patterns of mixtures with cubic hydrates.
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3. Results and discussion
3.1. XRD

The results of XRD analysis are summarized in Figs. 2 and 3. The
analysis proved, that C3AHg (C3A HT 30) and CAH;y (CA HT 5) were
prepared themselves without the presence of any other polluting CAHs.
Pure CAH; was successfully prepared by hydration of CA at tempera-
tures below 20 °C. In general, pure C3AHg can be prepared from C3A by
hydration at higher temperatures. Other calcium aluminates by hydra-
tion at high temperatures form the mixture of C3AHg and AHgs (ex. C12A7
HT 50), which is caused by a higher A/C stoichiometric ratio [40,41].
The main diffractions of AH3 are broad and less distinct. This is caused
by the structure of AH3 with small size of crystallite and incomplete
periodicity. After hydration at low temperatures, AHj is often present in
the amorphous state as an alumina gel [22]. The remaining CAHs were
not successfully prepared in a pure state and occur in a mixtures. The
difficulty was in identifying of C4AH;3 because the main diffraction
pattern at about 11 °2@ overlaps with the diffraction of C4A CHy;. These
two hexagonal products had to be distinguished by the comparison of
the following diffraction patterns.

The results of high-temperature XRD are displayed in Fig. 4. Dehy-
dration of C3AHg (Fig. 4a) occurs in the temperature interval
265-290 °C in one step. This corresponds to the perceptible weight
change with the maximum at about 300 °C observable on the DTG
curves of samples containing C3AHg (Fig. 5). The dehydration is fol-
lowed by the formation of a new crystalline phase. This phase can be
described as a structural analogue of Cy2A7, because of the nearly the
same diffraction patterns. C12A7 was reported as the product of C3AHg
decomposition by Wang et al. [25]. Other works mentioned C12A7 as the
remaining crystalline phase, into which other calcium aluminates and
CAHs convert, when exposed to high temperatures [32,34].

CAH; dehydration (Fig. 4b) took place in single step in the tem-
perature range of 80-140 °C. Such a broad interval corresponds to the
broad peak on the DTG curves with a maximum at 100-110 °C (Fig. 6).
Compared to other CAHs, CAH;( dehydration was slow and occurred in
the broadest temperature interval.

The dehydration of C4A CH;; and AHjs is described in Fig. 4c. C4A
CHji; dehydrated in the temperature interval 100-130 °C and none new
crystalline product was formed. This result can be assigned to the peak
on the DTG curve with maximum at 130-145 °C, which appeared in all

Ceramics International 51 (2025) 5536-5543

samples containing C4A CHj1. AH3 dehydration took place in one step in
the temperature range of 210-250 °C. It can be linked with the peaks on
the DTG curve with a maximum at 215-220 °C and 260-270 °C. This
peak was prevailing in the samples with a major content of AHs (e.g.,
CA; PS 60).

The dehydration of C2AHg (Fig. 4d) differed significantly from pre-
viously described hydrates. Dehydration took place in three steps, fol-
lowed by the formation of crystalline intermediate products. The first
dehydration step occurred in the temperature interval 60-70 °C, second
in the interval 100-120 °C and the last one in the interval 260-300 °C.
The identification of intermediate crystalline products, which were
formed after the first and second dehydration steps, was not successful.
Ukrainczyk et al. [34] attributed the formed intermediate dehydration
products to C;AHs5 and CpAH4. CoAHs was reported as metastable hy-
dration product of C2AHg by Heueller et al. too [42]. After the last
dehydration step, no stable crystalline product was formed. The com-
parison of high-temperature XRD of C;AHg with the TG measurements
was not unambiguous. The CoAHg in the samples was present in the
mixture with other CAHs, which caused overlaps on the DTG curves.
However, in mixtures containing CoAHg the peaks on the DTG curves
with maximum at 70-80 °C, 125-145 °C and 260-290 °C appeared,
which corresponded to the XRD measurement.

3.2. TG/DTG/EGA

For description of CAHs dehydration, TG analysis was used. The
measurement of CAHs represented by DTG curves is summarized in
Figs. 5 and 6. The DTG curves of all samples with C3AHg contained two
peaks with maximum at 290-300 °C and 430-440 °C. The first one was
described in the previous section. The second one had much lower in-
tensity and in the case of low C3AHg content in the sample, it could be
indistinct. Since XRD measurement did not identify any new phase at
this temperature interval, the second peak can be attributed to the
dehydration of the C3AHg residues [32]. Phrompet et al. Reported, that
C3AHg residues can be identified as C3AH; 5 [43]. The presence of C3AHg
in the mixture with other CAHs can lead to overlaps of the peak on the
DTG curves, namely the overlap with the last step of dehydration of
C2AHg and dehydration of AHs.

The sample C3A HT 10 represented the mixture of C3AHg, CoAHg and
C4AHj; 3. Four areas of weight changes are noticeable on the DTG curve.
The first one with maximum at 58 °C resulted from the dehydration of

*
*
S ¢ C,,A, HT 30
3
> o A . 1277
@ °
s A
z > " P * C,A, HT 10
[} o A
E PN A NS A
O CAHTS
0 * * *
_JL A_A A . .
. R . o R . CAPS 30
et D
o 0 . . N j\_ CAPS 10
| AN g NS
5 10 15 20/° 20 25 30
¢ C,AH;  OCAH,, ®AH; °CAH,; AC,A, *CA +CaCO; ~C,ACH,,

Fig. 3. XRD patterns of mixtures with hexagonal hydrates.
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Fig. 4. (a) Dehydration of C3AHg; (b) dehydration of CAH;; (c) dehydration of AH3 and C4A CHy;; (d) dehydration of C,AHg.
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Fig. 5. DTG curves of mixtures with cubic hydrates.

C2AHg. The position of the peak at such a low temperature can also be
influenced by residual humidity in the measured sample. The peak with
maximum at 132 °C can be assigned to the second dehydration step of
C2AHg or to the dehydration of C4AH;3 [27]. The peak with the
maximum at 291 °C can be attributed to the last step of CoAHg dehy-
dration and C3AHg decomposition. The last peak with maximum at
427 °C represented the decomposition of C3AHg as previously
mentioned. The mixture of C3AHg, AH3 and CoAHg (C12A7 HT 40)
showed five peaks on the DTG curve. The peaks with maximums at

5540

301 °C and 435 °C represent the decomposition of C3AHg, the peaks with
maximum at 81 °C, 135 °C and 301 °C represent the dehydration of
C2AHg. The peak with maximum at 259 °C can be attributed to AH3
dehydration [38]. The mixture of C3AHg and AH3 was represented by
C12A7 HT 50. Unlike the previous mixtures, the peak with maximum at
220 °C on the DTG curve appeared representing AH3 dehydration. This
corresponded to high-temperature XRD measurements, which identified
AHj3 dehydration in the temperature interval 210-250 °C. On the DTG
curve of the mixture of C3AHg, AH3 and C4A CH;; (CAz PS 60), six areas
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Fig. 6. DTG curves of mixtures with hexagonal hydrates.

of major weight changes can be observed. The first one with maximum
at 50 °C can possibly be related to the loss of residual free water from
incomplete drying of the sample prior the measurement. The peak with
maximum at 137 °C can be assigned to the dehydration of C4A CHj,
which correlated to the XRD measurements. The area at 500-700 °C can
be linked to the weight change resulting from the decomposition of C4A
CHj; and the evolving of CO,. This was proved by EGA analysis, which
results are showed at Fig. 7. The remaining peaks on the DTG curve can
be attributed to the dehydration of C3AHg and AHg, as was described
previously.

The major weight change of the sample CA HT 5 and the corre-
sponding peak on the DTG curve with the maximum at 110 °C (Fig. 6)
resulting from CAH;o dehydration. In the presence of other CAHs, the
maximum can shift to lower temperatures up to 100 °C (CA PS 10, C12A7
HT 10). The CAH;( dehydration took place in a broader temperature
interval, which can cause overlaps and shifting of the dehydration peaks
of other hexagonal CAHs. It concerns the first two steps of decomposi-
tion of CoAHg and dehydration of C4A CHy;. The mixture of CAH;¢ and
CoAHg was represented by the sample C12A7 HT 10. The broad peak with
two maximums at 83 and 100 °C can be assigned to the first step of
CoAHg dehydration and CAH;( dehydration respectively. The remaining
peaks with maximums at 154, 261 and 289 °C can be attributed to the
dehydration of C;AHg. The sample CA PS 10 represented the mixture of
CAHjg, AH3 and C4A CHy;. The peak located at 100 °C resulting from the
dehydration of CAHjo. The peak with maximum at 259 °C represented
the AH3 dehydration. The peak with maximum at 170 °C can be assigned
to dehydration of C4A CH;; as was mentioned in previous works [35,
36]. The mixture of C;AHg, AH3 and C4AH;3 was represented by the
sample C12A7 HT 30. The dehydration of C4AH;3 could be hidden in the

Temperature (*C)

2500

peak on the DTG curve with maximum at 145 °C, which belongs to the
second dehydration step of C;AHg. The broad peak with three maxi-
mums at 261, 288 and 315 °C represented the dehydration of Co;AHg and
AHs. As a result of the similar dehydration temperatures, these two
hydrates cannot be distinguished clearly. Quite similar course of the
DTG curve had the mixture CoAHg, AH3 and C4A CHy; (CA PS 30). The
difference is in the broad peak with two maximums at 137 and 147 °C,
which can be attributed to the dehydration of C;AHg and C4A CH;1 and
in the presence peak with maximum at 675 °C resulting from the
evolving of CO; from C4A CHy;.

In general, the dehydration of C3AHg is represented by two peaks on
the DTG curve with maximum at about 300 °C and 440 °C. The first one
corresponds to the major decomposition of C3AHg resulting in the for-
mation of a new crystalline product with the similar structure as Cy2A;.
The second one can be assigned to the dehydration of the C3AHg resi-
dues. The dehydration of CAH; is characterized by a broad peak on the
DTG curve with a maximum at about 100 °C. The dehydration of C;AHg
takes place in three steps resulting in the formation of crystalline in-
termediate products. This can be attributed to the peaks on the DTG
curve with the maximums at about 80, 130 and 260-290 °C. The
decomposition of C4A CHj is represented by two areas of weight change
on the DTG curve. The first peak with the maximum at about 140 °C is
related to the dehydration process, the second area can be linked to the
CO4, evolving, which corresponds with EGA analysis (Fig. 7). The peaks
on the DTG curve with maximums at about 220, 260 and 300 °C can be
attributed to the dehydration of AHs. The presence of CAHs in the
mixture causes shifting of the peaks on the DTG curve and their over-
lapping. Furthermore, in the temperature range of 70-170 °C the area of
the dehydration of the alumina gel can be found, which can make it

2000

Wavenumber (cm~*)

Fig. 7. EGA analysis of CA2 PS 60.
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difficult to assign peaks on the DTG curve to each CAH [44,45].
4. Conclusions

Due to the hydration of various calcium aluminates at different
temperatures in the range of 5-60 °C pure C3AHg and CAH;o were
prepared. Other CAHs occurred as mixtures. The CAHs were identified
by XRD and their dehydration was characterized by TG analysis and
high-temperature XRD and the following findings can be concluded:

e Because of crystalline structure of CAHs, XRD analysis proved to be a
suitable method for their identification. The distinguishing between
C4AH;3 and C4A CH1; proved to be challenging, due to the overlaps
of their major diffraction patterns. The identification of AH3 can be
unclear due to its possible amorphous or semicrystalline character.
The dehydration of C3AHg is represented by two peaks on the DTG
curve. The first one with a maximum at about 300 °C is connected
with the formation of a crystalline product structurally similar to
C12A7. The second one with a maximum at about 440 °C can be
attributed to the decomposition of the C3AHg residues.

The dehydration of CyAHg takes place in three steps, which are
represented by peaks on the DTG curve with maximums at about 80,
130 and 260-290 °C. The dehydration is accompanied by the for-
mation of crystalline intermediate products.

The dehydration of CAH is represented by a broad peak on the DTG
curve with a maximum at approximately 100 °C.

The peak with maximum at about 140 °C can be assigned to the

dehydration of C4A CHj1. The evolving of CO, from this structure is
related to the weight change on the DTG curve at 500-700 °C, which
corresponds to the EGA measurement.

Using both TG/DTA and high-temperature XRD analysis enabled
better characterization of the CAHs dehydration process. The results can
help to describe the thermal effects linked with dehydration on the DTA/
DTG curves of more complex systems such as CAC.
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Abstract

The synthesis of strontium aluminate cement, the course of hydration and the thermal stability of hydrates are described in this work.
The activation energy of the process of SrAl,O4 formation was calculated using the model-free Kissinger kinetic equation. The synthesis of the
main clinker phase required the activation energy of 218 kJ mol~'. The value of kinetic exponent was corresponded to the process controlled by
increasing nucleation rate of a new phase. For the hydration of strontium aluminate cement an immediate and intensive evolution of heat without
any measurable induction period is typical. The cubic tri-strontium aluminate hexahydrate (Sr3;AH¢) and alumina gel (AH;) phases were formed
as the first and also the main hydration products. The formations of strontium aluminate heptahydrate (SrAH,) and gibbsite (y-AH;) were

recognized after 7th day of hydration process.
© 2014 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: SrAl,Oy4; Strontium-aluminate cement; Hydration; Kinetics; Thermal analysis

1. Introduction

Strontium aluminates have a potential utilization as alumi-
nous hydraulic binders for the production of basic refractory
materials. As SrO formally replaces CaO in calcium aluminate
cement, the strontium aluminate binder belongs to the family
of aluminous cements based on the system of CaO-SrO-BaO-
Al,O3-ZrO,—HfO [1-4]. Furthermore, strontium aluminate
(SrAl,O4 or SrO- Al,O3) attracts the attention of materials
scientists as photoluminiscent or thermoluminescent pigments,
anodes for oxide fuel cells and highly conductive electrolytes.
Doped with rare-earth metal ions (SrAl,O4:M, where M=Eu*",
Gd*, Yp' ™, Dy3+, Sm’ ", b’ ™, etc.) it exhibits high quantum

“Notation: The following notations and abbreviations are used in this work:
Ca0=C, SrtO=Sr, CO,=C, Al,05=A, H=H,0, w/c=water to cement ratio.
*Corresponding author.
E-mail address: ptacek@fch.vutbr.cz (P. Ptacek).

http://dx.doi.org/10.1016/j.ceramint.2014.02.095
0272-8842 © 2014 Elsevier Ltd and Techna Group S.r.1. All rights reserved.

efficiency and phosphorescence [1,5-9]. SrAl,O, was pre-
viously successfully synthesized by the solid-state reaction
[10], the combustion method [7], the self-propagating high
temperature synthesis [11], the hydrothermal synthesis [12], the
co-precipitation method [13], the sol-gel process [8,9] and the
mechano-chemical synthesis [14].

The tetra-strontium aluminate (Sr;Al,O;, SryA), cubic tri-
strontium aluminate (Sr3Al,Og, Sr3A), monoclinic strontium
aluminate (SrAl,O4, SrA), strontium di-aluminate (SrAl,O-,
SrA,) and strontium hexa-aluminate phases (SrAl;;O;9, SrAg)
occur in the phase diagram (Fig. 1) of the system of SrO-Al,Os;.
The high temperature modification of a-SryA is stable in the
temperature range from 1320 to 1690 °C. The transformation into
low temperature -Sr4A phase takes place below 1320 °C. Under
the temperature of 1125 °C a-phase of SryA is decomposed to
Sr3A and SrO. The phase diagram shows that the low tempera-
ture phase of SryA forms a solid solution with SrsA [15,16].
These methods enable to prepare other strontium-aluminate


www.sciencedirect.com/science/journal/02728842
http://dx.doi.org/10.1016/j.ceramint.2014.02.095
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2014.02.095&domain=pdf
www.elsevier.com/locate/ceramint
http://dx.doi.org/10.1016/j.ceramint.2014.02.095
http://dx.doi.org/10.1016/j.ceramint.2014.02.095
http://dx.doi.org/10.1016/j.ceramint.2014.02.095
mailto:ptacek@fch.vutbr.cz

9972 P. Ptdacek et al. / Ceramics International 40 (2014) 9971-9979

a
2400 P
N
N
R
\
—~ N
O 2000 .
‘m’ % 1790° —~
L 1690°  \  1g60° = 1780°
2 4600 L 16307 1760
© 1575
@ 1505°
<% 1320° 2 o
= NN o Q.
D 1200  1125° < pa <
~ o < (\!
& Q Q
B-4Sr0.ALO,ss| B & &
800 ‘ . .

0 40 60 80

20
sro N__4Sr0.Alp03

Fig. 1. Equilibrium phase diagram (a) of StO-Al,O3 system [15] and structure (b) of SrAl,O,4 [18].

phases with the stoichiometry corresponding to Sr;Al3;Os; [14]
or SI'2A1205 [9]

The structure of strontium aluminate (Fig. 1(b)) is composed
of six corner-shared [AlO4]5_ tetrahedrons connected into so
called “zigzag strings” or “stuffed tridymite structure”. lons of
Sr? " are accommodated in the cavities of the structure [17,18].
During heating this compound undergoes a phase transforma-
tion from monoclinic to hexagonal modification at the tem-
perature of 650 °C [10,19,20]. The structure of SrAl,Oy is
similar but not isostructural to CaAl,O4 [21,22].

The paper deals with the synthesis and the hydration of
strontium-aluminate cement prepared by the thermal treatment
of the mixture of SrCO; and Al,O; powder. The behavior
during the thermal treatment, the mechanism and the kinetics of
formation of strontium aluminate is described. The course of
hydration of prepared strontium aluminate cement was investi-
gated by the calorimetric experiments and followed by thermal
analysis, infrared spectroscopy, x-ray diffraction analysis and
scanning electron microscopy of the cement stone. The thermal
stability and the kinetics of dehydration of formed hydrates were
assessed by the Kissinger method.

2. Experimental
2.1. Synthesis of strontium aluminate cement

Strontium aluminate cement was prepared using the equi-
molar mixture of SrCO5; and Al,O3; powders (both in the
analytical purity grade). The composition was corresponded
to the weight ratio of 1:0.69. After 10 min of milling in
laboratory ball-mill, the raw mixture was introduced into the
alumina cup and calcined at the temperature of 1600 °C for the
time of 2 h. Sintered pellets were then ground, milled in the
laboratory stain-less steel vibration mill and fired again using
the same conditions as previously. SrAl,O, clinker was
prepared by fine ball-milling of pre-milled cement product.
The particle size analyzer Helos (Sympatec) was used to
investigate the particle size distribution in prepared strontium
aluminate cement.

The process which took place during the synthesis was
investigated by simultaneous TG-DTA and EGA analyses
(Q600, TA Instruments connected to infrared spectrometer

iS10, Thermo Scientific). Sample (50 mg) was introduced into
Pt cup and heated under the heating rate of 10 °C to the
temperature of 1450 °C under the flow of CO,-free dry air
(100 ml min~"). The phase composition and in situ crystal-
lization under various temperatures were studied by means of
x-ray diffraction analysis (HT-XRD, X pert Empyrean, PANa-
nalytical) coupled with high temperature chamber HTK 16
(Anton Paar). The horizontal type of heating microscope EM
201 (Leitz) was used to determine the temperature of the points
of sintering (SP). The cylinder shaped specimen of the
diameter and the height of 3 mm was pressed out and insert
to the sample holder. The sample was heated under the heating
rate of 5°Cmin~ "' up to the temperature of 1600 °C. The
behavior of the specimen during the thermal treatment was
investigated by relative change of the specimen area. The
infrared spectra were collected using the spectrometer iS10
(Thermo Scientific) and applying the KBr technique with the
mass ratio of sample to KBr of 1:100.

2.2. Hydration of strontium aluminate cement

The cement slurry was prepared from the mixture of
strontium aluminate cement with water using the water to
cement ratio (w/c) of 0.5 at the temperature of 25 °C. The
course of hydration of strontium aluminate cement was
investigated via isothermal microcalorimeter TAM Air (TA
Instruments). The hydration products and the thermal stability
of hydrates were investigated by thermal analysis, infrared
spectroscopy, x-ray diffraction analysis (mentioned above) and
scanning electron microscopy (SEM) performed with Field
emission microscope JSM-7600F (Jeol).

2.3. Kinetics and mechanism

The apparent activation energy (E,) and the frequency factor
(A) related to the formation of strontium aluminate during the
treatment of raw mixture of SrCO5; and Al,O5 as well as the
thermal decomposition of strontium aluminate hexahydrate
were investigated by the mechanism-free method based on the
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Kissinger kinetic approach [23,24]:

In {22} =1In [Iﬁn(l —a,,,)”_l} _ L = const. — i; (1)
T, E, RT,, RT,,
where 7, is the peak temperature measured under applied
heating rate ©, n is the empirical reaction order (kinetic
exponent), a,, is the fractional conversion reached for the
temperature 7, and R is the universal gas constant.

The non-isothermal kinetics experiments were performed
using TG-DTA analyzer SDT Q600 (TA Instruments). Sample
(30 mg) was heated under the heating rate (®) of 3, 5, 8, 10, 15
and 20 °C min ' up to 1250 °C. The points on the plot of In
(AR/E,) versus Ty, ! were fitted by the straight line with the
slope equal to —E_,/R whereas the intercept yielded to the
constant term of Eq. (1).

The mechanism was estimated from the shape of DTG peak
via the value of kinetic exponent (n) which was related to the
empirical order of reaction [23]. The exponent can be
calculated from the equation [25,26]:

2.5RT?
n=——"; 2
wi2Eq
where w; is the half-width (width at a half high) of peak. The
value of kinetic exponent is typical for various mechanisms of
investigated process [27].

3. Results and discussion
3.1. Synthesis of the strontium aluminate cement

Simultaneous TG-DTA and EGA analyses of the mixture of
strontium carbonate and alumina (Fig. 2) showed that the
formation of strontium aluminate as the main clinker phase
proceeded via the solid-state reaction of equimolar amount of
SrO (formed via the thermal decomposition of SrCOj) and
Al,O;. The process should be described by general reaction
scheme as follows:

StCOs5 + Al O3 — STAL O, +CO»(g). 3)

The process showed sharp exothermic peak at the tempera-
ture of 967 °C which divided the huge endothermic effect of
thermal decomposition of strontium carbonate which occurred
within the temperature range from 810 to 1020 °C. Formed
SrAl,O4 phase covered the surface of decomposed SrCO;
particle and this layer slowed down the diffusion of CO, from
the reaction interface of disappearing SrCOj core. Therefore
the thermal decomposition of SrCOj; was suppressed. The
volume changes caused by the decarbonation and recrystalliza-
tion of products led to the formation of cracks which enabled
easy diffusion of CO, through the layer of product. The
simplified idea about the process is shown in Fig. 2. The mass
of the sample was reduced by 17.7 wt% during this process.

The reaction interface abundance of SrO (outer side of
formed strontium aluminate layer) or Al,O; (inner side)
component led to the formation of tri-strontium aluminate
(Sr3A) and strontium hexa-aluminate (SrAg). The equilibrium
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Fig. 2. TG-DTA of mixture of strontium carbonate and alumina (a), EGA plot
for the heating zone (b), and simplified process schema (c).

composition of strontium aluminate was then established via
the opposite direction diffusion of Sr*™ and AI’* ions. The
opposite model, i.e. Al,O3 particle surrounded by SrCOs;,
where the formation of strontium aluminate is limited by the
diffusion of Sr** ions into the disappearing alumina core
cannot explain the observed behavior.

Heating microscopy (Fig. 3) showed the expansion of specimen
to 113% of its original height. For the temperatures higher than
1050 °C the height of specimen decreased. The initial tempera-
tures of solid-state and liquid state sintering were determined to be
1450 and 1550 °C, respectively. The cooling zone of Fig. 2 shows
an exothermic effect of reversible transformation of hexagonal
high-temperature modification of SrAl,O, to low-temperature
monoclinic phase at the temperature of 650 °C. During repeated
cycle of heating, the exothermic transformation took place at
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Fig. 3. Heating microscopy of the mixture of strontium carbonate and
alumina (a) and the temperature hysteresis in polymorphic transformation of
SrALOy (b).

higher temperature. The temperature hysteresis of this transforma-
tion increased linearly with the heating rate (Fig. 3(b)). Therefore
the limit value of 9.10 4+ 0.07 °C should be estimated from the
linear fit for ®—0.

The solid-state character led to local abundances of SrO or
Al,O5 components and to the formation of Sr;Al,Og¢ (Sr3A) or
SrAl;;,019 (SrAg). Therefore high temperatures and the time of
thermal treatment are necessary to reach the equilibrium
composition. Therefore the first eutectic melt was formed at
the temperature of 1550 °C (Fig. 3(a)) and a certain amount of
glassy phase was necessary to improve the hydraulic behavior
of clinker. The firing temperature necessary for the preparation
of strontium aluminate cement was 1600 °C.

The changes in the phase composition during the thermal
treatment of strontium aluminate clinker were investigated by
high-temperature X-ray diffraction analysis (Fig. 4(a)). The
diffraction lines of SrCOj started disappearing at the tempera-
ture of 800 °C. At the temperature of 825 °C SrO, formed via
the thermal decomposition of SrCOs;, reacted with Al,Oj
to form tri-strontium aluminate (Srz3A) and therefore the
intensity of Al,O; diffractions decreased at the same time.
The diffraction lines of hexagonal strontium aluminate as the
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main clinker phase appeared at the temperature of 875 °C.
In accordance with the results of TG-DTA (Fig. 2(a)) the
material still contained un-decomposed strontium aluminate.
The local abundance of Al,Os led to the formation of SrAg
phase. At the temperature of 1000 °C the thermal decomposi-
tion of SrCO; was almost completed but the clinker still
contained free strontium oxide, the diffraction lines of which
gradually disappeared up to the temperature of 1250 °C.
X-ray diffraction analyses of the mixture of raw materials
and of clinker prepared by calcination at the temperature of
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Fig. 6. Distribution of the particle sizes in strontium aluminate cement.
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1600 °C are shown in Fig. 4(b) and (c), respectively. Under
applied firing conditions, the prepared strontium aluminate
cement contains 96% of strontium aluminate phase (SrA) and
4% of tri-strontium aluminate (SrzA).

The comparison of infrared spectra of raw material and
product (Fig. 5) shows disappearing absorption bands of planar
CO3 ™ anion with Dsh symmetry [28-30] including strong band
of asymmetric stretching at 1465 cm ™', weak band of sym-
metric stretching at 1072 cm ™', in plane bending at 856 cm ™'
and out of plane bending vibration at 702 cm™'. Corundum in
raw mixture shows four main absorption bands of stretching
of (AlOg) octahedra at 639, 591, 489 and 448 cem~ ! [31,32].
On the contrary, the SrAl,O, structure is built up from the
(AlQ,) tetrahedra with Ty symmetry and the structural lattice
channels are occupied by Sr*™ ions [33]. The bands appearing
in spectral regions from 900 to 780 cm ™' and from 650 to
550 cm ™~ ' belong to antisymmetric and symmetric stretchings of
(AlOy) tetrahedra. The bands related to the doublet of bending
of O-AI-O are located at 446 and 418 cm ™",

Grinding and fine milling of strontium aluminate clinker
provided cement with the median of particle size of 7.52 pm,
which was used for the hydration experiments described in
the next section. The density distribution and the cumulative
distribution function of prepared binder are shown in Fig. 6.
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The Kissinger plot related to the kinetics of thermal decom-
position of SrCOj3; and of formation of Sr3Al,Og and SrAl,O, is
shown in Fig. 7(a). The activation energy of 205 kJ mol ', the
frequency factor of 6.92 x 10°s ™" and the kinetic exponent of
1.0 were assessed for the thermal decomposition of strontium
carbonate during the synthesis of strontium aluminate clinker.

The apparent activation energy and the frequency factor
related to the formation of Sr3A are 551 kJ mol ™! and 1.69 x
10% s, respectively. The value of kinetic exponents calcu-
lated according to Eq. (2) is 4.0, hence the process is driven by
constant nucleation rate of a new phase. SrA shows the
activation energy and the frequency factor of 218 kJ mol ™'
and 1.63 x 10’ s~ ', respectively. The value of kinetic expo-
nents is equal to 5.2. Therefore, the crystallization of SrA
phase is driven by increasing nucleation rate of a new phase.
The results were verified via the recalculation of the processes
for the heating rate of 10 °C min "~ (Fig. 7(b)). The recon-
struction performed with assessed kinetic data shows good
agreement with the experiment (refer to Fig. 2).
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Fig. 9. X-ray diffraction analysis (a) and infrared spectroscopy (b) of hydrated
paste prepared from strontium aluminate cement.

3.2. Hydration and hydration products of strontium aluminate
cement

The results of isothermal calorimetric experiment (Fig. 8(a)),
thermal analysis (Fig. 10), X-ray diffraction analysis (Fig. 9(a)),
infrared spectroscopy (Fig. 9(b)) and scanning electron micro-
scopy (Fig. 11) were used to study the evolution of phase
composition during the process of hydration of strontium
aluminate cement paste with w/c of 0.5 (Fig. 8(b)).

For the hydration of strontium aluminate cement an inten-
sive evolution of heat at the beginning of hydration is typical
(Fig. 8(a)) and measured pH of cement slurry reaches the value
of 12 at the same time. There is not any induction period
observed hence the hydration starts immediately after mixing
of strontium aluminate cement with water. The cubic tri-
strontium aluminate hexahydrate phase (Sr;AHg) and the high
alumina gel phase (AHj; gel) are recognized as the main
products of hydration. SrAH; hydrate and gibbsite (y-AH3)
appear after 7 and 14 days of hydration, respectively. The rate
of the hydration process is significantly reduced after 14 days
and the sample still contains about 20% of un-hydrated
strontium aluminate phase in 28th day of hydration.

The formation of Sr3;AHg hydrate in hydrated cement paste
was identified by x-ray diffraction analysis (Fig. 9(a)) and
infrared spectroscopy (Fig. 9(b)). The infrared spectra show
sharp absorption band at 3664 cm ™', which is related to
stretching of OH groups of Sr;AHg. The dehydration of this
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Fig. 10. Simultaneous TG-DTA (a) and EGA (b) of hydrated paste prepared
from strontium aluminate cement.
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phase shows sharp endothermic peak at the temperature of
262 °C on TG-DTA and EGA (Fig. 10). The test piece area
decreases in about 6.0% during this process (Fig. 3(a)).
The dehydration of the gel phase shows an endothermic effect
on DTA at the temperature of 198 °C, but the peak intensity
and the temperature decreases with the time of hydration
(Fig. 10).

The dehydration endotherms of SrAH; and gibbsite (AH3)
are located at the temperatures of 113 and 212 °C, respectively.
The decreasing intensity of the peak of endothermic polymorphic

X 10,000 5.0kv LEI

9977

transition of monoclinic SrA into hexagonal phase at the
temperature of 680 °C is caused by gradual hydration of this
phase. Strong CO, bands on EGA plot show that certain amount
of strontium carbonate is formed (Fig. 10(b)) during hydration.
Strontium oxide formed by the decarbonation of SrCO; reacts
with the dehydration products of high alumina phase to
strontium aluminate and an exothermic peak at the temperature
of 910 °C appears.

The SEM pictures of strontium aluminate cement (a) and
hydrated cement stone (b—d) during the first 28 days of hydration

X 10,000

2.00kV LET

6/17/2013 |
WD 14 . Lrum)

1pm
SEM

Fig. 11. SEM picture of strontium aluminate cement (a) and hydrated cement stone after 3 (b) and 21(c) and 28(d) days of hydration process.
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Table 1

Mechanism and kinetics of thermal decomposition of hydration products of SrA cement.

Phase E, AGsH a,, (%) wyr (CC) n The description of the mechanism of process
(kJ mol ")
SrAH; 46 779 x10°  49.50  50.0 0.92 Growth of particles of appreciable initial volume, needles and plates of finite long dimensions
AHj; gel 200 3.46 x 102 52,13 24.32 0.79 Growth of particles of appreciable initial volume, thickening of very large plates
y-AH; 108 1.45 x 102 50.48 9.14 4.18 Interface-controlled growth of a new phase, constant or increasing nucleation rate
Sr;AHg 117 3.94 % 10" 4970  17.75 2.54 Diftusion-controlled growth of a new phase, constant or increasing nucleation rate
SrC 592 228 x 10** 46.11  19.31 2.31 Diffusion-controlled growth of a new phase, decreasing nucleation rate
SrA 642 430 10*° 5425 17.95 2.48 Diffusion-controlled growth of a new phase, constant or decreasing nucleation rate

process are shown in Fig. 11. Well-developed crystals of SrAHg
(b) precipitated and grew from supper-saturated liquid phase of
cement slurry before setting. During setting the hydration
products did not occur in well-developed crystals. The SEM
picture of hydrated cement stone shows well-developed Sr;AHg
crystal surrounded by kidney-shaped aggregates of SrAH; after
21 and 28 days of hydration.

Hence the production of refractory materials is one of the
most promising applications of strontium aluminate cements.
In provided experiments the activation energy, the frequency
factor and the mechanism of thermal decomposition of
hydration products were determined using Egs. (1) and (2).
The Kissinger plot used for the determination of kinetic triplets
of these compounds is shown in Fig. 12(a).

Table 1 summarizes the kinetic results of the behavior of
hardened strontium aluminate cement stone during the thermal
treatment. The kinetic data were verified via the reconstruction
of the processes which took place during the thermal treatment
of hardened strontium aluminate cement stone under the
heating rate of 10 °C min~'. The calculated temperature range
and the temperature related to the maximum rate are shown in
Fig. 12(b). A good agreement with the excrement (please
consult with Fig. 10) is reached.

The final product of the thermal treatment of hydrated
cement stone is also strontium aluminate, i.e. the same
compound as in the original clinker phase. Nevertheless it is
formed through different reaction pathways compared to the
original mixture of raw materials.

4. Conclusion

Strontium aluminate cement with high content of SrAl,O4
(96%) as the main clinker phase was prepared by calcination
and fine milling of the equimolar mixture of strontium
carbonate and alumina powders. As the minor clinker phase
Sr3Al,0¢ was also formed. The formations of major and minor
clinker phases require the activation energies of 218 and
551 kJ mol ', respectively. While tri-strontium aluminate is
formed at first via prompt in situ nucleation of a new phase, the
crystallization of strontium aluminate is driven by increasing
nucleation of this new phase. After mixing of clinker with
water, the hydration process starts immediately and there is not
any measurable induction period. The tri-strontium aluminate
hexahydrate and the high alumina gel phase were recognized
as the first formed products of hydration. After 7th day of

hydration, the formation of gibbsite and strontium aluminate
heptahydrate was observed. The rate of hydration of Sr3Al,Og
is much higher than that of SrAl,Oy; hence it disappears during
the first day of hydration while the cement stone still contains
almost 20% of un-hydrated strontium aluminate phase after 28
days of hydration.

The kinetic data related to the thermal decomposition of the
hydration product of strontium aluminate cement were deter-
mined. The dehydrations of strontium aluminate hexahydrate
and alumina gel phase show the activation energies of 117 and
200 kJ - mol ~ !, respectively. The thermal decompositions of
latterly formed y-AH; and SrAH; require the activation
energies of 108 and 46 kJ mol ', respectively. SrAl,O, is
the final product of the thermal treatment of hardened cement
stone, but the kinetics and the mechanism of formation are
different from the crystallization of this phase from original
mixture of strontium carbonate and alumina powders due to
higher homogeneity of the material after hydration.
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Abstract

The research on the structure, behaviour and properties of mullite foams is strongly motivated by industrial demands for high-temperature
applications. Sintered mullite foam stabilized by strontium aluminate is an appropriate candidate for industrial refractory applications under
elevated temperatures. The preparation technique is based on casting of foamed kaolin slurry using air/surfactant sacrificial fugitive. Wet foam
precursors were dried and treated to the temperature of 1250 °C. High-temperature behaviour and bulk properties of obtained products with the
porosity up to 85% were characterised by means of high temperature X-ray diffraction analysis, thermal analysis and scanning electron
microscopy. The mechanical properties and the thermal conductivity of sintered mullite-based foams were determined to be in the range from 1.7

to 2.5 MPa and from 0.05 to 0.06 W/m K, respectively.
© 2015 Elsevier Ltd and Techna Group S.r.1. All rights reserved.

Keywords: C. Thermal conductivity; D. Mullite; Kaolin; Foam casting; Ceramic foams

1. Introduction

Ceramic foams have gained a substantive importance in
material research over the last decade due to their miscellaneous
and versatile applications. The remarkable amount of publications
is published only on the macro-porous ceramics topic (i.e. pore
size higher than 50 nm). Consequently, two important reviews
were devoted to the advanced tailoring technologies regarding the
preparation of foam ceramics focusing mainly on macro-porous
ceramics with improved properties [1,2]. The application of
macro-porous foam can be divided to 4 main applications [1].
A substantial attention is paid to the filtration processes — fluids,
molten metals [3], water pollutions — bacteria or bacillus trapping
[4,5] and consequently as diesel particulate filters intended for
capturing the matters in diesel engines [6]. The bone tissue
engineering and the usage of ceramic foams /scaffolds in bio-
applications or as bio-reactor beds are also frequently reported
[7,8]. Increasing industrial demand for novel and economically
beneficial electronic devices strongly influences the development
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of porous ceramics' fabrication. Porous ceramics are successfully
applied as piezoelectrics for ultrasound transducers [9], as
components of SOFCs [10,11] or as components of thermo-
ceramics modules for waste energy harvesting [12]. The last
group of applications is the refractory one. The utilisation of
porous ceramic foams as the kiln lining, thermal insulators with
low thermal conductivity and excellent thermal shock resistance
is also in the researcher's interest [13—15]. The present work is
devoted to the last aforementioned group of interest.

The mullite-based ceramics is one of the most suitable
candidates for refractory applications. Mullite ceramics is
widely used due to low thermal conductivity, moderate thermal
stability and thermal expansion, excellent thermal shock
resistant, good chemical resistance and stability in high
temperatures, sufficient mechanical properties [16]. Another
benefit of mullite-based ceramics is economically favourable
starting materials for its preparation. Especially abundant raw
kaolin powders with different amount of kaolinite are much
exploited nowadays [3,4,14,15,17-20]. The usage of second-
ary raw materials as fly ash or slags was also reported [21].

The tailoring/fabrication methods of mullite foams belong to
common foaming techniques such as partial sintering, the
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usage of sacrificial fugitives, replica templates or in situ
foaming. Recently the most frequently reported method is
the pore formation using partial sintering process of synthe-
tised or commercial powders [4,14,15,21-23]. Further the
replica template method with different types of polymers such
as starch, polyurethane foam, polystyrene beads and graphite
powders was described in [19,24-28], respectively. The
casting method in combination with sacrificial fugitives such
as gel casting [13,29,30] or the combination of surfactant/air
precursor implemented to ceramics slurries [17,18,31] was an
inspiration for the fabrication method applied in this work.

Hereafter, the fabrication method based on fugitive-like
casting is presented. Prepared mullite-based foams were
studied as a possible refractory lining material with sufficient
thermal stability, porosity, thermal conductivity and mechan-
ical properties. The influence of strontium aluminate addition
as a potential agent for thermal stability enhancement and on
foam microstructure was also investigated.

2. Experimental
2.1. Foam preparation and thermal treatment

Raw kaolin powder SEDLEC 1A (Sedlecky kaolin, Czech
republic), containing 92 wt% of kaolinite with median particle
size of Ds5p=3.8 pm was mixed with various amounts of
deionized water with/without liquefaction additive (sodium
carbonate, Lach-Ner, Czech republic) to prepare starting ceramic
suspension. Further the precursor foam from water and surfactant
GA 285 (BASF, Germany) (the experimental set-up of foam
production is published elsewhere [17,31]) was added to as-
prepared ceramic suspension and stirred to homogenous consis-
tence. Finally the stabiliser based on strontium aluminate (further
SrA, Dsy=16.1 pm, the synthesis is published elsewhere [32])
was mixed with deionised water and added to the kaolinite foam.

Prepared foam was poured into a mould and kept to set for
24 h under ambient temperature. Then the samples were de-
moulded and dried in two steps — firstly under the temperature
of 50°C for 6 h and afterwards under the temperature of
110 °C for 5h. Dried samples were cut and polished to
required dimensions and sintered in kanthal furnace (CLASIC
CZ Ltd., Czech Republic) at the temperature of 1200 °C for
2 h with the heating/cooling rate of 2 °C/min. The reference
porous samples were prepared in the same way as described
above with calcium aluminate cement (CAC, SECAR® 71,
Kerneos, France) as the stabiliser [17].

The compositions of prepared samples are given in Table |
and the procedure is shown in Fig. 1 and summarised in Table 2.

2.2. Characterisation of starting materials and final products

Laser diffraction analyser HELOS (SYMPATEC, Germany)
was used for the determination of particle size distribution of
powdered materials. The phase composition was determined
using X-ray diffraction analyser EMPYREAN (PANalytical,
Netherland) in central focusing arrangement using CoKa
radiation couples with high temperature chamber HTK 16
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Table 1

Summary of experimental set-up.

Sample Stabiliser/type w/p  Kaolin Water Additive  Foam
(Wt%) (=)  (Wt%) (Wt%) (Wt%) (ml)

CAC  Calcium 0.50 59.6 30.1 0.60° 500

ref* aluminate/6.7

SrA 20 Stroncium 0.68 54.7 40.4 0.15° 300
aluminate/8.6

SrA 25 Stroncium 0.68 54.8 40.5 - 300
aluminate/8.6

SrA 31/ Stroncium 0.76 523 432 - 250

2 aluminate/8.6

Notes: w/p — water to powders ratio (i.e. summary of kaolin and aluminates).
“Content of particular entities was assumed from our work recently
published elsewhere [17].
"The plasticizer CHRYSO FLUID CE40W was used.
“The liquefier Na,CO3 was used.

kaolin powder

moulding and demoulding
kaolin aquaous suspension

+ L

"TEMPLATE FOAM" "STABILISER"

WA e
ngfﬁ{
50

Fig. 1. Experimental set-up of foam fabrication.

Table 2
Summary of processing set-up.

Sample Stabiliser/type (wt%) w/p Setting Drying (h) Sintering
(=) — (°C/h)
50 °C 110 °C
CAC ref  Calcium aluminate/6.7 0.50 24 6 5 120072
S20 Stroncium aluminate/8.6 0.68 24 6 5 120072
S25 Stroncium aluminate/8.6 0.68 24 6 5 120072
S31/2 Stroncium aluminate/8.6 0.76 24 6 5 120072

Notes: w/p — water to powders ratio (i.e. summary of kaolin and aluminates).

(Anton Paar, Austria). The evaluation of the crystallographic
structure was done by Highscore programme using the
Rietveld method. The foam products were analysed in terms
of particle morphology by means of analytical scanning
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Fig. 2. In situ HT-XRD up to 1200 °C plot of dried foam precursor, XRD spectrum of obtained structure before/after thermal treatment (embedded).

electron microscopy (SEM/EDS) using the device EVO
(ZEISS, Germany). The TG-DTA analysis was performed,
on cut foam sample, simultaneously using thermal analyser
Q600 (TA Instruments, USA.) with the heating rate 10 °C per
minute. Horizontal heating microscope with automatic image
analysis EM 201 (Hesse Instruments, Germany) was used for
sintering behaviour determination. Samples were grinded and
press to cylindrical dimensions approximately 3 mm high and
3 mm in diameter. The porosity of prepared foam products was
analysed using mercury intrusion pore analyser PoreMaster
(Quantachrome, USA) and assed also by image analysis of
SEM images performed by Image J software. The mechanical
properties were determined by means of compressive test on
samples with dimensions (40 x 25 x 15) mm®. The compres-
sive strength was determined from the maximal force per-
formed on Instron instruments 5985c (Instron, USA) with
loading rate 2 mm per minute. The thermal conductivity
measurements were performed on C-Therm TCi (C-Therm,
Canada) on the samples with the approximately dimensions
(40 x 25 x 15) mm?>.

3. Results and discussion

The fabrication process of foam preparation is piecewise
analysed.

3.1. Thermal and sintering foam behaviour

In situ high temperature XRD analysis of prepared foam
samples (SrA 25 without liquifier) before the firing process
shown in Fig. 2 reveals the expected kaolinite decomposition
and mullite-cristoballite formation with increasing temperature.
The presence of stabiliser — monoclinic strontium aluminate
phase was also confirmed by the measurements after thermal
decomposition (see embedded Fig. 2). The thermal processes
and kinetics occurring during the kaolinite heating are well
studied and described in several works [33—40]. The Egs. (1)
and (2) summarize general equilibrium of the crystallisation
and new phase formation during the thermal treatment —
mullite (90 wt%) and cristoballite (5 wt%.) [34,39]:

> 500°C
6(ALO; - 2Si0, - 2H,0) == 6(ALO; - 25i05)

>950°C . .
= 3Al14S1301, + 35102(amorp.) (1)

. . > 1200°C .
3A14Sl3012 + 38102(3,,,0,1,.) — 2(3A1203 . 25102)
+ 8Si02(cryst.) (2)

The presence of strontium aluminium silicate (anorthite
analogue) phase indicates the formation of solid solution with
SiO, from the reaction between kaolinite and strontium
aluminate up to 1200 °C (see Fig. 2 embedded). The thermal
stability of strontium aluminate is widely studied elsewhere
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Fig. 4. Sintering behaviour of prepared SrA foams: (a) sintering curve of foam SrA 20 with Na,COs; (b) sintering curve of foam SrA 25 without Na,COs;.

[19,32]. The observed structure was determined to as mono-
clinic and the amount slightly decreased to 5 wt%. The
performed TG-DTA analysis SrA 25 (see Fig. 3) confirms
the results obtained from in situ HT-XRD.

A small endothermic peak found at 215 °C could correspond
to the dehydration of SrA aluminate hydrates formed by the
reaction with water during sample preparation [32]. In the
temperature region from 400 to 600 °C the broad endothermic
peak was determined and could be assigned to two ongoing
processes. The first one is the dehydroxylation of kaolinite and
the other one is the metakaolinite formation. The small
exothermic peak corresponds to Al-Si spinel formation as
depicted in Eq. (1). [35, 38, 39]. The results given above
confirm that the presence of strontium aluminate shows similar
behaviour under high temperatures as in the case where
reference CAC stabiliser was used [17]. The heating
microscopy experiments (see Fig. 4a and b) were performed
in order to show the sintering behaviour of SrA stabilised
foams and to achieve optimal sintering conditions and
mechanical strength.

The addition of liquefier slightly influenced the sintering
behaviour and shifted the end of sintering process from 1420 °C
to 1385 °C. For the compositions with or without liquefier the
optimal sintering temperature range was determined to be 1090—
1383 °C with 9.4% to 40.1% shrinkage and 1115-1420 °C with
10.5% to 32.3% shrinkage, respectively. Fig. 4 (embedded
graphics) also showed the extrapolation of area change data in
the dependence of temperature in the sintering range. Several
ongoing processes can be seen, referring to suggested mullite-
cristobalite sintering theories published elsewhere [20,33,34,39].
The temperature 1200 °C, under which the mullite-cristobalite
crystallisation and the solid state reaction process take place,
was determined as optimal densification temperature. Higher
shrinkage and lower temperature stability was observed in
samples with liquefier addition.

3.2. Microstructure and properties of prepared foams

Figs. 5 and 6 show the microstructure of prepared foams. The
homogenous pore distribution resulting from foam casting/
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EHT = 10.00 kv Signal A= SE1 I Probe = 100 pA
WD = 120 mm Image Pixel Size = 2.938 ym Width = 3.009 mm
Mag - 100 X Chamber - 3.92¢.003 Pa

EHT = 10.00 kv Signal A= SE1 IProbe = 100 pA Signal A= SE1
WD = 12.0 mm Image Pixel Size = 290.8 nm Width = 297.8 pm Image Pixel Size = 561.6 nm
Mag= 1.00KX Chamber = 4.04¢.003 Pa q Chamber = 5.620.003 Pa

Fig. 5. Microstructure of prepared foams: CAC ref (a,

EHT = 10.00 kv Signal A= SE1 ) 1Probe = 100 pA SEM
WD = 10.0 mm Image Pixel Size = 58.08 nm Width = 59.47 pm EVOLS 10
Mag= 500 KX Chamber = 4.89¢ 003 Pa

Fig. 6. Fracture surface of prepared SrA foams (SrA 20 with Na,CO; (a), SrA 25 without Na,COj3 (b)).

templating process can be seen. The macro-pores with clearly The measurements also revealed the presence of smaller pores
visible open porosity and average pore diameter of 55/230 ym and  with macro- and meso-diameter (480 nm, 620 nm, resp.). Those
45/160 pm were observed for prepared CAC ref and SrA foams cellular pores could result from incomplete sintering process of
(SrA 25), resp. (i.e. mercury porosimetry analysis/image analysis). foam walls. Fig. 6 shows the strut detail with the platelet grain
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arrangement specific to kaolin based powder structure [18]. The
influence of liquefier on the microstructure was not clearly
confirmed. Prepared SrA foams with/without (SrA 20a 25)
liquefier exhibited very homogenous structure in comparison
with CAC ref foam where the collapse of pores was clearly
visible. A similar microstructure of kaolin foam collapse was also
observed by Bourret et al. [18]. Calculated geometrical density of
foams varies from 217 to 341 kg/m3 (see Fig. 9) and increases
with SrA foams system stabilisation and higher w/p ratio. The
calculated values of open porosity from the porosimetry measure-
ments were 65.7% to 84.7% for CAC ref and SrA foams, resp.

The thermal conductivity (Figs. 7 and 8) also increased with
the same tendency as density. Otherwise the values determined
in the range from 0.05 to 0.06 W/m K are lower than recently
published ones [13,17,18,22,24,41]. The thermal conductivity
measurements were performed under ambient temperature.
There are several models how to calculate the thermal con-
ductivity in porous materials [26,42—44]. Porous foams could be
described as two phase material (solid and air/pores/voids) with
the structure strongly depending on the fabrication way, i.e.

1 ~8nm #~ 17 nm|
—~ 0,36}~ g A
~ 55 um g 480 nm = X \
3 = |8
n 8 i
12 | ~ 45 umggg D o24f !
Il =1 i i \
[ sps 2 ] ai T
e | = : d(um)
€ =R e o2l | SrA foam
£ =l s
= [ n O >
© lrj'. |~:, =
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Fig. 7. Pore size distribution of CAC ref and SrA 25 without Na,CO3 samples.
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homogenous or random phase arrangement. Hashin et al.
described the equations predicting effective thermal conductiv-
ity, known as Maxwell-Eucken equations, in two forms (see
Egs. (3) and (4)). This model was suggested for homogenous
isotropic two phase materials [45]. Finding the optimal con-
tinuous heat conduction pathway in homogenously dispersed
material could be complicated because of the distances between
solid particles. For two phase materials with random phase
distribution and with possible uninterrupted conduction path-
ways, the Effective Medium Theory was considered (see
Eq. (5)) [46]. Fig. 8b is based on Maxwell-Eucken and EMT
calculations with the assumption of mullite and air bulk thermal
conductivity to be 5.10 W/m K [24,25,42] and 0.0257 W/m K
respectively. The curves of k.|, k., and kg7 divide the area
into two regions which is widely discussed by Carson et al. [42]:

2ky+ ko —2(ky —kp)vy

ko =k
“ : 2ky 4+ ko + (kg — ko)

€)

2k +ky —2(ky — k1 )(1 —v2)

ko =k
2T 2k 4k + (ko — k1) (1—02)

4)

Ker = 5(Gos = Dk B30 — 1)~ 1y

+\/[(3vz—l)kz+(3{1—vz}—1)k1]2+8k1kz> )

The theoretical calculation of effective thermal conductivity
by means of Maxwell-Eucken and EMT models shows our
experimental values between k,zy,r and k.,. Carson et al. [42]
proposed the thermal conductivity bounds to ‘“external” and
“internal” regions. Experimental data presented in this work
belong to “internal region” so the optimal conduction pathway
would be established through the solid phase part of foams,
which is in agreement with Carson statements [42] and with
data published by Gong et al. [25].

Foams were further subjected to the tests of mechanical
properties. Fig. 9 shows the results from “crush” compressive
strength tests of as-prepared foams. The mechanical strength

Maxwell-Eucken 1
Maxwell-Eucken 2
S e EMT
3 N = SrA
hS + CAC ref

0 L 1 L 1 L 1 = L 1

8x10" 1x10°

4x10" 6x10"
Porosity (%)

0 2x10"

Fig. 8. Thermal conductivity analysis of prepared foams (CAC ref and SrA 25): (a) experimental data; (b) Maxwell-Eucken and EMT models in comparison with

experimental data.
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slightly increased with SrA stabiliser content and without the
addition of liquefier. Maximal compressive strength was
achieved for the sample with higher w/p ratio and without
addition of liquefier. Obtained values are in the range of
published ones from 0.5 to 13 MPa [22,29]. Determined
mechanical properties were presumably deteriorated due to
the presence of macropores, i.e. with low degree of foam wall
densification and substantially with low bulk density [3,4,14].

4. Conclusions

The homogenous mullite based foams were successfully
prepared via casting-like fabrication method. The addition of
strontium aluminate stabiliser showed similar high temperature
stability in comparison with calcium aluminate cement. The
morphology of obtained foams was very homogenous without
any mark of foam collapse and also with thin walls structure
(~2.5 pm). The simple fabrication method provided useful
refractory material with high open porosity (up to 85% and
macropore size in the range of 480—166 pm), low density (from
200 to 300 kg/m3 ), low thermal conductivity (about 0.06 W/m K)
and convenient mechanical strength. From low cost and abundant
starting material (i.e. fine kaolin powder) excellent ceramics can
be produced with possible applications such as an insulation brick
working under high temperatures and also due to the strontium
content as biocompatible scaffolds for bone tissue engineering.
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Abstract

The effective method of preparation, stabilization and high temperature treatment of enstatite ceramic foam is described in this work. The technique
is based on foaming of suspension of talc, on the stabilization of foam structure and on final high temperature treatment after drying. The spontaneous
delamination of aggregates and the redistribution of talc particles in foam are driven by decreasing surface energy. The changes of phase composition
as well as the mechanism and the kinetics of processes which take place during the thermal treatment were described. The treatment within the
temperature range from 1150 to 1250 °C provides the ceramic foam via sintering without melted phase, whereas a liquid phase sintering occurs at
higher temperatures. The final temperature of sintering is 1300 °C. Increasing amount of melted phase supports the formation of enclosed porosity
and formed glass stabilizes the high temperature protoenstatite polymorph in the foam.

© 2013 Elsevier Ltd. All rights reserved.

Keywords: Enstatite; Ceramic foam; Talc; Porous materials

1. Introduction

Steatite ceramics based on magnesium metasilicate
(MgO-SiOy or MgSiO3) is widely used in high-temperature
applications and electronics due to the low dielectric losses,
high mechanical strength and high temperature resistance.’
Enstatite containing glass ceramics is a promising material for
the preparation of glass ceramics substrates for recording media
due to its high strength, improved impact, vibration resistance
and particularly low temperature expansion coefficient.”>

Steatite ceramics together with ceramics based on magne-
sium orthosilicate forsterite (2MgO-SiO; of Mg;SiO4) and
cordierite (2MgO-2A1,03-5S10, or Mg, AlsSisO1g) ceramics
belong to the ternary systems of MgO-Al,03-SiO,, which
are prepared from the mixture of talc (3MgO-4Si0O,-H,0)
and kaolin (Al,03-25i0,-2H,0). BaCOj3 is often used as a

* Corresponding author. Tel.: +420 541 149 389.
E-mail addresses: ptacek @fch.vutbr.cz (P. Pticek), lang@mslz.cz
(K. Lang), soukal @fch.vutbr.cz (F. Soukal), opravil@fch.vutbr.cz (T. Opravil),
bartonickova@fch.vutbr.cz (E. Bartonickovd), tvrdik @mslz.cz (L. Tvrdik).

0955-2219/$ — see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.jeurceramsoc.2013.08.007

non-alkaline type of flux which provides low dielectric losses of
ceramics. Feldspars or barium carbonate added to talc generate
the vitreous phase, hence the crystalline magnesium metasilicate
grains are surrounded by the glass matrix after cooling.'*

Steatite occurs in four polymorphic forms such as enstatite,
protoenstatite, clinoenstatite and high-temperature clinoen-
statite. Protoenstatite is thermodynamically stable at the
temperatures higher than 985 °C but in ceramic body it is often
stabilized by glassy phase. Therefore, if protoenstatite is not
stabilized properly, an undesirable transformation to clinoen-
statite takes place at the laboratory temperature. The volume
change leads to the formation of cracks in the ceramic body and
deteriorates the dielectric properties of material.”>

The combination of properties of ceramics or glass-ceramics
with highly porous foam structure enables such applications as
high temperature carrier of catalysts®® and photocatalysts,’ '
refractory and thermal insulating materials,''~!® filters for
molten metals and hot gasses,'*!> bioceramics and biological
substrates. 018

Open cell (reticulated) ceramic foams, which are defined
as dispersion systems based on the interconnected bubbles of
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gas phase in continuous ceramic matrix, can be prepared via
various manufacturing techniques'”?" including the transfor-
mation of ceramic powder slurry into the solid foam,”'~>* the
reticulated sponge method (replica technique)”* >’ or the gel
casting.”® ! The replica technique is based on the pyrolysis
of polymeric sponge coated by ceramic slurry. The following
high-temperature treatment leads to the ceramic bond via sinter-
ing. The gel casting method uses mechanical work and foaming
agents in order to foam the ceramic suspension.

The paper deals with the technique of preparation of enstatite
based ceramic foam from talc, where the formation of kaolinite
framework is driven by decreasing of surface energy of the sys-
tem and provides a mechanical support to the foam structure.
The stabilization of foam by diatomaceous earth significantly
increases the time-stability. The structure and the properties of
foam as well as the processes occurring during the stabilization
and further thermal treatment were investigated.

2. Experimental
2.1. Preparation of foam

Talc, high alumina cement (HAC, Secar 51, Lafarge) and
diatomaceous earth (Holland) were used to prepare the solid
framework of aqueous foam stabilized by the mixture of anionic
surfactant of an alkyl sulfate-type with water (volume ratio 1:
22). Fig. 1 shows the flow chart diagram of the preparation
process using foam of the volume density of 50kg x m—3.

Setting of cement provides the mechanical properties nec-
essary for the manipulation with raw foam before the thermal
treatment. In order to avoid the undesirable effect of surfactant on
the hydration process, AC was firstly mixed with water. Within
the induction period when the hydration had just begun but its
rate was very small, talc and diatomaceous earth were stirred
into the reaction mixture. Foam (1.5 dm>) was added at least.
After 15 min of stirring the foamed slurry was poured into the
mould. After 2-3 days of free curing the samples gained suffi-
cient mechanical properties for manipulation. Further treatment
included drying followed by firing to the temperature within the
sintering range.

2.2. Sample analysis

The structure and the properties of foam were investigated
by scanning electron microscopy (SEM) using Field emission
microscope Jeol JSM-7600F. High temperature X-ray diffrac-
tion analysis (HT-XRD, X’pert Empyrean, PANanalytical) with
high temperature chamber HTK 16 (Anton Paar) and simul-
taneous TG-DTA and EGA (Q600, TA Instruments connected
to infrared spectrometer iS10, Thermo Scientific) were used to
investigate the processes and changes in the phase composition
during high temperature treatment. The distribution of particle
size of kaolinite and diatomaceous earth was investigated by
Helos (Sympatec) particle size analyzer.

The behaviour during sintering and melting was investigated
by the horizontal type heating microscope EM 201 (Leitz). The
cylinder shaped specimen of the diameter and the height of 3 mm

was pressed out and put down by the sample holder. The sam-
ple was heated under the heating rate of 5°Cmin~! up to the
temperature of 1400 °C. The behaviour of the specimen during
the thermal treatment was investigated via the relative change
of area (A):

A (%) = 100 (1 - AT_AO) (1
Ao

where Ag and A are the initial specimen area and the area mea-
sured at the temperature 7, respectively. The picture recorded
by CCD camera with the step of 25 °C was used to determine
the temperatures of standard points which are defined for heat-
ing microscopy and from which the points of sintering (SP),
deformation (DP), hemisphere (HP) and flowing (FP) were
identified.

The apparent density and porosity were assessed by the evac-
uation method and the hydrostatic weighting and pycnometric
measurements were used for the determination of true density.
The specimens were prepared in laboratory furnace under the
heating rate of 2 °C min~! to the temperatures within the sinter-
ing range assed by heating microscopy (1150, 1175, 1200, 1225
and 1250 °C). After 60 min at final temperature the samples were
cooled to 800 °C under the cooling rate of 2°C min~! and next
they were left in the furnace to cool down spontaneously to the
laboratory temperature. The thermal conductivity at ordinary
temperature was measured by TCi (C-Therm) analyzer without
the contact agent.

2.3. Kinetics and mechanism of processes during thermal
treatment

The apparent activation energy (E,) and the frequency factor
(A) of investigated process were evaluated by the mechanism-
free method based on the Kissinger kinetic approach:3>3?

g i o ‘®

where T}, is the peak temperature measured under applied heat-
ing rate ®, n is the empirical reaction order (kinetic exponent),
o, is the fractional conversion reached for the temperature Ty,
and R is the universal gas constant.

The non-isothermal kinetics experiments were performed
using TG-DTA analyzer SDT Q600. 30 mg of sample were
heated under the heating rates (®) of 2, 3, 5, 7, 10, 15 and
20°Cmin~! up to 1100 °C. The points on the plot of In (AR/E,)
versus T, ! were fitted by the straight line with the slope equal
to —E,/R whereas the intercept yields to the constant term of
Eq. (2).

The mechanism was estimated from the shape of DTG peak
via the value of kinetic exponent (r) which is related to the
empirical order of reaction.”” The exponent can be calculated
from the equation:**3>

e AR E E
In|—| =In|—n(1 —a,)"'| — =% = const. — —
E T, R

_ 2.5RT}

n =

3

wipkEy
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Preparation of
suspension

*Water *Foam was stirred into
*HAC suspension.

eTalc *Foam was poured into
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 Constituents are mixed eSetting for 2 -3 days.
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20:2:7:1. \_mould. Y,

Foaming suspension
and mounding

Drying and high-
temperature
al treatment ¥

Material analysis and
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o Behavaiour during
thermal treatment.
e Length of sintering
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range of sinteringusing ® Structure and properties
heating rate of 2°C:min-t. of sample.

J \_ J

Fig. 1. Preparation of ceramic foam via foaming of the suspension of talc.

where wy; is the half-width (width at a half height) of peak. The
value of kinetic exponent is typical for various mechanisms of

the investigated process.>°

3. Results and discussion

The thermal treatment of foamed talc leads to the ceramic
foam based on enstatite. The conditions during this procedure, so
called firing curve or firing regime have a considerable effect on
such properties of the foam as the mechanical strength, the total
porosity and the thermal conductivity. Therefore the knowledge
about the processes occurring during the thermal treatment plays
an essential role at designing of proper firing regime. Fig. 2
shows the plot of simultaneous TG-DTA (a) and EGA (b) during
heating of dry foam up to the temperature of 1350 °C. The data
were discussed together with the changes of phase composition
investigated by the high-temperature X-ray diffraction analysis
(Fig. 3).

Hexagonal dicalcium aluminate hydrate phase (C,AHg,
2Ca0-Aly03-8H,0) and alumina gel are formed as initial prod-
ucts of hydration of CAC Secar 71°7 but increasing of the
temperature during slow drying procedure of wet foam causes
formation of the cubic hydrogarnet phase of tricalcium alumi-
nate hexahydrate (C3AHg, 3Ca0-Al,03-6Si0;) together with
aluminium hydroxide in the polymorphic modification of gibb-
site (y-AHj3, AI(OH)3). The thermal decomposition of C3AHg
phase and gibbsite shows dual endothermic peak at the tem-
perature of 242 °C and the increasing intensity of water vapor is
detected on EGA. The mass of sample decreases by 4.1% during
this process. Weak maximum of CO», observed at this temper-
ature indicates the C3AHg formation of monocarboaluminate
phase (C4ACH;;, 3Ca0-Al,03-CaCO;3-11H,0)*® during the
hydration of CAC. Large surface of foamed product enhances
the reaction of carbonation.

The pyrolysis of surfactant leads to the broad exothermic
peak at the temperature of 347 °C connected with the reduction
of mass of sample by about 0.2%. The presence of CO bands
and various C—H modes in the infrared spectrum of gas phase
indicates the formation of short hydrocarbon chains under the
moderate reduction condition.

The thermal decomposition of calcium carbonate shows
strong endothermic peak at the temperature of 692°C. The

measured weight loss of 2.8% enables to calculate the origi-
nal amount of CaCOj3 in the sample to be 6.4%. EGA shows
intensive bands of CO; in the spectrum of gas phase. While the
diffraction lines of CaCO3 in HT-XRD plot decrease, the lines
of formed lime (CaO) grow at the same temperature.

Broad endothermic peak at 905 °C is related to the dehydrox-
ylation of talc (Eq. (4)). Enstatite, amorphous silica and water
are formed during this process. The mass of sample is reduced
by 3.4% and the increasing intensity of water vapor bands is
detected on EGA plot. The diffraction lines of enstatite appear
on HT-XRD plot in this temperature range. Cristobalite (c-SiO»)

Drying
1004 16 --_ C,AH, dehydration 04
B AH, dehydration I-0.08
B Surfactant pyrolysis
98 o DTA [ Caco, decomposition [~ 0,2
B8 Dehydroxylation of talc <
O Melting loos ©
_ R
g 2 2
--0,2 o
2 Elon S
S 2 3
? 2 s
-04 &=
= T o002 %
I--0.6 2
=
5}
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- 0,00
86 T T T T T 1’0
o] 200 400 600 800 1000 1200 1400
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e
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Fig. 2. Simultaneous TG-DTA (a) and EGA (b) of foam based on talc.
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Fig. 3. HT-XRD plot of foam (a) and X-ray diffraction analysis before (b) and
after thermal treatment (c).

and diopside (CaMgSi»Og) are originated from the silica phase
at the temperature of 1150 °C.

3MegO - 45i0; - H,0" %" “3Me0 - 510,

+ SiO,(amorphous) + H,O(g) 4

The Rietveld analysis shows that the sample cooled to the
temperature of 1200 °C after the thermal treatment contains
40.9% enstatite, 43.2% protoenstatite, 7.5 % cristobalite and
8.5% diopside (Fig. 3(c)). The HT-XRD plot shows also pres-
ence of a certain amount of monoclinic calcium dialuminate
phase (CA,, Ca0-2A1,03) which is a common constituent of
high-alumina cement.*”

The processes of formation of ceramic bond and of melting
were investigated by high-temperature heating microscopy (Fig.
4(a)) in order to evaluate the width of sintering range. The ini-
tial and final sintering temperatures are 1150°C and 1300 °C,
respectively. Within this 150°C wide sintering range large
amount of melt is formed at the temperature higher than 1240 °C
(Fig. 4(b)).This temperature is assessed via the extrapolation of

400
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2] ]
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[a]
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Fig. 4. Heating microscopy plot with photography of test piece related to impor-
tant temperature points (a): initial state (IS), point of sintering (SP), deformation
(DP), hemisphere (HP) and flowing point (FP). The liquid phase participates in
the sintering from temperatures higher than 1240 °C (b).

linear parts of relative area change throughout the sintering range
(100 (A;—A)/A;, where A; is the specimen area at initial sintering
temperature) and corresponded to the melt formation endother-
mic peak at 1255 °C measured by DTA (please refer to Fig. 2).

Large firing shrinkage causes that the temperature higher than
1240 °C is not desirable for foam and proper sintering range is
limited by the temperature of 1250 °C. On the other hand, the
increasing of amount of melt phase supports the formation of
enclosed porosity and stabilizes high temperature protoenstatite
polymorph (please referee to Fig. 5).

The melting of sample is indicated by the deformation point.
As the temperature increases, the specimen loses its regular
shape and a drop of melt is formed. The temperature interval
between the points of deformation (1325 °C) and hemisphere
(1344 °C) provides the width of deformation range of 19 °C.
The flow range of 17°C is bordered by the hemisphere point
and the flowing point at 1361 °C.

The texture of the cross section trough prepared enstatite
foam (Fig. 5) shows isolated air bubbles dispersed throughout
the ceramic body. The formation of isolated bubbles is given by a
hydrophobic nature of talc. The talc particles closest to the inner
surface of bubbles show parallel orientation (d) while inside the
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Fig. 5. SEM images of ceramic foam after the thermal treatment: air bubbles enclosed within the ceramic body (a), the wall between two bubbles (b), inner surface

wall of bubble (c) and the detail of the sintered particles (d).

wall they are distributed randomly (b). Together with the for-
mation of more spherical bubbles instead of polyhedral cells
the interfacial energy of foamed system is reduced. The inner
surface of bubbles (¢) shows more sintered areas (d) indicat-
ing the formation of eutectic melt during the thermal treatment
(Fig. 2).

The overview of properties of prepared foam before and
after the thermal treatment is listed in Table 1. Increasing final
temperature increases the density and shrinkage of ceramic
foam while the porosity decreases. The thermal conductivity of
samples fired to higher temperatures increases with increasing

Table 1
Properties of ceramic foam after the thermal treatment.

density, firing shrinkage and decreasing total porosity of foam
until the formation of enclosed pores takes place (1225 °C). The
formation of enclosed pores reduces the thermal conductivity of
foam. Large firing shrinkage and decreasing of total porosity of
foam observed at the temperature of 1250 °C causes the thermal
conductivity to increase again. Therefore the formation of
enclosed pores in the transition zone (please refer to Fig. 4(b))
provides the best firing condition of foam.

The kinetic triplets were determined from the Kissinger
plots, which are shown in Fig. 6. The overview of kinetics
results regarding to the processes which take place during the

Final temperature Bulk density of foam [kgm 3]

Density [kg-m~3]

Shrinkage [%]° Porosity [%]d Thermal conductivity

[°C] [W(mK)™']
Raw* Dry" Fired Apparent  True Firing  Total Apparent  Total

1150 180 2430 2720 33 4.8 92.6 934  0.066

1175 195 2600 2750 5.0 6.5 92.5 929  0.082

1200 400 175 210 2740 3040 7.8 9.3 92.3 93.1  0.083

1225 276 2810 3410 8.5 10.0 90.2 91.9  0.072

1250 368 2660 3420 20.2 21.7 86.2 89.2  0.090

# Raw foamed talc slurry poured into mould before setting and drying.

Y Foam after setting and dried to constant weight at the temperature of 105 °C (dry matter).
¢ Drying shrinkage is given by the difference between total and firing shrinkage.

4 Enclosed porosity is given by the difference between total and apparent porosity.
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Fig. 6. The Kissinger plots for dehydroxylation of talc (a), thermal decomposition of calcite (b), pyrolysis of surfactant (c), thermal decomposition of C3AHg phase
(d) and y-AHj3 phase (e). Reconstruction of process from assessed kinetic results (f).

thermal treatment of foam is listed in Table 2. The mechanism
of the processes was estimated from the values of kinetic factor
calculated according to Eq. (3).

Enstatite and protoenstatite are nucleated as direct products
of dehydroxylation of talc. Therefore, the kinetic triplet assessed
for the dehydroxylation of talc is also related to the formation

of magnesium metasilicate phase in the ceramic body. A good
agreement with previously published results was reached.*’ The
kinetic data were also verified via the reconstruction of the pro-
cesses from assessed kinetic triplet (Fig. 6(f)). The temperature
range and the maximum rate of the process show good agreement
with experimental data (please refer to Fig. 2).
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Table 2
The kinetics triplet assessed for the processes which occur during firing of foam.

521

The kinetics of the process E, [kJ-mol~!] Als™ win [°C] o [%] n The mechanism of the process
Dehydration of C3AHg 120 5.31 x 1010 15 50 1.0 Random nucleation of a new phase.
Dehydration of AHz 123 4.42 x 1010 41 50 3.0 Zero nucleation rate.

Pyrolysis of surfactant 109 7.56 x 10° 80 46 0.9

Decomposition of calcite 190 1.54 % 108 53 74 1.9 Grain edge nucleation of a new phase.
Dehydroxylation of talc 370 1.45 x 10 92 50 1.0 Random nucleation of a new phase.

4. Conclusion 11. Juettner T, Moertel H, Svinka V, Svinka R. Structure of kaoline—alumina

The technique of preparation of ceramic foam of enstatite
based on foaming of ceramic suspension was described. The
structure indicating spontaneous delamination and redistribution
of talc particles near to the bubbles surface was observed in foam.
The mechanism and kinetics of dehydration of C3 AHg and AH3,
of pyrolysis of surfactant, of thermal decomposition of calcite
and of dehydroxylation of talc were determined together with
the sintering range correspondent to high temperature treatment
of foam. Enstatite and protoenstatite are main constituents of
foam after the thermal treatment. The thermal treatment of foam
provides the ceramic foam with high service temperature and
chemical stability, with high porosity, extremely low volume
density and with excellent thermal insulating properties.
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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini Nanotechnology has been introduced into the refractory industry decades ago. However, there are still some
peculiarities that hinder its routine application. Poor mechanical strength is one of them. Here we present the
fabrication technique for mullite porous ceramics using a calcium-free colloidal binder system followed by
secondary sol-gel impregnation intended for fabrication of large up-scaled monoliths. The primary foam was
prepared via direct foaming of slurry containing colloidal silica, gelling agents, surfactant, silica fume, and
different types of alumina. The foam mixture was cast, de-molded and dried using a cascade drying procedure.
The investigation of mullitization that occurred during the high-temperature treatment was studied by XRD and
TG-DTA analysis. The optimized sintering curve was then applied to obtain the highest mechanical properties.
The resulting foam (with open porosity, volume density about 900 kg/m® and mechanical strength about 10
MPa) was further processed by the impregnation step. The applied silica or combined silica/aluminum sol and
unreacted alumina underwent secondary mullitization during following high-temperature treatment, which
significantly enhanced the mechanical strength (up to 18 MPa). The secondary mullitization process was also
investigated by HT-XRD and TG-DTA analysis. Foam microstructure was observed by an electron scanning mi-
croscope. Thermal conductivity of as-prepared ceramics foams varied from 0.3 to 0.4 W/m-K. The foam wall
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porosity evolution was studied by mercury intrusion porosimeter and estimated from image analysis.

1. Introduction

Mullite is the most stable phase in the Al,03-SiO5 system [1]. Mullite
ceramics is refractory material with low thermal conductivity, high
corrosion and thermal shock resistance and high refractoriness [2,3]. It
serves as a base of castable refractory materials. For castable re-
fractories, the limiting factor in thermal properties is typically the binder
phase. Most common binder phase in non-shaped refractory materials
are calcium aluminate cements (CAC) [4]. During their hydration,
crystalline hydrates are formed, which give mechanical properties suf-
ficient for manipulation of the unfired parts. During the firing process,
formed hydrates decompose, which can cause the increase in porosity
and in the extreme cases even cracking [5]. The process of dehydration
and the loss of hydraulic bond strength causes a decrease in mechanical
strength at temperatures lower than 1000 °C. Non-shaped refractory
materials with CAC binders therefore require high firing temperatures
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transition to a ceramic type of bond to achieve desired properties [6].
Another drawback of CAC bonded refractories is linked to the high
content of CaO, which can react with other oxides (e.g. MgO, SiO5), and
form low temperature eutectics. These can cause the formation of
amorphous phases and decrease of thermal and corrosion resistance of
the final material. For these reasons, lowering the CAC content or
preparation of CAC free refractory materials, is of interest [4]. Variety of
calcium-free binders are used in refractory materials. In general, we can
distinguish several binding mechanisms. First one is based on poly-
merization of -OH groups and formation of CSH gel (geopolymer) or
phosphate bonding by the interaction between the binder and the re-
fractory filler [7]. This polymerized bond is transformed into ceramic
bond during firing (OH to oxygen bridges). The second one utilizes
colloidal particles (e.g. colloidal silica or alumina sols) and the ability to
control the process of their coagulation by controlling the temper-
ature/pH or via the addition of coagulation agents. Main advantage of
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coagulation binders is easier drying process and lower firing tempera-
ture related to the increased sintering ability of nano-sized particles [8].

Colloidal silica is a stable water dispersion of nano-sized amorphous
SiOq particles with particle sizes generally not exceeding 100 nm.
Typical content of SiO5 in the dispersion varies between 10 and 50 wt %.
The stability of the colloidal sol is generally achieved by the addition of
stabilizing ions, typically Na®, K" or NHj. The gelation process and
therefore the binding properties of colloidal silica are directly linked to
the particle size of dispersed species, their content and the pH of the
solution, which typically lies between 9 and 11. These types of binders
offer great degree of control in terms of behavior in the binder-refractory
system [9]. Colloidal silica is the most used coagulation binder as it
provides higher particle content in the dispersion compared to alumina
sols, which lowers the amount of water in the material, which is directly
linked to the final porosity of the material. Nano-sized SiO; particles are
also able to react with Al;O3 at temperatures 900-1100 °C and promote
mullite formation in the material. Compared to CAC, colloidal silica also
provides better workability of the ceramic suspension since no hydration
takes place [10]. Strength development is instead linked to the forma-
tion of three-dimensional silicate network due to the gelation of the
colloidal suspension. This gel network can then provide sufficient me-
chanical properties to allow for the manipulation before the firing pro-
cess [11]. Gelation of colloidal silica is most likely controlled by the
addition of gelation agents, most often MgO. MgO reacts with H' ions to
form Mg(OH), which in turn promotes the formation of silicate network
[12,13]. Similar effect can also be achieved with CaO addition. The
effectivity of the gelation agent is controlled by the solubility of the
oxide. Lower solubility of MgO compared to CaO causes faster gelation
and makes it the more suitable choice [11]. In the case of light-
weight/thermal insulation refractory materials, the binder phase plays
even more important role in terms of controlling the final properties of
the material. Porous mullite ceramics has excellent thermal and me-
chanical properties and has been intensively studied for its ability to
withstand rather harsh conditions [2]. It can be prepared by various
shaping techniques, such as freeze-drying, additive manufacturing,
replica templating, sacrificial templating, the addition of pore forming
agents, gel casting and other methods [2,14]. Direct foaming is an
environmentally friendly method, suitable for the preparation of porous
materials with porosity between 40 and 90 % and controlled pore shape.
Drawback of this method, however, is the inherent instability of the
green body foams. Due to the large surface area of the phase interface,
ceramic foams are thermodynamically unstable system. Ceramic foams
undergo coalescence, drainage, and Ostwald ripening, which have
negative effect on the homogeneity and properties of the formed prod-
uct. In order to mitigate these processes, methods of fast solidification
have been developed, including gel casting, direct solidification and
sol-gel methods. Especially the method of non-toxic inorganic sol-gel
using silica sol is a typical preparation method at industrial scale
[15-18]. Combination of gel casting with direct foaming has been
used in this study.

Another problem during the direct foaming of ceramic slurries is the
formation of very thin walls and open porosity. Both of those can cause
deterioration in insulation properties and mechanical and thermal sta-
bility of ceramic foams. Strengthening of the material is possible by the
impregnation of mullite foam by colloidal suspension of either SiOy or
Al,O3 particles. In addition to physically filling the pore openings and
thickening the pore walls, they also allow for the secondary mullite
formation which further increases the durability of the refractory foams.
Many ways of the impregnation of ceramic foams have been developed,
all of which are mostly limited by the degree of open porosity and the
pore opening size. Impregnation of ceramic foam is often used in the
case of fibrous or whisker-based structures, where the aerogel or xerogel
formed after impregnation acts as a coating or support between the fi-
bers [19] or strengthens the pore/bubble walls in the porous structure
[20]. Another option is in-situ formation of mullite whiskers which can
act as a reinforcement to the primary ceramic structure [21]. This can
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lead to the formation of a complex bird-nest like structure, where the
main fibers of primary mullite can serve as a substrate for the in-situ
formation of secondary mullite whiskers [22], which then further re-
inforces the ceramics structure. Another example of the complex struc-
tures of impregnated ceramic foams is the cactus-like structure formed
from the combination of the plate-like alumina structure and mullite
whiskers [23]. Impregnation of ceramic foams by colloidal suspensions
can also be used to apply functionalized coating for e.g. catalytical ap-
plications [24].

Generally, in situ foamed refractories exhibit poor mechanical
properties. It can be improved by reinforcement of foam wall micro-
structure by additional mullite layers without significant bulk density
and thermal conductivity increase. Here we report the possibility of
vacuum impregnation by colloidal silica or silica-boehmite sus-
pension in order to reinforce the mechanical properties of nano-
bonded refractory castable.

2. Experimental
2.1. Foam preparation and thermal treatment

Various commercial silica sols were tested in regard to their possible
application in castable refractories. After preliminary gelation experi-
ments using different gelation conditions and agents, commercial silica
sol and commercial soft-burned technical grade MgO were selected as a
binder and a gelation agent, respectively. Foaming process was carried
out by direct foaming using intensive mixing combined with the com-
mercial surfactant. For the laboratory preparation of mullite foams,
industry-scale mixture composition was modified. Sol and gelation
agent dosage was optimized to achieve sufficient workability. The par-
ticle size composition of the final powder mixture, and therefore the
dosage of each component, was based on calculations using the modified
Andreasen method for optimal densification. Final mixture composition
is listed in Table 1.

Mixture components in the dry state were pre-homogenized in a
planetary mixer and then mixed for 24 h using an overhead mixer.
Zirconia balls were added into the PP mixing vessels to intensify the
mixing process. Liquid components were mixed directly in the planetary
mixer at low speed to prevent premature foaming. Homogenized
mixture of solids was then added. Mixing was first carried out at low
speed of 60 rpm for 1 min and for the foaming, mixing speed for
increased to 200 rpm for 2 min. Foamed ceramic slurry was poured into
small (40 x 40 x 160) mm, larger (200 x 200 x 40) mm and up-scaled
(500 x 700 x 250) mm sized molds. Molds were covered to prevent
drying of the ceramic slurry. Samples were demolded after 24 h of aging
and dried in laboratory conditions for 24 h and then for 24 h at 105 °C.
Dried foams were fired in electrical furnace at 1500 °C for 300 min with
a heating rate 5 °C/min. Firing regime was designed to simulate firing in
an industrial tunnel furnace. Prepared foams were then cut and brushed
for further impregnation experiments.

Table 1

Mixture composition for the mullite foam preparation.
Material (D50/pm) (wt. %)
Mullite cenospheres (200 pm) 29.40
Ground alumina (3 pm) 8.82
Reactive alumina (2 pm) 23.52
Silica fume (4 pm) 29.40
Hydratable alumina (5 pm) 8.82
MgO (5 pm) 0.03
Silica Sol L1530 (15 nm) 60.55
Deionized water 39.18
Surfactant (commercial) 0.27
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2.2. Impregnation process

Mixtures used for the impregnation are listed in Table 2. Silica sol
(LITHOSOL L 1350) was used as is and SiAl sol (i.e. combined silica
boehmite sol (M23 SChem a. s. Czech Republic)) was diluted to one-half
of the original concentration and homogenized. In the case of silica fume
additive, the suspension was additionally homogenized for 60 min using
ultrasonic treatment.

Larger and up-scaled samples were cut to small cubic samples (40 x
40 x 40) mm and were used for the preliminary impregnation experi-
ments. To investigate the penetration depth, an impregnation mixture
was colored using Tashiro Blue indicator. Cubic foam samples were
placed into a glass vessel and evacuated for 30 min. Impregnation
mixture was then added dropwise onto the samples under vacuum until
foam samples were fully immersed. Samples fully immersed in the
impregnation mixture were then left under vacuum for different dura-
tions in order to study the rate and effectivity of the penetration into the
foam structure. Optimized procedure was then applied to large samples
(200 x 200 x 38) mm.

Impregnated samples were then dried and fired again using the same
heating regime of 5 °C/min heating rate up to 1500 °C and holding time
300 min. A s a reference the foam samples without impregnation were
also fired for comparison. Samples were then characterized in terms of
targeted properties important for unshaped refractories, i.e. porosity,
thermal conductivity and mechanical strength. The experimental pro-
cedure is shown in Fig.1.

2.3. Sample characterization

The phase composition was determined using X-Ray diffraction
analyzer EMPYREAN (PANalytical, Netherlands) in central focusing
arrangement using CoKa radiation coupled with high temperature
chamber HTK 16 (Anton Paar, Austria). The evaluation of the crystal-
lographic structure was done by Highscore program using the Rietveld
method. The foam products were analyzed in terms of microstructure by
means of analytical scanning electron microscopy (SEM/EDS) using the
device EVO (ZEISS, Germany). The TG-DTA analysis was performed
simultaneously using thermal analyzer SDT 650 (TA Instruments, USA.)
in dried air atmosphere with heating rate of 5 °C/min. The porosity of
prepared foam products was analyzed using mercury intrusion pore
analyzer PoreMaster (Quantachrome, USA) and assessed also by image
analysis of SEM images performed by Fiji software. Images from
impregnation tests were also processed by Fiji image analysis software.
The mechanical properties were determined in terms of compressive
strength. The compressive strength was determined from the maximal
force performed on Instron instruments 5985c (Instron, USA) on samples
(40 x 40 x 40) mm. For determination of thermal conductivity, test
samples with (200 x 200 x 38) mm were used. Thermal conductivity
was determined by FOX 200 Vacuum equipment (TA Instruments USA)
according to EN 12667 and ISO 8301. Standard conditions for mea-
surements were 10 °C for mean temperature and 10 °C for temperature
difference.

Table 2
Composition of the tested impregnation mixtures.
Impregnation Sol type Brand Solids Additive  Additive
bath (wt. %) dosage (wt.
%)
Si IMP SiOy L1530 30 - -
SiAl IMP SiOx-Al,O5  SiAl 25 H20 50
M23
Si IMP SiO, L1530 30 - -
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3. Results
3.1. Foaming and foam characteristics

The direct foaming process was used to produce ceramic foams,
controlled by targeted gelation of the colloidal sol with a gelation agent
(MgO). The aim was to obtain a stable foam structure without the use of
calcium compounds and with the advantage of higher handling strength
without the need for drying [25]. The stability of the foam was tested on
a pure system without fillers. Fig. 2 shows the effect of sol presence on
foam stability and xerogel formation during ageing and free drying. In
the foam without sol (surfactant stabilized foam) the bubbles collapse
over time, whereas the foam with silica sol (particle stabilized foam)
does not collapse. The stability of particle stabilized foams was pub-
lished by several works [26-28]. The subsequent gel formation has
stabilized the foam structure and it remained stable for 24 h. However,
some shrinkage and coalescence of pores were observed, most likely due
to drying induced gelation in the foam.

For the preparation of the primary mullite foam, it was essential to
determine the amount of surfactant to control the quality of the resulting
foam and the final bulk density. The tests on the formulation used
showed that the dependence of the cold compressive strength and bulk
density on the surfactant dose was relatively well correlated, as shown in
Fig. 3. Too low a bulk density resulted in open porosity and low strength
[13,29]. From an application point of view, mullite foam with this
composition and production process (i.e. up-scaled dimensions con-
nected with higher amount of mixed mixture, crack-free monoliths and
manipulation strength for automatic processing), required a minimum
cold compressive strength of more than 10 MPa. Therefore, based on
these findings, the optimal choice was to add 0.27 wt % of surfactant
into the liquid part of the foam formulation mixture.

3.2. Primary foam firing and primary mullitization

The solid part of the used mixture allows the formation of mullite and
the final foam hardening during thermal treatment only at high tem-
peratures and long dwell times because of the reaction of micron-sized
particles with each other [30]. When colloidal SiOs is used as a binder
phase to fix the foam structure, a xerogel network is formed and serves
to cross-link the particles, and also reduces the activation energy
required for sintering initiation [31,32]. At elevated temperature,
formed Si-OH bond in xerogel network polycondensated to oxygen
bridges (Si-O-Si) [33], then gradually crystallized to quartz and later
reacted with the reactive AloO3 particles present in the mixture to form
mullite. Fig. 4a shows the TG-DTA analysis of the dried sol. The curve
can be divided into several phases (1-4). Phase 1 is the drying of the
physically bonded water, followed by phases 2 and 3, where dehy-
droxylation and polycondensation of the Si-OH bonds occurs [15]. In
the temperature range 870-940 °C, the transition of quartz to tridymite
occurs and in the last high temperature phase (4) the transition to
cristobalite occurs [34]. Fig. 4b shows the analysis of the raw foam
mixture bonded by the sol-gel process. As in Fig. 4a, one can see first a
mass loss up to about 200 °C associated with water loss and drying of the
xerogel (1), followed by polycondensation reactions (2) [33]. In phase 4,
multiple phenomena occur - around 850 °C, the transformation of quartz
to tridymite (from sol, silica fumes and cenospheres) takes place [34],
which then starts to react with Al,O3 and the mullitization [35]. At a
temperature of about 1400 C the crystallization of cristobalite (5) is
added to the ongoing mullitization. The resulting phase composition of
the ceramic foam according to Rietveld analysis corresponds to 71 wt%
of mullite, 10.2 wt% of corundum and 18.8 wt% of cristobalite. The data
in Table 3 summarizes the phase composition according to the used
firing temperature. As confirmed by XRD analysis (see Table 3), the
mullite phase was already present in the sample at 1100 °C. This initial
low temperature mullite formation is a result of the rearrangement of
SiO2 and Al,O3 particles which causes the initial slow formation of
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Fig. 1. Illustration of sol-gel foaming procedure and vacuum impregnation process.

12h

Fig. 2. System stability— water vs. surfactant vs. silica sol.

mullite phase. This process is started around 700 °C and results in the
apparent reaction plateau on the TG-DTA curve (during phase 3). The
majority of mullite is however formed after this initial reaction plateau
in the temperature range 1200-1500 °C, where rapid mullite formation
takes place. These data are further confirmed in Fig. 10, where an in situ
HT-XRD analysis of the secondary mullitization of the impregnated foam
is presented.

After drying and firing, the ceramic foam is formed, which reaches a
strength around 2-10 MPa at a bulk density of 520-950 kg/m>. The
microstructure of the pores can be seen in Fig. 5 on the fracture surface
of the material. Most of the smaller pores are closed, however, defects
can be observed in the walls of the larger pores, and which results in a
certain degree of open porosity. A typical whisker-needle-like mullite
structure [2] inside the pore can be seen in the detail of Fig. 5c. Fig. 5 a)
with overall porosity up to 83 % contain cracks and the preparation of
up-scaled samples was impossible. It was not able to withstand the use of
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standard automatic machine manipulation with monolith samples,
resulting in its destruction after the machine grab. Fig. 5 b) shows the
microstructure of the samples with a bulk density of around 900 kg/m®
(i.e. overall porosity up to 70 %), which could be successfully produced
in an automated manner.

3.3. Sol-gel impregnation process

The primary foam is already satisfactory for application purposes
(operational temperature 1500 °C and cold compressive strength 10
MPa given by industrial demand) in the form of molded parts. For the
successful preparation of large volume monoliths, the mechanical
strength is no longer sufficient and therefore the vacuum impregnation
method was chosen to enhance the monoliths’ stability.

The effectiveness of impregnation and the depth of vacuum pene-
tration of the sol into the prepared test bodies was tested by means of a
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Fig. 4. TG-DTA analysis of sol (a) and ,,green“ foam mixture (b). (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

coloring experiment. The sol was mixed with dye (Tashiro blue) to reach
blue color. Thus, the permeation of the sol through the test body was
accurately detected in the mullite foam (see Fig. 6). It was found that for
the size of the bodies (40 x 40 x 40) mm an impregnation time of 30 min
was sufficient. The dwell time was simultaneously verified by reaching
of the constant sample mass. In the case of the combined Si-sol-silica
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Table 3
Phase composition of ceramic foam after thermal treatment at different
temperatures.

Phase 200 °C 800 °C 1100 °C 1500 °C
Amorphous SiO, 4+ bt _ _
Corundum ++H++ A ++
Quartz - - + _
Cristobalite - - 4t H+
Mullite - - + [

Note: ++++ = 80-100 %, +++ =30-80 %, ++= 30-10 %, += 0-10 %, - =0 %

fume bath, there was no need to add dye, the sol replaced the dye
function as the grey color of the silica fume allowed for the estimation of
the penetration depth.

Impregnation time of 30 min was found to be sufficient for this the
(40 x 40 x 40) mm samples. For larger (200 x 200 x 40) mm samples,
impregnation dwell time was increased to 60 min to obtain complete
penetration.

3.4. Foam impregnation evaluation

Foam wall porosity measurements were performed on (40 x 40 x
40) mm samples of both the fired mullite foam and the secondary fired
foam with impregnation (see Fig. 7).

Based on the compressive strength results, it is evident that the
impregnation mechanism has an effect on the resulting mechanical
properties. In the case of impregnation with Si sol and Si/silica fume, up
to 60 % increase in compressive strength values was achieved. The Si sol
impregnation was chosen for further testing on large (200 x 200 x 40)
mm samples and to evaluate the influence on the thermal conductivity.

Understandably, with increasing strength and decreasing porosity, it
was necessary to verify the change in thermal conductivity, and there-
fore the primary technological parameter of lightweight refractory
insulation materials. Table 4 shows that the simple secondary firing of
mullite foam without impregnation resulted in densification and a slight
increase in thermal conductivity. When the samples were impregnated
with Si Sol, a significant increase in bulk density of about 240 kg/m® was
observed, but the thermal conductivity did not increase dramatically,
and this change was compensated for by an increase in strength of about
60 %. Liu et al. and Guo et al. published data with similar A values of
0.329 W/m-K and needle-like mullite microstructure [3,36].

In addition to macroscopic changes and modifications in physical
properties, an assessment of the chemical composition, phase transitions
and microstructural transformations that occurred in the silica sol
impregnated material was carried out.

Nearly the same behavior [33-35] as is given in Fig. 4 was found by
thermal analysis of impregnated samples (Fig. 9): xerogel desiccation up
to 200 °C (1), dehydroxylation and polycondensation of Si~OH bonds
(2), the gradual reaction plateau of the reactions of the secondary
mullitization process where residual unreacted alumina/silica and
newly introduced Si-O phases from the xerogel underwent further
transformation (3), and final transformation of quartz into cristobalite
(4) (see Table 5).

In situ HT-XRD analysis confirmed the processes already analyzed
during TG-DTA analysis. Without impregnation (Fig. 10a), there was a
gradual increase in mullite and decrease in cristobalite, with corundum
and quartz disappearing. In the case of impregnated foam, a significant
increase in cristobalite crystallizing from the amorphous xerogel is
initially observed. Formed cristobalite phase then reacted with the
corundum to form mullite (see Table 5).

Figs. 11-13 show the microstructure of the ceramic foams after the
impregnation process. As can be seen in these figures the amount and
mullite crystals increased already during the secondary, i.e. repeated
firing of the un-impregnated foam itself. This would correspond to both
an increase in mechanical strength and would be related to a change in
porosity and bulk density.
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Fig. 7. Porosity evaluation — with and without impregnation (MIP and

In the sample fired after impregnation with Si Sol, a larger number of image analysis).

slightly larger whisker/needle-like mullite crystals is visible. However, it

is evident that secondary mullitization by this route does not produce a

large enough number of newly formed crystals to affect the pore wall Table 4

defects to a greater extent and thus help to close the pores and improve Thermal conductivity data.

the utility properties. Bulk Density (kg/m?) Porozity (%)** %) A (W/m-K)
In the case of Si sol impregnation, newly formed whisker/needle-like

. o Foam* 520 82.7 -
mullite crystals are visible inside the bubble walls. Overall, the bubble Foam 040 68.7 0.333
walls are free of significant defects, as was visible on the original foam. It 2nd SINT 975 67.5 0.339
can be assumed that this newly grown fine mullite, which is formed Si IMP 1175 62.3 0.411

during secondary mullitization (see Fig. 10 and Table 4), strengthens the
internal structure of the foam, and thus increases its mechanical prop-
erties [19,22,24], as can be seen in Fig. 8.

Fig. 13 shows the microstructure of the ceramic foam impregnated

Note: * laboratory small sample, not validated for up-scaled monoliths.
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Fig. 9. TG-DTA analysis of Si sol-impregnated ceramic foam.

with SiAl sol, where higher mullitization [18] was expected due to the
combined nature of the sols. Both the strength characteristics and the
microstructure show that the combination did not produce the expected
reinforcement of the foam structure. In Fig. 13 cracks were clearly
visible in the coated layer, probably caused by higher shrinkage of the
combined xerogel. In the foam wall detail, there was a combination of
whisker/needle mullite and spherical particles belonging to unreacted
corundum which may have contributed to the increased shrinkage rate.

a)

mullite

Intensity (a.u.)

Intensity (a.u.)
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4. Conclusion

Cold compressive strength, open porosity, and low thermal con-
ductivity are critical product parameters for successful industrial ap-
plications. In this study, we developed a porous mullite ceramic under
laboratory and up-scaled conditions, eliminating the use of cementitious
binders, yielding an overall apparent porosity up to 80 %s; a strength of
10 MPa, and a thermal conductivity of 0.3 W/m-K. However, these
properties did not meet the upscale conditions, i.e. the minimum re-
quirements for mechanical operations during production. To address
this limitation, the prepared foams underwent vacuum impregnated
using the sol-gel technique (an economically viable method employing
substances commonly used in refractory production). Colloidal solutions
based on Si and Al were used as gel precursors. The objective of rein-
forcing the porous structure of the thin walls was successfully achieved
through this process. The foams were reinforced with a newly formed
needle-like mullite, resulting in strengths of approximately 19 MPa and
thermal conductivities of around 0.4 W/m-K. Importantly, the impreg-
nation process was not only successful on small samples (40 x 40 x 40)
mm but also scaled up effectively to produce monoliths of industrial
scale dimensions.

CRediT authorship contribution statement

E. Bartonickova: Conceptualization, Formal analysis, Investigation,
Methodology, Writing — original draft, Writing — review & editing, Data
curation. J. Svec: Data curation, Formal analysis, Investigation, Meth-
odology. L. Dlabajova: Data curation, Investigation, Methodology. P.
Hruby: Data curation. V. Caba: Data curation, Formal analysis, Meth-
odology. M. Sedlacik: Data curation, Formal analysis, Methodology. L.
Kalina: Data curation, Investigation, Methodology. J. Koplik: Data
curation, Formal analysis, Methodology. F. Soukal: Supervision. L.
Kersnerova: Conceptualization, Supervision. J. Zach: Data curation,
Formal analysis. V. Novak: Data curation, Formal analysis. K. Dvorak:
Data curation, Formal analysis.

Table 5
Phase composition of ceramic foam after thermal treatment.

Phase Without Si sol IMP (wt. %) With Si IMP (wt. %)
Mullite 77.2 88.7

Corundum 11.3 6.5

Quartz 0.2 -

Cristobalite 11.3 4.8

mullite

%00

Fig. 10. HT-XRD analyses of ceramic foam without (a) and with Si sol impregnation (b).
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Fig. 13. Microstructure of ceramic foam after SiAl sol impregnation process: a) reference sample, b) SiAl so impregnation, c¢) foam wall in detail.
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